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NOTICE

This report was prepared as an account of Government-sponsored
work. Neither the United States, not the National Aeronautics
and Space Administration (NASA), nor any person acting on be-
half of NASA:

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

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

As used above, “person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contrac-

tor, to the extent that such employee or contractor of NASA or

employee of such contractor prepares, disseminates, or provides

access to any information pursuant to his employment or contract
with NASA, or his employment with such contractor.

Requests for copies of this report should be referred to

National Aeronautics and Space Administration
Scientific and Technical Information Facility
P.O. Box 33

College Park, Md. 20740
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ABSTRACT

The report discusses the various technical aspects
rélevant to development and design of television broadcast
satellites and the user equipment for receiving satellite
broadcasts. Three satellite configurations are outlined.
Parametric cost data versus overall system performance
are presented. Potential audiences are identified and )
benefits to education are discussed. Required development

is identified.
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1. INTRODUCTION

This report presents the results of a study of the technological and

cost factors affecting the feasibility of Television Broadcast Batellites in
the 1975-1980 time period.

The television broadcast satellite services considered in the study

were defined by the following guidelines and consgtraints:

» & & & & = @

Launch vehicles of the Atlas and Titan class
Synchronous, equatorial orbit

Five-year minimum spacecrait life

No broadcasting during eclipse.

Spacecraft ERP between 50 and 75 dbw
Amplitude modulation and frequency modunlation

Quality consistent with ¥CC standards and geoé engineering
practice ’

Efficient spectrum utilization
Minimize interference with terrestrial services

Spacecraft repeater capability of handling most TV
standards, color and monochrome, is desirable.

Preliminary design of three spacecraft configurations was

performed during the study to provide a realistic background to compara-

tive evaluation of alternative subsystem configurations. Subsystem

analyses were conducted with emphasis on providing a basis for evalua-

tion of technology and definition of required research and additional

development.

Parametric data on overall system performance and cost were

determined through analyses in the areas of communication performance,

satellite costs, and earth receiver performance and cost.

Effectiveness and audience analyses were conducted to determine

potential audiences and the benefits of television broadcast services for

culture and education.

1.1



2. COMMUNICATIONS PERFORMANCE

The ultimate objective for the design of a television broadcast
satellite service is to provide the required quality by the most economical
system. Quality of picture and sound is a.. subjective concept, since it is
a measure of the degree to which deficiencies in the received signals are
experienced by the viewers. The relation between this subjective qﬁa.l:i.ty
and measurable signal deficiencies is, of course, an issue of vital impor-

tance to economic implementation of the service.

Both amplitude modulation with ve stigia:l sideband (AM-VSB)} and:
frequency modulation (FM) are considered for transmission of the video
signal. For FM, appropriate choice of the frequency deviation leads to

minimum power requirements,

The design objectives must be met within the constraints of spec-
trum availability and limits on allowable interference between the satel-

lite broadcasting and terrestrial communication services.

These and other issues are examined in this chapter. The topics

are:

Television Standards and Signal Formats
Picture Quality

Amplitude Modulation with Vestigial Sideband
Frequency Modulation

Sound Channels

Interference between Communication Services
Propagation Medium

Man-made Noise

Earth-to-Satellite Transmission
2.1 TELEVISION STANDARDS AND SIGNAIL FORMATS

Today, at least twelve different television broadcast standards
are in use in the world. All these standards were o:riginally established
for monochrome broadcasting. Later, a number of methods were devel-
oped for expanding the monochrome systems to color systems compatible

with the already existing monochrome broadcast facilities and receivers.



This compatibility implies that color receivers can receive monochrome
broadcasts, while a monochrome receiver produces a monochrome
picture from color broadcasts. A further implication is that color broad-
casting uses the RF channel allocations established earlier for mono-
chrome broadcasting. All existing color methods meet these compatibility
requirements by adding a chrominance signal to the monochrome lumi-

. nance signal. .

In all standards, the monochrome signal has the general form
shown in Figure 2-1. About 70 percent of the video voltage range is
used for picture information. The remaining 30 percent is used for
blanking and synchronization; any voltage in this range is outside the
"hlack" limit of the picture signal range and therefore causes the flying
spot on the picture tube screen to be blanked out, permitting an invisible

return of the horizontal or vertical sweep.

Each (horizontal) line sweep, about 64 microseconds long, starts

with an 11 to 12 microsecond long blanking interval for invisible return

— WHITE

|

PICTURE
SIGNAL
1 BLACK
.--'/ BLANK
BLANKING P!
AND SYNC ¢ !
L SYNC PEAK
BLANKING '
INTERVAL

]

e [ {NE PERIOD m——emee—ty

Figure 2-1. Luminance Signal
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of the horizontal sweep. A 5 microsecond long synchronization pulse,
transmitted in the blanking interval, synchronizes the line start with the
received luminance signa.l-. The remaining 52 microseconds are the active
line time during which the spot intensity is controlled by the luminance

signal.

All existing standards use a 2/1 interlace, in which one field con-
sisting of the odd-numbered horizontal lines is transmitted and displayed
on the receiver screen during one vertical sweep, and the field of even-
numbered lines during the next vertical sweep. The complete frame, i.e.,
all lines, consists of two consecutive fields. In each field period, the
.active vertical sweep is preceded by a blanking interval duriné which the
vertical sweep returns, and pulses for field and line synchronization are
transmitted.

Among the compatible color systems, the NTSC system, adopted
in the United States, was the first system to be developed and to become

operational. In this sytem, the luminance signal Y is
Y=0.30R +0.59+0.11 B

where R, G, and B are the video voltages produced by the red, green,
and blue camera, respectively. The chrominance signal is a subcarrier
consisting of two sinusoids in phase quadrature, amplitude-modulated by
the color difference signals B-Y and R-Y, respectively, (see Figure 2-2),
The subcarrier is in effect modulated in both amplitude and phase. The
phase and amplitude represent the hue and saturation, respectively, of
the color. The receiver recovers the two color difference signals by
synchronous detection, using a color burst (transmitted during line blank-

ing intervals) as phase reference.

The chrominance signal shares the video band occupied by the
luminance signal. The periodicity of the line scan causes the power
spectrum of the luminance signal to concentrate about multiples of the
line frequency. Similar spectrum concentrations in the sidebands of the

color subcarrier are prevented from coinciding with the luminance



spectrum peaks by using a color subcarrier frequency equal to an odd
multiple of half the line frequency. Thus, intermodulation between

luminance and chrominance signals is reduced to tolerable levels.

The major disadvantage of the NTSC system is its sensitivity to
phase variations in the transmission. In particular, variation of the sub-
carrier phase with the luminance signal requires attention, since the
color burst used as phase reference in the subcarrier demodulation is
transmitted when the luminance signal is at the blanking level, i.e., out-

side the picture signal range.

The phase sensitivity is reduced in the Phase Alternation Line (PAL)
system, which is a variation of the NTSC system. The basic feature of
the PAL system is polarity reversal, between consecutive lines, of the
color subcarrier component in phase quadrature with the color burst. In
effect, the color scale in Figure 2-2 is upside down during every other
line, and consequently, a phase error resulis in opposite deviations of

hue in adjacent lines, thus making the color deviations less perceptible.

YELLOW

COLOR BURST

B T——
0.493-(B-Y)

BLUE

CYAN
Figure 2-2. Color Subcarrier Modulation in The NTSC System
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In the Séquentiel Coleur A Mémoire system, (SECAM III) the color
subcarrier is modulated by only one color signal at a time. The color
difference signals B-Y and R-Y alternate as modulation in consecutive
line periods. The color displayed is derived from the real-time color
signal and the color signal received during the preceding line and delayed
by one line period in a delay line. The choice of FM for color subcarrier
modulation greatly reduces the color sensitivity to phase deviations in

the transmission.

Because of the similarity between NTSC and PAL systems, it does
not seem inconceivable that a receiver capable of receiving alternatively
NTSC and PAL transmissions could be built at little extra cost for the
dual-standard capability. ‘

For the design of transmission systems for either NTSC or PAL
color television, it is important to note that the maximum peak-to-peak
voltage of the color subcarrier alone is relatively large. With color
saturations up to 75 percent, which is representative of average pictures,
this peak-to-peak voltage varies between zero for white and 95 percent of
the blank-to-white voltage range for red and cyan. Furthe‘r, the compos-
ite video signal, i.e., the superposition of luminance and chrominance
signals, for red or blue penetrates halfway into the blank-to-sync voltage
range. (See Figure 2-1.)

The existing standards use either 405, 525, 625, or 819 lines per
frame. The 525-line and 625-line standards are the most important ones,
in view of both their total numbers of receivers in the world and present
plans for expansion of television broadcast services. Nations that use
405-line or 810-line standards ih the VHF TV bands are planning to use
625-line standards for TV broadcast services at UHF.

For these reasons, the present study considers only 525-line and
625-line standards. Table 2-1 shows video signal characteristics for
these standards. This table is based on CCIR Recommandations and
ReportsinReference 2-1. Some data represent a2 consensus of existing
standards with only slight differences in details. The data shown for

525-line signals refer to the monochrome and color standards used in
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Table 2-1. Video Signal Characteristics

Number of lines per frame 525 625 625 625
Nominal video bandwidth 4.2 MHZ 5.0 MHz 5.5 MHz 6.0 MHz
Field frequency, fields/sec 60 50 50 50
Line frequency, lines/sec 15, 750 15, 625 15, 625 15, 625
Color subcarrier frequency, MHz 3.58 4.43 4.43 4,43,

White level 0 0 0 0
Relative Black level 0.65 0.65 0.65

video Blank level, color burst hias 0.714 0.70 0.70 0.70

voltages Sync pulse top level 1.9 1.0 1.0 1.0

Color burst amplitude 0. 143 0.15 0.15 0.15

Line period 63.5 64.0 64.0 64.0
Signal Line blanking, momochrome 10. 8 12,0 12.0 12.0
component Line blanking, color 10.95
durations, Line sync pulse, momochrome 4,95 4,7 4.7 4.7
psec Line sync pulse, color 4,65

Color burst, NTSC 2.2 - 3,4 2.7« 3.2 2.7-3.2 2.7 - 3.2

Color burst, PAL 2.0 ~-2.,5 2.0~2.5 (2,0~ 2,5
Rise times Blanking signal, monochrome <0, 64 0.2 -0.4 0.2 - 0.4 |0.2-0.4
{10-90%) Blanking signal, color =<0.48 0.2 - 0.4 0.2 -0,4 0.2 ~0.4
msec Line sync pulse 0,25 0.2 - 0.4 0.2 -0.4 (0.1-0.3
Source: CCIR, Documents of the XIth Plenary Assembly, Oslo, 1966, Volume 5,

Recommendations 212, 421~1 and 451, Reports 308-1, 309, 310-1, 404, 406
and 407. Single values in table are nominal value or center or range.



the USA and Canada. The data shown for 625-line transmission with a

5.5 MHz video bandwidth represent the 625-line standand established for
UHF broadcasting in the United Kingdom. The latter standard is devel-
oped primarily for color broadcasting and detailed transmission require-
ments, including noise limits for the luminance and chrominance channels,
have been published in CCIR Recomendation 451. Although its luminance
channel bandwidth is limited to 5.0 MHz, the video channel bandwidth is

5.5 MHz in order to accommodate the chrominance channel.

Television broadcasting uses amplitude modulation with vestigial
sideband (AM/VSB). Most standards are based on vision modulation with
negative polarization, i.e., a larger RF amplitude corresponds to a lower
luminance. The RF amplitude reaches its maximum during synchroniza-
tion pulses and is lowest for the white level of the luminance signal. Only
negative modulation is considered in this study, since the future use of

positive modulation appears limited.

2.2 PICTURE QUALITY

The commonly used measures of picture noise are discussed. A
relationship between the weighted picture signal-to-noise ratio and the
carrier-to-noise ratio measured in TASO tests is given. The weighted
picture signal-to-noise ratio is related to the subjective quality ratings by
viewer panels in TASO tests, Noise limits for the chrominance channel

are compared with those for the monochrome luminance channel.

2.2.1 Picture Signal-to-Noise Ratios and Weighting

The picture quality impairment by noise is a direct function of the
relative level and spectral distribution of the video noise at the picture
tube. A commonly used quality parameter is the picture signal-to-noise

ratio {or picture-SNR}, defined by

(S) _ (blank-to—white video voltage) 2 (2-1)

N RMS voltage of video noise
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Its name, picture-SNR, refers to the fact that it compares the
noise voltage with the voltage range of the picture signal. (See Figure 2-1.)
In the definition of a similar signal-to-noise ratio, used by AT &T,
the signal is the entire video voltage range, including the sync pulse as

well. This leads to an approximately 3-db higher figure.

Neither of these definitions is a meaningful measure of the effect
of noise on the picture quality as subjectively experienced by viewers,
unless qualified by an indication of the video noise spectrum, because
noise at the upper end of the video band is less objectional than equal
noise power at the lower end. This ambiguity in the picture-SNR is to a
large extent eliminated by the concept of weighted noise, defined as video -
noise measured with a weighting network which represents the spectral
perception of noise by an average viewer., The power transfer character-
istic of such a filter, used for the American 525-line system, is shown in
Figure 2-3. BSince noise weighting characteristics are normalized to .

0 db at zero frequency, the weighted noise level is lower than the

unweighted level.

(=1

-2, <]

&

-8

NOISE WEIGHTING, DB

~i4
0,01 0.1 1.0 10
VIDEQ FREQUENCY , MHz

Figure 2-3. Noise Weighting for American 525-Line Television
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The definition of picture-SNR based on weighted noise becomes
(§
N,

where the subscript w refers to the weighting., The correlation of this

- ( blank-to-white video voltage ) 2 (2-2)

. weighted RMS voltage of video noise

quantity with subjectively graded picture quality is in essence independent
of the video noise spectra. The ''Imternational Radio Consultative Com-

mittee'' (CCIR) consistently uses the weighted picture-SNR for specification
of noise limits.

The weighting factor, i.e., ratio by which weighting increases the
pictufe-SNR, is:

BV
j; a(f )af, -
W =10 log B (2-3)

v .
fo n(f) w(£) df_

where Bv = upper frequency limit of video band

fv = video frequency
n{fv) = one-sided power spectral density of video noise

w (fv) = power transfer characteristic of the weighting network

While with AM transmission, the video noise spectrum is essentially
flat, the power spectral density of video noise in FM systems is propor-
tional to the square of the frequency. Compared with AM, FM shows a
shift of noise power distribution to higher video frequencies, where the
attenvation in the weighting network is larger. Therefore, the weighting
factor for FM is larger than for AM.

Table 2-2 shows values for picture-SNR and weighting factors taken
from CCIR Recommendations and Reports (References 2-1, 2-2 and 2-3)
and from EIA Standard 250-A {Reference 2-4). The values for 525-line,
4.2 MHz transmission apply to the American NTSC Standard. The 625-line,
5.5 MHz system is system "I'" in CCIR Report 308-1 and CCIR Recom-
mendation 451 (Reference 2-1). The video bandwidth is extended to 5. 5

MHz in order to accommeodate the upper sideband of the modulated color
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Table 2-2. Random Video Noise

Number of lines per frame 525 625 625 625
Nominal video bandwidth 4.2 MHz 5.0 MHz 5.5 MHz 6.0 MHz
Monochrome 6.1 8.5 6.5 9.3
Noise AM | Color, composite video 4.0
Weighting Color, luminance channel 6.5
Factors, Color channel 1.5
db
Monochrome 10.2 16.3 1Z.3 17.8
FM | Color, composite video 7.0
Color, luminance channel 12.3
Color channel 1.5
E\: Camexa SNR, monochrome Image-orthicons 41 - 46
or color, weighted, typical .| Vidicons 46 - 51

values, db 1)

Allowable | Long-distance transmission 56 52 52 57
video SNR, Communication satellites 55
monochrome, Line-of-sight radio-relay links 56 52 52 57

weighted, db 1)

Allowable Composite video 56
video SNR, Luminance chamnel 52 2)
color, Color channel 46 2)

weighted, db 1)

i

1) Picture-SNR, as defined by Equation (2-2)
2) See Section 2.2.4



gsubcarrier. The Iuminance channel extends to 5.0 MHz, and luminance

noise data apply to this latter bandwidth.

For television transmission by communication satellites, CCIR
Recommendation 354 (Reference 2-3} recommends a videc bandwidth of
5 MHz and a weighted picture -SNR of 55 db to accommeodate monochrome
television up to and including 625-line standards. These figures apply to
a "hypothetical reference circuit" including modulator, transmitter, one
uplink, one satellite, one downlink, receiver, and demodulator. For color
television, no recommendation exists, but Report 208-1 {Reference 2-3)
suggests that communication satellite systems be designed for 5.5 or 6.0
MHz video bandwidth to accommodate the 4.43 MHz color subcarrier (625-

line standards) with its sidebands.

For transmission by line-of-sight relay links, the data shown in
Table 2-2 for the 625-line systems apply to the 2500 km hypothetical
reference circuit defined in CCIR Recommendations 390 and 421-1
References 2-1 and 2-2). The 56 db shown for the 525-line system applies
to a 2500 km long circuit portion but is chosen to meet performance
objectives for 6400-km (4000 st. mi.) circuits.

The data on allowable noise shown in Table 2-2 refer to distribution
systems and, hence, reflect a better noise performance than achieved in
broadcasting; they are listed in the table for reference only. It is
important to note that the picture-SNR values recommended by CCIR
apply to signal-to-noise ratios derived from noise measurements per-
formed in the absence of signal transmission at a point where proper
alignment will result in a given video voltage level (usually 1 volt sync-
to-white}. Consequently, the picture SNR's recommended by CCIR apply
to noise from the long-distance circuit only. Source noise, suchas tele-

vision camera noise, is not included.
2,2.2 TASO Data

Noise performance requirements on broadcast transmissions have
in the U. S. been the subject of extensive investigations by the Television
Allocations Study Organization (TASO) (Reference 2-5). Viewer panels gave
quality ratings to pictures displayed by conventional television sets that

received AM/VSB 525-1ine television transmission from a closed circuit.
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RF noise at controlled level was added to the RF signal transmission.
These tests provided a correlation between the picture quality as sub-
jectively experienced by viewers and the RF carrier-to-noise ratio at the
receiver input. Table 2—3 shows the picture quality grades used by TASO
and the carrier-to-noise ratios required to receive the respective grades

or better from 75 percent of the test panel viewers. ‘

The TASO noise data differ from the CCIR data in two important
aspects. First, the TASO numbers are carrier-to-noise ratios at the RF
input of the receiver, while the CCIR data are picture signal-to-noise
ratios in a video channel. Second, the TASO numbers are results from
tests with both picture transmission and noise present, while the CCIR
data refer to noise measurements performed in the absence of signal
transmission. The two guantities are different by definition and by
measurement method, and are therefore not directly comparable.

2.2.3 Relationship Between Picture Signal-to-Noise Ratios and TASO
Data

Unfortunately , adequate data on the correlation between subjectively
experienced picture quality and signal-to-noise ratio are not available for
FM transmission. The extensive test project required to obtain such data
is beyond the scope of the present study. Therefore, the best approach is
to convert the carrier-to-noise ratios in -'I'ASO' s tests to weighted picture
SNR's. Further, it must be assumed that FM transmission Wit‘h a given
weighted picture-SNR would rate the same subjective grade in a viewer
panel test as AM transmission with the same weighted picture-SNR.

In other words, it is assumed that the weighting network accounts
exactly for the effect of spectral distribution of random video noise on
the subjectively expérienced interference. The conversion of TASO's
carrier-to-noise ratios to weighted picture-SNR's is discussed’in

Section 2.3.2. The result is:

S - Cs ?
(ﬁ) L= 1—\1—) +0.9 db (2-4)
where (1%) = weighted picture-SNR, in db

P.W
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c

5

('ﬁ) = carrier-to-noise ratios used by TASO to express its test
TASO results, in db.

The values of carrier-to-noise ratio stated by TASO relate to the

controlled RF noise injected at the test receiver input. Consequently,

Table 2-3. TASO Grades for Picture Quality

Carrier-To~Noise

Grade Name Description Ratio (db)
1 Excellent Extremely high quality, 46%
as good as could be desired
desired.
2 Fine High guality providing 38

enjoyable viewing.
Perceptible interference.

3 Passable Acceptable quality. 31
Interference not
objectionable.

4 Marginal Poor quality; improvement 25

desired. Interference
somewhat objectionable.

5 Inferior Very poor guality but could 19
- be watched. Definitely
- objectionable interference.

6 Unusable Too bad to be watched..
E
B

* S
For 65 percent of viewers, ‘da.tq, for 75 percent not available.

these figures do not account for camera noise, which must have contributed
to the interference rated by TASO's viewer panels. The camera noise
performance indicated in Table 2-2 reflects the operational quality of
cameras used in TV studios and are based on information obtained from

ABC. Image-orthicons are used for life scenes and cameras of vidicon

type for movies.



The condition for equal subjective picture quality in the TASO tests

and in an actual broadcast application is:

®) e o 6 o G o @5

where %denotes inverted, weighted picture-SNR, while the subindices

indicate noise categories as follows:

RT, interference from RF noise in TASO tests

CT, camera noise in TASO tests

RA, interference from RF noise in actual application
CA, camera noise in actual application.

Manipulation of Equation (2-5) gives

(2-6)

s B,
N
(%)CT (%)CA

TASO used flying spot color slider scanners, for which (S/N)CT is

here estimated at a slightly optimistic 48 db. In actual broadcasting, either

image-orthicons or vidicons are used, and therefore, 43 db seems a safe

estimate for (S/N)CA. i, ¥

'ﬂ(
With these estimates, Equations (2-4) and {2-6) lead to the values

for picture-SNR shown in Table 2-4. -



Table 2-4. Weighted Picture Signal-to-Noise Ratios
Versus TASO Quality Grades
{Transmission noise only)

TASO Weighted
Grade Name Picture-SNR
1 Excellent 49,5 db*
2 Fine 40.3 db
3 Passable 32.2 db
4 Marginal 25.9 db
5 Inferior 19.9 db

®A (S/N)CA value of 46 db, i.e., a poor vidicon or excellent image-
orthicon, was assumed for TASO Grade 1. This grade is not feasible
with (S/N) JcA =43 db (average image-orthicon), the value assumed for
TASO grades 2 through 5.

Z2.2.4 Noise Requirerments for Color Television

Comparisons between subjective quality tests for color and mono-
chrome television give contradicting results, TASO reports that color
television requires a slightly lower carrier-to-noise ratio than mono=-
chrome noise of equal subjective quality (Reference 2-5, Page 532 and 534,
Figure 40). One would expect opposite results, since the color subcarrier
detection process translates noise within the color subcarrier channel to
low video frequencies, whexre the attentuation in the weighting network is
less than near the color subcarrier frequency. This expectation is con-~
firmed by results of subjective quality tests by Barstow and Christopher
(Reference 2-6). They report that equal magnitudes of noise near the color
subcarrier are noticeably more interfering in color pictures than in mono-
chrome pictures. This observation is reflected in a hump in the weighting
curve at the color subcarrier frequency, leading to a lower weighting
factor for color pictures than for monochrome pictures. This effect is
dependent on the degree of color sa.i:uration. The results of Barstow and
Christopher' s test with a flat n01se sPectrum indicate weighting factors

of 6.5 db and 4.3 db for monochrome and color plctu*res, respectively.

E

2-15



In summation, while Barstow and Christopher' s test indicates that
amplitude-modulated color television requires a 2 db higher RF power
than monochrome television, TASO test indicates practically equal
power.requirements. In this study, the power penalty for color in AM/

VSB transmission is assumed to be 1 db.

CCIR Recommendation 451 (Reference 2-1) for the 625-line system with
5.5 MHz video bandwidth specifies separate signal-to-noise ratios and
weighting curves for the luminance channel and the chrominance channel.
For luminance, a weighted picture SNR of 52 db and weighting factors of

6.5 db for flat noise and 12.3 db for FM-noise are specified. For noise

in the chrominance channel from 3.5 to 5.5 MHz, the weighted picture-
SNR is 46 db, while the weighting for each of the subcarrier sidebands is

approximately equal to the luminance weighting between 0 and 1 MHz.

Although these values for the signal-to-noise ratios do not apply to
broadcasting, the relative impact of the luminance and chrominance noise
performance requirements is definitely of interest here. By integration
of the weighted chrominance channel noise over the frequency band 3.5 to
5.5 MHz, it was found that a flat noise spectrum (AM-noise) of the level
corresponding to the specified luminance noise performance (45. 5 db
unweighted) results in 49 db weighted in the chrominance channel, i.e.,

3 db better than required. A similar analysis for FM transmission
{quadratic noise power spectrum, or triangular noise voltage spectrum)
shows that a noise level corresponding to the luminance channel requirement
(39.7 db unweighted) results in 41.4 db weighted in the chrominance

channel, i.e., 4.6 db less than required.
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2.3 AMPLITUDE MODULATION WITH VESTIGIAL SIDEBAND

A relationship between predetection carrier-to-noise ratio and post-
detection picture signal-to-noise ratio is established. RF power require-
ments are determined. The analysis presented is used to convert TASO

test data into equivalent weighted picture signal-to-noise ratios.

2.3.1 RF Power Requirements

All television broadcast system in operation today use amplitude
modulation with vestigial sideband. Figure 2-4 presents the vestigial
sideband characteristic of transmitters in the American 525-line system.
Double sideband transmission is maintained for video frequencies up to
0.75 MHz. The RF selectivity characteristic of home receivers, pre-
sented in Figure 2-5, is matched to the vestigial sideband characteristic
of the transmitter such that the overall video amplitude response in the
double-sideband video frequency range becomes equal to that in the single

sideband range.

The video demodulator in television sets is a diode operating .as an
envelope detector. It has been shown (Reference 7) that for a sinusoidal
carrier of amplitude A, corrupted by narrow band, gaussian random noise

with an RMS value o, the probability density function p (v) of the envelope v

is:
4 - 1/2 v-A)z 1 0_2 9 G-z 2 -
plv) = ?(H) exp | - 20-2 - N1 +§H+'{E§ E) deoares

For large carrier-to-noise ratios, i.e., for A>>0, the distribution
of v is concentrated to a range small compared to A, and the envelope will

show a nearly gaussian distribution with RMS deviation ¢ about an

average A,

With negative polarization of modulation, prevailing in most stan-
dards, the maximum carrier amplitude occurs during sync peak. Let

this amplitude at the receiver input be ES, while bE and wE are the
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Figure 2-4. Vestigial Sideband Characteristics of Video Transmitters
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Figure 2-5. Receiver Selectivity for Vestigial Sideband Transmission

amplitudes corresponding to the blank and white levels, respectively, of
the video signal. Then, the blank-to-white video voltage at the envelope
detector output would be (b-w)ES. However, the vestigial sideband filter
at the receiver input reduces this voltage to 1/2 (b-w) Es' If the effect of
this filter on the noise level at the envelope detector input is expressed

by an effective noise bandwidth Bn’ we have

Z-kTB
n

2
where o = noise power at envelope detector input

1.38 x 10_23 watts/HzoK, Boltzmann's constant.

=
]
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The unweighted picture~SNR, defined by Equation (2-1), is now seen

to be
1 2 _ 2
s\ _ Y {(b-w) ES
I kKT B
P n
C
s _1 . 2 s
or (ﬁ) =3 (b-w) T B (2=T7)
P n

where C, = E,SZ/Z, the carrier power during sync peaks
This expression is of fundamental significance.

A natural expansion of Equation (2-7), taking into account the effects
of predetection and postdetection filtering, and noise weighting, in the
presence of an arbitrary RF noise spectrum at the receiver input, is the

following expression for weighted picture-SNR.

C
5 _1 2 ”s (2-8)
P:w
where
N= e ) | ) [ we s, (2-9)
(s ]

o (£) = [@(fo - £ ) |HL(E, - £,)] L B(f + £) | H_(E_ + fv)[ 2] (2-10)

The notations are:

(S/N)P, w = weighted picture-SNR at picture tube
Cs = wvision carrier power during sync peaks
= relative carrier amplitude for blank
w = relative carrier amplitude for white
fv = video frequency
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f = vision carrier frequency

o.
s (f ) = noise power spectral density {one-sided) at detector
vy output
&(f) = mnoise power spectral density (one-sided} at the
receiver input
H (f ) = transfer function of video transmission from detector
v to picture tube
H (f) = predetection transfer function of receiver normalized
* to 1/2 at the vision carrier frequency
w(fv) = power transfer function of weighting network

in all practical situations, the RF noise spectrum at the receiver
input is flat. Figure 2-6 shows the voltage and power transfer functions
of the receiver's vestigial sideband filter, and also the video noise power
spectrum @v(fv) at the detector output, determined by Equation (2-10) with
a flat RF noise spectrum &(f) = kT. Table 2-5 shows characteristics of
vestigial sideband filters in different systems. Also shown in this table
are the effective noise bandwidths to be used in Equation (2-7), provided
that the noise at the picture tube is not further limited by postdetection

filtering. The noise weighting factors, calculated as

I @v(fv)df

10 log fDO
I e 2 )wit ar
are also presented in Table 2-5. These factors are slightly higher than

for flat noise, due to the dip of the spectrum ‘I’v(fv) atlowvideo frequencies.

The effective noise bandwidths and weighting factors in Table 2-5
were used together with Equation (2-7) in determining the RF power
requirements for the picture quality grade "fine" (TASO Grade é), pre-
sented in Table 2-6. For other quality grades, the difference in weighted
picture-SNR, obtained from Table 2-4, gives immediately the correction
to be applied to the value for C/T shown in Table 2-6.
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Table 2-5. Effective Noise Bandwidths and Noise Weighting Factors

Lines per frame 525 625 625 625
Video bandwidth, MHz 4.2 5.0 5.5 6.0
Main sideband width (v), MHz 4.0 5.0 5.0 6.0
Vestigial sideband width (w), MHz 0.75 0.75 1.25 0.75
Effective noise bandwidth, MHz 3.92 4. 92 4,75  5.92
Noise weighting factor, db 6.7 9.8 7.7 10. 6




Lines per frame 525 525 625 625 625

Video bandwidth MHz 4.2 4.2 5.0 5.5 6. 0

Monochrome Color Monochrome Color Monochrome

Weighted picture-SNR db 40,0 40.0 40. 0 40.0 40.0
Weighting factor for AM/VSRB db 6.7 6.0 9.8 7.7 10,6
Unweighted picture-SNR db 33.3 34,0 30.2 32.3 29.4
20 log (bl-w) db - 4.4 - 4.4 - 4.0 - 4.7 - 3.7
Cs/k T B, db 40,7 441.4 37.2 :‘;0. 0 36.1
Noise bandwidth Bn MHz 3.92 3.92 4,92 4,75 5.92
c /T ) dbw/°K -122.0  -124.3 -124.5 -121.8 -124.8

Cs = average power during sync-peaks, dbw

T = systems noise temperature, K

Table 2-6. RF Power Requirements for AM/VSB

2.3.2 Evaluation of TASO Test Data

The carrier-to-noise ratios stated by TASO are based on measure-
ment of the RF noise fed to the receiver input. The power spectrum of
this noise is shown in Figure 20 of Reference 5. Integration of this
spectrum, after normalization to unity at the vision carrier frequency,
gives an effective bandwidth of 5.5 MHz. Hence, the stated carrier-

i':of-noise ratios must be interpreted as

(CS CS
S (2-11)
N/ pagso 2By

with B'I‘ = 5.5 MHz

Figure 21 of Reference 5 shows noise spectra at the picture tubes
of different test receivers, resulting from the RF noise injected at the
RF input. These spectra are @v(f) I Hv(fv) [ 2 in the notation of Equa-
tions (2-9 and (2-10). By adding noise weighting to the spectra, we
obtain cj[:v(f) , Hv(fv) l ?w(f), i.e., the integrand in Equation (2-9).



Integration of these weighted spectra showed an average effective bandwidth
of 0.82 MHz. 'In more exact terms, Equations {2-9) and {2-10), when
applied to the average test receiver, would resulf in

N =) By (2-12)

w

with BN = 0. 82 MHz.
P W

Combining Equations {2-8), (2-11) and {2-12)} gives

Now ¢ By, w \N/ zaso

With the acitual values of the tests, i.e., b = 0.75, w = 0.15, BT =55
" MHz, and B = 0, B2 MHz, we {ind

(§ = (qs) +0.9db - (2-13)
Nfow \N/ taso

This conversion of carrier~to-noise ratios stated by TASO into weighted
picture-SNR's makes it possible to extend the validity of TASO's viewer
panel tests to transmission systems using modulation other than AM/VSB.

N,w

A. conversion developed earlier by TRW showed reasonably good
agreement with the findings of Mr. J. J. Bisaga of Communications and
Systems, Inc. The conversion rule presented above was derived by TRW,
using analytical refinements suggested by Mr. Bisaga {Reference 8). The
results of TRW's and C&S's analyses differ by 0.3 db, which is due to the

limited accuracy in the two independent numerical analyses.

2m23



2.3.3 Average RF Signal Power

The RF power requirements in Table 2-6 are stated in terms of
average RF power during sync-peaks. The average RF power over longer
intervals (at least one line period) are dependent on the picture content.
For AM/VSB modulation with negative polarization, used in practically
all standards, the average RF power reaches its maximum for an all-black
picture and its minimum for an all-white picture. Table 2-7, gives these
extreme values of long-term (at least one~frame period) averages for

different standards.

Table 2-7. Extreme Values of Average RF Power

Lines per frame 525 625 625

Video bandwidth, MHz 4,2 5.0 5.5

Maximum average (all-black) 0.55 0. 54 0. 59

Minimum average (all-white) 0.19 0 18 0.18




2.4 FREQUENCY MODULATION

In FM transmission of television, the weighted picture-SNR {as

defined in Section 2.2.1) for transmission noise is

2
S -3 __6C (D . : -
('ﬁ) “31:TB(B)W I (2-14)
W A v
where
W e Iz Y. R
B
v zw(fv)
f £ 5 o (2-15)

A p(fv) v

the combined effect of welghting and pre~emphasis. Without pre~emphasis,
P(fv) becomes 4 and Eqguation {2-15) reduces to the expression for the
noise weighting factor.

The notation used is

(%)

bW

1]

weighted picture-SNR, defined in Section 2.2.1

Q
it

carrier power, watts

k=1.38x 10'23 watts/Hz K, Boltzman's constant

T = systemynoise temperature, °K
D = blank~to~-white frequency deviation, measured with
pre-emphasis removed, i.e., with p(f) =1, MHz
Bv = video bandwidth, MH=
W = weighting factor
I = ratio of increase in weighted picture-SNR by pre~emphasis

f = video frequency

w(fv‘}

1]

power transfer function of noise weighting network-

p(fv) = pre-emphasis function (power versus video frequency)



The RF bandwidth occupied by the FM transmission is by Carson's:
rule: ‘

B, =2B_ +apD (2-16)

rf

where
_ Sync peak-to-white video voltage
blank-to-white video voltage

B = ratio of change in peak-to-peak frequency deviation of
composite video modulation due to pre-emphasis

The carrier-to-noise ratio at the M demodulator input becomes

O

C

= = a——— (2-17}
N kT BRF

The minimum value of C/N dictated by the FM~threshold of the demodulator

limits the extent to which RF power requirements, for a given picture-SNR,

can be reduced by increasing the frequency deviation D. Consequently, for

a minimum-power.design the frequency deviation must be chosen such that

both {S/N)P w and C/N are at their respective limits.

Elimination of (C/T) between Equations (2-14) and {2-17), followed
by substitution of (2-16) for Brp leads after some manipulation to

(S )* ’
o— B B
N/ _ Ry "rf
E = 3—-———B (E— - 2) (2""18)
where
2 2
S \% :
(ﬁ) = (%) v (2-19)

D.w

The RF bandwidth, BRF’ for a minimum power transmission can be
determined by solving Equation (2-18) for BRF/ Bv’ using the required
minimum values for (S/N* and (C/N). With BRF known, Equation (2-17)
gives the RF power requirements in terms of the ratio C/T between the

received carrier power and the system noise temperature.

- The threshold for C/N is due to 2w~radian phase jumps of the sum

vector of the carrier and the narrow-band noise, re sulting in impulse
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noise at the demodulator output. This so~called threshold noise, which is
not accounted for in Equation (2-14), leads to rapid degradation in link
performance as the carrier-to-noise ratio is lowered to its threshold. The
commonly used 1-db threshold is the carrier-to-noise ratio where the
impulse noise degrades the overall postdetection signal-to-noisg ratio by

1 db from that with only triangular FM noise. This threshold varies within
a range of about 1 db for modulation indices between 41 and 4. However,
different analytical approaches, based on Rice's threshold theory, differ
about 2 db in the position of this 1 db range. Assumption of the carrier-
to-noise ratio of 10 db as threshold reflects an engineering estimate within
the uncertainty of analytical results.

Since the impulsive threshold noise has an essentially flat spectrum
(at the demodulator oui:put), it is subject to a lower weighting factor than
the triangular noise. Therefore, the degradation in weighted video noise
by threshold noise can be as large as 3 db at the so-called 1 db threshold.
In view of these considerations, it was stipulated that the desired picture-
SNR must be obtained with a nominal carrier-to-noise ratio of 16 db. With
these two values inserted in Equations (2-18) and {2-19), the minimum-
pov.ver design procedure results in the corresponding nominal RF carrier
level. The threshold noise is then limited to negligible magnitude for RF
carrier levels down to 3 db below nominal. At 6 db below nominal carrier
level, the weighted threshold noise power approximately equals the weighted
regular FM video noise, and consequently, the weighted picture-SNR for all
video noise will then be 6 + 3 = 9 db below the objective.

With the values of (S/N)P’ w and (C/N) defined, the power and band-
width requirements are still dependent on the television standard and the
pre-emphasis used, represented in Equation (2-19) by a,z/W and 32/1,
respectively. ‘ !

For minimum-power transmission without pre-emphasis, i.e., with
[32/1 = 1, Table 2-8 shows RF power and bandwidth requirements for fine
and passable picture qualities (TASO grades 2 and 3, regpectively), the
quality levels most relevant for satellite broadcasting. Transmission in

narrower RF bands is possible but requires more RF power.

The pre-emphasis parameter that determines the possible saving

in power and bandwidth is f}z/ I. For the pre-emphasis characteristic
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Table 2-8. RF Power and Bandwidth Requirements for FM Transmissions

Fine Quality - Passable Quality
{(TASO Grade 2) (TASO Grade 3)
Video
Bandwidth C/T Bry c/T Bry
MHz dbw/°K MHz dbw/°K MHz
monochrome S 4.2 ~-140.3 16.9 -144.7 12.3
525-line '
color 4,2 ~139.6 19.8 -141.2 13.8
5.0 -140.6 15.7 -141.6 12.6
monochrome 5.5 ~139.9 18.4 -141.2 13.8
625-line 6.0 -140.0 18.0 ~140.9 14.6
color 5.5 -139.0 22.8 -140.5 16.0
Table 2-9. Advantages from Pre-emphasis (525-line monochrome television)
Fine Quality Passable Quality
(TASO Grade 2) (TASO Grade 3)

C/T Brr C/T Brr

dbw/°K MHz dbw/°K MHz

Without pre-emphasis -140.3 16.9 -144.7 12.3

With pre-emphasis -144.8 12.2 -142.6 10.0

Saving by pre-emphasis 1.5 db 28% 0.9db 19%




recommended by the CCIR (Reference 2-2) for monochrome 525-line
television, the pertinent values are = 1/2 and I - - 2.4 db, resulting in
[32'/1 = ~8.4 db. Table 2-9 shows the savings in R¥ power and bandwidth

attainable by this pre-emphasis.

For transmission of color television by FM systems without pre-
emphasis, noise in the color subcarrier chanmnel dominates thé video
noise requirements on the link design. This is due to the quadratic shape
of the video noise spectrum. In Section 2.2.4, it was pointed out that with
the quadratic video noise spectrum of FM transmission without pre-
emphasis, the video noise level corresponding to the limit specified for
the luminance channel exceeds the limit on the chrominance channel noise
level by 4.6 db. '

With pre-emphasis it would be possible to form a wide noise spectrum
that meets both requirements simultaneously. However, such pre-emphasis
would hardly result in savings in RF power and bandwidth. Since noise in
the color subcarrier channel is the limiting factor, the improvement factor
I would approximately equal the value of pz(fv) at the subcarrier frequency.
But, since the color subcarrier level for colors saturated to 75 percent
(representative of normezl picture material) alone creates a peak-to-peak
frequency deviation equal to blank-to-white deviation (both without pre-
emphasis), the ratio {32 would also be approximately equal to the value of
pz(fv) at the color subcarrier freguency. Hence, @z/I will be close to one,
its value without pre-emphasis, and therefore, Equati_ons (2-48) and (2-19)
will lead to RF power and bandwidth requirements close to those found for

transmission without pre-emphasis.

Although pre-emphasis in transmission of color is not justified by
power and bandwidth considerations, it may well prove valuable for reduc-

tion of differential gain and phase in the color subcarrier channel.
2.5 SOUND CHANNELS

In most television systems, sound is transmitted by a frequency-
modulated carrier. Satellite broadcasting in the time period 1975-80 will
most likely be received by conventional receivers built to standards that

differ no more than in minor details from present standards.



Economical and practical considerations dictate that requirements
on adaption of conventional receivers to space broéadcasting, to be achieved
by additional user equipment, are held to a minimum. Therefore, sound
channel transmission in space broadcasting must be achieved by carriers
or subcarriers modulated in accordance with the present standards for
sound carrier modulation. In nearly all television systems, the sound

carrier is frequency modulated.

2.5.1 Sound Channel Performance

The audio signal-to-noise ratio in program channels is commonly
defined as the ratio between the mean power of a test tone at 100 percent
modulation and the mean power of psophometrically weighted audic noise

within the nominal audio band.

For FM fransmission of sound, this audio~-SNR is:

. 2
S _3 C (af}y R
N~23%B (B) pl£,) (2-20)
where
_— 1/3
R= 5 (2-21)

1 2 wif)
53 _[f p(f) 4

where C = audio carrier (or subcarrier) power
% = one-sided noise density in FM-channel
B = upper frequency of nominal audio band

Af = peak frequency deviation of test-tone at 100% modulation
level (i.e., specified maximum frequency swing).

f = audio frequency

ft = test-tone frequency specified in the definition of audio-SNR.

w(f) = psophometric weighting function, in terms of power ratio.

p(f) = pre-emphasis function, in terms of power ratio.

The pre-emphasis function for sound transmission in TV broadcasting
is - 5
p(f) = 1 + (2n74) (2-22)
where p(f) = pre-emphasis, in terms of power ratio
T = time constant, sec.

f = audio frequency, Hz



The parameters of sound channels

are as follows:

Audio bandwidth B
Maximum frequency swing Af
Time constant of pre-emphasis, T

Test-tone frequency, ft

in 525-line and 625-line television

kHz
kH=
psec
Hz

Pre-emphasis at test-tone frequency, p(f t) db

Predetection bandwidth
R in Equations {2-20) and (2-21)

kHz
db

525-Line 625-Line
Systems Systems
15 10
+ 25 50
75 50
400 1000
+0.2 +0.4
200 200
+9.6 +1.5

The psophometric weighting referred to is that of the "C.C.L. T.T.

Psophometer for Program Circuits, "' described in Reference 2-9,

This

function has value one at 1000 Hz (by definition) and near 9000 Hz and is
larger than one between these frequencies, with a maxl.mum of +8.4 db
near 5000 Hz. C.C.I.T.T. Recommendations J. 24, J. 31 and J. 41
{(Reference 2-10) for Program Circuits specify weighted audio-SNR's of

57 db for cable circuits and 49 db for open-wire circuits, respectively.

These values apply to the 2500-km hypothetical reference circuit and were

established under the assumption of a 40-db dynamic ratio of the audio

signal.

The color carrier level must exceed the threshold at the discriinina-

tion input. Assumiﬁg a carrvier-to-noise ratio of 16 db in the 200 kHz
predetection bandwidth, or C/® = 69 db (Hz), Equation (2-20) gives a
weighted audio-SNR of 42.4 db in 525-line systems and 46 db in 625-line
systems. These values are 6.6 db and 3.0 db, respectively below the

weighted audio-SNR recommended for open-wire program circuits.

These C.C.1.T.T. noise objectives were set sufficiently stringent to

make the noise contribution from program distribution to broadcast

stations small compared with the contribution from the broadcast trans-

mission to the users. Therefore, it appears that a carrier-to-noise

density ratio, C/®, of 69 db in the sound carrier channel is a useful design

criterion for satellite broadcasting.
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2.5.2 Sound Carrier Power in AM/VSB Transmission

Television receivers of present design have a single IF amplifier
shared by the vision carrier and the sound carrier. Mixing of these two
carriers in the video detector produces the so-called intercarrier at a
frequency equal to the carrier-separation. The transfer of amplitude
modulation from the vision carrier to the intercarrier is held low by a
small audio-to-vision carrier power ratio at the video detector output.
The intercarrier’is amplified and bandpass-filtered, whereafter the audio
signal is extracted by a FM discriminator. Limiting action in this dis-

criminator provides further reduction of the residual amplitude modulation.

The requirement for a low audio-to-carrier carrier power ratio
required at the video detector input is met in part by the ratio of 0.1 to
0.2 between the effective radiated powers of the audio and vision trans-
mitters of a broadcast station. This is not sufficient, and television
receivers therefore attenuate the sound carrier by about 20 db relative to
the vision carrier. Figure 2-7 shows the idealized amplitude versus
frequency characteristic for transmission from the receiver RF input to .
the video detector input. The plateau at the sound carrier frequency ac-

commodates a 200-kHz wide sound transmission.
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Figure 2-7 Amplitude Versus Frequency Characteristics of
Prediction Amplification in Television Receivers
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In some receivers, the 20-db sound-carrier suppression is in part
achieved by a sound trap between the mixer and the IF amplifier. This
increases the impact of IF amplifier noise, resulting in an increase in

receiver system noise temperature for sound carrier reception only.

The total input into the video detector is s, (£) + sa(t) + n(t), where
1Sv(t) is the vision carrier of power C,+8, (t) the sound carrier of power C,
and n(t) the random noise with {one-sided) power spectral density & (f).
Assuming square-law détection, the detector output components within the

passband of the intercarrier amplifier were found to be:
e Intercarrier power: Cvca

e Noise of category sa(t) . n{t); one-sided power spectral
density:

Cvé(fa)where fa, = sound carrier frequency

e Noise of category sa(t) - n(t}); one-sided power spectral
density:

Ca@(fv), where fv = vision carrier frequency

e Noise of category n(t) . n(t), one-sided power spectral
density: analysis of upper bound showed this category to
be negligible.

The ratio, (C/®), between the intercarrier signal power and the

total power spectral density of the three categories of noise is:

C t
=) = (2-23)
(@)i FL) B

c t ¢
a v

Let @ be the ratio between vision carrier power and audio carrier power
at the antenna terminals of the receiver. In terrestrial broadcasting, o is
between 5 and 10. Further, let B be the ratio by which the effective
noise temperature for sound carrier reception is raised by sound carrier

attenuation near the receiver front end.

Then
2ty ()
S, “#7C,



and Equation (2 ~-23) may be written as:

c c
a v
FE) 8L
C a v
Cy . - 2-
() . L - TTaf (2-24)
of

The vision carrier power to be used here is the lowest level, i.e.,
the white level., For passable picture quality (TASO Grade 3), the lowest
grade of interest here, C/T = -150 dbw/oK, which yields C/&= 78. 6 db
(Hz). Assuming a sound carrier level, at the receiver input, of 1 percent
of the sync peak power, i.e., equal to the white level of the vision carrier,
we have o = 1, With a conservative estimate of 4 forf , Equation (2-24)
gives (é/fiﬂ)i = 71,6 db (Hz). This exceeds the criterion of 69 db (Hz)
established in Section 2. 5. 1 and increases the calculated audio-SNR from

42,4 db to 45 db.

Arvin (Reference 2-11) reported the resulfs of sound channel per-
formance measurements on a typical television receiver. This reference
gives audio signal-to-noise ratios as a function of the vision carrier level,
while the sound carrier level at the receiver input is held at 10 or 70 per:-
cent of the vision carrier level (sync peak value). The measurement
results for a vision carrier-to-noise ratio of 21 db (as defined by TASO,
see Section 2. 3, 2) with the sound carrier at the 10 percent level should be
close to the calculated performance discussion above, since they were
measured with a sound carrier level of a 10 times larger percentage of a
10 times lower vision carrier level (relative'to noise). Actually, the
measured data should be slightly poorer than the calculated data because
of the lower vision carrier level. For the indicated case, Figure 15 in
the reference gives an audio-SNR of 37 db when the vision carrier is
modulated to its white level. This value was measured with a 30 percent
modulation, without psophometric weighting. With 100 percent modulation
and psophometric weighting, it would be 43, 8 db, which compares well
with the calculated 45 db,



The experiments reported by Arvin were performed in the absence
of vision carrier modulation, and, therefore, do not account for the possible
adverse affect of intermodulation between components of the modulated

vision transmission.

In veiw of all above considerations, it appearsthatin satellite broad-
casting using AM /VSB transmissionby the satellite, a sound carrier with an
effective radiated power of 2 percent ofthe vision carrier (sync peak value)is
satisfactory. In case of multiple sound channel transmission, the 2 per-
cent applies to each sound channel. Transmission of several sound car-
riers by a common sound transmitter will require a transmitter saturation
level of about 30 percent above the sum total of the sound carrier powers
in order to allow for the back-off required to limit intermodulation. This
conclusion is based on the assumption that the picture quality of space

broadcasting will not be lower than TASO Grade 3 (passable quality).

"In comparing the 2 -percent ratic for space broadcasting with the

10 to 20 percent used in terrestrial broadcasting, it must be recognized
that terrestrial broadcasting suffers from large variations in received
field strength, with time and with receiver location. Terrestrial sound
periormance must therefore be satisfactory even when the picture quality
is as low as marginal or even inferior, Space broadcasting above 6 GHz
will suffer from fluctuations in received field strength due to attenuation
in precipitation and clouds, but these fluctuations are relatively slow and
therefore must-be compensated for by adequate margin in transmission

design.

2.5.3 Sound Subcarriers in FM Transmission

In satellite broadcasting using M transmission of the video signal,
sound channels can be transmitted by subcarriers located in the baseband
above the video band. To simplify processing in the user equipment, these
subcarriers should be frequency-modulated by the audio signal in accor-

dance with the present standards for television sound carrier modulation,

For transmission to receivers without sound channel selection, the
obvious choice of subcarrier frequency is the frequency spacing between
vision and audio carriers of the standard to which the user receivers are

built. For multiple-sound channel transmission, the subcarrier frequencies
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must be chosen such that none of the subcarrier bands coincide with third
order products of intermodulation between other subcarriers and between
any sound subcarrier andthe color subcarrier. In addition, the vision-audio
carrier spacing of the respective television standard should be avoi;ied in
the choice of subcarrier frequencies in order to simplify filter require-
ments in the sound channel selection circuitry of the users' adapter units.
For four audio channels, a feasible arrangement for 525-line systems
consists of 4.7, 5.5, 6.1 and 6. 5 MHz, while 5. 65, 6.45, 7.05 and 7.45
MHz can be used for 625-line systems with video bandwidths of 5.0 or

5.5 MHz.

If @ is the (one-sided) spectral noise power density of a subcarrier
frequency in the baseband, then the quadratic noise spectrum at the dis-

criminator output results in an unweighted video noise power, N_, of
p

Bv 2 1 BVB
N=r1>f sV df = =~ (2-25)
o) CEF 3 7s P 2 .
s s
where

f = baseband frequency

fs = subcarrier frequency
B, = video bandwidth

Further, let DP be the blank-to-white frequency deviation of the
video signal, and Ds the (one-sided) amplitude of the carrier frequency

deviation by the subcarrier, Then,
D, 2 2'Cs '
(Dp) = ﬁ—Np(S N)p (2-26)

where !

CS subcarrier power

(S/N)P unweighted picture-SNR, defined in Section2. 2. 1.

- Combining Equations (2-25) and (2-26) gives
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DN\ (e/N), B [t ¥
2\ - S5 (2-27)
(D ) (S7N)P BV(B)

p V)
v‘.fhere
BS = subcarrier channel bandwidth
(C‘-/N)S = subcarrier-to-noise ratio in subcarrier channels.

/
As indicated in Section 2, 5.1, (C/N)S = 16 db in Bs = 200 kHz meets

both threshold and audio-SNR requirements, With these data and the sub-
carrier frequencies mentioned earlier in this section, Equation {2-27)

gives the value of ZDS/D shown in Table 2-10,

The addition of sound subcarriers to the video signal in the base-
band increases the total peak-to-peak deviation of the RF carrier from
a D (See Equation (2~16) in Section 2.4)to ¢ D + ZEDS, or .by a ratio

zD
g

_ 2
Ry=it+to—

This increase in total deviation must be accounted for by replacing
a by aRs in Equation {2~16), and consequently also in Equations (2-18) and
(2-19} for a minimum -power design of the FM transmission. This pro-
cedure was used to determine the ratio by which the RF carrier power
required for transmission of the video signal only must be increased to
accommodate sound transmission as well, Values of this ratio are shown
in Table 2-10. The RF bandwidth of the FM signal increases by the same

ratio as the power,.
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Table 2-10. RF Power and Bandwidth Requirements for Sound Channels

Number Power
s of 2 and
Picture TASO (“1\?) Sound zD, | R, Bandwjdth

Quality Grade db? | Channels D db Ratio

. i 0. 11 1.2 1. 06
Fine 2 30.1 * )

525 line 4 0.58 | 5.2 1. 30
Monochrome 4 0.29 3.0 1. 11
Passable 3 22.0 4 1. 46 9.6 {48

25-1ine | Fine 2 laso | L [0 | e | nos

5.5 MHz ’ : ’

Monochrome i 0, 37 3.6 1. 12
Passable 3 19.9 4 1,65 |10.4 i.48

RT . ' 1 0. 09 1.0 1, 06
6%%%; Fine 2 32.6 4 0.38. | 3.7 1,22
Color ' 1 0.22 2.3 1,10
Passable 3 24.5 4 0.97 7 4 1,37

“The addition of sound to video
bandwidth is increased by the ratio shown in this column.

requires that both the RF carrier power and the RF




2.6 INTERFERENCE BETWEEN COMMUNICATION SERVICES

The constraints imposed by limits.on tolerable interference between

television broadcast satellite services and terrestrial services are

discussed.

2.6.1 General Relationships

The interference discussions presented in the immediately following

sections make use of the general relationships presented here. The nota-

tion is as follows:

EIRP dbw

Hibw /m®?
E

dbp

(C/T) qrew /%K
‘ (D;’?'/T)j:.tzloK

L
P: ap
b

R(d)

S(¢)

At the earth

Habw/ m?

= effective isotropically radiated power of spacecraft

transmission, dbw/m2

10 log H, where H is power flux density at earth
receiver location, ih watts/m

20 log E where E is field-strength at earth
receiver location, in pvolt/meter

= 10 log (C/T), where C is received carrier power

in watts and T is system noise temperature in
degrees Kelvin

= 10 log (Dz/T), where D is receiver antenna diameter

in feet, and T is system noise temperature in
degrees Kelvin.

attenuation in propagation medium,  db.
great-circle distance between receiver location and
sub-satellite point, in degrees.

range function, db

interference suppression by terrestrial receiver
antenna, db

surface the flux density of satellite transmission is:

~-162.1 + EIRP L

dbw " Up, ap - R (2-28)



where R{¢) varies as follows:

& R(%)
deg _db
0 0
20 0.1
30 0.2
40 0.4
50 0.6
60 0.8
70 1.0

Field strength relates to power flux density as

Edbp. = 145.8 + Hdbw

/mz i (2-29)
The power flux density required to meet a given C/T requirement in a
receiver with antenna diameter D, an aperture efficiency of 55 percent,

and a system noise temperature T, is

Hibw

[ = 140+ (C/T) gy 0p - (Dz/T)ftZ/oK (2-30)
The discrimination of interference from satellite transmission by
conventional television receiver antennas is a function of the angle of
arrival. CCIR Recommendation 419 (Reference 2-1) gives directivity
patterns recommended for planning purposes. For the UHF television
band, this recommendation, converted into suppression versus receiver

location, is

¢ 5(9)
deg _db
=25  16.0

30 14.0

35  11.7
40 9.4
45 7.3

50 5.1

55 2.9
260 - 0.0
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2.6.2 Broadcasts from Spacecraft and Terrestrial Stations in the
UHFE Television Band

. The protection ratio required against co-channel interference
between two AM/VSB television transmissions is about 30 db when a
slight carrier frequency separation equal to an appropriate fraction of
the line frequency is maintained. This requires that each carrier fre-
quency is held within £500 Hz from. its nominal value. Then, co-channel
interference is tolerable as long as the wanted carrier exceeds the

unwanted carrier by at least 30 db.

The co-channel protection ratio could be reduced by about 10 db by
maintaining the carrier separation at the appropriate multiple of the
frame frequency. However, the very accurate carrier frequency control

required heretofore, *2.5 Hz,.is impractical for satellite broadcasting.

Let at a given receiver location the field strengths of space and
terrestrial broadcasting be Es and Et’ respectively. With a maximum
protection of 16 db by receiver directivity (Reference 2-1), a necessary

condition for protection of terrestrial TV service against intolerable inter-

ference from space broadcasting is

E
-E-E 230 - 16 = 14 db (2-31)
S

Assuming a protection of 25 db by the directivity of the low~-cost
earth receiver antenna, the necessary condition for protection of space

TV service against terrestrial service is

E
E—S- >30 - 25 =5 db
t
ot
E,
E—;— = -5 db (2-32)



Obviously it is impossible to meet conditions (2-31) and (2-32)
simultaneously. Imn other words, at no location can both services be pro-
tected adequately from interference by the other. Consequently, AM/VSB
satellite broadcast service cannot share channels used by terresirial

broadcasting covering the same area.

Another pertinent question is whether space broadcasting can share
channels used by terrestrial broadcasting outside the area covered by the
satellite transmission. The issue here is whether radiation in the side-~
lobes of the satellite antenna can give rise to co-channel inferference of
intolerable magnitude. CCIR Recommendation 417-1 (Reference 2-1)
stipulates that in planning of terrestrial television services in the upper
UHF band (i.e., the frequency range of primary interest for satellite
broadcasting at UHF), protection against interference should be sought
for wanted signals of median field strength no less than +70 dbp (db rela-
tive 1 pv/m) or 3000 pv/m. Allowing for a fading, it is assumed that
terrestrial field strengths down to +54 dbp or 500 pv/m must be
protected. Further, it is assumed that the sidelobes of the
satellite antemma can be maintained to at least 25 db below the main lobe;
then, co-channel interference by sidelobe radiation is tolerable if the
satellite EIRP (at the main beam center) does not exceed the value shown
in Table 2-11 derived with the relationships of Section 2.6.1. The sever-
ity of this limitation can be appreciated by noting that for AM/VSB
satellite broadcasting at 900 MHz to receivers with a 6-foot dish antenna,
located in an urban area, a satellite EIRP of 75 dbw (at beam center) is

- required for picture quality between fine and possible (TASO Grade 2. 5).

The feasibility of locating AM/VSB satellite broadcasting in a UHF
television channel adjacent to a channel occupied by terrestrial television
broadcasting in the area covered by the satellite depends on the acceptable

limit for adjacent channel interference.

The pertinent protection ratio requirements are -6 and -12 db for

interference from the lower and upper adjacent channel, respectively.
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Table 2-14, Co-Channel Interference by Sidelobe Radiation
Satellite EIRP Limits

Location Maximum
Of Satellite
Interfered EIRP
Receiver (Beam Center)
(o deg) (dbw)
0 82.3
20 82.2
25 82.2
30 80.1
35 77.7
40 75.3
45 73.1
50 70.8
55 68.5
60 66.1
70 66.3

Again stipulating that terrestrial field strengths down to 500 pv/m
must be protected, the satellite EIRP is limited to the values shown in
Table 2-12, These limits are 11 db and 17 db, respectively, higher than

for co-channel interference by sidelobe radiation.

Similar considerations indicate that satellite broadcasting with an
EIRP (at beam center) of 75 dbw is adequately protected at receiver loca-
tions where field-strengths from terrestrial broadcasting do not exceed
12, 000 pv/m in the lower adjacent channel and 24, 000 pv/m in the upper

adjacent channel.

A discrimination of 20 db by the earth receiver was assumed., These
limits will be exceeded in the principal city served by a terrestrial broad-
cast station, where the FCC stipulates a minimum field strength of 80 dby,
or 40, 000 pv/m., Conseguently, space broadcasting with a satellite EIRP
of +75 dbw should not have a channel adjacent to one used by terrestrial
broadcasting within the satellite éoverage unless an earth receiver antenna
with a protection ratio larger than 25 db can be designed and then fabricated

at low cost,
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Table 2-12. EIRP Limits for Space Broadcasting
in Adjacent Channel

Maximum EIRP {dbw)
Location of Satellite Transmits in

Interfered Receiver Adjacent Channel
(¢ deg) Lower Upper

0 93.3 99.3

20 93.2 99.2

25 93.2 99.2

30 94.1 97.1

35 88.7 94.7

40 86.3 92.3

45 84.1 90.1

50 81.8 87.8

55 79.5 85.5

60 77.1 83.1

70 77.3 83.3

Experiments on frequency sharing bétween AM/VSB television and
FM television indicated that protection of the FM transmission requires
a protection ratio of 21 db, while the more vulnerable AM/VSB trans-
mission requires 43 db. (Reference 2-12). These ratios are between the
average power of the FM carrier and the sync peak power of the AM/VSB

carrier.

) Similar considerations as discussed above show that frequency
sharing between FM television transmission by a satellite and
terrestrial AM/VSB broadcasting in the area covered by the satellite

_is in general not feasible; both services cannot be adequately protected

from each other at any one receiver location.

The limitation on frequency sharing with terrestrial AM/VSB
broadcasting outside the satellite coverage are easier than for satellites
using AM/VSB. The protection ratio for FM interference on AM/VSB
js 13 db higher than for AM /VSB on AM/VSB, but for given picture
quality and receiver performance, FM transmis sion requires an
approximately 17 db lower satellite EIRP than AM/VSB. The net
advantage is 4 db.
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2. 6.3 TFlux Density Limits

The CCIR recommends that the power flux density at the earth
surface produced by radiation from a communication satellite shall not

in any 4 kHz wide band exceed

% 2
- 152 + i5 dbw/m
where 0 is the angle of arrival, in degrees above the horizon., See CCIR
Recommendation 358-1 (Reference 2-3). This new recommendation applies
to any band in the range 1 to 10 GHz shared by communication satellite

services and line-of-sight radio relay systems,

It is to be expected that the Radio Regulations eventually will be
changed in accordance with CCIR Recommendation 358-1, and therefore,

this recommendation is considered in this study.

Assuming that the transmission from television broadcast satellites
using FM has an approximately uniform power spectrum in the RF band-

width it occupies, the power flux densgity limit for the total transmission

becomes

0
o= - 128 + (BRF) + 15 (2-33)

(Hmax) dbMHz

dbw/m

using the additional notation (BRF)
the occupied bandwidth in MHz.

=10 log B » where B is
dbMHz & °rF RF

The corresponding limit on field-strength is

S

=+17.8+(B 15

+
dbMHz

(Ema_x)dbp RF) (2-34)



Eliminating H between Equations (2-30) and (2-33) and relating 6 to
¢ yields

2 _
(D /T)ftZIOK = - 26,6+ (C/N)db - Q(8) (2-35)
where
C _ C
N~ T Bhp

and Q(0) is as foilows:

Receiver

Location Q(0)
(¢ _deg) {db)
0 6.0

20 4.4

30 3.7

40 2.9

50 2.2

60 1.5

70 0.8

This equation gives the minimum performance, in terms of DZIT, required
of an earth receiver located at ¢ great-circle degrees from the subsatellite
point in order to obtain the required C/T ratio by satellite transmission

meeting the power flux density limit recommended by the CCIR.

In Section 2. 4, the discussion on FM transmission concluded that

the nominal value for C/N should be +16 db.

Among the frequency ranges to be considered in this study, the
vicinities of 2.5 and 8.5 GHz are affected by the CCIR recommendation
in its present form. Frequency ranges near 12 GHz are not affected
now, since they are outside the 1 to 410 GHz range, but may be by 1975 if
communication-satellite allocations above 10 GHz lead to a change in the

validity range of the CCIR-recommended flux density limit.

At S-band, receiver systems with a bipolar transistor preamplifier
will have a system noise temperature of typically 800°K for which Egua-
tion (2~35) with C/N = 16 db gives a minimum antenna diameter of 4.2 to

7. 6 feet, depending on the receiver locations.
2-46



For low-cost X-band rece-ivers, preamplifiers appear less prom-
ising than mixers using Schottky-barrier diodes. For 1975 production
equipment,’ a noise figure of 7.. 0dbis prédicted, or a system noise tem’-
perat.ure of 1400°K. Satellite transmission then can stay below the CCIR
flux density limited if receiver antennas have a diameter of at least 5.5
feet to 10 feet, again depending on receiver location, The beamwidth is
then 0. 6 to 1. 0 degree and requires a pointing accuracy incompatible with
low-cost user installations. Therefore, in any frequency range of the
X-band where the CCIR limit applies, satellite broadcasting should be
limited to special services where user ingtallations at costs in the order
of $1000 are justifiable. Such service could be community television,
broadcasting to CATV networks, or educational broadcasting to schools

where one special receiver and antenna gservesg sets in several classrooms,

The above considerations assume that wide-deviation frequency
modulation is always maintained, either by the video signal orby a special

dispersion signal applied in the absence of a video signal.

2.6.4 Frequency-Sharing with Terrestrial ITF Service

In the U.S., the frequency band 2500 to 2686 MHz is used by Instruc-
tional Television Fixed Stations. This instructional service for schools
uses AM/VSB transmission with transmitter output powers usually not

exceeding 10 watts {sync peak level).

This section discusses the conditions under which the FM satellite
transmission near 2.5 GHZ, considered in this study, can share the

frequencies used by ITF services.

Consider a school receiver with a 10 foot parabolic antenna and a
system noise temperature of 1000°K (receiver noise figure: 6,0 db).
For passable picture quality, which requires C/T = -130. 0 dbw/°K (Sec-
tion 2.3.1, Table 2-6), Equation (2-30) gives a required flux density of
-106 dbw/mz, which corresponds to a field-strength of 100 pv/m.

Experiments on interference of FM television on AM/VSEB television
showed a protection ratio requirement of 43 db, - Hence, with an estimated
discrimination against satellite transmission of 20 db by the ITF receiver
antenna, FM-TV satellite broadcasting is limited to a flux density of
-129 dbw/m°,
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For picture qualities ranging between fine and passable (TASO Grades
2 and 3), the required C/T ratio for FM satellite transmission is at least”
-142. 6 dbw/ K (Section 2.4, Table 2-9). For meeting this requirement
without exceeding the above flux density limit, Equation (2-30) indicates

that the earth receiver must be designed for

9321.15‘3.2_
T oK

With a systeminoise temperature of 800°K (predicted for bipolar
transistor preamplifiers by 1975), the antenna diameter would have to be
30 foot. With a cooled parametric amplifier resulting in a system

noise temperature of 200°K, the required antenna size is 15 foof.

Whether improvements in protection of the AM/VSB transmission
can be achieved by frequency dispersion of the FM transmission can
hardly be established by analysis. The problem is quite different from
FM interference on FM. Reliable conclusions can be obtained only

by experiments.



2.7 PROPAGATION MEDIUM

2.7.1 Atmospheric Effects

In the frequency range of interest, from 0,9 fo 12. 0 GHz, the

attenuation in oxygen and water vapor is small.

The attenuation in precipitation, clouds andfdg is negligible at
900 MHz. Table 2-13 shows values for the three other frequencies of
interest. This atmospheric attenuation is accompanied by a change in

system noise temperature,
1
A‘I‘S = (1 - I’)(290 - Tc) (2-36)

where L = total atmosphere attenuation in terms of power ratio (L > 1)

'I‘C = contribution to the receiving system noise temperature from
necise sources beyond the precipitation and clouds, as
estimated without regard to atmospheric attenuation.

The total effect of attenuation and change in system noise tem-

perature reduces the ratio C/T between received carrier power and

system noise temperature by a factor.

TS-I-ATS 290 - T
T—'=L+(L-l) £
T
s s

L (2-37)

2.7.2 Jonospheric Effects

Ionospheric effects include absorption, scintillation, Faraday

rotation, and phase dispersion. Each of these effects is strongest at

the lowest frequency of interest, 900 MHz.

The strongest ionospheric absorption occurs at daytime during
polarcap absorption events. During a sunspot maximum, attenuation
peaks up to 3 db were observed occasionally at 100 MH=z radiation
arriving from zenith. Since this absorption is approximately proportional
to the square of the inverted frequency, PCA events at 900 MHz can be
estimated at 0. 04 db for zenithal propagation paths.
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Table 2-13. Attenuation in Precipitation and Clouds

iecen_rer Frequency Climate 2.5 8.5 : 12.0
ocation . (GHz) : .

1) -. Temperate Tropical Temperate Tropical Temperate Tropical

0°® Precipitation 2) db 0.1 0.1 0.6 0.2 . 0.9 0.3

Clouds 3) db 0.1 0.7 0.2 2.6 0.2 4.2

20° Precipitation 2) db 0. 0.1 0.6 0.2 1.0 0.3

Clouds 3) db 0.1 0. 0.2 2.8 0.3 4.6

40° Precipitation 2) db 0.1 . 0.1 0.8 0.3 1.3 0.4

Clouds 3), db 0.1 0.9 0.2 3.1 0.3 5.1

60° Precipitation 2) db 0.1 0.1 1.5 0.5 2,5 0.8

Clouds 3) db 0.1 1.4 0.4 4.8 0.6 7.9

67° Precipitation 2) db 0.1 0.1 2.1 0.7 3.6 1.2

Clouds 3) db 0 1.8 0.6 6.3 0.9 10.3

70° Precipitation 2) db 0.1 0.1 2.8 0.9 4.7 1.6

Clouds 3) db 0.2 2.2 0.8 7.5 1.2 12,2

1) Great-circle distance from subsatellite point, in degrees of earth center angle.

2) The values shown apply to 10 mm/hr. This rate is exceeded 10 hours per mean year in Washington,
D.C., 40 hours in Manila, The Phillippines. The attenuation in db is proportional to the rainfall
rate between 0 and 20 mm /hr except for the 70° receiver location where the proportionality
extends to 10 mm /hx.

3) The values shown are conservative, based on severe conditions lasting several hours on each
occurrence. Only sketchy information is available.

Data in this table were derived from W. Holzer, 'Atmospheric Attenuation in Satellite Communications',
Microwave Journal, March, 1965.



- Absorption peaks of about 4 db might occur at 900 MHz, but only for
waves arriving at low angles above the horizon and then only occasionally

during sunspot maxima.

Scintillation's effect on the amplitude is small at 900 MHz, only a
few percent during strong disturbances. The low scintillation rates
observed in transmission from satellites, about 10 Hz, seem to indicate
that the spurious frequency modulation by phase-scintillation is tolerable

in transmission of television.

The Faraday rotation is quite considerable and dictates the use of

circular polarization at the frequencies 900 MHz and 2500 MHz.

Dispersion of satellite transmission in the ionosphere causes group-
delay distortion. An assessment of this distortion is of interest to the

feasibility of FM in television broadcasting at 900 MHz.

The refraction index of the ionosphere near 900 MHz is approxi-

£ \2
L2 (2-38)
nel ~ > (f)

where fp = 1 80. 5N, the plasma frequeﬁcy, Hz

mately

N = electron density, electrons /rn3
Hence, the differential path length is

c2mi o hgs et [ 52
o(f) = cf(n l)ds = =F ffp ds

or

_80.5 _80.5
P(E) =Tor ) Nds= TNy {2-39)
where the integrations are carried out along the transmission path, and

N'I‘ is the integrated electron density on the transmission path.
Using the expansion

ff [f-f \2 [ f-f\3
_1_=_}_ 1 - o, (o] _ o) e
£ 1 £ f fo (2~40)

of 1/f about the center frequency fo,in Equation (2-39) for 3(f), and taking

the derivative d¢(f}/df, gives after some manipulation:
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1  dd(f) . y2
T(f)zTﬂ.T%(———LN T(fo)-Tl'{f_fo)+T2’(f-fo)

(2-41)
where
v(f ) = group-delay
-10 N
Ty E 2.7 * 10 3 nanosecond/MHz, linear group delay
fo
-10 N 2
T, = 4.0 - 10 y) nanosecond/MHz", parabolic group delay
fo
f = RF frequency, MHz
f0 = RF center frequency, MHz
N‘I‘ = integrated electron density, elec:f:rons/m2

With an integrated electron density of 1018 electrons/mz,
representative for satellite transmission arriving at a low angle above
the horizon during unfavorable ionospheric conditions, the group-delay

coefficients for 900 MHz become:

!rl 0. 37 nanosecond/MHz

6.2 » 1074 nanosecond/Msz

T2

The impact of these variations on picture quality is discussed in
Section 3.3.1. Table 3-7 of that section gives allowable magnitudes for
linear and parabolic group delay variations, based on CCIR limits on
differential gain and phase of the color subcarrier in NTSC systems.
A comparison between the above values and the allowable magnitudes
in Table 3-7 shows one potential problem. The linear group delay
variation due to ionospheric dispersion appears to cause a differential
phase of +£3 degrees under the unfavorable conditions mentioned above.
This exceeds CCIR limits for a 2500 km long circuit by 50 percent.
Under average conditions, the ionospheric contribution to differential

phase is an order of magnitude smaller.

In conclusion, ionospheric dispersion at 900 MHz appears not to be

a critical problem.
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2,8 MAN-MADE NOISE

Man-made noise affects the requirements on spacecraft power
for television broadcast satellite services at 900 MHz, and perhaps at
2500 MHz.

The main sources of this indigenous noise are automobile ignition,
electric power lines, rotating machinery, and switching transients.
Man-made noise is typically impulsive with a high peak-to-RMS ratio.

The description and definition of its semi-random time-function and its
spectral properties is far more intricate than for thermal noise, Unfor-
tunately, available experimental data are few and often not comparable
because of differences in measurement methods and conditiohs. In some
investigations, aquasi~peak value of the envelope was measured; in others,
average power, average envelope voltage, or average logarithm of the
envelope voltage., Measurements of the amplitude probability distribution
{APD) permit some correlation between the results of different investiga-
tors, Littledata is available on autocorrelation and other time-~distribution
characteristics. In addition, the impact of man-made noise on picture
quality as subjectively experienced by viewers is not gufficiently under-
stood to determine what specific characteristics of man-made noise are

most meaningful for system design.

The man-made noise component of the antenna noise temperature is
v, =2 [T cae (2-42)
A 47 4 i
N -

In this integral over 4mw steradians, Ti represents the effective brightness
temperature of man-made noise, G is the antenna power gain relative to
an isotropic antenna, while £ is solid angle, Let { be the highest angle

of arrival for man-made noise, and Gi the average gain over all directions
with elevations between O and . Then, if the brightness temperature is
reasonably constant over these directions, Equation (2-42) can be simpli-
fied to

ol
<

T, (2-43)



Clearly, experimental data stated in terms of antenna noise tempera-

ture must be viewed with the characteristics of the test antenna in mind.

Measurements with a vertical half-wave-dipole or short dipole
antenna were reported by the Institute for Telecommunications Sciences
and Aeronomy (ITSA) (Reference 2-14), by ITT (Reference 2-15), and by
RCA (Reference 2-16). Conversion of these data to 0-db antenna gain at low
elevations results in antenna noise temperatures at 900 MHz of 14, 600°K,
8100°K, and 4600°K, respectively. The data from ITSA and RCA were
measured in urban areas while the IT'I.' data were prese{lted as median

values for the U, S.

Measurements performed at noisy locations in Cleveland, Ohio, by
NASA lLewis Research Center (Reference 2-47), using a corner reflector
antenna, gave average antenna noise temperatures at 950 MHz of 2400 to
6800°K with zero antenna elevation and 1150 to 4300°K with the antenna

pointed 45 degrees above the horizon.

Recently, a survey of man-made noise in Pheenix, Arizona, was
performed by the Convair Division of General Dynamics under contract
with NASA ILewis. The results of these .experiments are currently being
processed., The few data available at this time (Reference 2-18) indicate
an antenna noise temperature of 2500°K at 4 GHz. This value represents
the maximum of RMS voltages for 3-second periods in' an 8-minute test
run. The antenna used was a helix with a gain of 14 db, a 34 by 37 degree
beam, located about 20 foot above the ground and pointed in horizontal
direction. From data in Reference 2-18, it is estimated that G = 0.25 for’
¢ = 0. 44 radians. Then, the antenna noise temperature for an omnidirec-
tional antenna with O-db gain at elevations below 0, 44 radians would have
been 2200°K. This value is low compared with the corresponding noise

temperatures measured with dipole antennas mentioned above.

Clearly, the data discussed here are far from sufficient in number
and definition to arrive at reliable predictions for television broadcast
satellite applications. An antenna noise temperature of 2000°K at 900 MHz
has been used in this study for a 6~foot parabolic antenna with a peak gain
of 20 db and a 3-db beamwidth of 14 degrees, This estimate was made for
urban residentialareas, Consideringthat the antenna gain outside the main

beam is in average a few decibel below zero, the measurement results
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discussed above do support rather than discredif the estimate of 2000°K,
provided that the antenna is .pointed sufficiently high, above 30 degrees,
to keep sources of man-made noise outside the main lobe,
Experimental data seem to indicate that the level of man-made noise
. . -2.3
varies with frequency as f
10 times lower than at 900 MHz, and therefore, 200°K was used in this

study.

Noise temperatures at 2500 MHz are then

2.9 EARTH-TO-SATELLITE TRANSMISSION

The spacecraft antenna for reception of television transmission
from a transmitting earth station must be given sufficient beamwidth to
permit a choice of location for this station (relative to the area covered
by the satellite transmission) dictated by the operational requirements of
the particular application, On a satellite with an earth-oriented body, the
receiver antenna could be body-mounted, provided that a sufficiently un-
obstructed location exists. On a satellite with sun-oriented body, the
receiver antenna would follow the transmitter antenna in its rotation rela-
tive to the body. In either case, the need for separate gimbals for the
receiver antenna should be avoided by using a sufficiently‘large beamwidth.
Here, a beamwidth of 10 degrees is assumed as sufficient to allow for
freedom in locating the transmitting earth station and te accommaodate

attitude errors of the antenna mount,

The stipulation of a minimum beamwidth for the satellite receiver
antenna places a ceiling on the gain, in essence independent .of the uplink
frequency. For the assumed beamwidth of 10 degrees, the beam-edge

gain is estimated at 21 db.

While the satellite receiver antenna is limited in gain, economical
and practical considerations limit the diameter of the transmitter antenna
at the earth station. The transmigsion loss (from transmitter antenna
terminal to receiver antenna terminals; in ideal propagation medium)
between a transmitter station with given effective aperture and a receiver
station with given antenna gain is independent of frequency. Therefore,
the variation in transmitter power requirements with frequency is due
to only variations in the attenuation by the propagation medium and varia-
tions in the system noise temperature. This conclusion indicates a pre-
ference for the frequency range 2000 MHz to 10, 000 MHz. - An additional
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congideration is the size of the receiver antenna, which should be guffici-
ently small to minimize its impact on the spacecraft design problems. By
selecting an uplink frequency above 3000 MHz, the 10-degree beamwidth

can be obtained with an antenna diameter of 2. 5 foot,

In conclusion, the preferred range for selection of the uplink
frequency is 3000 to 10, 000 MHz, The exact choice will depend on the

frequency allocations available for the particular application.

For FMtransmission from the spacecraft to the user receivers, FM
is also the obvious choice for the earth-to-satellite transmission, both
from the viewpoint of earth transmitter power conservation and simplicity
of the satellite repeater. The uplink modulation is then fully identical to
the downlink modulation, with magnitude of the frequency deviation chosen
for minimum-power requirements by the design method outlined in Section
2.4. The satellite repeater merely converts the frequency and amplifies
the FM signal.

By designing the uplink for a C/T-ratio, between carrier power and
system noise temperature, 13 db higher f.han required at the user receiver,
the uplink noise correction in the downlink sizing is limited to 0.2 db. For
a typical C/T requirement of -139. 6 dbw/°K (picture quality: fine, TASO
Grade 2) at the user receiver, the uplink must be designed for C/T = -126. 6
dbw/°K. The RF power budget in Table 2-14 shows that the requirement
is met by an earth station with a transmitter output power of 1 kw and a
42foot antenna. This budget was made for an uplink frequency of 5000 MHz,
chosen for convenience only. As pointed out earlier in this discussion, the
requirements on a transmitter power and antenna size are essentially

independent of frequency.

For AM/VSB transmission from the spacecraft, use of the same
modulation of the uplink would eliminate the need of modulation conversion
of the satellite. For the picture quality "fine-passable,” TASO Grade 2.5,
C/T = -122. 0 dbw/°K is required at the user receiver. Again limiting the
uplink noise correction to 0,2 db, the uplink must be designed for C/T =
~-109 dbw/OK, which requires that the received signal power at the satel-
lite is 17. 6 db higher than in the M case. With a 60-foot antenna at the
earth station, the transmitter output power would have to be 50 kilowatts,
(sync peak level), while the average output power would vary with picture

content between 30 and 60 kilowatts.
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Table 2-14, Uplink Power Budget

Transmitter output power (1 kw) ) + 30,0 dbw
Antenna gain (42 ft) + 54.4 db
Free-space loss -198,2 db
Polarization losses and

propagation medium losses - 1.5db
Satellite antenna gain + 24,0 db
Received power - 94,3 dbw
Receiver system noise temperature

(T = 1800°K) 32. 6 db (°K)
c/T -126, 9 dbw/°K

Because of this large power requirement, FM is recommended for
the uplink even when the satellite transmit AM/VSB signals to the users,
This requires that the satellite communication subsystem demodulates the
received FM signal and moduldtes the downlink carrier. Uplink noise is
thus convertedto video noise at the satellite. Inthis case, it is the weighted
picture signal-to-noise ratio, (S / N)P: w for uplink noise only that must
exceed the value required at the user receiver by 13 db in order to limit .
the uplink noise correction in downlink sizing to 0.2 db, For picture guality
"fine-passable," TASO Grade 2, 5, (S/N)p’W must be 37 db, and therefore,
the uplink must be designed for (S/N)p,w =37 + 13 = 50 db. For the latter
criterion, minimum-power design of the uplink (i.e., selection of the opti-
mum magnitude of the frequency deviation) leads to C/T = -137. 1 dbw/°K
for the uplink noise only. This can be achieved by an earth station with a

transmitter power of 200 watts and a 30-foot antenna,

This requirement is lower than for transmission to FM satellites,
The reason, therefore, is that the demodulation of the FM uplink trans-
mission makes the selection of uplink frequency deviation independent,
and the deviation magnitude, therefore, can be optimized for the 13-db

higher performance required from the uplink,



2.10 DOWNLINK POWER BUDGETS

The RF power budgets presented in Tables 2-15, 2-46,and 2-17 apply

to the satellite configurations presented in Section 7,

The budget in Table 2-15 is for a satellite transmitting directly to
home receivers. The frequency, at or near 900 MHz, is within the UHF
band allocated for television broadcasting. By using AM/VSB, the RF
bandwidth that must be cleared in the UHF-TV band is kept to a minimum,
while the need for modulation conversion at the receivers is eliminated.
The satellite transmitter antenna with a 3-db beamwidth 'of 3 dégrees covers
an area of 1 million square st. miles (2.7 million square kilometers) when
pointed at the subsatelhte point., The system noise temperature of 2500°K
used in the budget allows for an antenna noise temperature of 1500 °K’ or
2000°K from man-made noise when the adapters at the earth receivers
provide one or two stages, respectively, of preamplification by junction
field effect transistors. The earth receivers are equipped with a 6 foot
{1. 8 m) parabolic antenna. The picture qualitj;r for color television, a
function of C/T, is then 4 db below "fine" (TASO Grade 2) and 4 db above
“passable" (TASO Grade 3). The satellite transmitter output has a peak
envelope power of 13, 2 Kw (occurring during sync peaks), and averages

between 2,5 kw and 7. 3 kw, ‘depending on the picture content.

The budget in Table 2-16 is for a FM-TV channel at 2.5 GHz. The
satellite transmitter antenna has again a beamwidth of 3 degrees, result-
ing in 'a,1"1 area coverage of 1 miilion square st. miles (2. 7 million square
kilometers) when pointed at the subsatellite point, The earth receiver

antenna is again a 6 foot (1. 8 m) parabolic dish.

The system noise temperature, BOOOK, is for an adapter with p'l"e-
amplification by one bipolar transistor stage. The picture quality is "fine"
(TASO Grade 2) for ‘color television with one sound channel, The satellite
transmitter output power is 300 watts per television channel. The satel-
lite conflguratlon for 2.5 GHz (see Section 7), with an array power of 4 kw
(at the end of 5-year 11fe) supports seven TV channels. A requirement for four
sound channels per television channel would reduce the capacity of the satel-
lite to five TV channels, or six channels with slightly reduced picture quahty
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Table 2-15. AM/VSB Broadcasting at 900 MHz

Transmitter Output Power {13.2 kw)

Circuit Losses

Antenna Gain (30 ft, 3 deg)

ERP at Beam-Edge

Free-Space Loss

Propagation Medium Losses
Polarization Losses

Receiver Antenna Gain (6 ft, 14 deg)
Received Power |
Receiver System Noise Temp. (ZSOOOK)
Uplink Noise

10 Liog %

C = Average during sync'peak

+41. 2 dbw
- 0.5db

+31. 0 db

+71.7 dbw

-183.2 db
0 db

- 0.5db
+21. O db.

-91. C dbw

-34, 0 db(/°K)
- 0.3 db

-125. 3 dbw/°K)
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Table 2-16. FM Broadcasting at 2. 5 GHZ

1
4

Transmitter Output Power (300 watts)
Circuit Losses
Antenna Gain (10 ft, 3 deg)l
ERP (at Beam-Edge)
Free-Space Loss
Propé.gation Medium Losses
Polarization lLos ses
Receiver Antenna Gain (6 ft, 5.2 deg)
Received Power
Receiver System Noise Temp (800 °K)
Uplink Noise

10 Log -g.f.-

5
+24. 8 dbw
~-1.5 db

+32.0db

+55. 3 dbw

-192.2 db
0 db
0.5 db,
+27.0 db

~110. 4 dbw

-29. 0 db(/°K)
-0.3 db

~139, 7 dbw (/K°)
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Table 2-17. FM Broadcasting at 12 GHZ

Transmitter Output Power (5 kw)
Circuit Losses
Antenna Gain (4.5 ft, 1.5 deg)
ERP at Beam-~Edge
Free-Space L.oss
Propagation Medium Losses
Polarization Losses
Receiver Antenna Gain (2 ft, 3 deg)
Received Power
Receiver System Noise Temp. (2800 OK)
Uplink Noise

10 Log -g,I,-

+37. 0 dbw
"'10 5 db
+38. 0 db

+73. 5 dbw

~205,8 db
~0.5 db

+31.0 db

-104. 8 dbw

=34, 5 db{/°K)

"O- 3 db

-139. 6 dbw{/K°)




The budget in Table 2-17 is for a FM-TV channel at 12 GHz. The
satellite transmitter antenna in this case has a beamwidth of 1,5 degree,
covering an area of 0,25 million square st. miles (10. 7 million square
kilometers). The diameter of the parabolic receiver antenna of only 2 foot
(0. 6 meter) results in a beamwidth of 3 degrees. Then, the pointing accu-
racy required does not impose too stringent requirements on the rigidity
of the building or pole on which the antenna is mounted or the technical
capability and equipment for installing the antenna. The system noise
temperature of 28;000K, used in the power budget, assumes a noise figure
of 10 db, and an antenna noise temperature of 180°K due to precipitation
and clouds. A temperate climate is assumed.. The 10-db noise figure is
achievable with a state-of~-the-art mixer without preamplification., The
value for C/T in the budget is for color television of "fine" quality (TASO

Grade 2) with one sound channels.

The system capacity can be improved by using a dual mixer with .
Schottky-barrier diodes in the. receiver adapter. Without:RF preamplifier,
the noise figure attainable by 1975 is estimated at 7 db, yielding a system
noise temperature of 13090K. The satellite, with a solar array capacity
of 8 kilowatts at the end of 5-year life, could then transmit two channels.
Alternatively, the satellite could transmit one TV channel to receivers in
t?opical climate with an attenuation of up to about 6 db by precipitation and

clouds, or up to 5 db-when four sound channels are required.
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3. COMMUNICATIONS SUBSYSTEM

3.1 HIGH-POWER RF OUTPUT AMPLIFIERS

3.1, 1 Efficiency Enhancement

Recent studies (References 3-1 through 3-5) of RF amplifiers for
spaceborne broadcast transmitters resulted in the analytical designs
listed in Table 3-1, In these studies, performed under coniract with
NASA/Lewis Research Center, primary emphasis’was on achieving high
overall efficiency. The methods considered herefore were multistage col-
lector depression, voltage jumps between successivé sections of the slow-
wave circuit, output cavities with extended interaction (double-gap), and

tapering of the axial phase velocity of the slow-wave circuit,

Table 3-1, RF Amplifier Design Studies

Modulation AM/VSE FM
Frequency | (Vin) | (itia) | (i) | OaErs) | (MHa)
RF Cutput 7.5 5.0 5.0 5.0 5.0
Power (kw) {lew) (kw) {kw} {kw)
Type Contractor ;
Traveling-wave Tubes Hughes X X X ‘:
Electromagnetically Focused Klystrons General Electric X X
Electrostatically Focused Klystrons Litton X X X
Crossed Field Amplifiers SFD X X
Crossed Field Amplifier Litton X

Multistage collector depression is featured in all designs resulting
from these studies. Such collectors, with the electrode potentials depressed
below that of the slow-wave circuit (last section), decelerate the electrons
before collection, thus reducing the power lost as heat by electron impact
on the collector. The collector depression is a powerful tool since it
affects the major loss in high-power RF amplifiers. Since RF output

power is induced by electron velocity modulation, the velocity spread



increases with RF output power. The multistage collector allows alarger
electron energy recovery than a single collector by using electrodes at a
range of potentials, selected such that each electron can be collected at a
potential corresponding closely to its kinetic energy. The sorting of
electrons between electrodes is achieved through dispersion by an electro-
static field and by a transverse magnetic field. The magnetic dispersion;
incorporated in the TWT designs by Hughes and introduced in Litton's
final report on electrostatically focused klystrons, is the more effective
one, since it makes electron dispersion independent of space charge in the
collection region, while deceleration is not needed until a fair degree of
dispersion has been achieved. However, dispersion by space charge in
the injection hole into the collection region is always present, regardless
of sorting technique. Further, continuation of magnetic fields into the

collection region establishes a risk of cycloiding instabilities.

Let Pb be the beam power at entry into the collector region, in
the absence of RF drive, With RF drive present, a fraction n; of Pb is
converted into RF power. Of the fraction 1 - n; left in the spent beam
entering into the collector region, a fraction Mo is recovered by col-

lector depression, Consequently, the RF output power is

: Prf - Pi:) (3-1)

ignoring ohmic losses in the circuit, while the collector dissipation is
Py = (1= )i - n )Py (3-2)
The collector power consumption becomes
P_= Prf+ Pd i - Mee (1 -ni) Pb (3-3)

Ignoring beam interception losses, RF circuit losses, heater power, and

focusing power (if by solenoid), the overall efficiency is found to be

i (3-4)

= 1'111.0(1 “ﬂi)
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Without collector depression (i.e., Npe = 0), the overall efficiency
7} equals the internal efficiency urt If, for instance, the internal conversion
efficiency n; is 40 percent, then recovery of 85 percent of the power in the

spent beam raises the overall tube efficiency from 40 to 82 percent,

3.1.2 Amplifier Categories

The TWT designs (Reference 3-1) use a coupled bandpass filter

cavity structure. The advantages of this type of slow-wave circuit over

a helix are the greater power handling capability and the possibility of
achieving high interaction impedance by designing for the small relative
bandwidth required. High interaction impedance improves efficiency and
gain per unit length. A multivoltage jump taper is used to gradually
restore spent electron energy and thereby maintain synchronization with
the constant axial phase velocity of the circuit. This scheme has the
advantage over a velocity taper (gradually decreasing axial phase velocity
along the circuit) that the interaction impedance is not reduced. Further
efficiency enhancement is achieved by a four-stage depressed collector.
The accurate velocity sorting required for efficient electron recovery is
achieved by transverse magnetic deflection and electrostatic deceleration.
The adverse effect of radial electron velocity in the spent beam is reduced
by extending the magnetic beam focusing beyond the output coupler. For
output amplifiers at 850 and 2000 MHz, periodic permanent focusing is
used. The pole pieces are integrated with the coupled cavities. For 8000
and 11, 000 MHz, focusing by a "wrapped-on" copper solenoid was found
to be more advantageous from the viewpoints of total weight (including

solenoid power supply) and state of the art,

For amplification of AM/VSE transmission, the final TWT stage
operates with constant drive power and grid-controlled gain, The constant
drive power and the varying grid voltage are derived from the AM/VSB
signal by a limiter-driver chain and an envelope detector, respectively,

In this scheme, the gain of the final stage is controlled by beam current
modulation, The TWT then operates close to saturation over the entire
dynamic range of the AM/VSB signal, thus avoiding the low average

efficiency inherent with the conventional operation of linear amplifiers.
The gain of the final TWT is modulated between 0 and 20 db. The phase
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modulation present in AM/VSB signals, because of the unsymmetry in RF
spectrum, is present in the constant power RF drive signal since it is
derived by limiting the AM/VSB signal.

The designs of magnetically focused klystrons (Reference 3-2) use

four identical buncher cavities (five for 2000 MHz FM) and one output
cavity. All cavities are double-Teentrant and use a single gap. High
internal conversion efficiency is achieved by using an optimum beam
perveance of 0.5 x 10"6 A/V?’/2
by judicious cavity design. The other cavities are stagger-tuned to obtain

the required bandwidth., Amplitude linearity of the AM/VSB designs is

, detuning of the penultimate cavity, and

achieved by designing for an internal conversion efficiency Ny not exceeding
60 percent at sync peak level, Further improvement in overall amplifier
efficiency is obtained by a four-stage depressed collector with radial
electron sorting by an electrostatic field. For all amplifiers, focusing

by solenoid is pz"eferred from the viewpoint of total weight (including

solenoid power supply).

The designe of electrostatically focused klystrons ( Reference 3-3)
use three buncher cavities (four for 2000 MHz FM) and a double-gap

pi-mode, extended interaction output cavity. All cavities are double-
reentrant, Low perveance was chosen for efficiency. The heavily loaded
extended interaction output cavity limite the peak RF voltage across the
gap of this cavity to approximately half the beam voltage, thereby reducing
the velocity spread in the spent beam. The resulting improvement in the
electron energy recovery coefficient Ny is from 42 percent {(for matched
loading) to 84 percent, which leads to improvement in overall tube effi-

ciency despite the decrease in internal conversion efficiency urp

For the same reason, i.,e., the reduction of electron velocity
spread, a voltage jump of 40 percent is applied between the penultimate
cavity and the output cavity. This jump raises the velocity of slow elec-
trons more than the fast ones. The collector depression incorporated in
the klystron designs uses a three-stage collector with radial electron
sorting by electrostatic field. A more efficient scheme, using five-stage
collector with sorting through dispersion by a transverse magnetic field
is suggested by Litton, but not incorporated in the klystron designs pre-

gsented in the klystron study report (Reference 3-3).
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Beam focusing is performed by electrostatic lenses placed between

the successive cavities.

Designs of crossed-field amplifiers for AM fransmissionwere carried
outfor 850 and 2000 MHz (Reference 3-4). The electronbeamflows in a

circular path, sustainedby a transversemagneticfield, betweena circular

slow-wave structure and a circular sole. Thecircuitis a helixloaded bar
circuitwith 52 or 76 active sections. The depressed collector has 18 or 13
electrodes. Three of these electrodes are below cathode poten;cia,l. These
collect electrons thathave absorbedenergyfromthe RF field, 'and therefore
require special power conditioning. The transversemagneticfield is pro-
vided bya permanentmagnet. The gainoftheseamplifiersis 20 dbat sync
peaklevel. Major difficulties experiencedwith the velocity spread across

the beam may render this design questionable.

A designofa crossed field amplifierfor FM transmissionwas carried

outfor 2000 MHz (Reference 3-5). The general layout of slow-wave struc-
ture and beam is similar to the crossed-field amplifier mentioned above. The
depressed collector has 16 electrodes, of which four are below cathode
potential. The transverse magnetic field is provided by a permanent

magnet. This design may be suitable for AM/VSB too.

3.1.3 Major Characteristics

Tables 3-2 and 3-3 show predictedmajor characteristics of the various

RF amplifier designs., Theseareidentified by the following nomenclature:

TWT Traveling-wave tubes (Hughes) .
EMFEK Electromagnetically focuses klystrons (General Electric).

ESFK 1 Electrostatically focuses klystrons with 3-stage
conventional depressed collector.

ESFK 2 Electrostaticallyfocusesklystrons with 5-stage
depressed collector using transverse magnetic field.

CTA Crossed-field amplifiers (SFD for AM/VSB, Litton

for FM)

The weight data include the permanent magnet or solenoid for beam
focusing, the permanent magnet (if any) for transverse magnetic electron
sorting in the collector region, and thermal interfaces. The predicted
performance needs a varying degree of verification for the individual

amplifier types.
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Table 3-2. High-Power RF Amplifiers for Spaceborne

AM/VSB Television Transmitters

Overall Largest Cathode Life Number Number
Frequency, Efficiency, | Gain, Weight, . . Loading, M . of of
RF Power Type at sync peak db ’ b (kg) D_n'nen:-:lmn, / 2 Pregzqrtxons, Focusing Circuit Collector
Percent in. (em) ma/em o Voltages | Electrodes
TWT 66" 20 | 324(142)" {67 (170) 78 50, 000 PPM 8 4
EMFEK 76.5 39.5 | 102(46) |58 (149) " 100 50, 000 Solenoid 1 4
SSDMP?T ESFK1 | 71.5 40 125 (57) |42 (107) 35 50, 000 ESF 2
7.5 kw
ESFK2 | 8l.0%%* 20 | 14767 |42 Q07 35 50, 000 ESF 2 5
CFA. <70 20 67(30)°% | 11 (28) 500 20, 000 Permanent 1 15 + 3
Magnet
TWT 69" 20 | 1831)% |26 " (66) 142 50, 000 PPM 6 4
EMFK 77.1 49.7 | 57(26) 30 (74) 300 >20, 000 Solenoid 1 4
2000 MHz
5 ott ESFK 1 69.5 40 29 (13) 20 (50) 197 50, 000 ESF 2 3
slesesk
ESFK?2 77.5°F 40 34 (15) 20 (50) 197 50, 000 ESF 2 5
CFA <70 20 34 (15" | o 3y 500-1000 20, 000 Permanent 1 10 +3
Magnet

%
Includes AM/VSB driver and separate FM amplifier for audio
“*Includes AM/VSB driver

Hg

See text

%
Preliminary data

Tt Sync peak level
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Table 3-3. High-Power RF Amplifiers for Spaceborne
FM Television Transmitters
Cathode . Num‘l;er Number
Overall . . Largest . Life
F;;q;ency, Type |Efficiency, Gain, | Weight, Dimension, Loading, Predictions Focusing Of of
ower percent db 1b (kg) in. (cm) ma/cmz hr ¥ ' Circuit Collector
Voltages Electrodes
TWT 79 40 70 (32) { 35 (88) 142 50, 000 PPM 6 4
EMFK | 80.3 47.2 (74 (34) | 34 (86) 300 >20, 000 Solenoid 1 4
2000MHz | ESFK1| 69.5 40  [31(4) | 21 (54) 197 50,000 |ESF 2 3
ESFK2| 79.0 40 31 (16) | 21 (54) 197 50, 000 ESF 2 5
CFA | <70 16 |46 @1y | 19 (8 Permanent 1 16
Magnet
TWT 73.5 40 34 (15) 12 (30) 470 50, 600 Solenoid 4 4
8000 Mtz EMFX | 75.3 40.2 |30 (14) | 18 (46) 1400 50, 000 Solenoid 1 4
5 kw Esrk1l| 68 40  |17(8) | 13 (34) 1010 50,000 - |ESF 2 3
ESFK2| 77.5% 40 20 (9) 13 (34) 1010 50, 000 ESF 2 5
TWT 71.3 40 29 (13) 9 (24) 490 50, 000 Solenocid 4 4
11,000 MHz | EMFK | 67.4 38.4 |35 (16) | 18 (45) 2700 >20, 000 Solenoid | 4
5 kw EsFK1| 65 40 |6 (m | 13 (33) 1340 50,000 | ESF 2 3
ESFK2| 74.0" 40 19 (9) 13 (33) 1340 50, 000 ESF 2 5

*Preli:nina.ry data

=:““See text




The largest dimensions are for the final amplifier package including

solenoid and/or magnet, but not thermal radiators.

As far as could be concluded from available data the O-type ampli-
fiers for 850 and 2000 MHz (both AM/VSB and FM) presented in the design
studies ligted above (References 3-1 through 3-5)use oxide coated cathodes
{(BaO and SrO coating on nickel base with Zr and W as reducing agents),
while the high cathode loading of amplifiers for 8, 000 and 11, 000 MHz
dictate the use of impregnated tungsten cathodes (BaO and CaO impreg-
nated in a matrix of porous tungsten), also called tungsten matrix cathodes

or tungstate cathodes.

The amplifier design studies were for a minimum lifetime of
20, 000 hours. The present system study considers technology for 5-year
missions, or 45, 000 hours. Hughes indicates a lifetime of 50, 000 hours
for its TWT amplifier designs (Reference 3-1}, In Tables 3-2 and 3-3,
a predicted lifetime of 50, 000 hours is indicated when the cathode loading
does not exceed 250 :cna./r:rn2 for oxide coat.ed cathodes or 2000 ma/cm
for impregnated tungsten cathodes. For amplifiers exceeding these
loadings the table shows that a minimum lifetime of 20, 000 hours, as
specified by NASA for the tube design studies and acknowledged by the

respective contractors, is predicted.

3.1.4 Power Supply Requirements

The power supply requiremeﬁts differ between types of tubes
(klystrons, traveling wave tubes, crossed-field amplifiers). In general,
.the different tube categories all require the following categories of
supply power:

e Heater power: a small, constant load at a voltage below
25 volts, regulated to +3 percent.

e TIield coil power (only for tubes using electromagnetic
focusing by solenoid): a constant load on the order of 5
to 10 percent of the sync peak level of RF output power
for AM/VSB or the constant CW power for FM, at a
voltage below 100 volts, regulated to +£2 percent,



e Up to three voltages for acceleration of electrons, These
voltages must be supplied up to 4 electrodes at different
potentials, ranging from the lowest to the highest potential
at the tube. The currents at these electrodes are constant
and small, requiring a total supply power up to 5 percent
of the sync peak level of output power for AM/VSB, or the
constant CW power for FM. Regulation requirements can
be as severe as +0. 05 percent for one voltage and
%0, 5 percent for the other(s), if any.

e Collector power: A load distributed over a number of
collectors at different potentials distributed over a substan-
tial fraction of the total potential range at the tube, The
collector power is the dominant portion of the total supply
power required, Voltage regulation of about 1.0 percent
is required.

L

The power supply requirements for FM transmitters are less
stringent than for an AM/VSB transmitter, An important feature of FM
transmitters is that each electrode uses a constant current at a constant

voltage.

For AM/VSB transmitters the collector load varies with modulation
of the RF signal because of the multistage collector depression schemes
used for efficiency enhancement. The collector consists of several
electrodes at different voltage levels. The electrodes at higher voltage
{relative to the cathode)} will collect the faster electrons and the low-voltage
electrodes, the slower electrons, Since the energy distribution of the
spent electrons will vary with the R¥ output power, the amplitude modula-
tion will affect the distribution of total collector current between the
collector electrodes, thus modulating the collector power, All other
electrodes use a constant current at constant voltage. An exception to
this condition is the AM/VSB transmitter scheme proposed by Hughes
(Reference 3-1), where the final TWT stage receives a constant RF drive
power and the electron beam is modulated by a control grid. Here, all

electrode currents are modulated between peak value and practically zero.

For AM/VSB amplifiers with constant beam power, the variation of
total supply power with modulation of the RF output power is due entirely
to the variation in collector supply power. From Expression (3-3) for
the collector supply power, with n; = Prf/Pb from Equation (3-1) we obtain

Pc =~ nrc)Pb + nrcPrf
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Assuming a constant recovery fraction Npe? Fo becomes a linear function
of the RF oufput power Prf' Since circuit losses are proportional to Prf,
while beam interception logses, heater power and solenoid power are
constant, also the total power consumption becomes a linear function of
the output power. This linear relationship is confirmed, at least to a
close approximation, by data on overall efficiency at different RF' output

levels for the tube designs by General Electric, Litton and SFD.

Figures 3-1 and 3-2 show these relationships for AM/VSB trans-
mitters for 850 and 2000 MHz. In these figures, the ordinate and abscissa
show total DC supply power and RF output power, respectively, both
expressed as fraction of the sync peak level of the RF output power, which
is the level commonly used in stating the capacity of an AM/VSB television
transmitter. For the CFA designs, the constant power consumption of the

TWT driver is included,

The fluctuations in power consumption relate directly to the format
of the video signal, which is described in Section 2.1, In most standards
for AM/VSB transmission the polarity of the vision modulation is negative,
i.e., a larger RF amplitude corresponds to a lower luminance. The RF
araplitude varies essentially linearly with the video signal voltage. The
rapid fluctuations in instantaneous collector power must be accommodated
for by lowpass filters with adequate buffer capacity. However, variations
in long-term average still remain, The RF power averages over a line
period or a field period are dependent on the picture content, From
Figure 2-1 in Section 2,1, it is clear that the largest averages result from
an all-black picture and the smallest from an all-white picture. Table 3-4
shows these averages, expressed relative to the sync peak output power.
The data on an "average" picture apply to picture signal with uniform
voltage distribution over the picture signal voltage range. The field-period
average remains constant for the duration of a scene, which can be several

seconds, oF even longer.

3.1.5 Amplifier Selections for Satellite Designs

In the design of satellite configurations presented in Section 7, the

following amplifier types were assumed,
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Table 3-4, Average Values of Transmitter Output Power
(Relative to Output Power During Sync Peaks)

Avezlage Average
Over Over
Line-period Field-period

All-black picture 0. 54 | 0.55
Average picture ¢.30 0.33
All-white picture 0. 15 0,18

3.1,5.1 AM/VSB

The CFA was assumed for AM/VSB transmission because of its low
average power consumption, predicted initially, its low weight and small
size (Table 3-2),

3.1.5.2 FM

TWT amplifiers are used for M transmitters because of their
high overall efficiency in combination with low cathode loading (Table 3-3),

and their superior phase linearity,
3.2 REPEATER CONFIGURATIONS

General considerations on repeater design in Section 3.2.1 are

followed by presentation of configuration concepts (Sections 3.2.2 through
3.2.5).

3.2.1 General Considerations

Examination of the earth-to-satellite transmission requiremerts
led to the recommendation of using FM, whether the satellite-to-user
transmission is AM/VSB or FM (Section 2.9). Therefore all repeater
con:Eigura.tions presented in this report receive M transmission. A
second recommendation (Section 2.9) is to use an uplink frequency in the
range from 3000 to 10, 000 MHz, The choice of specific frequency band
within this range depends on what allocations can be made available for

the particular application.
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Repeaters for broadcast satellites will have gains larger than found
today on operational communication satellites. For television broadcast
satellites transmitting FM signals to the users, a typical RF signal level
at the repeater input is -94 dbw (Section 2.9). With RF signal power
levels of 0.25 to 10 kw (Section 2. 10) at the repeater output, the overall
repeater gain required is 118 to 134 db, dependent on the particular
application, For AM/VSB broadcasting, the repeater input level can be
as low as -104 dbw. Overall gains up to 144 db are then required for

output levels up to 10 kw.

For comparison, note that the Intelsat III repeaters have a gain of

approximately 108 db,

The high transponder gain warrants consideration of three potential

problems:

1) Saturation of the receiver input by transmitter output signals
in the transmit frequency band,

2) Saturation of the receiver input by harmonics or intermodu-
lation products in the transmitter output, which lie in the
receiver frequency band. ’

3) Instability by feedback via various leakage paths.

The isolation required to eliminate front-end saturation can be

provided by a combination of the following methods:

1} The use of different antennas for transmit and receiver with
appropriate antenna positions, possibly augmented by
shielding, An example of effective shielding by simple
means is a short cylindrical collar around the periphery of
the receive antenna, mounted in front of the transmit antenna
feed, This approach is suitable for the 900 MHz, 12 kw
satellite configuration presented in Section 7.2.

2) By attenuation below cutoff in waveguide feeder lines.
3) By filters at the receiver input or transmitter output, as
appropriate, in combination with appropriate choice of the

uplink frequencey,

4) By shielding the receiver front-end stages.

3-14



In cases where the uplink frequency is higher than the downlink
frequency by a sufficiently large separation, the downlink frequency is
below the highpass cutoff frequency of-tlie waveguide feeder line from
the receive antenna, Consequently, considerable attenuation of signals
in the transmit band exist in the transmitter-to-receiver path via the
antennas. For instance, a standard waveguide for a 5 gHz uplink would
have a cutoff frequency of 3.95 gHz, and signals at a transmit frequency
of 0.9 gHz will experience an attenuation of 213 db/ft (700 db/m)}. In
another case (Figure 3-5), with an uplink frequency of 4 gHz and a down-~
link frequency of 2. 4 gHz, a standard waveguide with a cutoff frequency
of 3,3 gHz has an attenuation of 100 db/ft (325 db/meter). Hence, with
proper shielding of the receiver front-end and its connection to the wave-

guide, saturation does not occur,

With an uplink frequency below the downlink frequency, which may
be the case when the downlink operates in the X-band, a filter at the
receiver input is the only means available to obtain larger isolation than
already provided by the antenna configuration, If proper antenna posi-
tions and shielding result in a transmission loss of 40 db (estimated), the

filter must attenuate transmit frequencies by up to 120 db.

To proteci: the receiver against saturation by harmonics and/or
intermodulation products in the transmitter output, attenuvation at the
receive frequency band is required in the transmission from transmitter
output to transmit antenna. In cases where the uplink frequency is below
the downlink frequency by a sufficiently large separation, this attenuation
can be provided entirely as attenuation below cutoff in the waveguide feeder
to the transmit antenna. Even then, a filter is required at the transmitter
output to prevent out-of-band transmissgion of the satellite from interfer-

ing with other communication services,

Instability of high-gain amplifier chains is an issue of concern. In
FM-to-FM repeaters with double frequency conversion, the overall gain
is achieved by amplification at three different frequencies, thﬁs resulting
in total gain requirements at any one frequency lower than in the single
conversion alternative. Consequently, double-conversion repeaters are

less prone to instability.
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The repeater configurations presented in the following sections
(Figures 3~3 through 3-7) use one or two local oscillator signals between
1500 and 10, 000 MHz. These signals are derived from a crystal oscillator
operating at a frequency on the order of 50 MHz, with a long-term fre-
guency stability of 2 x 10-6. In the repeater configurations with double
frequency conversion, the two LO signals are derived as different
harmonics of the same crystal oscillator ocutput. Consequently, the
transmitter output frequency variations resulting from frequency conver-
sion are within 2 % 10—6x (difference between transmit and receive fre-
quencies). For all configurations shown, this variation is less than

10 kHz, an acceptable magnitude.

Derivation of the local oscillator signals from the crystal-controlled
reference frequency is achieved by a solid state oscillator, phase-locked
to a harmonic of the reference frequency. This oscillator operates at a
frequency of about 500 to 1000 MHz dependent on the application. Further
frequency multiplication is achieved by harmonic generation in varactors,
and filtering. Frequency mul’ciplitcation by injection phase-locking of an
oscillator to a harmonic of a crystal oscillator output has the advantages
over conventional varactor or step recovery diode multiplication that the
oscillator output is free from spurious signals and has a low noise level.
The spurious signals from subsequent frequency multiplication will be
separated by at least 500 MHz from the desired mixer output signa.i and
thus are easily removed by filters with a wide passband, attractive from

the viewpoint of group delay distortion.

In view of the 5-year life required, solid state local oscillators
should be considered. Both avalanche diode oscillators and bulk oscillators
are suitable for injection phase locking (Reference 3-6). Avalanche diode
oscillators today produce a few watts at frequencies above 5 gHz. At the
frequencies of interest here, 500 and 1000 MHz, avalanche diodes in
Trapped Plasma Avalanche Triggered Transit (TRAPATT) mode and

bulk-effect devices will be able to provide several watts.



The development of solid state amplifiers and oscillators for all
frequencies of interest here makes rapid progress, It appears quite
possible that by 1975 the repeater configurations presented (Figures 3-3
through 3-7) can be entirely solid state except for the final RF output

amplifier stage and, in some cases, the driver stage.

3.2.2 Repeater for AM/VSB Broadcasting at 900 MHz

The repeater configuration for AM/VSB broadcasting -at 900 MHz,
Figure 3-3, receives a RF carrier, frequency modulated by a baseband
consisting of the video signal and a sound subcarrier. After amplifica-
tion in a 3-stage tunnel diode amplifier, the received RF signal is down-
converted to an IF frequency of 200 MHz, The mixer pump signal is
derived from a crystal oscillator at 52 MHz with a frequency stability of
2x 10-6. A sgolid state oscillator, injection phase locked to the tenth
harmonic of the reference frequency, provides 10 milliwatts at 525 MHaz,

which is multiplied by 10 to provide 1 mw at 5250 MHz.

The solid state IF amplifier has a bandwidth of 40 MH=z, Its bandpass
curve is controlled largely by a 5-section Chebyshev filter with a 0.1 db
ripple and a 40 MHz wideband of equal ripple response. The out-of-band
attenuation is 20 db at 30 MHz from the carrier, and 52 db at 60 MHz.

A conventional FM discriminator, which receives the IF signal at
an AGC controlled level, is followed by a baseband diplexer that separates

the sound subcarrier from the video signals.

The video signal is used to amplitude-modulate a 900 MHz picture
carrier, generated in the repeater. A carrier frequency stability of
+1000 kHz is compatible with present UHF TV channel allocations and user
equipment selectivity, The modulated picture carrier is amplified to
+1 dbw in a transistorized linear amplifier, The output signal is via an
isolator fed into the final amplifier package, which consists of a crossed-
field amplifier with a TWT driver stage. The CFA stage and the driver
stage each have a gain of 20 db, yielding an output power on the order of
10 kw (sync peak level).
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Shaping of the vestigial sideband is achieved in part by a filter at
the AM modulator output and is completed by a filter at the final amplifier

output,

The frequency of the sound subcarrier in the baseband -and its
frequency-modulation by the sound channel are in accordance with the
intercarrier frequency and meodulation characteristics of the TV standard
to which the user TV sets are built. Mixing the subcarrier with the
(unmodulated) vision carrier frequency, genérated in the repeater, pro-
vides the frequency-modulated sound carrier. This carrier is amplified
in a separate amplifier chain, not shown in Figure 3-3, with a TWT as
final output amplifier. Its output power is 2 percent of the picture carrier

output power (sync peak level),

3.2,3 Repeater for FM Broadcasting at 0, 9 GHz

The repeater configuration for FM television broadcasting at
900 MHz, Figure 3-4, receives an RF carrier (or two RF carriers),
irequency-modulated by a baseband consisting of the video gignal and
one or more sound subcarriers. This RF signal is translated to the
downlink frequency of 900 MHz and amplified to the required output power
level, which in most applications will not exceed ! kilowatt per video
channel. Repeater gain requirements will in general not exceed the 126 db

gain of the configuration in Figure 3-4,

The configuration shown has single frequency conversion with total
gains of 30 and 102 db at receive and transmit frequencies, respectively.
Protection against spurious feedback is provided by splitting the total
gain at 900 MHz between three amplifiers, contained in separate, shielded

housings, and using separate, filtered, power conversion units.

All amplifiers ara solid state devices, except for the final amplifier
which is a 1 kw TWT with a gain of +40 and a 3 db bandwidth of 60 MHz.

The mixer pump signal is derived from a crystal oscillator operating
at 41 MHz. A solid state oscillator at 410 Mhz is injection phase-locked
to the tenth harmonic of the reference. Its 10 milliwatt output is fre-
quency-multiplied by 10 to provide a local oscillator signal of 1 mw at
4100 MHz.
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FM transmission of a single FM transmission requires a bandwidth
of 20 to 40 MHz, dependent on picture quality, number of sound channels
and type of demodulator at the user receivers, For color television with
picture grade "Fine" (TASO Grade 2), four sound channels, and demodula-
tion by a conventional discriminator, the Carson bandwidth is typically
between 25 and 30 MHz, For control of the overall repeater bandpass
response, a 5-section Chebyshev filter with a 0. 1 db ripple and a 40 MHz
wide-passband of equal ripple response is a good choice, Out-of-band
attenuation of this filter is 20 db at 30 MHz from the center frequency and
52 db at 60 MHz. The group delay distortion caused by this filter is

discussed in Section 3. 3. 1.

Transmission of two FM/ TV signals in a common repeater would
require slightly more than twice the bandwidth. The two-carrier satura-
tion leve} of a TWT amplifier is 1 to 1.5 db below the single-carrier satura-
tion level. In addition, an output power backoff of 1 db below the two-
carrier saturation level is required to keep third order intermodulation
products at RF within acceptable limits {Section 3, 3, 2). J Therefore, the
output amplifier efficiency for two-carrier operation is less than for
single-carrier operation, approximately by a factor 1.5 for conventional
TWT's, perhaps 1, 2 with multistage collector depression (Section 3. i, 1},

In addition, TWT design for a larger bandwidth results in lower gain.

Two-carrier operation is feasible, but reduces efficiency. Even
multicarrier operation of a repeater is possible, but not recommended

because of the excessive impairment of efficiency (Section 3. 3. 2).

3.2.4 Repeater for FM Broadcasting at 2.5 GHz

Repeater output power requirements for frequency-modulated
broadcasting at 2, 5 GHz will in most applicators be less than i kilowatt
per television channel (Sections 2,4 and 2. 10). The overall repeater
gain will be typically about 125 db. Figure 3-5 shows a linear translating

repeater with-single frequency conversion.

The uplink frequency of 4 GHz, an arbitrary choice (Section 2,9),

is not harmonically related to the tranemit frequency.
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After amplification in a three stage tunnel-diode preamplifier, the
received signal is down-converted to 2. 5 GHz and amplified to the final
output power of 1 kw. The total gainof 100 db at 2. 5 GHz is provided by
three amplifiers, in separate, shielded housings and with separate power
converters, to prevent undesirable feedback. The first two amplifiers
are transistorized (Section 3. 4. 1), while the final amplifier is a TWT
with a gain of 40 db and an output power of 1 kilowatt. Solid state ampli-

fication at S-band is discussed in Section 3. 4. 1.

The local oscillator signal is derived from a crystal oscillator oper-
ating at 50 MHz with a long-term stability of 2 x 107, A solid state
oscillator, injection phase locked to the tenth harmonic of the 50 MHz
reference provides 10 milliwatts at 500 MHz. Multiplication by a varactor

then vields a 1 milliwatt mixer pump signal at 1500 MHz.

3.2.5 Repeaters for FM Broadcasting at 8.5 GHz and 12 GHz

Repeater output power requirements for broadcasting at the X-band
frequencies 8.5 GHz and 12 GHz will tend to be higher than at 2. 5 GHz

for the following reasons:

1) Effective apertures of user receiver antennas restiricted
by limitations on beam-pointing accuracy achievable with
low-~cost user installations

2) Higher receiver noise figures
3) Attenuation in clouds, fog and precipitation.

This tendency is reflected in Figure 3-6 and 3-7, which show
repeater configurations with a 10 kilowatt output power for the two X-band
frequencies of interest. The following description applies primarily to
the 12 GHz repeater; values for the 8.5 GHz configuration are placed

between parentheses.

Both repeaters are linear translators. Double frequency-conversion
is chosen to allow maximum use of amplification by solid state devices.
A second reasgon for this choice is that the 10 kw obutput level requires an
overall transponder gain of 136 db, 10 db more than required for FM/TV
broadcasting at 900 MHz and 2.5 GHz. Double frequency conversion splits
this gain between three frequency bands, and thus relaxes the shielding
requirements for control of undesirable feedback. The uplink frequency
is 10 GHz (5 GHz), an aribitrary choice (Section 2. 9).
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The IF frequency is 2 GHz. Solid state amplifiers for S-band are

discussed in Section 3. 4. 1.

Both local oscillator signals are derived from the same crystal
oscillator operating at 50 MHz with a long-term .stability of 2 x 10-6.
Frequency fluctuations of this reference cause errors less than 4 kHz
(7 kH=z) in the transmit frequency. The scolid state oscillator, operating
at 1 GHz provide a 5 watt CW signal from which the two mixer pump sig-
nals are derived by a varactor multiplier and a fil;:er. The relatively
high signal level at the input of the second mixer, -24 dbw (-22 dbw) led
to the choice of a mixer pump signal level on the order of 500 milliwatts
to secure a sufficiently high mixer saturation level (Section 3. 4. 2).

Varactor dicdes are used in the second mixer,

3.3 LINEARITY
Three aspects of nonlinearity are discussed:

e The differential gain and phase of the color subcarrier, due
to phase nonlinearity in the transmission path of FM/TV
signals.

e The intermodulation between FM/ TV signals, resulting
from amplitude nonlinearity in the transmission path of
FM/ TV signals. ‘

e Amplitude nonlinearity in AM/VSB transmission.

3.3.1 Group Delay Variations in FM Transmissions

Let the nonlinear variation in phase-angle versus frequency in the

FM channel be approximated by

F-F)\? F-F\3
g(F) = — ] 9, + — 63 radians (3-6)
e e
where -

F = stationary RF (or IF) frequency, MH=z
Fc = center frequency of FM transmission, MHz
F = frequency distance, selected for convenience in

¢ computations, MHz

62 = parabolic phase variation over frequency interval from

Fc to Fc + Fe’ radians
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93 = cubic phase variation over frequency interval from
F, to Fc + Fe’ radians.

Then the group-delay variation is

2
- 1 d8(F) _ .
T(F) = 27 dF. - 1 (F - Fc) + T, (F - Fc) microseconds
where
1 %
T, = 7 —3» the linear group-delay variation, microseconds/MHz
Fe
3 % 2
Ty = 37 30 the parabolic group-delay variation, microseconds/MHz
F
e

Table 3-5 presents the effects of linear and parabolic variation in
group-delay on a two-frequency meodulation. The undistorted baseband
signal frequency-modulates the carrier with frequency swings :':D1 and
:I:D2 at modulation frequencies F1 and FZ’ respectively. The baseband
distortion terms are expressed in terms of instantaneous frequency
deviation of the carrier, in MHz. Each term in the table represents

terms withi=1and k=2, and terms withi=2and k=1,

Table 3-6 presents differential gain and phase. Acceptable limits
on this aspect of nonlinear baseband distortion are specified in terms of
amplitude ratios and phase differences of the color subcarrier (or other
video frequency) between measurements performed with different steady
state levels of the luminance signal. In the table, L represents the
steady state luminance level in terms of carrier frequency deviation, in

MHz, relative to the carrier frequency corresponding to the level 1/2
{blank + white).

Both tables are the results of elaboration of the analytical approach
of Carson and Fry, tailored to the values of modulation characteristics

pertinent to FM broadcasting of television.

-

The luminance signal range over which the differential gain and
phase must stay within the specified limits is black-to-white. The cor-
responding range ZLmax of‘.' frequency deviation (from -Lmax to +Lmax.)’
the black-to-white deviation, will be between 10 and 20 MHz for broadcast

3-27



82-¢

Table 3-5.

FM Distortion Due to Group Delay Deviations

PARABOLIC PHASE
(Linear Group Delay)

CUBIC PHASE
(Parabolic Group Delay)

e

e

UNDISTORTED
FREQUENCY Dl cos 27 Flt + D2 cos 2w th:
MODULATION .
3.2 2 _2 4 3 2 3
DT F D, D F D, F D, F D, b F D, F
201 "1 "4 ik i 171741 371 74i 371 "k "1 i1
F.; F -8 1= + + = cos 21 F .t -8, 1+ + = + sin 21 F. t
1 2 2(; F 4 F 4 2 F 4 i 34 ¥ 3 2 F 3 F 3 i
e e e e e e
D] E,
2Fl’ 2F2 —62 . 5 sin 2n(2Fi)t
e
3_2 3
3F,, 3F o3 lets 21 (3F,)t o (2211 in 2 (3F, )t
1’ *F2 202 b Je9% AT Yy Ta\a T3 AT By
e e
D, D, (F, +F.)
ik i-"k
Fl__-'l_-_l-‘2 —82( FZ sin 27 (Fi_-tFk)t
: e
ZFl i:FZ D 2 D, (2F, + F )2 D2 D, (2F, + F,)
—le I _k 1=k cos 2y (2F, + F, )t -8 324k i~k sin 27 (2F, + F )t
F, + 2F, 2|2 & AL 31 3 1= %k




6¢-¢

Table 3~6. Differential Gain and Phase
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quality FM transmission. For picture quality grade "Fine'' (TASO Grade2),
10 MHz is a representative value., With threshold extension the optimum
black-to-white deviation (for minimum RF power requirement) will be
between approximately 15 and 20 MHz, dependent on picture quality require~

ment and the number of sound channels.

For the color subcarrier in the American 525-line system, the
specified limits are 1.2 db between maximum and minimum amplitude,
and a phase variation of +2 degrees. For 625-line systems, color stan-
dards have been defined only for the British 625-line system, identified
as System I in CCIR documentation. CCIR Recommendation 451 (Refer-
ence 2~-1) specifies a maximum amplitude deviation of %8 percent and a
phase deviation of +4 degrees from the references measured with the

luminance signal at the blanking level.

The above limits were established for long distance transmission
circuits used in distributing programs to broadcast stations. They do not
include group-delay variations caused in other elements of the overall
studio-to-viewer transmission. Therefore, it is quite possible that dif-
ferential gain and phase somewhat larger than the CCIR recommended
limits is ac’ceptable for satellite broadcasting. Accepted specifications

for the overall studio-to-viewer tranamission do not exist.

Table 3-7 shows the interpretation of the CCIR limits in terms of
the quantities used in Table 3-6. The allocation of differential phase
between its two contributions is arbitrary. The table also shows the
corresponding limits on linear and parabolic variation of group delay,

derived with the expressionsg in Table 3-6,

To appreciate the impact of these limits on group-delay variations,
congider the case where the transponder selectivity is provided by a
5-section Chebyshev filter with a 50 MHz bandwidth (i. e., the bandwidth
of equal ripple response) and a 0. 1 db ripple.

From curves on group-delay versus frequency (Reference 3-7), it
can be concluded that the group~relay in the 50 MHz bandpass filter has a
linear variation of 0. 19 nsec/MHz and a parabolic variation of
0.025 nsec/Msz.
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Table 3-7. Differential Gain and Phase,
Allowable Group Delay Variations

Television Standard

Number of lines 525 625
Video bandwidth MHz 4,2 5.5
Luminance bandwidth MHz 4.2 " 5.0
Color subcarrier frequency MHz 3.58 4.43

Linear Group Delay Variation

Gain variation over range ab 1.2 0.7
O-L
max
Allowable group delay
variation
for L___ =5 MHz nsec/MHz 4,73 2,92
varies with I, - as L7} i o
max ) ] max max
Phase variation over deg 1.6 1.6 -
range O-L
max
Allowable group dela
variation .
for I, = 5 MHz nsec/MHz  0.25 0.20
max
. ith L, L-l L-1
varies wi asx &8 thax max
Parabolic Group Delay Variation
Phase variation over deg 1.6 1.6
range O'Lma.x
Allowable group delay
variation
for I,___ =5 MHz nsec/MHz" 0,05 0.04
max
aries with L as L2 1,72
v max max max



Further, a high-power TWT output amplifier for FM/TV satellite
broadcasting is expected to contribute to the group-delay variation with
an average of 0, 083 nsec/MHz (corresponding to 0. 015 degree/Msz,

Reference 3-1).

Comparison of these contributions with the limits given in Table 3-7,
considering that other minor contributions to group-delay variation will
. be present, indicate that requirements for equalization will be minor, if

any at all.

3.3.2 Two or More FM/ TV 8ignals in a Common Repeater

The primary limitation on multicarrier operation of a repeater

channel is intermodulation due to amplitude nonlinearity.

Unfortunately, available statistical and spectral data on television
signals are too few to permit an accurate analysis. ' Experiments on the
particular repeater are needed to obtain a reliable performance evaluation
of a system using a common repeater for two or more television

transmissions.

Consequently, the approximate indications prevented here are based

on two models chosen for visibility rather than accuracy.

In the first model, the baseband signal is assumed to be random with
a Gaussian distribution. Figure 3-8 shows two transmissiois and their
third order intermodulation products of categories 2f1 - f2 and Zf2 - Afl.
Each of these categories occupies a band of width 3B, where B is the band-
width occupied by one modulated RF signal. With the triangular intermodu-
lation spectrum shown (based on flat RF signal spectra), the carrier-
to-IM power density ration will not be less than (C/I) x 4. 5B. within the
signal transmission bands. Comparison with the carrier-to-thermal noise
density (C/N) x B where C/N is nominally 16 db, shows that C/I = 16 db
is acceptable. Experience with wideband repeaters using a wideband TWT
output amplifier indicates that this C/I ratio requires an output pov;;er
backoff of 1 db from the two-carrier saturation level, which itself is

about 1 to 1.5 db below the single-carrier saturation lével.

-— —In case of multicarrier operation, the IM spectrum tends to assume
a Gaussian shape with a carrier-to-IM density ratio down to (C/I)} x B

within first order sidebands of the RF signal carriers. Then, an output
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power backoff of about3 db below multicarrier saturation, or 4. 5 dbbelow

single~carrier saturation is requiredto controlthe intermodulation level.

] |

SIGNALS
DR Y S
INTERMODULATION
A\ AN
- 3B !—- 34 i 3B |

-3

Figure 3-8. RF Power Spectra of Signals of Intermodulation

Thus far, a flat baseband spectrum has been assumed. The real
video signal has a luminance spectrum declining towards higher baseband
frequencies, and a relatively narrow chrominance spectrum with a peak
at the subcarrier frequency. Further, the periodicity of the line and field
scans give the video spectrum the character of a line with sidebands, with

spectrum peaks at multiples of line and field frequencies.

" For an additional viewpoint on intermodulation, consgider the RF
spectrum consisting of two RF carriers, each with first order sidebands

of carrier modulation by an unmodulated color subcarrier and an unmodu-
lated sound subcarrier (Figure 3-9).

A

0.58 0.58
i i

B
0.19 0.19 0.19 0.19

0.0025 T IO. ?025 0. 0025{ [0. 0025
i i

W

4

Figure 3-9. RF Line Spectra
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From data in Sections 2.4 and 2. 5.3, it follows that representative
RF modulation indices are 1.0 and 0. 1 for color subcarrier (of magnitude
corresponding to high color saturation) and sound subcarrier, respectively.
With these indices the RF power levels, relative total power of one RF
signal, are as indicated in the Figure 3-9. As shown in Figure 3-9,
intermodulation between a carrier component (A), and a color side fre-
quency (B), gives an intermodulation produc’t (C), of relative power
6 x 10-4 (assuming a 1 db output power backoff from 2-carrier saturation).
With G within audio bandwidth from the nearest sound subcarrier com-
ponent of the other RF¥ signal, a spurious tone occurs in that sound chan-
nel., In the worst case, the spurious tone is near the top of the sound
channel., Its level is then approximately 25 db below test tone (Sec-

tion 2. 5. 1), which is not tolerable.

To avoid this sound channel interference the spacing between the
two RF carriers must be selected such that intermodulation product C
between carrier component and first order'color gideband in one RF
signal does not lie within audio bandwidth from the sound subcarrier

component of the adjacent RF signal,

The above considerations were based on simplified models, and
the quantitative evaluations arrived at are therefore not accurate. Two
M/ TV transmissions in a common repeater (including TWT output
amplifier) appears quite feasible with an output power backoff of about
2 db below single-saturation carrier level. The main penalty is then
reduction of the output TWT efficiency by a factor of about 1. 5. More
than two FM/ TV channels require a backoff of about 4.5 db below
single-carrier saturation, resulting in a drastic reduction of transmitter
efficiency, and is therefore not recommended. The final TWT amplifier,
operated near saturation for reasons of efficiency, is the major con-
tributor to intermodulation between RF signals. The use of a common,
linear channel for more than two FM/TV transmissions appears still
feasible. Limiting and final amplification must be performed in separate

devices for each transmission or group of two transmissions.
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3.3.3 Amplitude Nonlinearity in AM/VSB
Transmissions

Deviations from a linear relationship between input amplitude
and output amplitude of a2 AM/VSB channel causes distortion of the
luminance scale and causes the color subcarrier amplitude to vary

with luminance level.

The differential gain (i. e., the slope of ouiput amplitude versus

input amplitude) may not vary more than 12 percent.

To meet this requirement all devices in the AM/VSB transmis-
sion path must have sufficiently high saturation levels to assure linear-
ity over the dynamic range of the AM/VSB signal. In the design studies
(References 3-1 through 3-5) on transmitter output stages for television
broadcast satellites, the amplitude linearity requirements were taken

into consideration in the conceptual designs on tube configurations.

3.4 UNIT DESIGN CONSIDERATIONS
Design considerations are presented for

e Low-noise tunnel-diode preamplifiers and solid state
S-band amplifiers.

® Mixers for down-conversion and up-conversion.

e Local oscillators, injection phase locked to a crystal
oscillator.

3.4.1 Amplifiers

All configurations shown in Figures 3-3 ‘through 3-7 in a tunnel diode
preamplifier of moderately high gain, up to 30 db, implying a cascade of
two stages. A typical tunnel diode amplifier stage, along with the micro-

wave equivalent circuit, is shown in Figure 3-10 (Reference 3-8).

This is a reflection type amplifier circuit in that the tunnel diode
and passive circuitry appear at the end of a transmission line. The real

part of the impedance looking into the diode is negative so that the incident
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RF wave is amplified at the diode and the power reflected is greater than
the incident power. If Z = -R + jX, then the reflection gain is given by
Equation (3-7):

(R, + rR)® + %2
G = : (3-7)
(®, - R)% +x°

where R’o is the characteristic impedance of the transmission line (wave-

guide) and is assumed to be lossless.

_ — 1
PIN Pout —TO CIRCULATOR .
—_— 7 iac Gc 's
Eg—> | TDA" _ i T°i
—/ 7}
{a) p b)

o

Figure 3-10. Tunnel Diode Amplifier
and Equivalent Circuit

A circulator is used with the TDA of Figure 3-10 to separate the
incident and reflected waves. Circulator coupled amplifiers are more
stable than hybrid coupled (Reference 3-8) and are used extensively as
microwave amplifiers. Broadband, low loss circulators are available for

all the microwave bands in compact form.

A voltage-gain bandwidth product can be written under the assump-
tions: (1) L and r_ are negligible [Figure 3-10 (b)] (2) the passive circuit
is a lossless inductance; and (3) the amplifier gain is high (Reference 3-8).

Such an expression for gain bandwidth is:
G,B = (r|r;| ;)" ' (3-8)
v -]

Larger gain bandwidths are possible by using matching networks at the
input of the diode. This also improves the gain and phase response (Ref-

erence 3-9),
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Scanlin and Lin have developed design curves for a tunnel diode

amplifier of the configuration shown in Figure 3-11,

2NN

R LOAD
)

‘Il
@

Figure 3-11. Tunnel Diode Amplifier with a Lossless
Coupling Network N

The filter is Tchebyscheff and has the form given by Equation (3-9) for the

transmission characteristic.

|| 2 = I (3-9)
1 4+k +h Tn (w)

where
Tn{w) = Tchebyscheff function of order n
/1 4 kz = zero frequency insertion loss
h = a parameter determining the ripple.

A Chebyschev filter with low ripple will yield better phase linearly
then the Butterworth filter. This is fortunate since Scanlin and Lin (Ref-
erence 3-9) indicate that Chebyshev filter response will yield the largest
gain bandwidth product for the tunnel diode filter combination. A five-
section Chebyshev filter with a 50 MHz passband (i.e., band of equal ripple
response and an 0.1 ripple has a group-delay variation of 22.4 nanoseconds

between band center and band edge. The value follows immediately from
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the respective group-delay versus frequency curve give in Reference 3-7

for the equivalent lowpass filter. A second order approximation of the

curve is:
f- fo f-f 2
TbP = -4.77 B + 45.9 B nsec (3-10)
2 2
valid for
f <0,8
B .
2
where

f = RF frequency
£ = center frequency

= bandwidth (of equal ripple response)

For bandwidths other than 50 Mz, the total group-delay variation
over the band and the coefficients in Equation (3-10) are easily determined
since these three values vary inversely proportional with the bandwidth.
For the 50 MHz bandwidth, the coefficients in Equation (3-10) indicate a
linear variation of 0.19 nsec/MHz and a parabolic variation of 0. 025 nsec/
Msz. These values, although within the limits of 0.25 nsec/MHz and
0.05 nsec/MHz (Section 3.3.1), are too high for this single contribution
to overall group-delay variation. Therefore, a wider filter bandwidth or
an equalization circuit should be used. For a 100 MHz bandwidth, the
variations become 0.048 nsec/MHz and 0.0032 nsec/MHz."

Other considerations for the tunnel diode amplifier include gain
stability and noise figure. Although sufficiency conditions have not been
fully established, it can' be shown that the necessary conditions for sta-

bility are

£ <1 and s < F(8) (3-11)
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The terms of (3-14) are from the equivalent circuit of Figure 3-10(b)
(Reference 3-8). F(0) is a monotonically decreasing function of rs/ r.l
and varies from a value of 3 for rsllrj] = 0 to a value of 1 for :rs/[rjl =1,

Stability can be achieved for purely resistive loads if condition (3-12) holds

<1 (3-12)

If filter-type loads are used, as was discussed previously in connection
with the Tchebyscheff filter, it is permissible for the left-side of (3-12) to
exceed one slightly. This point is well discussed in Reference 3-9 where

large gain' bandwidth products were computed.

An expression for the tunnel diode noise figure, derived by Nielsen

and stated in Reference 3-8 is

q
1+(—-3‘-) .
~axL [ 5 (3-13)
izE)
%51 r

This equation indicates that the noise figure for a tunnel diode amplifier

NF =

depends on three device factors:

1) The noise constant Inrj
2) The ratio of parasitic resistance, rs/lrjl
3) The ratio of operating frequency to cutoff frequency f/ fr

For low noise requirements a device is selected which minimizes the above
three terms. If a device with high cutoff frequency is chosen such that

(f/fr)z « 1, then Equation (3-13) can be put in a simpler form.

qI11 y T
NE ~ |1+ _—Zﬁ) lrJI 14+ rJ| (3-14)

Sterzer points out (Reference 3-8) that low gain amplifiers have signifi-

cantly lower noise figures than high gain amplifiers. However, a cascade
of low gain amplifiers with high overall gain will have the same noise fig-
ure as a single high gain amplifier. This means that for a =30 db pream-

plifier gain (Figures 3-3 through 3-7), the choice between two, three or
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four stages would make no difference in the noise figure. Clearly, two

stages are desirable from the standpoint of parts count, size, and weight.

Three materials are currénﬂy in use for the manufacture of tunnel
diodes. Ge and GaSb diodes provide lower noise figures, but have a lower
power handling capability than GaAs diodes. A good choice would be a
two-stage cascade of either Ge or GaSb diodes, since the received power
will not vary over a large dynamic range for the FM uplink signals. S-band
amplifiers are used as RF amplifiers in the transponder for broadcasting
at 2.5 GHz (Figure 3-5), and as IF amplifier for broadcasting at X-band
{(Figure 3-6 and 3-7).

Figure 3-12 shows a transmitter-amplifier stage for S-band, devel-
oped by TRW.

o This stage is a grounded

REC emitter configuration with a

center frequency at 2.25 GHz,
using a TIXMO05 transistor.

TH— i -13 shows th
NPUT——: < 7% QUTPUT Figure 3 shows the

el e — gain and group-delay versus
TRANSISTOR

frequency.

RFC For the 48 db IF ampli-
fier in the X-band transponders

o (Figures 3-6 and 3-7), a

minimum of eight stages, each

Figure 3-1Z. Single Stage Prototype
Amplifier with a midband gain of 6 db

is required. The group delay
curve indicates a linear variation of 0.023 nsec/MHz and a parabolic
variation less than 4, 10"4 nsec/MHz within a 30 MHz band, centered at
2.25 GHz. In most cases considered in Section 2,4, the FM-TV trans- -
mission will occupy a bandwidth not larger than 30 MHz. Some equali-
zation is required to prevent the total linear variation of eight stages from
becoming a significant contribution to the overall allowance of approxuna-
tely 0.25 nsec/MHz.
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Figure 3-13. Single Stage Prototype Tests
Over a 100~-MHz Bandwidth

3.4.2 Mixers

All transponders require at least one mixer stage. Design considera-

tions for mixers and their impact on local oscillator design are discussed
here,

Consider an input signal consisting of two RF carriers at frequencies

Weq and ws'z, with Wgy = Ogoe The mixer is pumped at wLO'

The desired outputs are produced by second order cross product
2
terms (V- terms) and are

“01
“02 T ¥s2 T YLo
The V terms in the mixer output include intermodulation terms

(IM terms) which lie in the output passband occupied by the transposed

i . Thei i . and w, are
signal spectrum. Their frequencies, w, 4 CNEPY

1
w. = 2w - W - w
imi sS4 S2 LO
(3-15)
Wima T AWy T Wgy T Wig

See Figure 3-14,
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®im1 Y01 Y02 © “Lo Wg1 W2

Figure 3-14. Spectrum for a Typical Frequenc;é Converter

These fourth order intermodulation products could be interpreted
as resulting frorél the third ordeér products 2"’81 - Wgo and Zwsz " 9aq
generated as V; V, and V; V," by mixing between the input signal com-
ponents. The transposed outputs of these products are generated by the

2 2
fourth orc'ier terr'ns Vi V3Vio and V, V, Vio-

As the signal levels are increased, more power is required from
the local oscillator for frequency conversion. Because of limited pump
power and changes in impedance presented to the pump, the gain from the
signal input to output decreases. As a result of this mixer saturation, the
mixer transfer characteristic {output signal power versus input signal

power) becomes nonlinear and IM products increase in level.

These distortion mechanisms can be minimized by proper choice of
mixer devices, and by optimization of the mixer operating dynamic range.

Extending the dynamic range leads to reduced IM caused by gain saturation.

This is achieved simply by increasing the pump power as shown in Fig-
are 3-15. FEach db increase in pump power yields a 1 db increase in

-gaturation level, POM (Reference 3-10), It has been found empirically
that for most microwave devices, the IM ratio for fourth order products

is

IMR = 2{P. - P - 19.5 db : (3-16)
( Oap Omdb)

Then it is seen from Equation (3-16) that if POm is increased by 1 db due
to increased pump power, the IM ratio is improved by 2 db. This is, of
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course, upper bounded in cases where the mixer is the front-end stage of

a receiver, because the mixer noise increases with pump power. Also,
there is a limit to the amount of power the mixing device can dissipate
before burnout. Ernst, et al. (Reference 3-10), points out that hot carrier
diodes (HP 2100) are greatly superior to point contact diodes (IN21B) in
this respect. For pump powers greater than about +3 dbm, the IN21B
noise figure increases rapidly from 7 db to 10 db for a pump power of

+16 dbm. The hot carrier 2400 diode noise figure increases only about 1 db
‘(5.8 to 7 db) over the same pump power range. This clearly indicates that
hot carrier diodes should be used where low intermodulation and low noise

are requirements,

ouT Po1 > Po2 >P3

Figure 3-15. BSaturation Characteristic of a Mixer
as the Pump Power is Increased

For the upconverters (the second mixers of Figures 3-6 and 3.7),
where the frequency conversion ratio is greater than one, a varactor diode

will yield a larger dynamic range (Reference 3-11).

Since hot carrier diodes yield large dynamic range and low noise,
they are appropriate for the down-converter mixers of the direct TV trans-
ponder. Tepoff and Cowley (Reference 3-12) indicate that IM ratios of

80 db are obtained for single ended hot carrier diocde mixers by proper
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choice of the operating point. Still better performance is obtained by
operating two hot carrier diodes in a balanced mixer configuration at
different dc, operating points on the diodes. Over 100 db IM rejection is
obtained in this manner. It may be concluded from the preceding discus-
sion that hot carrier diodes with pump powers on the order of 200 dbm will
perform with excellent IM rejection for the down-converters of the TV
transponder. Added linearity can be obtained by using a bala.nceéi

configuration.

. The down-converters are better implemented with varactors.
Perlman (Reference 3-11) reports up to 140 db of dynamic range for a

pump power on the order of 1 watt.

3.4.3 Local Oscillators

Local oscillator signals are generated in all the transponders (shown
in Figures 3-3 through 3-7) by means of microwave oscillators which are
phase locked to a-harmonic of a stable crystal oscillator. The scheme
offers an advantage over the standard varactor or step recovery diode
multiplication of a crystal source in that the oscillator output is practically
free of spurious subharmonics. The concept of injection phase locking of
microwave ogcillators is not new; Day (Reference 3-6) quotes papers as
far back as 1946. However, with the advent of recent avalanche diode
devices, it is possible to generate reas dnably high power outputs which

have high stability and low FM noise by means of solid state devices.

The basic theory for the locked avalanche diode oscillator can be

developed from the model shown in Figure 3-16.

The vector E  rotates with angular velocity

_ dé
@ - mi + a't—- (3—-17)

and when synchronization of the ADO is achieved, w = w 1’ b= de/dt = 0,
and ¢ = constant. When the locking signal is not present, E:i. and EO are
in phase for an oscillator frequency of W, At a frequency w other than
the free running oscillator frequency W, the oscillator resonant circuit

causes a phase difference g (w) between E, and Ei'



LOCKING SIGNAL 2 ADO AND E,
. + RESONANT
1 CIRCUIT

Figure 3-16. Locked Oscillator Model

With the locking signal e; = E, sin w,{ present, it is added to the
oscillator output e = EO sin (mot +¢). The sum of these signals is the
input signal to the ADO with resonant circuit and thus must lead e, in
phase by 8, the phase delay in the resonant circuit. Hence, the sum signal
is e; = Ei sin Ewit +d+0 (w)]. From the vector diagram in Figure 3-16,
it follows that

E, sin (¢-0) = -E_ sin 6(w)

or
Ey
sin g(w) = - ol sin ¢ (3-18)
o
assuming @6(w) <« 1 radian.
For a single tuned circuit
o(w) = tan™ " Q(——“‘ - &) (3-19)
w w

or approximately

sin 0(u) = 22 (- w)
(o)

DefiningAwo = @ - Wy and Aw = w - Wy, We have

sin o(w) = 22 (&2 - a0, ) (3-20)
(o]

where it is assumed that the static phase characteristic (3-19) can be used

for time varying frequencies.

3-45



Insertion of Equation (3-18) into Equation (3-20) yields

E
1 . . 20 (d
5 e = o <22 (3 s
o (e}
d¢ _ . -
-H—E-——Qsmd%{- Amo (3 2‘1)
where
E, @ (Pi /2
9:——-—9—=——) Yo (3-22)
P, = injection signal power

o = ©s cillator output power

Synchronization can occur only when d¢/dt = 0, and therefore, a condition

for lock is

Aw
sin ¢ =-—5°
which is possible only when
Aw
’ 2 |< 1
or, from (3-22},
s - 20 /P2
—°2 < -
= B 1 (3-23)
o 1
which gives the bandwidth for lock-on as
£, ( Py )1/ z :
2Af = —m { — (3-24)
© Q.L Po

Equations (3-21) and (3-24) are identical to those given by Mackey (Ref-

erence 3-13) for injection phase-locked reflex klystrons.
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These expreSsions are reported to be functionally correct for GaAs
bulk oscillators (Reference 3-6); however, for these devices the locking
bandwidth was found to depend on the specific GaAs sample as well as the
circuit QL'

Recent research at TRW Systems has investigated the theory of
injection phase locking using an IMPATT solid state device as the locked
oscillator. The noise bandwidth (one sided) at the oscillator output was
found to be

_ £ -
B, = 4 (3-25)

Noise modulation on the locking signal is low-pass filtered by the transfer
function H(S):

Q

HO) = s7a

(3-26)

whereas the noise spectrufn present at the ADO (avalanche diode oscillator)
output is

S

ST+ {3-27)

1 - H(S) =

Experimental work indicates good agreement between experiment and
theory. In particular, the noise spectrum follows a 6 db/octave rise with

frequency as in Equation (3-27), and the 3 db bandwidth is close to f2.
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4. ANTENNAS

4.1 INTRODUCTION

The ideal satellite transmitter antenna requires a minimum of RF
power to provide the required field strength over the entire area to be
covered. For satellites in synchronous orbit, the optimum radiation
pattern would be nearly rectangular. Unfortunately, such patterns are
not physically realizable. For a practically feasible antenna, the quantity
that affects the RF power requirement is the lowest gain within the solid

angle defined by the specified coverage.

Sidelobes must be held sufficiently low to avoid intolerable inter-

ference with communication services outside the area of coverage.

The requirements for high beam efficiency and low sidelobe levels
tend to dictate tapered beam illumination in combination with oversized

apertures.

Time zone and language considerations will lead to coverage areas
on the order of a million square miles (2.5 million square km), requiring
a beamwidth of about 3 degrees. Satellite power considerations then dictate

a pointing accuracy of about 0.1 degree.

Dynamic and thermal distortion of the antenna has adverse effects

on both the pointing accuracy and the sidelobe level.

Other aspects affecting the satellite antenna design are power hand-
ling capability, beam-steering capability, multiple-beam capability,

compatibility with satellite weight and size, and deployment.

Representative requirements for the satellite transmit antennas are
given in Table 4-1.

4,2 SYSTEMS CONSIDERATIONS

4,2,1 Gain Optimization for Sector Coverage

In the present application transmit antennas at the satellite must be
designed to provide a given field strength at all locations within the area

to be covered, The optimum antenna performs this function with a



Table 4-1, Representative Antenna Requirements

Frequency (GHz) 0.9 2.5 8.5 12.0
Polarization Circular Circular Circular Circular
Beamwidth (degrees) 1.5to5 1.5to 5, _1.5to5 1.5to 5
Sidelobe levels (db) -25 =25 =25 -25
Number of beams 1to 3 lto3 lto 3 l1to3
Power handling
capability (kw)

AM 1to 20% - - -
FM 0.02 to 2 0.02 to 4 0.02 to 10 0,02 to 20

Lifetime (years)

5

5

5

3

Average power during sync peak.

minimum of radiated RF power.

Clearly, this requires that the lowest

gain with the solid angle defined by the specified coverage be made as

large as possible within existing constraints,

For pencil beams with monotonic main lobe, the lowest gain occurs

at the angle Ge,' defined by the edge of coverage. In Figure 4-1, the

three beam patterns correspond to different antenna aperture diameters,

increasing in the order A, B, C., Pattern B shows a higher gain than

pattern A, both at the beam center and at Be’ the edge of coverage.

Further increase in diameter, yielding pattern C, results in continued

increase of the beam-center gain.

However, the beamwidth is now

narrowed to the extent that the edge loss between beam center and Be

more than outweighs the increase in beam-center gain.

Consequently,

the gain at Be, i.e., the performance parameter to be maximized, is

lower than for pattern B.

Relationships between beam width, beam shape, gain at Be, side-

lobe levels, aperture size, and gain loss due to pointing errors are

- discussed in Sections 4.2.1.1 through 4.2.1. 3.
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Figure 4-1, Three Beam Patterns

4.2,1,1 Beam Sizing

Consider a circular aperture with a circularly symmetric illumina-

tion pattern (field strength) given by

£(p) = (1 - pZ/a%)® {4-1)

where p is the radial coordinate in the aperture plane, a is the aperture
radius, and the integer n is a parameter of the illumination pattern. The

jillumination is uniform for n =0, taperedfor n=1, 2, 3, ....

For the class of illumination patterns which represent approxima-
tions adequate for the objective of this analysis, the normalized far-field

power pattern is:

G0 = [A_; ] (4-2)

where

@D
i

angle off beam center

H]

Gr(i.’!)£ relative gain; Gr(O} =1



J n(x)

A (x) = 2"nl (4-3)
x
x = TFDR sin ©
] (4-4)
D, = aperture diameter in wavelengths.
The-beam-center gain is
2
Glo) = n(wD,) (4-5)

where 7. = aperture efficiency. Inserting D, from Equation (4-4) into

Equation (4-5) yields

Glo) = n( = )Z (4-6)

sin ©
Hence, the absolute gain at a given offset angle 0 is

G(8) = Glo)G_(8) ='—-.le— [xAn+l(x)]2 (4-7)
sin" 0

Since the radiation patterns of Equation (4-7) decrease monotonically
with increasing angle 0, the lowest gain occurs at the edge of the required
coverage. Optimization of this gain, at an angle Ge defined by coverage
and beam pointing errors, is a matter of selecting the appropriate aperture
diameter Dh . From Equation (4-7) it is seen that }Z))L must be selected
such that the resulting value of X, = TFD)\ sin Se leads to a maximum
value of xeAn+1(xe). Table 4-2 gives these optimum valuezs of X and
corresponding values of the relative edge-gain Gr(¢e) = An+1(xe)' These
data show that an edge gain of about 4.0 db below the beam-center gain.is
required to obtain maximum absolute edge-gain with either the uniform
aperture illumination (n = 0) or with the tapered illuminations of n =1

or n=2.

Table 4-2 shows various gquantities for two cases. In the. case of
optimum edge, the aperture diameter is sized to obtain the value of X,
that leads to the maximum absolute gain at Ge, the angle corresponding
to the edge of required coverage. In the case of hali-power edge, the
3-db beamwidth is made equal to 296, the width of the required coverage.

For both cases, the table shows the values of X,

4-4



Table 4-2. Beam Data

* Numination taper parametern 0 1 2

Optimum edge

1.84

x_ 2.30 2.68
Relative edge-gain Gr(Ge) in db -3.99 -4.07 -4.09
D, 6, 33,6 41.9 48,9
G(o)BZ 11,120 13,030 13,100
G(ee)ei 4, 440 5, 106 5,104
Half-power edge

x_ 1.62 2.00 2.32
D,6_=K/2 29. 6 36,5 42.3
G(o)ez 8,617 9,851 9,820
G(ee)ei 4,309 4,926 4,910

Note: Be is angle from beam center to edge, in degrees,

From Equation (4-4), the aperture diameter for a given value of

x at a given angle 0 is seen to be approximately

D, = 18.24%;- (4-8)

where 0 is expressed in degrees and is assumed to be a small angle.
Inserting this expression for D)& into Equation (4-5) for the beam-center

gain G(o) yields:

Glo) = 3284 n(%)z (4-9)

where € is again expressed in degrees.

These two equations, with the appropriate values of X inserted
for x, give the values of Dkee and G(o)ez shown in Table 4-2. The

aperture efficiencies used are
N = __Z_Il-_'_l"_l_z_ (4_10)
(n+ 1)
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which are the efficiencies inherent to the illumination patterns of
Equation (4-1). The efficiency of formula 4-10 does not take into account
other degrading effects such as ohmic losses, aperture blockage, spill-
over and surface errors, present in actual antennas. It is, however, a
useful quantity for comparing and optimizing aperture illumination

patterns.

The function x A +1 (x) has a very broad ma.xlmum Therefore, the
selection of x o OF the aperture diameter D, for a given angle e o is not
very cr1t1ca.1. Specifically, only 0.1 to 0.2 db is gained in G(e ) by usging
the optimum aperture diameter rather than the 13 percent sma.l}.er

diameter for a 3-db edge at 0,-

The beam sizing is also affected by the physical constraints on the
size and weight of the satellite antenna, particularly for lower frequencies.
For certain applications (narrow beams, low frequencies) a weight trade-
off between the spacecraft antenna weight and the weight of powex.' equip-

ment may dictate a 3-db beamwidth larger than the coverage width.

Acceptance -of such a larger beamwidth is constrained by considera-
tions on interference with terrestrial communications in regions outside

the desired coverage.

The analysis presented in this section is aimed primarily at sizing
of the beamwidth and aperture, assuming a given illumination pattern,
i.e., a given choice of n. The beam shape, determined by choice of n in
Equation (4-1) or by a combination of functions with different n, is dis-

cussed in Section 4., 2. 1, 3.

4,2,1,2 Losses From Beam Pointing Errors

A further point of consideration is the sensitivity of edge-gain to
beam-pointing errors, From Equation (4-2) it can be derived that the

relative change in edge gain is given by

(4-11)

% (x)
AG e 1An+2'%) Ap
An+ 1(xe)
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Expressed in decibels, this change in edge-gain is

G{e ) +AG G(6 ) +AG
10 1o e = 4,343 log —2——— = 4,343 -25_ g
£ Gey T % Ee T G(o) "% e )
e [~] e
or
G(6 ) +AG = VA .. (x)
+2'7e’ ] AD
10 log —mre—— = -4, 343( e ) = db (4-12)
G(Be) nt+2 An+l(xe) Oe

With negative A8, this expression gives the loss caused by a beam-pointing

error of magnitude |A6].

For a 2 degree wide coverage (i.e., ee = "1 degree), the gain slope
at the edge of coverage is about 0, 62 db per 0.1 degree for a -3 db edge
and 0, 84 db per 0.1 degree for an optimum edge., The difference between
these two slopes would be irrelevant if beam-pointing errors stayed within
hard limits, since in either case the respective beamwidth would have to
be matched to the solid angle of coverage enlarged by the maximum point-
ing error, However, beam-pointing errors show a statistical behavior

with occasional peaks exceeding the 3¢ value.

4,2,1,3 Beam Shaping

Let 90 be the 3-db beamwidth. (Note that 60 is measured between
3-db directions, while Be is measured from center to edge.) Then,

Equation (4-8) can be formulated as

_ K
D, = & (4-13)
o)
where K = 36, 48}.c and x has the value for the 3-db edge, while
Equation (4-9) becomes
2
Glo) = nK? (L) (4-14)
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Beam sizing for a 3-db edge is assumed in the following discussions
on the selection of the shape of the aperture illumination pattern, i.e.,
the selection of n in Equation (4-1) or of a combination of patterns with
different n. The relation between the absolute gain at the beam edge (the
gain of primary interest to overall system performance) and that at beam

center is then fixed.

Consequently, the product nKz in Equation (4-14) for beam-center

gain is now a relevant figure of merit.

The choice of aperture illumination pattern is constrained by two

important considerations, sidelobe levels and realizability of feed patterns.

Sidelobes in the far field radiation pattern must be held within limits
for two reasons: waste of RF power (which is small), and interference
with other communication services outside the required coverage.
Aperture illumination patterns yielding lower sidelobe levels (relative to
the mainlobe level) will in general result in lower gain for a given
aperture size. Uniform illumination gives the largest possible aperture
efficiency, n = 1, but at the expense of a high sidelobe level, 17.6 db
below the mainlobe in the absence of degrading effects such as blockage
and surface errors. For low sidelobes the illumination pattern must be
tapered from a maximum at the aperture center to a lower value at the
edge. With a given aperture size, tapering leads to a larger half-power
beamwidth and a loss in gain. However, when the aperture diameter is
increased to restore the original beamwidth, the gain is higher than with
the uniformly illuminated aperture of original size. The reason for this
is, of course, that less power is wasted in the sidelobes. Techniques
" for sidelobe suppression in reflector type spacecraft antennas are

discussed in Reference 4-15,

Consider the following circularly symmetric illumination pattern

(field strength):

flp) = b+ (1 - pzlaz)n (4-15)

where p is the radial coordinate in the aperture plane, a is the aperture
radinus, and b and n are parameters of the illumination function which
govern the amount of taper to the illumination function and the rate at

which the taper is applied.
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This family of patterns is an extension of the family given by Equa- -
tion {4-1)., A tapered illumination is now superimposed on a uniform
pedestal (see Figure 4-2). The pedestal height b determines the illumina-

tion level at the aperture edge rélative to the peak level,

Figure 4-2 and Table 4-3 show comparisons of antenna performance
and size for tapered illumination with a uniformly illuminated aperture

(n = 0, b = 0) sized for the same 3-db beamwidth,

The relative diameter and gain increase was determined by the

- expressions:
D! K! —
DK (4-16)
and
(K')%n:
(AG)db = 10 log—-—-z——- ‘ (4-17)
K™

where the prime denotes the quantities for tapered illumination, These
expressions follow immediately from Equations (4-13) and (4-14), consid-
ering that the comparisons are made on the basis of equal beamwidth 80.

The values for K and 7 are available in the literature (Reference 4-1),

Figure 4-2 shows the advantage in gain (for the given beamwidth)

obtained by using taper and the slight variation in gain with varying pedestal
height,

The advantage of the pedestal is clearly seen in Table 4-3. The
taper with pedestal (n = 2, b = 0,25) requires a 1, 2 times smaller
aperture diameter than the same taper without pedestal (n = 2, b = 0},
while giving a 1, 6 db lower sidelobe level and a slightly higher gain. The
question arises now whether the taper (1 - pzlaz}z with a uniform pedestal
of height 0, 25 is a readily realizable feed pattern. Figure 4-3 compares
this pattern with that of a standard waveguide horn. The horn pattern
shown, which is corrected for variation in horn-to-reflector distance,
does not match perfectly to the pattern discussed and, therefore, the

relative level of the first sidelobe will be somewhat higher than -32.3 db.
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Figure 4-2. Increase in Gain Over a Uniformly
Iluminated Circular Aperture for
Tapered Distributions with Equal
Beamwidths
Table 4-3. Comparison of Aperture Illumination Patterns
(for given 3-db beamwidth of far-field pattern)
Taper Pedestal Taper K = 6 _D, Relati IlNlumination Gain Sidelobe
E t | Height Edge > . ative Effici n Level
sonent | Beight | Befe | (aog) | Diamess | Sifghemey | Morguee | Lo
0 0 0 58,5 1,00 1.00 0 -17.6
2 0 - 84, 3 1,44 0.56 +0. 66 -30,7
2 0.25 -14 70.5 .21 0.81 +0.72 | -32.3
3 0 - 94. 6 1.62 0,44 +0, 62 -36.1
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Further, the sidelobe levels mentioned above were derived from the aper~
ture illumination. The degrading effects of blockage and surface errors
were not taken into account. The actual sidelobe level, obtainable with an
aperfure diameter of D' = 1.21 D, will probably be between 25 and 30 db.
The increase in sidelobe level above the value inherent with the aperture
illumination patiern is discussed in detail in Section 4.4.3. (See also
Ref. 4-15 for a study of reflector sidelobes. )

APERTURE DISTRIBUTION BASED ON
THEORETICAL HORN PATTERN AND
WV SPACE ATIENUATION

N e ) =0.25 + (1 - 22

A}

E_
\\ (5=0.35)

LEVEL (DB)
—

14 4 N

15 L I 1 | t
¢ W 20 30 40 50 &3 70 8 30 100

DEGREES

Figure 4-3, lLow-Sidelobe Aperiure Distributions
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When more p1.°ecise control of the aperture distribution is possible,
such as in the case of phased arrays, the distributions for circular aper-
tures derived by Taylor (Reference 4-2) provide an optimum compromise
between aperture size and sidelobe level. This is analogous to the well-
known work of Dolph (Reference 4-3) who generated the Dolph-Tchebyscheff
distributions for linear arrays. The Dolph- TcheByscheff optimization will
generally require the smallest linear array length for a given sidelobe
level, and the same is true for the diameter of a planar array of circular

cross section with Taylor distribution.

4, 2.2 Other Systems Considerations

4,2.2.1 Gain Loss Due to Aperture Excitation Errors

Excitation errors result in reduced gain and raised sidelobe levels.

These problem areas will be given further attention in Section 4,4, 1,

4,2.2.2 Beam Steering

Beam steering, when required, can be done either mechanically or

electrically.

Mechanical beam steering can be a.ccomplish-ed by using a gimballed
fixed beam antenna or by using a gimballed feed for a reflector antenna.
The latter requires the feed gimbal system to be in the field of view of the
reflector which causes additional losses and increased sidelobes due to
the additional blockage. In addition, the limits of scan are constrained
by coma, This will be discussed in Section 4. 3, 1. 3. The use of an ofiset
fed parabolic reflector virtually eliminates these blockage effects; however,
coma constraints will still limit the scanning capability. The use of a dual
axis gimbal for each reflector will provide the necessary beam steering
for an antenna system for a synchronous satellite, Movement of the entire
antenna system causes negligible loss in rf performance, Flexible wave-
guides at the higher frequencies and coax cables at the lower frequencies

allow sufficient movement of the antenna,

In phased arrays the beam is steered electronically by properly
adjusting the phase of the signal transmitted by each element or groups of
elements. This is advantageous because it eliminates dynamic interaction

with the spacecraft attitude control system. In order to make an array
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weight effective, the number of elements and phase shifters must be mini-
mized, Scanning an array beam through large scan angles limits the ele-
ment spacings and hence increases the number of elements required,.
Fortunately, the steering angles required for the present application are

relatively small,

A compromise between a phased array and a gimballed reflector
antenna consists of a fixed reflector with a phased array feed. However,
the same discussion as given for the gimballed feed apply; that is, blockage

and coma degrade the electrical performance of the antenna,

4,2.2.3 Power Handling Capability

‘The power handling capability of an antenna system is determined
by the georﬁetrical configuration of the conductors. The spacing of con-
ductors must be selected to avoid the existence regions of i‘nultipac‘:tor
breakdown, In the component design of a spacecraft antenna system,
special techniques are required to eliminate the resonance effects which
cause breakdown for high power transmission., In addition, sharp edges
and discontinuities are to .be avoided to prevent normal electrical break-
down. Impedance mismatches which create points of unnecessarily high
voltage must also be avoided, However, for the narrow bandwidths ‘

required for TV broadcasting the impedance mismatch can be minimized.

4,2,2,4 Impedance Match

For single-feed reflector antennas, where the length of the waveguide
(or coax) from the transmitter output to the feed input is several wave-
lengths, very good impedance match (1.02:1 VSWR) is mandatory in AM
television systems, because of the danger of ghosts caused by reflection.
In a multi-element array this problem can be circumvented by placing
transmitters directly at the feed points, thus avoiding long transmission
line runs in the high-power portion of the sirstem. The long transmission
lines connecting the transmitters to the center of the spacecraft, where
the rf drive signal originates, are then at a low power level, and good
impedance match is more easily achieved, e.g., by isolators whose losses

do not significantly change the overall efficiency.
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4,2,2,5 Deployment Techniques

As the spacecraft antenna diameters increase, some folding technique
becomes necessary to allow stowage inside the booster fairing., This is
required for any TV broadcast frequencies at 2,5 GHz and below., A large
number of deployment techniques have been proposed, investigated, and

developed. A summary is contained in Appendix 4A,
4.3 CANDIDATE ANTENNA TYPES

In this sect;on a representative cross-section of existing antenna
types is discussed., Antennas obviously not applicable to the task at hand
have been eliminated. These include log-periodics {too lossy, bandwidth
not required, too heavy for required gains), rhombics (too lossy, band-

width not required), spiral antennas (as log-periodics), and many others.

4.3.1 Reflector Antennas

Reflector antennas consist of the family of indirect radiators where
the large aperture necessary to generate the desired directivity is
obtained by a passive reflecting surface. Included in this class of antennas
is the focal point feed parabolic reflector, variations of the parabolic
reflector such as the parabolic cylinder, the Cassegrain reflector system,
variations of the Cassegrain reflector such as the Gregorian system,
(using an elliptical subreflector) and the Schwarzschild system, spherical

reflector, and the flat plate reflector,

Since one of the prime considerations of the present study is the
achievement of low sidelobes, it is important that proper control of the
aperture distribution can be maintained. One of the major contributors
to high sidelobes from reflecting systems is the aperture blockage pre-
sented by the feed. A phase distribution other than linear over the

aperture can also increase the sidelobe level.

4.3,1.1 Single-Reflector Antennas

A single reflector antenna uses direct radiation on a reflecting sur-
face to generate the radiation pattern. The most common type of single
reflector antenna is the primary feed parabolic reflector. Because of its
promise as a suitable spacecraft antenna it will be considered in detail in
Section 4,4, Brief comments on the other single reflector systems are
given below,
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Spherical Reflector. The spherical reflector offers the advantages

that multiple feeds can be used. The spherical surface, which does not
have a true focal point for incident plane waves, causes the near sidelobes
to be high. These sidelobes result from the perturbation to the phase dis-
tribution inherent in the geometry of the spherical reflecting surface.
Although an array feed could be used which could be programmed to com-
pensate for these errors, the resulting blockage would then increase the
sidelobe levels. Techniques to minimize the effects of sidelobes due to
blockage effects could be traded off with the advantages ‘Sf using this

antenna with an array feed capable of generating multiple beams.

Flat Plate Reflector and Cornucopia Horn. The flat plate reflector
does not provide directivity to the radiated energy in the usual sense.
The aperture necessary to generate a given beamwidth is required of the
illuminating source, and can be either a paraboloid or a horn. The flat
reflector gives only direction to the radiated beam. For spin stabilized
spacecraft the flat plate reflector could be used in place of an RF rotary
joint. The antenna aperture can be fixed to the spacecraft, radiating
along the spin axis. The reflector, oriented at a 45 degree angle with
respect to the 'a.perture and to the direction of earth, directs the beam
toward earth. The reflector can be used to despin the beam, thus either
eliminating the need for a rotary joint for a spin stabilized spacecraft
entirely, or (as in the Intelsat IIl cormucopia horn) replacing it with a
simple concentric choke. The need for a bearing still exists, of course,
to provide the despinning of the reflector, For the required narrow
beamwidths, this approach lacks appeal due to the large structure.

£,3,1,2 Two-Reflector Antennas

The .most common two reflector antenna is the Cassegrain system,
Instead of locating the feed at the focal point, a subreflector is used which
reflects and focuses the waves to a point near the vertex of the main reflec-
tor where the feed system is located. The major advantage of the
Cassegrain system is that the feed network and associated electronic
equipment can be located behind the primary reflector., The major dis-
advantage is that the subreflector represents considerable physical block-

age to the main reflector. This contributes significantly to sidelobes,

4-15



’I;he total efficiency of the antenna system is affected by the spillover
losses of two refiectors. However, recent techniques have improved the
spillover losses significantly so that this can no longer be considered a
significant disadvantage of the Cas segrain system. The sidelobe levels

are high, typically -15 db for a total antenna efficiency of about 70 percent.

The subreflector for a Cassegrain system is a hyperboloid, From
geometrical considerations, it can be seen that an ellipsoid can also be
used. Then, the two-reflector antenna is a Gregorian system, less com-
pact than 2 Cassegrain system, although the subreflector size is in general

slightly smaller,

4,3.1.3 Maultiple Beam Reflector Antennas

For configurations which provide regional coverage by use of multi-
ple antenna beams, it would be desirable to utilize a single refiector sur-
face with multiple feeds to reduce weight and ease packaging problems.
The direction of each beam relative to the reflector axis is determined by
the off-axis displacement of the respective feed, The ratio of the beam
displacement to the feed displacement is a function of the £/D of the reflec-
tor and the illumination function. This ratio, the beam deviation factor,
ranges from about 0.6 to nearly 1, 0 for practical reflector designs. The
beam displacement results from a linear phase distribution across the
reflector aperture. However, from geometrical considerations it can be
seen that a cubic term is also introduced in the phase distribution, Its
most significant effect on the far field radiation pattern is an increase in
the sidelobe level, These raised sidelobes, called coma lobes, increase
with the feed displacement. The dashed curves in Figure 4-4 show this

increase for initial sidelobe levels of -26 db and -31 db,

The sidelobe levels are also adversely affected by mutual coupling
between nearby feeds, This effect is shown by the solid lines in Fig-
ure 4-4, It can be seen from Figure 4-4 that if, for example, initial side-
lobes of -31 db were achieved with a single beam, sidelobes for dual beams
would be higher than -25 db, except for beam separations between 2 and 3
beamwidths, In addition to these effects, there are the additional effects

on sidelobes due to increased blockage presented by the multiple feeds,

The use of a spherical antenna with multiple feeds or array feed to
generate multiple-beam capability is discussed in Section 4, 3.1, 1,
4-16



~-10

» =15 —

PHYSICAL

INTERFERENCE
FOR
. WAVEGUIDE
-]
& ol FEEDS
-l
w
&
-
o -
C —
D 25~ 0"
v ”’- ‘&--‘
',—-
’/
-—r
30 - - — —=SINGLE FEED SCANNING COMA LOBES
T —DUAL FEED COUPLING SIDELOBES
O INITIAL SIDELOBES 26 DB
A INITIAL SIDELOBES 31 DB
35 | [
0 0.5 1.0 1.5
OFF AXIS SCAN (BEAMWIDTHS)
| ] 1 |
0 1.0 2.0 3.0
BEAM SEPARATION (BEAMWIDTHS)

Figure 4-4, Sidelobe Levels Resulting From Dual Feeds

For a Parabolic Reflector

4, 3,2 Broadside Arrays

4.3,2.1 General Considerations

The total radiating aperture for an antenna may be composed of

several smaller apertures to form an array antenna, The major

advantages for the present application that can be realized by using an

array as opposed to a

reflector antenna are:

v

® More precise control of the illumination function

e A single aperture can be used to provide multiple beams,
thus reducing stowage volume requirements

o Klectronic beam steering

e Individual
thé power

amplifiers for each element, thus reducing
(and cooling requirement) of each amplifier,
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The primary disadvantages are that:

e For some applications, the weight of the array and
agsociated feed network is excessive

e Feed network losses may be high
¢ Cost and complexity may be excessive.

It was pointed out in Section 4.2, 1, 3 that a tapered amplitude illumi-
nation function is desirable for optimum gain coverage and required for
low sidelobe levels, The amount of illumination tapering must be traded

off with the increased antenna size and weight,

4, 3,2.2 Hybrid Matrix Arrays

The generation of multiple beams from an array increases the com-
plexity of the feed system., One of the major concerns is beam port isola-
tion, Two solutions to this problem by Blass (Reference 4-4) and by -

Butler (Reference 4-5) are outlined below.

The Blass matrix (Figure 4-5) for an array of N elements with a
capability of A beams has N columns and A rows. Each column is a feeder
line to one of the elements, while each row is a feeder line from the array
terminal for one beam, Nx A directi'onal couplers complete this series
feed matrix, connecting each beam port tq all feeder elements. Magni-
‘tudes and phases of element radiations are determined by appropriate
coupler values and line lengths for each beam. The different coupler

values have an adverse effect on production costs,

The Butler feed matrix (Figure 4-6) is a corporate (parallel)‘ feed
matrix which uses hybrid power dividers to provide beam port isolation,
Depending on a tradeoff of the power requirements, weight, and insertion
loss, the hybrid power dividers could be waveguide directional couplers,
branchline couplers in waveguide, coax or stripline, parallel line
couplers in coax or stripline, For the simple Butler array the amplitude
distribution is uniform, The phase distribution across the aperture is
fixed in such a way that the relative beam positions are fixed. That is,
for a planar Butler array the beam crossovers occur at the -4 db values
of each beam in the principal planes and -8 db in the diagonal planes. If

for the specific application the beams can be made to cover the desired
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region properly, which does not seem likely for the present application,
then the Butler array is attractive, except for the high sidelobe levels
which result from a uniform illumination. The illumination function can
be tapered by the addition of beam combiners which result in a cosine or
cosine squared aperture illumination function, The penalty paid is the
additional circuitry and associated losses and required weight, Finally,
if amplifiers are used at the elements anyway (see Section 4.5, Active
Arrays), the complexity of the hybrid matrix, and the limited modularity,

are not justified.

4,3.2.3 Digitally Phase-Steered Planar Arrays

If amplification is provided at each element (active array), then this
approach provides maximum beam forming and steering flexibility, and

weight effectiveness comparable to a parabolic reflector (see Section 4. 5).

4,3,2,4 Retrodirective Array

A retrodirective antenna focuses energy back in the direction of
arrival of a received signal, The most common passive retrodirective
antenna is the corner reflecto—r. The equivalent array antenna was
designed by VanAtta (Reference 4~6), A signal incident on the antenna
is returned in the direction of arrival by providing a conjugate phase to
each elerment, The use of a retrodirectivé array for TV broadcasting
would require a carrier to be transmitted to the satellite from the region
or each region to be covered, The modulation signal can then be sent to
the satellite via a séparate antenna. The same antenna can be used if the -
transmitting station is in the mainbeam region of the satellite trans-
mitting antenna, Use of the same satellite antenna also requires the

design of an antenna which will cover both the frequency bands of transmit

and receive. This either requires both frequency bands to be in the
same range or an additional complexity in the design of a broadband antenna

system,
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4.3.3 Other Antenna Types

Horns are atiractive for two reasons: first, the gain variation over
a given coverage sector is les_slt'han for a pa,xlaboloida.l reflecto¥r, e.g.,
the gain at the edge of the sector is higher. Secondly, the sidelobe levels
are generally very low. However, for the beamwidths of interest, the
size and weight of a single horn become prohibitive é.t 800 MHz, and the

structural complexity makes it undesirable even at 12 GHz.

Various ty};')es of lenses are available. Of these, Luneburg lenses
are too heavy for the required gains, and zoned lenses have to be steered
mechanically, so that no particular advantage exists over‘reﬂector
antennas. A hybrid lems type, the constrained lens, such as a R/2R hoot-
lace lens, offers the possibility of electrical beam switching between a
number of fixed beams, similar to the beams in a hybrid matrix array
(see Seéction 4.3.2.2). It is doubtful, however, that the low weights of
parabolic reflectors can be achieved with these systems for small beam
numbers. In addition, continuous electric beam steering, sich as may
be required to compensate for attitude control errors, is only available

through complex and lossy beam combining networks.

End fire arrays of driven elements as well as parasitic endfire
arrays are generally much too long to be seriously considered for the

high-gain beams required.

Helices also are extremely long for high gains, and there appears
to be a reasonable upper limit in gain of approximately 20 db, beyond

which increases in length will be mostly offset by decreases in efficiency.

Traveling-wave or standing-wave excited slot arrays can be very
efficient (up to 70 percent), but for the same gain they are heavier than
parabolic reflector antennas. Furthermore, they generally have to be
mechanically sterred, and do not allow multiple beams from the same
aperture. Table 4-4 summarizes the preliminary rating of the basic

antenna types.
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Table 4-4. Antenna Performance Summary

Antenna Single ~ Cornucopia Active

Frequency Cassegrain Reflector Horn Digital Array

800 MHz Blockage Difficult Not Good
Increases to Feasible

Sidelobes Deploy

8 to 12 Blockage- Good Heavy, Heavy, Poor
GHz Increases Structurally Eifficiency
Sidelobes Complicated

4.4 DESIGN OF PARABOLIC REFLECTOR ANTENNAS

The parabolic reflector is one of the most reliable antennas for
spacecraft applications. The feed system is relatively simple and
efficient. The reflector and support structure which contributes the
majority of the weight to the antenna can be made as lightweight as the

thermal environment and mechanical requirements can tolerate. -

4.4.1 Gain and Efficiency

4.4.1.1 IDlumination Function

The amplitude distribution on a parabolic reflector is a combination
of the feed pattern and the variation in feed-to-reflector range as sociated
with the geometry of the reflector system. Different f/D values give
different amounts of range variations and different subtended angles at
the feed. These differences permit some degree of flexibility in the
control of the illumination function. In general, this selection is limited
at high £/D values by the increased feed directivity required, and at the
low £/D values by the axial ratio of the feed pattern for large aspect

angles.
4,4,1.2 Efficiency

The design of a parabolic reflector for maximum aperture efficiency
requires an illumination function which is as near uniform as possible,
However, for coverage of a given regidn on earth, the antenna parameter
relevant to overall system performance is the lowest gain within a given
beamwidth, Optimization of this quantity generally requires a design with
non-optimum aperture efficiency, Beamwidth efficiency is then raised at

the expense of reduced aperture efficiency.
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A tradeoff normally made to optimize the efficiency of a parabolic
antenna system is to balance the effects of a loss in the efficiency of the
system due to a tapered illumination function with the efficiency lost by
radiation from the feed that is not intercepted by the reflector, This

latter effect is known as spillover,

In addition to the aperture illumination efficiency, there are several
other effects which decrease the gain of an antenna system, The gain
from the antenna is reduced by some factor so that the actual gain of the

antenna may be represented by

G = nn; G ) (4-18)

where

the gain for a uniformiy illuminated aperture

Q
n

the illumination efficiency

=3
H
I

n = TIF"IP n ¢T1B, the efficiency resulting from all other effects.

Other contributors to a loss in efficiency are:

e Feed Efficiency, ny. ~ this includes ohmic losses in
the feed and reflection of energy back into the feed.

e Polarization Efficiency, np - cross polarized com-
ponents on the aperture of the reflector represent
illumination that does not increase the gain from the
reflector, The resultant efficiency can be approxi-
mated by

Pp<1 (4-19)

where | is the half angle subtended by the reflector
at the feed (see Reference 4-7T),
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e. Phase Errors, qd) - phase errors exist on the surface
of the reflectors’as a result of manufacturing surface
tolerances, surface distortions, and improper location
of the feed and from failure of the feed to produce a
pure phase center, It is pointed out in the discussion
on sidelobe control that the effects of RMS surface
errors on sidelobes is much more significant than on
gain for the present applications. The effects of
these errors on the efficiency of the antenna can be
approximated by

= g"d (4-20)

where § is a small RMS phase error in radians
(Reference 4-8). For the above approximation a
shallow paraboloid was assumed which yields a
pessimistic value of efficiency (Reference 4-7) for
low £/D values, Figure 4-7 gives 1, for the RMS
errors in degrees (360 degrees = 1 wavelength).
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Figure 4-7, Gain Loss Due to Random Aperture Phase Errors
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e Blockage Efficiency, g ~ 2 symmetrical focal point
fed parabolic reflector requires a feed and feed
support structure which physically obstructs the
radiation, The associated loss in gain is represented
by N1g. A monopod support structure virtually elimi-
nates feed support blockage. The loss in gain due to
a feed of diameter d for a fotal reflector diameter of
D is given in Figure 4.8 (Reference 4-9), For narrow
half-power beamwidth antennas the aperture is large
compared to the feed dimensions, It can be seen from
this figure that for a2 3-db beamwidth of 3 degrees the
loss due to blockage by a typical focal-point feed
(d/D = 0,.035) is negligible,

4,4,2 Physical Dimensions

The diameters required for beamwidths of 1 degree to 4 degrees
are given in Figure 4-9, This data corresponds to aperture illumination
functions which can be generated by typical feed designs using an
f/D = 0,35 reflector, For configurations where packaging requirements
dictate slightly smaller reflector diameters, such as multiple reflector

configurations, some tradeoffs can be made with other system requirements
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Figure 4-8. Gain Loss Due to Blockage
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which could result in the use of smaller reflector diameters, The
Yminimum'' diameters are based on the illumination function given in
Equation (4-15) with b = 0,25 and n = 2, The "maximum!" diameters are
for b =0, n =2,

It can be seen from these curves that deployable reflectors will be
required for a single reflector at 900 MHz, and for the more narrow
beamwidths also at 2,5 GHz, Actual diameters will fall somewhere

inside the shaded bands, depending on feed design,

4,4,3 Realizable Sidelobe Levels

Sidelobe levels are major criteria in the selection of antenna
designs suitable for television broadcast satellites. Proper control of
the aperture phase and amplitude distribution is required. The RMS
surface errors and the blockage must be kept minimal, The evaluation
of RMS surface errors is a statistical process and requires careful
consideration of the types of errors being considered to set up the

correct mathematical model.

The effect of random surface errors on sidelobe levels are shown
in Figure 4-10, The data used for the calculation of these curves was
derived from Reference 4-10, It is seen that the achievement of low
sidelobes requires stringent control of surface errors, The abscissa is
given in radians; one-tenth of a radian corresponds to: 0.208 inch at
0.9 GHz; 0,075 inch at 2.5 GHz; 0, 022 inch at 8.5 GHz; and 0,016 inch-
at 12,0 GHz, The effects of aperture blockage on sidelobe levels is

shown in Figure 4-11 (Reference 4-11),

Since the resultant sidelobe levels are a function of the initial
sidelobe levels inherent to the aperture illumination pattern, it is
irﬁporta.nt that the initial designs of the illumination function give very

low sidelobes,

4,4,4 Deployable Reflector Antennas

It can be seen from Figure 4-9 that for all beamwidths at 0,9 GHz
and for beamwidths less than about 3 degrees at 2.5 GHz a deployable
reflector is required for a single reflector. Figures 4-12 and 4-13 were

generated for these types of deployable reflector antennas which are made
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by stretching a membrane between ribs to approximate a paraboloidal
surface. The curves in Figure 4-12 show the maximum deviation of a
flexible membrane deployable reflector from a true paraboloid as a
function of the number of support ribs. Using the data of the curves
given in Figures 4-10 and 4-12, the number or ribs required to maintain
s =25 db sidelobe level was calculated for beamwidths from 2 degrees to
4 degrees, This curve is shown in Figure 4-13. Calculating the RMS
surface error from the maximum deviation (Figure 4-12) is rather
pessimistic, but it was felt that this is justified, since the thermal effects

will contribute additional effective RMS surface errors,
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Figure 4-10., Sidelobe Level as a Function of RMS Surface
Errors for Typical Parabeolic Reflector
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Fabrication of the reflector out of a grid structure reduces the
reflector mass and solar pressure. The electrical performance of the
antenna is not altered as long as the diameter of the wires making up the
grid and the spacing between these wires are related such that total
reflection at the surface occurs. A curve giving this relationship for a
frequency of 900 MHz is given in Figure 4-14. A normalized curve
which can be used for other frequencies is given in Figure 4-15. It
should be kept in mind, however, that the ribs and back-up structure
will also produce a significant obstacle to solar pressure, and these may

indeed be the predomipant factors.
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Figure 4-14. Grid Spacing Required for Transmission Loss of
0.01, 0.1, 0,2, and 0,5 db for Wire Grid
Reflector as a Function of Wire Diameter,
Frequency = 900 MHz

Tt is expected that by 1975 large deployable reflectors will have been
successfully demonstrated in spacecraft applications., A single reflector
would require minimum deployment complexity, The use of multiple
reflectors for multiple beams and the use of deployable elements for
arrays decreases the reliability of deployment with respect to a single
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deployment, but it will provide redundancy in the total antenna function.
Various types of deployable reflector constructions are discussed in

Appendix 4A,
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Figure 4-15. Grid Spacing Versus Wire Diameter - Normalized
to Wavelengths

4.4.5 Thermal Considerations

The major thermal effects on a spacecraft antenna performance
are the reduction in gain, increase in sidelobe level, and errors in beam
pointing, A rigorous analysis is required to determine these effects for
a given satellite antenna, The complete analysis requires a study of
temperature distribution, followed by the determination of the mechanical
distortions this distribution causes, The electrical performance is then

determined for a reflector configuration with these perturbations,
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The distortions of a rigid reflector depend primarily upon the
material used for the reflector and the design of the reflector support
structure. In addition, the design of the feed and feed support structure
which can cause partial shadowing has some minor influence on the
thermal gradients across the reflector, Finally, the thermal control,
such as painting and insulation, will tend to minimize thermal gradients,
The total residual effect on the reflector performance then consists of

a beamshift, a loss in gain, and an increase of sidelobe level,

Another factor to be considered is that of relative motion of the
feed with respect to the reflector, The most significant effect on the
feed and feed support structure is due to the unequal thermal effects
on the support struts of a typical tripod or quadrapod., These effects
cause an off -axis movement of the feed which results in beam tilting,
This is virtually eliminated with a monopod support structure, which

is recommended for this applicatidn.

The calculated distortions on the surface of a 43-inch diameter
parabolic reflector in synchronous orbit with an £/D = 0,4 are given in
Figures 4-16 and 4-17. The two basic distortion effects shown are due
to the longitudinal thermal gradient and the transverse thermal gradient.
The curves of Figures 4~16 and 4-17 were obtained for a longitudinal
temperature variation of 340°F across the aperture and for a transverse
difference of 1°F between front and back which is fairly constant for
reflector thicknesses from 1/16 to 1/4 inch, The longitudinal gradient
is a worst-case value for a large number of sun-spacecraft orientations,

and is also fairly constant with reflector thickness,

In order to minimize the weight of the reflector antenna, an
aluminum honeycomb structure can be used instead of 2 spun aluminum
reflector, The major disadvantage in the honeycomb is that the trans-
verse thermal gradient will be larger, whereas it is minimized to
negligible proportions in the case of the solid aluminum reflector, For
a 0,25«inch aluminum honeycomb the transverse gradient has been

estimated to be 2°F, Trom the curve of Figure 4-17 we see that this

corresponds to a maximum deflection of less than 6 x 10™% inches which
is still nearly an order of magnitude less than the maximum deviation

from longitudinal temperature gradients shown in Figure 4-16. The
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honeycomb structure for the reflecting surface is thus generally superior -
to a solid sluminum reflector for frequencies up to about 8 GHz, because
of its lighter weight. For frequencies above 8 GHz, the thermal deforma-
tions of a honeycomb dish using aluminum for both the core and the face-
sheets may be unacceptably high. However, an aluminum honeycomb

core between facesheets of low thermal coefficient of expansion material,
such as invar or a graphite-epoxy composition, can stay well within
acceptable deformation limits for 8.5 GHz and 12 GHz. The weight is

approximately 10 percent higher than an all-aluminum dish.

To determine the effects on the pointing of the antenna, the maxi-
mum deviation can be taken as a physical rotation of the antenna
reflector. This corresponds to a beam tilt of 0.016 degrees for the
43-inch reflector. There will be an additional tilting due to the phase
error across the surface equivalent to an off-axis feed displacement.
For an £/D = 0.4 reflector this adds an additional 0.015 degree, giving a
total of 0.031 degree. For this particular system the structure also
contributed a 0.03 degree error to give a maximum of 0.06 degree beam
" tilt. These results show the order of magnitude effects of thermally

caused distortions on the pointing accuracy of rigid reflectors.

Since the 43~inch reflector discussed here corresponds to the
dimension of the reflectors considered for the 8,5 GHz and 12, 0 GHz
frequencies, a rough idea of the effects of these distortions on sidelobes
can be estimated., Referring to Figure 4-10, we see that the maximum

deviation of 0,006 inch does not contribute significantly to sidelobes.

To summarize the effects of the thermal environment on critical
antenna parameters, it is safe to say that.state of the art techniques in
antenna and antenna thermal designs can reduce these effects sufficiently
for rigid parabolic reflector systems. For the X-band-frequencies, the
use of beryllium reflectors can result in operation greatly superior to
that provided by either solid aluminum or honeycomb, but a substantial

amount of development work is required,

Very little is known about the thermal behavior of deployable
antennas in general, and radial rib type reflectors in particular, Experi-
ments to be conducted on ATS-F and ATS-G satellites should.shed some
light on this area.
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4,4,6 Feed Degign

The polarization of a reflector antenna is determined by the
polarization of the feed for the réflector. The required circular polari-
zation can be inexpensively obtained with a lightweight cupped turnstile
feed on a momnopod support structure, The radiation pattern from a
reflector fed with this type of feed will have less than a 2 db axial ratio
within the half-power beamwidth, Such a feed has already been developed
for a fixed-beam spacecraft antenna, However, the power handling capa-
bility of this feed is limited to a few hundred watts, and an AM system is
thus practically forced to use a simple square horn with orthogonal inputs
and hybrid combining. Such a feed is considerably heavier and probably

bigger.

4,4,7 Net Gain and Weight Estimates

4,4,7,1 Gain and Efficiency

The expected gain as a function of the half-power beamwidth is

given in Figure 4-18,

40
00 MHz
N ————8.12 GHz
\\ 00025 GHz
GAIN (DB)
30 i ]

2 3 4
HALF POWER BEAMWIDTH (DEGREES)

Figure 4-18. Gain Versus Beamwidth with Frequency as a Parameter
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4,5 PHASED ARRAY DESIGN CONSIDERATIONS

4,5.1 Active Array Capabilities

In active arrays the radiated rf power is generated by active compo~
nents of the array elements. The feed network then handles the lower rf

drive power instead of the final oufput power.

It was shown in Section 4.3.1.3 that multiple-beam capability by a
single reflector with multiple feeds was undesirable because of the result-
ing high sidelobe levels. Hence, multiple reflectors must be used for mul-
tiple beams. Because of shroud limifations on antenna stowage alone, a
single multiple-beam array may prove to be the better choice for multi-
ple beams at 900 MIiz and possible at 2.5 GHz.

Current TRW in-house studies indicate that the most promising active
arrays for 900 MHz and 2. 5 GHz us an rf amplifier at each element. The
feed network is at low power levels where the losses are not as significant
to overall system efficiency. In addition, relatively lightweight cables can
be used., The higher losses in these cables can be compensated for by
additional low~level amplification at each element for a minimal penalty in
weight and power. Majoz: problems associated with this technique have
been that the total weight of the individual amplifier components at all
elements was greater than one single amplifier. Combining elements in
small groups with each amplifier, or using high gain elements to reduce
the number of elements and thereby the number of required amplifiers did
lead to more powe? than the individual amplifiers were capable of handling.
However, recent advances in solid state electronics have shown that tran-
sistor power levels are such that for 900 MHz and 2.5 GHz an array may

well be the answer.

Figures 4-19 and 4-20 {from Reference 4~12} are updated with the
latest information from TRW Semiconductors and show the state of the art
and the projected state of the art in solid state microwave power generation.
it can be seen that the TRW transistor 2N5178, which gives 50 watts at 500
MHz has extended the state of the art to where actiive arrays are attractive
for high power levels at these low frequencies. Active phased array per-
formance, for present state of the art in solid state power generation, can
be considered as competitive with parabolic reflectors at 2.5 GHz, and at
900 MHz.
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The efficiencies of 54 percent for rigid reflectors and 46 percent
for deployable reflectors include all the gain reductions described in
detail in Section 4, 1 except the feed netw'ork.- The lower value for
efficiency for the deployable reflector systems include additional losses

due to surface irregularities,

At 2.5 GHz one could use either a deployable or a rigid reflector
for the 3 degree beamwidth, For the narrower beamwidths a deployable

reflector is mandatory.

.

Also, the final system efficiency will have to include feed network
losses in the coax or waveguide feed line, the actual element, and in

rotary joints.

4.4.7.2 Weight Estimates

Table 4-5 compares the weights of isolated, but typical, reflector
designs. Some have been implemented on actual spacecraft; others have
gone through a laboratory prototype development. While the data is
sketchy, trends are clearly visible. All of the reflectors shown are
useful at 0.9 GHz and 2.5 GHz, but only the beryllium reflector ‘a.z‘u_i
honeycomb reflector with a low thermal coefficient of expansion facesheet
are good at X band. The dish weights include the main reflector and its

support; the system weights also include feed, gimbals, and motors.

Table 4-5. Reflector Antenna Weights

Dish Weight System Weight
Antenna 1bs (Kg) 1bs (Kg)
10-ft (3-m) Maypole 17 7.7 50 22.7
(monopulse)
2-ft (0.6-m) Honeycomb 0.8 0.36 2.2 1
(fixed beam)
6-ft (1. 8-m) Beryllium 15 6.8 32 14.5
{monopulse}
6-ft (1.8m) SEDA* 0.3 0.13 7 3.2

(command -steered)

#Strained-energy deployable antenna (SEDA).
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4,5,2 Element Designs

A crucial item in the phased array gain and weight budget is the
array element. To make an array competitive with a reflector antenna,
the weight of the element must be reduced to the minimum. Figure 4-21
shows an array of deployable helices which was developed by TRW in 1968.
The helix proper weighs 1-5/8 ounces, and the total element weight (includ-
ing groundplane, support and connector) is about 4 ounces., The helix is
30~inches long and about 2 inches in diameter. Figure 4-22 shows a space-

craft configuration concept using an array of helix elements.
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Figure 4-21, Array of Deployable Lightweight Helices

Figure 4-22. Phased Array Configuration Using Multiple Strain
Energy Deployable Paraboloids (Center Reflector
Rigid, Used for X-Band Up-Link) Top View
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The helix and the disc-on-rod antennas are relatively low gain radi-
ators ( =15 db). A very promising lightweight design for relatively high-
gain elements is the strain-energy deployable reflector with flexible ribs.
These are currently under development for large diameters, and appear
very promising for the smaller diameters required for array elements.

One such reflector being developed at TRW is shown in Reference 4-13.

The reflector density is 0.04 lb/ftz and is shown in Figure 4-23, using a

broadband cross-polarized complementary pair feed. The complementary
pair will provide the required impedance match in the closely-coupled feed
situation, which is in essence a short backfire antenna. A more detailed
investigation would be required to det ermine the optimum feed configuration
at 900 MHz. At 2.5 GHz, the power capability of solid-state devices will
probably not increase rapidly enough to provide enough power per element
in a reasonable amplifier package within the next few years to permit AM
operation. The helix element will certainly be the optimum choice for an

array for FM transmission at this frequency.

UNFURLABLE
KAPTON TUBES

Figure 4-23. Deployable Complementary Pair and
Parabolic Reflector

At X-band no reasonable projection of solid-state capabilities exists
which would allow a phased array to be competitive with a reflector antenna

system, even when four beams are required.
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Cell data are tabulated in Table 5-1. The temperatures assumed
for arrays are appi'oxima'tions based on past array designs. Lightweight
structures will cause array temperatures to be lower than for conventional
construction, and as temperature drops, voltage and the power output
increases. The slightly higher temperatures of conventional arrays have
been used, however, for conservatism. Figures 5-1 and 5-2 show current-

voltage (I-V) Eharacterisﬁcs of the bare, undegraded cells under AMO
conditions, at 28°C.

Extensive tests at TRW on cells from various manufacturers have
confirmed that solderless cells having TiAg contacts show severe degra-
dation when subjected to a combination of high temperature and humidity.
TRW tests have also shown that completely soldered covered cells exhibit
insignificant degradation as a result of such exposure. Cells with a thin
coating of solder just sufficient to make the cells humidity resistant have
been developed. Array weights are based on the use of these relatively
lightweight, humidity-resistant solar cells.

Cells of up to approximately 0. 026 inch (0. 066 cm) thickness provide
increased power output as a function of cell thickness, since electron-holle
pairs genérated in the bulk material away fiom the junction have a suffi-
cient diffusion-length to allow the minority carriér-to reach the juriction -
and.thus contribute to the power output. However, in the presenée of idniz-
ing-irradiation, the diffusion length decreases. As.a result, hole-electron
pairs far from the junctién may- recombine before the minority carrier
reaches the junction. Consequently, thinner cells which initially have a
lower output may have the same output after corpuscular radiation and
provide a higher net power efficiency. The study has shown that a
0. 010-inch (0. 025-cm) thick cell provides maximum power to weight

effectiveness at end-of-life and is thus preferred

The resistivity of 10 ohm-cm was selected over 2 chm-cm cells
because of their higher end-of-life performance. Section 5.1.4 shows
that for the environment specified the initial higher power out;iut of the
2 ohm-cm cells is outweighed by the higher radiation resistance of the

10-ochm-cm cells at the end of mission.
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5, POWER SYSTEM

5.1 SILICON SOCLAR ARRAYS

The analysis of the solar array for the Direct Broadcast Television
Satellite is based on the latest solar cell data available and is expected to

remain valid for at least two years.

5.1.1 8ilicon Solar Cells

Silicon solar cells of polarity N-on-P are preferred to P-on~N cells
because they are more radiation resistant, and the mission imposed
requires the use of the most radiation resistant solar cell type. A second

reason for selection of N-on-P cells is their relative availability.

Silicon solar cells canbe obtained inl x2,2x2,3x3,and 2x 6 cm
sizes. In general, cost per unit area of silicon solar cells decreases as
the cell area increases. For the 3 x 3 cm and2 x 6 cm cells, lackof experi-
ence and the possibility of increased handling costs precludes their selec~
tion at this time. Cells of2 x2and I x 2 cmhave been successfully used on
several satellites and are expected to remain standard through 1980. The
cost advantage ofthe2 x 2-cm cells relativetothe 2 x l-crn cells dictates
_ their :use for- .ﬁus m;ssron. ’I‘he cells fhave an actwe ar;ea;s’f’ﬁ 5891 J.z? -

=—{3.—80 cm }

Data cf the “N—-en-P 2 xz-cm szhcon celi is ta“bulated in Ta.ble 5-1,

The notations used in this table and in subsequent sections are:

are:

oc =  Open-circuit voltage

op =  Voltage at maximum power
Iop = Current at maximum power
L =  Short-circuit current
P =  Maximum power

op

ll =  Efficiency
AMO = '"Air mass zero', indicating solar radiation of
intensity and spectrum prevailing in space at 1 AU,

Bare = Without cover glass
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phase at y relative to fo’ as compared to the
case where the two path lengths are {dentical.

EXAMPLE

From Figures 2 through 4, we can obtain the
maximum allowable signal bandwidth for a given
aperture size, when the gain reduction at the
band edge 1s not supposed to exceed a specified
value. Allowing for a 1 dB gain reduction, e.g.,
and looking at a specific aperture size of 30
wavelengths, a maximum relative half bandwidth
of about 1.1% fs possible for a 60 degree scan
(Figure 4}. This means a maximum single-sideband
information bandwidth of =50 megahertz for a
received signal carrier frequency of 2.2 GHz. If
the beam needs to be steered only to +25 degrees,
then the maximum relative half bandwidth is =2.2%
or about 50 megahertz. A 30 Ffoot aperture (with
a peak aperture gain of about 47 ng is roughly
the size required for a data relay satellite in a
synchrorous orbit, when a low-gain "user satel-
lite" has to be serviced. Altitudes up to about
six thousand nautical miles can be covered with a

4B-6

25 degree scan, and a 60 degree scan will gener-
ally give coverage for users fn a synchronous
equatorial orbit with an altitude of 22,000 nau-
tical miles, assuming three satellites equally
spaced in a synchronous equatorfal orbit., A
phased array for this application is thus Timited
in bandwidth to about 50 MHz within the 100 MHz
frequency band from 2.2 to 2.3 GHz (Figure 2) for
maximum user altitudes of six thowsand nautical
miles. .

Clearly, if the same array has to service not
only the uplink, but also a downlink at some
other band (e.g., 1.8 to 1.9 GHz), then different
phase shifters (or other beam steering devices)
will be required to produce cophasal excitation
in the desired direction.

REFERENCE

bonald L. Margerum, "Self-Phased Arrays"
Chapter 5, p. 348, Microwave Scanning Antennas,

Vol. III (Fdited by R.-C. Hansen}; Academic
Press, New York, 1966.
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The radiation pattern of an array is given to
a2 close approximation as:

P = exp

1/2

where 91/2 is 1/2 the half power beamwidth and 0

is_measured from the beam peak. This equation
holds well from beam peak down to about the -6 dB
point. The pattern in dB form is therefore:

pas) = -3f¢ ¥ (3
e ’

The half power bezamwidth of uniform apertures
is approximated by:

29]/2 = %f-[negrees] (4)

where AA is the real aperture in wavelengths. The

aperture of the scanned array is its linear
dimension reduced by a cos factor:

A=

>—|w

cos @ . (5)
o o

where 00 is the angle of scan, measurad from
broadside, and (for uniform illumination):

52)\o
28115 = 5Cas (6)
(]
hence 85 cos 90 2
P(dB) = -3 o . (7)

The angle @ is measured symmetrically about
the beam peak at 90. At the angle 0], this

assumes the value |G] - Ool

hence 2
0, -8 Scos @
P(d8) = -3 [I ) gLA °] (8)
o
and ' . "
s [o] s
arc sin sin @ 1-0 | Scos @
) (F; é) ol 0
P(dB) = -3 LI TN .
0

(9)

We note from this that as folf] differs from
1.0, the avaiiab}e power at f will be reduced.

-0 |593(g )ZI : 2y
. 'g'__

This equation is plotted on the following
charts, Figures 2 through 7. FEach chart is for
a fixed scan angle, 00. 25°, 40°, and 60° have

been chosen. In one group, signal reduction has
been plotted against aperture size for various
signal displacements from the carrier, fb. The

other group of three charts has signal reduction

plotted against this signal displacement (1/2

the RF bandwidth) for various aperture sizes. The
dotted lines represent a more accurate approxima-
tion of the standard beam beyond the 6 dB point,

which is given by:

p a0 2 Y7 (10)
= {cos 41°
(= 5z)
or
P(dB) = -22 log sec (41° U%;E) (1)

The gain reductions for frequencies away from
the center frequency can then be determined in a
manner simiiar to the method outlined above. The
general conclusion is, of course, that the large
scan angle will cause the greatest problem and
that even in this case, apertures of 60 wave-
lengths and fairly large bandwidths must be used
to develop any significant amplitude reduction.

The relative array bandwidths shown in Figures
Z through 7 are bandwidths off the center fre-
quency. In double sideband systems they are
therefore identical with the available informa-
tion bandwidth, whereas in single-sideband sys-
tems the shown relative bandwidths are equal to
one haif the information bandwidth.

Charts 8 through 13 are plots of phase error.
This function: (See reference.)

cp = 2n sin 0, %f /g (12)

or, taking

af = c/AB(xB=Have]ength of the bandwidth)
(13)

e = 2n %B- sin g (18)

is simply an equation of variation or difference
in electrical path Tength for differing frequen-
cies over differing paths. For example, path 11
and 12 may be substantially different in

physical length but have the same electrical
Tength (to within 2r) at fo» but will not have

the same electrical length at f;. This equation
thus gives the phase error as a difference of

4B -2



APPENDIX 4B

BANDWIDTH LIMITATIONS FOR PHASE STEERED PLANAR
ARRAYS EN SATELLITE APPLICATIONS

BY: W. F. Williams and K. G. Schroeder
TRW Systems
Redondo Beach, California

INTRODUCTION

Minimization of component weight is of para-
mount importance in satellites, because of the
high cost of 1ifting the payload into orbit. The
satellite antenna is one of these components, and
reflector antennas are often selected because of
their comparatively lower weight for a given gain.
For phased arrays to be competitive, every possi-
ble effort must be made to minimiZe their inher-
ently high weight density. One of the techniques
available to the designer is weight reduction by
means of element thinning. Another is the so-
called "modulo 27" beam steering technique, where
multiples of 2x phase shift in the beam steering
mechanisms are subtracted from the total phase
shift required for true time delay compensation
of the arriving wave front.

The character of any phased array with modulo
2y steering is that the phase progressions devel-
oped across the array aperture are not a function
of frequency but the electrical spacing between
elements is, of course, a function of freguency.
Beam direction s a function of both this phase
progression and the element spacing. Hence, for
beam direction to remain fixed with frequency,
either physical element spacing must vary {not
practical{'or phase progression must change with
frequency to compensate for the variation in
electrical spacing. As mentioned, this cannot be
the case with module 2n steering and so at the
band edges the peak of the received or trans-
mitted energy will not be at the center frequency
peak of the antenna beam. This problem is unique
to this type of phased array and is not found in
reflector antennas or in arrays with time delay
steering. These beam direction errors are a
function of the scan angle from broadside and are
zero for the broadside beam.

_ Since different frequencies in the signat
spectrum of a broadband channel, or different
narrow-band channels in a group of channels, are
received (transmitted) at an angle away from the
peak of the main beam, a reduction in effective
antenna gain is the result. A mathematical des-
cription of phase errors and gain reduction is
now given,

GAIN REDUCTION CALCULATION

Figure 1 is. illustrative of a bhaged array of
tinear dimension "S" and phased for transmission
or reception of an antenna beam in the direction
“oo“ from broadside. The phase progression’
across the entire aperture is %gi-sin G, devei-
cping the main lobe in the 00 direction
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FIG. 1 - N-Element Linear Array with Phase
Steering to Beam Direction 00

This progression is supplied by the array. It
might be the result of control of phase shifters;
the progression resulting from use of & hybrid
matrix; the result of the retrodirective contrel;
or perhaps other means. In any case, a beam in
the direction Go occurs for frequency f,.

Now at a different freguency, f,, the progres-
sive phase shift essentially remaiﬁs the same, as
determined by the above mentfoned techniques. For
instance, the phase progression across the ele-
ments fed by a Butler matrix will be 0, 20, 38,
etc., irrespective of the frequency as long as it
remains within the operating band.

The values will remain constant with freguency
across the bandwidth of the matrix. For the case
of the progression being controlled by phase
shifters, these may be frequency sensitive. How-
ever, the phase shifters may individuaily control
a radiating element, and each may introduce a
phase "error" as a function of frequency, but the
errors will all be in the same direction and so
the phase progression will be affected very
little. 1In any event, except for the case of
special control of frequency sensitivity of phase
shifters, the phase progression across the array
face will be constant. !

But the array linear dimension is different
when measured in wavelengths and the beam direc-
tion will be determined to be 01:

S/x f
! 10 s
sin @) = 5 sin @, ?;-51n 9% N
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Table 3,

Inflatable Reﬂg ctors

W, tnit wt.

No. Rame and Source Structural Concept bata Size (1bs) | (abs/sq. £t.) Status Remarks Refs.
1 Lenticular Antenna Photolizable film on copper wire Freq.: 10 - 30 MHz 2000 - 400 * {1,480 .03 Passive 2, 15,
Coodyear/AF mesh supported by a torus. Active deployed Reflector | 17

Schjeldahl/NASA deployment by inflation.
Langley
2 Expandable Honeycomb Reflective plastic surface 0.5 10' model Developed | 16
GCA Viron/AFAPL bonded teo sandwich type of available for seolar
fabric impregnated vith rigidi- concentra-
zation resin., Active deployment tor
by inflaticn.
3 Foam Rigidized Antenna }Flexible polyurethane foam c.5 1G' models 16, 21
NCR/AFAPL rigidized to provide stiffuess available
for inflated antenna surface
Foam Rigidized Antenna |Flexible polyurethane foam Freq.: € and X bands 3’ model 16
4 | Computing Devices of rigidized to provide stiffness fain: 32 db at 9 GHz available
Canada for inflated antenna surface
Foam Rigidized Para- Thermally activated urethane 2' model Developed {15, 16
5 | voloid foam rigidized and distributed available for solar
Coodyear/NASA Langley to provide stiffness for in- concentra~
flated antenna surface tor
& | Foam Rigidized Epoxy syntactic foam rigidized 0.4 5' model Developed |16
Paraboloid to provide stiffness for inflated available for solar
Hughes/NASA antenna surface. Antenna 1s concentra-
stiffened by a torus at the rim. tor
Surface has a mosaic pattern con-
sisting of hexagons
Rigidized Aluminum Foll} Intflated aluminun foil antenna 6' model 16
7 AVCO Corporation is rigidized by strain set and available
stiffened by a torus
g | Double Concaus Two inflated paraboloidal Kodel not 6, 15,
Paraboloid surfaces restrained by drop available 1e
IMSD/AF Recomnaissance | cords. Torus stiffaner is
Lab provided at rim
9 Foil Tubing Framework Flexible membrane attached to Model not £
.| LMSD/AF Reconnaisance a system of inflated foil tubing available
Lab framework
v Foam Rigidized Rigidized foam provides stiffness 10" deployed 62 2. Model not 19
Paraboloird to the inflated flexible paraboloid available
IMSD-Goodyear/AFAPL
11} Wharling Membran~ Fle 'ble e branﬂ dep !1) oyed i e 12" mndels yggclé’z 18,
NASA Langley EES%%E At g{a rotabian available cohce ra{ion 20




types of chemical rigidization systems ére:
1) plasticizer boiloff,

2) gas catalyst,
3) radiation-cured systems.

The best plasticlzer boiloff sjrstem utilizes gelatin and water as a plasti-
cizer. Such systems have been developed by Swift £ Co., Monsanto Chemical Co.,
and Hughes Aircraft Co. for the Air Force. In the space environment, vacuum
ceuses wvater migration out of the structure and produces rigidity. This system
cen be tested on earth, then replasticized and packaged for launch since gelatin
can be replasticized repeatedly by exposure to humidity.

TRW has developed a gas-catalyzed rigldization system (Reference 21), during
some work for Lockheed Missile )é Space Co. as part of the ENCAP Vehicle Develop-
ment Program sponsored by the hir Force. Other companies including Archer,
Daniels £ Midland, and the National Cash Register Co. have developed fast
reacting system's for the Air Force that use a fine spray or gas catalyst. Most
of these schemes have operational complexities that make their application to
aspacecrafl antennas questiona.lee at this time.

Working under the ENCAP Vehicle Development Program, TRW has also developed
a heat activated system. Other radiation-cured systems have been developed by
Hughes Aircraft Co. for the Air Force and NASA. These systems require exposure
to solar radiation or other heat sources for initiation and/or continuation of
the rigidification process.

Table 3 shows data for several rigidized inflatable paraboloids.

The application of inflatable structures to spacecraft antennas for reasonably
long orbltal lifetimes is beyond the current state of the art. Surface accuracy,

shape maintenance, and feed location drift are some of the problems yet to be
solved.

SPIN-STABILIZED

The spin-stabllized membrane reflector is also light in weight, but 1s daiffi-
cult to maintain the surface accuracy. Great care is required in mounting and
spinning the shell in order to prevent vibrations from being transferred to the
reflector surface. Gyroscopic forces would be a problem when one tries to re-orient
the reflector. Table 3 describes a spin-stabilized paraboloid develo_ped. as a solar
concentrator. ‘
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INFLATABLE STRUCTURES

A cireular membrene will assume the shape of a paraboloid of revolution if
it is subjected to a uniform radial tension combined with uniform lateral pressure.
This 1s described in Reference 19. This principle has been mechanized, and in-
flatable antennas of up to 20 feet in diameter have been constructed.

The required radial tension is generally supplied by an infiatable torus at
the periphery of the circular membrane, which is coated with a reflective surface
(e.g., the membrane may be metallized Mylar or aluminum foil/Mylar laminate).
Another membrane, nonreflective and of circular periphery, is attached to the
reflective surface to provide a closed volume which can be pressurized. The
nonreflective membrane may also be in the form of a circle, similar to the re-
flective membrane, in which case the antenna assumes a lenticular shape upon

inflation.

In the larger sizes (>10-foot diameter) application of the uniform radial
tension becomes difficult. The reflector membrane cannot be formed without some
seams, and the presence of seams with their additional materials disturbs the
stress pattérn: a uniform radial force at the periphery will not result in
uniform radial stresses. An attempt to get around this has been made by piecing
the circular reflective membranes from hexagonally shaped-elements; these random-
ize the seam directions and tend to make the stresses more uniform. The success

of this method is unknown.

- A much higher pressure is required in the torus than between the two circular
membranes, o the pressurizing systems are reasonably complex. Another problem
is that the focus location of these antennas is very sensitive to the pressurizing

levels.

For space epplications a means of rigidization is required to maintain the
parabolic shape because of the high probability of meteorcid puncture and subse-
quent loss of pressure. One scheme that has been tried is a foam-in-place process
using the lenticular membrane as a mold. This rigldification system is complex
and in large sizes the foam weight is unacceptably high; tests to date for the
Air Force and NASA have shown 1t to be impractical (Reference 20).

Inflatable structures may also be given rigidity by means of a chemical
reaction of e rigidifying resin which impregnates the membrane. Three basic
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Figure 5. Details of the Deployment Springs and Dampers of Antenna
of Figure 3
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Figure 4. Amn Alternate Scheme of Folding a Rigiéi-Panel Parabolic Reflector



Figure 3. A Scheme of Folding a Rigid Panel Parabolic Reflector
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Table 2. Con‘cepts for Ri‘gid Reflector Surface Paraboloidal Reflectors

No. Name and Source Structural Concept Data Size (";E";) (122}2::{-} Status Remarks Refs.

1 Sunflower Central hub and interconnected Freq. 1-10 GHz 32.2'Deployed 175 .26 Prot.otype Criginallyl 4, 12
(Circular Paraboloid) radial petals; aluminum sandwich|Bear 2,3°-0.23° 13* x 10'daa [built and feveloped | 13
TRW/NASA Lewis construction: passive deployment [Gain 37 db dt 1 GHr stoved ground testen| for solar

using tersion spring and viscous 57.de at 10 GHz 5' model is | concentra-
dampers f/p 17.0/3%.2 . falso availablp  tor
) Surface Deviation at, 1 AU:
Slope - +.5° max.,
Translation - #1 in max.
Natural freq. .for deployed
structure:
Not available .
Life expectancy: 1 yr
2 ATS5-4 Antenna Central hub and interconnected |Freq. .4-8 GHz ‘ PO' deployed | HNot lunder develog- 5, 1L
Goodyear/NASA Goddard |radial petals of rectangular =nd[Gain 27 db at .4 GHz 12! x 10' dig Avail- ment .
triangular shapas., Semiactive; 50 db at B CHz stowed aple
deployment using linear actuatoryf/p .5 .
Fiberglass honéycomb constructiomSurface Deviation <,15 in
Life expectancy: 2 years

3 Folding-Petal Radial petals hinged to the Freq. .6-7.4 GHz 50' deployed | 3.020 .96 1c' workang L
Parabolqad central hub and interlocked at |Beam 23°-0.19° R1' x 12' di4 model avail-

Ryan the rim by scissors truss and Gain 17 db at 30 MHz stoved able
tension cable. Aluminum honey- 58 db at 7.4 GHz
comb constructien, ]

L Rose Petal Circular Radial petals hanged to the t/p 437 ! deployed Demonstratior 15
Paraboloid central hub. Passive deployment]Beam 3.6° 1.5 x 1.5' medel avail-

LSD/AF Reconnaissance |using torsion springs, MagneticlGain 23 db at 5 Giz [Hia. stowed able. *
lab latches and tension cable are
used for locking. Petals are
aluminum shell segments, ’

5 ERACS Fresnel Solar Conical electroformed Ni foxls lf/p .59 ' deployed A1 .5 L' medel Developed | 16
Reflector are attached in serration to Natural 'Frequency* &' x L2 x available. Hor solar
GMAD/AF ASD several interconnected flat lovwest 10 Hez 13" stowed reflector

rigid frane Eanels of electro )
formed nicke

& | R(E Unfurlable Petals Electroformed nickel monocoque 10" deployed L LOb 52" dia. Developed |17, 18
LMSD-EC S/AFAPL petals hinged to a central hub. , 3t x ° daa, model for solar
$ Actave deployment. ’ st owed available  [eoncaitrator

7 Hybrid Rigid parabolic segments with 5

flexible reflector betveen them.




RIGID REFLECTOR SURFACES

In this class the antenna is an assemblage of rigld segments of a circular

parabolecid. Table 2 shows several concepts for reflectors of this type.

One highly developed form of this concept is the Sunfloﬁér, where an
individual panel, or petal, of honeycomb construction, is rotated into position
and locked to its neighbors on either side. The most criticsl problem for the
Sunflower is insuring that its petals lock after deployment. This requires a
reascnably complex serles of spring-driven torguing and locking devices and
viscous dampers. A 32-foot diameter Sunflower antenna has been demonstrated

and tested successfully.

To eliminate some of the complex interlocking mechanisms alternate designs
have been offered in which the rigid panels are hinged to each other. Figures 3
and 4 show two schemes of folding rigid parabolic reflector surfaces. Figure 5
shows details of the deployment springs and dampers and the unlversally-jointed
axles between adjacent panels to minimize the number of deployment springs and

increase reliability.

Goodyear-Aerospace has built an eight-foot diemeter model of a parabolic
reflector using rigid pile-shaped petals, each permanently attached to its two
adjacent petals., A secondary series of ribs, similar to the ones used to deploy

a rain umbrells, is used to deploy the antenna.

A considerable technology has built up in recent years in the development
of lightweight, space compatlible, solid surface paraboloidal reflectors for use
in solar power conversion systems. Much of this technology 1s directly appli-
cable and well suited to the requirements of spacecraft antennas. The main
difference among the many solar concentrators being developed is their individual
approaches to the petal design. Several designs for solar concentrators have
been completed utilizing various petal materials: aluminum, honeycomb, electro-

formed nickel monocoques, and explosive-formed aluminum skins.

The problems of large diameter rigid-surface reflectors include high unit
weight compared to flexible-surface reflectors, and difficulty in meeting fairing
diameter constraints. These designs usually have ratios of deployed to furled
diameters of 5 or léss, compared to values of this ratio as high at 50 for some

flexible surface concepts.
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Flexible Surface Paraboloid with Rigid Ribs



An example of a flexible surface paraboloid with rigid radial ribs is No. 3
of Table 1, illustrated in Figure 2. Each rib is spring loaded; when the
antenna restraining band is released the ribs open up, strétch the membrahe, and
attain the parabclic shape (Reference 2). Other methods of deploying the tibs
such as a positive cable drive or compression struts (Nos 3, W, and 5) are
also feasible. C

" The radial rib concept is also known as the French Umbrella, or umbrella,
and many variations are possible. Generally these designs are 5imple:and Qiameters
are limited only by available fairing length which is.the constraining aimension
of the furled antenna. This concept appears to be one of_the'most attractive for

very large apertures.

The Swirlabola, No. 8 of Table 1, is a mechanically erected spacecraft
antenna. It uses curved radial ribs extending from a central hub to the periphery
to support the flexible reflector surface segments and maintain the parabolic”
contourf This concept may be used with either a flexible reflector surfacé

(e g., w1re mesh). or solid surface (honeycomb panels). ;

Another type of flexible surface furlable antenns consists of spirally-
formed fiberglass rods supporting a metallic-coated plastic mesh, developed by
Electro-Optical Systems (Reference 5). To fold this antenna the rods-are wouhd
ap_wﬁich greatly reduces overall volume. The elastic energy of the rods is tben
used for deployment, with the rate of expansion controlled by a braklng device.
In the expanded condition the shape is roughly a parabolic spheroid, with reflec-
tor material covering only one-half of the form. No data on size or performance
is available. : -

A system of ribs supporting catenary cables which in turn define and support
a paraboloidal reflector surface ig another feasible concept particularly suited
to very-large dpertures.. In such & concept the ribs could be straight members
using 1ocal standoffs to define paraboloidal coordinates and support catenary
cables in both the radial and circumferential directions. The number of ribs
would be relatively small compared to the surface accuracies attainable, and if
the reflector surface is a mesh thermal distortions of such an antenna would be
expected to be .small. ~An antenna concept of this type ust ng deployable booms for
ribs which perudt a very small stowed envelope has recently been disclosed by
TRW Systems. )

Another TRW-developed concept is the elastic recovéry umbrella, which uses
self-erecting collapsible radial ribs to support a reflective mesh (No. 9 of Table 1).
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: Table 1. Flexible, Reflector Surface Antenna

No. Name and Source Structural Concept - Data Gize ?ﬂ:;ih; [(Jq:,;s;‘e;f]; ' Status Remarks Refs.
1 Maypole Reflector, Flexable ribs unwrap 3" deployed 0.1 3' model 11
TRW Systems from toroidal storage 1t x 1! dia, available.
package deploy flexible stowed 10! model
reflector at the same under
time. Cables are used .[development
to control rate of de-
ployment, and to produce -
final tensioning which
removes surface wrinkles
2 Flex-Rib Flexible ribs unwrap . Sizes up to | 150 1bs. 0.2 Successfully jApertures
IMsC from toroidal storage 15' developed| for 30! flown ~15' cannot
package and deploy re- dish be ground
flective mesh. demonst rated
3 Radial Rib Tubular beam ribs, 0.1 Requires
Hughes, IMSC, others [hinged at central hub, long nose
erected by springs or shroud
compression struts
driven along main boom. '
rib support reflective
fmesh,
L Umbrella-type Reflective mesh attached [Freq.: 60-810 MHz 50" deployed 10" model
Reflsctor to metal radial ribs. Beam: 23°-2° 1ava1lab1e L
RCA Gain: 17 db at 60MHz
39 db at B0 MHz '
5 Umbrella-type Reflective membrane Natural freq. of de-]10' deployed | 2.5 . 0,312 fModels Devel oped 7, 8,
Reflector attached to metal ribs. |ployed structure: 5' x 1' dia. available for solar 9, 10
NASA langley Active deployment. 2 Hz st owed ) concentrat or
I3 Deployable Truss Reflective mesh attached|Freq.:0.9-2.8 GHz 5 deployed] 4,400 0.25 6" model of 4
General Dymamics ¢ deployable space truss{Beam: 5°-,1&% 22" stowed deployable
Convair/NASA Marshall fsystem, Passive deploy~ |Gain: 30 db at0.9 GHz truss
' ent using a spring late! 58 db at, 2.8CHz available
system.
7 Scisgor Link Reflective mesh attached|Freq.: .1-3.7 GHz | 30" deplcyed | 140 0.2 Models under by 5
Framevwork o a system of deployablgBeam: 2,3°-.63° &' stowed . development
Fairchild-Hiller adial scissor link fiamefGain: 17db at .1 GHz .
. orks.Passive, deplayment. 48 db at 3.7GHz
8 Swirlabola Reflective mesh or mem--|Freq. S-band Natural |14' deployed § 26 0,13 Models f 5, 6
Goodyear Bormed pusved Bs rfbs  |Sredc of dePdoyed  lye 70 gja, avatlable
hinged to a central hub.|Surface Deviation stowed o
+ JActive deployment. 1 AD): £15.1n. . ) .
4 Elastic Repovery Reflective membrane with - &' deployed 1.2 .U Modal, 20
Umbredla~TRW Systems {collapsible radial rabs ) . Available

-




FLEXIBLE REFLECTOR SURFACE ANTENNAS

A flexible reflector surface such as metailized film or wire mesh cen be
supported by a system of ribs or cables which define and maintain the required
paraboloidal shape. The ribs may be either rigid or flexible. Rigid ribs may
be integral units or consist of several hinged elements, sliding or telescoping
members, or be formed from a linkage; If flexible, they must have sufficient
stiffness to maintain the desired surface accuracy under the orbital environment
and yet be elastically deformed for packaging; upon release their stored potential
energy must be sufficient to expand and rigidify the structure. Table 1 contains

data on several flexible reflector surface antennas.

In each of these configurations the flexiblé reflector surface, or mem-
brane, is stretched between ribs and assumes the form of a segment of an
approximate parabolic cylinder between ribs rather than the double curvature
of a paraboloid. An approximate formula for the surface standard deviation s

in terms of antenna diameter D and number of ribs k is {Reference 2):

= 0.41/%° (3)

=] L

Equation (3) may be used to compute the number of ribs reguired for a given
deviation. OCther rib-defined flexible surface errors are described in Refer-

ence 3.

The Maypole antenna uses ribs which are elastically deformed for packaging.
Each rib winds sﬁirally around a central hub which may support the feed. Rib
elastic forces plus cable forces deploy the reflector and maintain it positively
in its expanded parabolic form. This concept is described in detail in
Reference 4; a 10-foot diameter demonstration model is being completed this
year. While conceptually feasible for very large diameters, deployment demon-
stration in a 1 g field in sizes above about 30 feet would require elaborate

fixturing because of rib instability during the deployment sequence,

The flex-rib concept uses ribs that are rolled on a drum together with their
attached reflector. Tt is similar to the Maypole concept except its ribs are
radial while the Maypole ribs are tangential to a central hub. Since only elastic
energy is used to define and maintain the reflector shape deployment demonstration
in a 1 g field would be equally diffiecult.
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frequencies up to approximately 5 gHz, antenna surface qualitles and deviations
from a true paraboloid required to minimize reflector losses are such that =
flexible reflector surface design is usually the preferred approach: rigid
reflector surfaces provide unneeded accuracy, are heavier and sre more costly.
Inflatables present difficulties in mounting feeds and maintaining stable
surfaces and required surface accuracles over orbital lifetimes.

Reference 1 describes some twenty concepts for deployable antennas for
gpavecraft application, inecluding some that require astronaut participation.
This report discusses several of these that are suitable for unmenned spacecraft

. application, plus many others that are described in the literature inciuding

several TRW-developed concepts.
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CONFIGU- DESCRIPTION
RATION

“.-ﬁ"é Individual petals, made of aluminum
‘e':'n"-.i=i;j honeycomb construction or electro-
formed by nickel-plating a mandrel-

Sunflower “¥
' and then leaching the mandrel out.
Multiple petals are hinged at

center and deployed with springs.

Flexible ribs unwrap from toroldal
storage package deploy flexible

Maypole reflector at the same time., Cables
are used to control rate of deploy-
ment, and to produce final tension-
ing which removes surface wrinkles.

'.i‘,if'—\!;, ) Tubular Beam ribs, hinged at central
Radial 1‘,_,“1.:]9 ) hub, erected by springs, cables or
Rib Wb el PURN hub compression struts driven elong
CEATS T main boom. Ribs support reflective
TN mesh, '
Parabolic The ribs are parabolic-shaped
Scissors scissors linkages, with a flexible

mesh.

™ Ribs are tubular arc elements

Y supporting a reflective mesh, folded
'\ around payload and deployed mechani-

(1 cally.

/

Figure 1. Some Typical Concepts for Deployable
Parabolic Reflectors

4A-4



The ccmbination of frequencies and beamwidths required for communication
sateilites, interplanetary probes, and scientific gpacecraft in general call
for antenna diameters up to sbout 30 feet; secure communications and meny
military spplications may require dlameters of 100 feet or more. Launch vehicle
fairing constraints and overali configuration efficiency dictate design con-
cepts that allow the antenna tc be folded during launch and then deployed to
its paraboloidal shape after orbit is achieved.

Typical structural requirements for these antennas are:

@ Good surface accuracy: BMS surface deviation and
distortion should no: be greater than /16

¢ Reliable deployment

o Long service life

o Light weight

e Small stowage volume

e Sufficient structural stiffness when deployed to
prevent unacceptable control system Interactions

under attitude control forces

e Minimum distortions under the varying thermal
environment
Deployable parabolic antennas may be classified into three groups according

to thelr construction:

# Flexible reflector surfaces, whose parabcloidal shape
is supported and maintained by a framework of ribs
and/or cables

o Rigid reflector surfaces, which are mechanically
deployed

e Inflatable structures, using internal pressure to ‘
* form the paraboloidal reflector surface shape.

Combinations of these generic types are also possible. Figure 1 illustrates
some typical concepts, which with others are described in more detail in the

following sections,

The choice of a concept for a particular applicetion depends on the antenna
design frequency, spacecraft configuration constraints, and environmental

factors. Some concepts are more suited to particular size classes. For
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INTRODUCTION

Spacecraft antennas take on a variety of forms, depending on the intended
application and desired operating frequency range. In general, they can be

categorized into three basic classes:
e Linear conductors
° ‘Waveguides (horn, slot)
e Reflectors and arrays

For missions requiring antennas with omnidirecticnal radiation and rela-
tively low gain such as guidance in a near-earth orbit, linear conductor and
waveguide antennas have been used extensively. For applications requiring high
gain (>20 db) and directivity, reflector antennas and phased arrays are needed.
Reflector type antennas have been preferred over phased arrays for high gain
applications because they are simpler in design and lighter in weight for a
given gain. While phased arrays do have certain advantages, particularly when
the antenna is operated over a wide frequency band, their complexity, heavy
weight, and difficulty in meeting launch vehicle fairing constraints have pre-

vented their extensive use on spacecraft to date.

Thus over the near term most high gain directional spacecraft antennas
will be parabolic reflectors. The size of a reflector is determined by the
frequency range where the antenna is o0 be used and by the desired beamwidth.

The following rule-of-thumb relates these parameters:
~ A
DT 03 (1)
where D ig the antenna diemeter,A 1s the wavelength, and & is the half-power

beamwidth in degrees.

Frequency and beamwidth dictate the required antenna diameter, in
accordance with Equation (1). Antenna gain G is a further function of the
aperture efficiency 1 , in accordance with Equation (2):

G=T-— (2)

W in turn is a function of surface tolerances, distortions, and reflectivity;
its further discussion is beyond the scope of this report.
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APPENDIX 4A

DEPLOYABLE, SPACECRAFT ANTENNAS

SUMMARY

Frequency and beamwidth requirements for the IV Broadcast
Satellite dictate parabolic reflector antenns diameters that
may exceed the dynamic envelopes of candidate launch vehicle
fairings. Because of such constraints these antennas will have
to be furled for stownge on board the launch vehicle and deployed
after nominal orbit is achieved. In addition fﬁrling méy allow‘
the antenna to react the acceleration and vibration launch
environments through more direct load paths, resulting in lightér
overall antenna weights. This report discusses some of the
mechanical design considerations of deployable spacecraft antennas,
describes their design crlteria, and discusses many possible
design concepts. Of the candidate concepts for the TV Broadcast
Satellite application within the range of required diameters and
surface accuracies, the particular selections will depend on
spacecraft configuration parameters, launch vehicle and fairing

constraints, and other mission-dependent variables.
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Table 4-9. Comparison Summary of Reflector Antenna versus Active Array Antemnna

For Television Broadcast Satellite (f = 2, 5 GHz)

Reflector

Array

Total weight
(antenna + transmitter)

Shape

Aperture efficiency
Pattern shaping calpability
Power handling
Electronic beam steering
Thermal environment
Deployment reliability
DeveloPment required
Multiple beam capability
Developm.ent cost

Production cost

Approximately same

Approximately same for single beam

Medium

Good

Good

No

May be problem

Can be problem

Some

With multiple reflectors

High - (includiné transmitter)

Medium

Medium

Very Good

N/A for active array
Yes

Effects minimized

High due to redundancy
High

Yes - with multiple feeds
High

Medium to high




8¥v-¥

Table 4-8.

Comparison Summary of Reflector Antenna versus Array
Antenna for Television Distribution Satellite
(f = 8 and 12 GHz)

Reflector

Array

Weight

Shape

Aperture efficiency

Feed efficiency

Pattern shaping capability
Power handling
Electronic beam sgteering

Thermal environment
Deployment teliability

Required development

Multiple beam

Cost

Lighter

Approximately same, but
separate aperture for
each beam

Slightly lower

Highest

Good

Best

None

May be problem*

High because of separate

rigid reflectors for each beam

Some

Requires multiple reflectors

Minimum

Heavier

Approximately same

Highest
Lower

Best, but costly

" Limits design

Yes

Minimization of effects
are possible, but costly

High

Yes

Requires complex and
lossy feed

Highest

*May require reflector design using low thermal coefficient of expansion materials
such as invar or graphite-epoxy compositions.



solution to multiple-beam capability at 900 MHz, unless very high
packaging ratios for high-performance reflector antennas at 900 MHz

are developed to allow storage of more than one reflector.

A comparison summary table for X-band antennas is given in
Table 4-8 and for S-band antennas in Table 4-9, For 900 MHz, the
array is superior even for a single-beam application, and is mandatory

for two or more beams,

4.5,5 Comparison of Arrays with Reflector Antennas

The first guideline that must be used in the relative compazrison of
a phased array and a reflector is the number of beams required and the
frequency range of interest. For the higher frequencies (8.5 and 12.0 GHz)
considered in this study the parabolic reflector offers the most promising
design, since packaging of multiple reflectors at these frequencies is not
a significant problem. At the lower frequencies (0.9 and 2.5 GHz) where

deployable antennas are required phased arrays become more promising,
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Table 4-6, 30-Foot 900-MHz Phased Array Weight Budget

18 strain energy element clusters

(126 deployable helices at 1 1b.) 126
12 support booms 20
Support boom deployment system 18
18 »f cables, micromin 18
18 dc distribution lines 18
18 rf line amplifiers. 9
1 signal divider 4
Phase shifters and-logic 18
126 element modules 126
10 percent contingency 36
Total 396 1b

Table 4-7. 900-MHz Phased Array Gain Budget

Peak aperture gain ;
{126 helices at 15 db gain) 36.0 db

Grating lobe efficiency -0.5db

Element efficiency -0.5 db
Total loss -1. 0 db
Net gain
(boresight) 35.0 db
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Therefore, for a 3 degree HPBW and a spacing of 0. 75\ the number of
elements is N = 780, However, selecting the element spacing of 2.0 wave-
lengths and a higher element gain, the number can be reduced to N = 110,
Increasing the element spacing and the gain of the elements still further
can reduce the total number of elements. This then becomes a tradeoff
between the weight of the N elements versus the selection of an element

suitable for a deployable array.

The number of elements selected for this example is 126, Each
element is a deployable helix about 5 feet long, With a power capacity
of 100 watts per element, the array radiates 12 kw in a 3-degree wide
beam., This power level is that required for AM/VSB transmission to
home receivers with a 6 foot dish antenna and low-cost converter located
in an urban environment {see Section 2, 10), Even with 50 watts per

element, the array capacity is still useful for AM/VSB transmission,.

Table 4.6 gives a weight summary of the 12 kw phased array, It
is seen that the array, which essentially contains all the required ampli~
fication, compares favorably with a reflector system using one concen-
trated tube~type amplifier, No cooling mechanism, such as a heat pipe,
iz required. For the low-power FM applications, the array weight should

be under 300 pounds including all amplifiers, steering systems, etc.

For an active half-power beamwidth of 3 degrees at 900 MHz, the
array weight is 396 pounds, including 126 pounds for 100 watt amplifier
modules at the elements, This weight should be compared with the sum
weight of a reflector antenna and a single rf amplifier, a total of approxi-
mately 350 pounds. The latter estimate includes redundant crossed-
field amplifiers. The array element modules do not carry redundant
amplifiers; a single amplifier failure results in a slight degradation in

array gain,

In Table 4-7 the gain budget for the multi~-element array is pre-
sented, It should be pointed out that the grating lobes fall well outside

the 18-degree earth coverage cone,

For 900 MHz, the active phased array appears an attractive alter-
nate to the reflector antenna with single rf power amplifier., For two or

more beams, the array must definitely be considered., It is the only
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A special case of a parallel feed is the familiar corporate feed. This
feed system is composed of a series of two-way power splitters. Equal
splits can be used, the required amplitude tapering being accomplished by
different amplifications and different power levels in the final array
amplifiers.

These feed networks all provide a single beam. If a broadside beam
is required which does not need to be scanned, the phase shifters are not
needed, For lower power levels this type of array feed network can be
made relatively lightweight. For more than one beam, the feed networks

can be diplexed at the elements.

A wvariation of the above corporate feed which can provide amplitude
tapering is the nonsytnmeérical corporate feed, This feed network is
limited in achievable sidelobe level with minimum complexities

(Reference 4-14), However, by combining it with non-uniform spacing,
~25 db may be achievable,

4,.5.4 Active Array for 0.9 GHz

Consider an active array for a hali-power beamwidth of 3 degrees
at 0.9 GHz. Assuming that the elements radiate different power levels

to give a tapered illumination, the half-power beamwidth is given by

71
BHP = —=— = 3 degrees

A

yielding D, = 23. 6 and D = 26, 2 ft (8m),

To a rough approximation the number of elements required is

where

]

spacing between elements in a principle plane in wavelengths

o
n

diameter of aperture in wavelengths,
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4,5,3 Beam Forming and Steering

An item of major concern in any array is the feed network. A
planar two-dimensional array, which would be the type used for all appli~
cations for the present study, except for an electronically despun beam,
can be fed in several ways. These consist of any combination of series
feeding and parallel feeding., Typical configurations (Reference 4-6) are
shown in Figure 4-24., Modulo -27w phasing will be used in 2all cases, the
required bandwidths being sufficiently narrow to avoid gain degradation or
increase in sidelobe level. A discussion of bandwidth limitations in phase-

steered arrays is contained in Appendix 4B.

f ————%— ELEMENTS

———-»= PHASE SHIFTERS

@' INPUT

SERIES-SERIES

i
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aw—(F- F INPUT
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INPUT
PARALLEL-SERIES

TILY 990

INPUT
PARALLEL

Figure 4-24, Typicial Planar Array Feed Networks

4-43



£~5

Table 5~1.

Resistivities, and Three Cell Temperatures,

Beginning of Life,

1

Cell Parameters for Three Thicknesses, Two Dase

Cell Type UMIT Z = 2 gm, Neon-P, & chmeom
Cell Thickness inches 0. Q08 (0. 020 om) 0, 010 {0. 025 em) 0. 012 (0,03 cm)
. 410 8 outoff {iiter | inches Bare &,.012 {803 omm)i  Dare 8. 012 {903 ¢} Baze 8,012 0,03 o)
Gell Temperature o¢ 28 28 20 55 28 28 20 55 28 28 20 85
Yac my 578 532 589 212 582 574 £33 516 587 8% 598 531
VO? mV 479 4'14 489 414 482 477 495 417 484 419 496 418
. mA 120 110 110 110 122 112 112 ] 12 124 115 115 115
Ise mA 125 115 1is 115 128 118 1i8 118 131 121 12} 121
Pop W 57. 4 52.2 53, ¢ 458, 5 58,49 5%.4 58, 5 46, 7 59,6 5h.1 8%.1 48,1
L] % 1.8 g, 85 16. 2 8. 57 111 ig 1 10. 5 3.8 11,25 10, 4 10.78 4. 07
o mvi°c 2.2 2.2 2.2
2 x 2 ¢m,; N-on-P, 10 chmo-am
‘Im: my 842 53% 554 475 558 544 562 480 553 547 Bé5 485
Vop mvV 430 426 | 444 364 434 430 448 366 437 433 451 371
3 ap m A 124 14 14 114 12¢ 11y 1ig 119 131 13 121 32%
Is:: m A 133 123 123 123 138 128 128 © 128 140 129 _ 129 129
PﬁP m W 53,2 £8. 5 58,7 418 55,9 5L.2 B34 427 51,4 52.4 B4, 5 45,
n % 10. 0 2,16 9, 36 7. 85 0.5 o, &5 10,0 B.25 10.8 9. 88 10, 26 [ -
m¥/°C 2,3
NOTE: Cassed cell degradation factors nsed ares
I agsemdly 0. 970 VG " assembly temperature coefficient 3. 990
8¢ filter 0.975
raismateh 4, 980
temperatore oyoling 0. 985

Total 0. 923
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These selections are discussed in greater detail in the subsequent

sections.

5. 1.2 Radiation Effects

Recent data from ATS-1 revea.le;i unexpectedly severe degradation to
solar cell performance (23 percent) after 1 year. The cells are 1 x 2 cm
(negative contact along the 2-cm dimension), N-on-P solder-covered con-
tact cells. They were applied in such a way that a strip 0. 005 inch
(0. 013 cm) wide along the 2 cm dimension remained uncovered. The
unexpected damage is attributed to the effects of low-energy (E<5 Mev)
protons on the exposed cell area, and this assumption was confirmed by
laboratory tests on similar assemblies. It wa:s also determined that
satisfactory protection from this effect is provided by a thin layer of

material over the exposed area.

There are several methods by which the exposed cell area can be
eliminated. One low-cost technique is to apply a thin layer of the cover
slide adhesive (selected because it will not block light from the area to which
it is applied) to the area exposed after the panels are assembled. The only
cost is for a smallamount of adhesive and application time. The extent of
UV darkening of the exposed adhesive has not been completely evaluated,
buteven assumingtotal darkening, (nolight transmission)less than lper-
cent of the active cell area would be affected, providing therebyless than

1 percentreduction in output. Further evaluation of this method is warranted.

Another method is to use cover slides sized precisely to cover all
of the active area of the cell. Although this method entails no loss of
active cell area, it is also considerably more expensive. Consequently,
the addition of adhesive to the exposed cell areas is considered the opti-
mum choice. Although silicone RTV adhesives can satisfactorily bond to
Kapton, General Electric SMBD 745 flexible epoxy adhesive is considered
to be more desirable. Should the dielectric material be other than Kapton,

other adhesives may be preferred.

This effect has, therefore, been neglected in determining the array

performance over the complete mission and establishing cutput degradation.
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Both 2 and 10 ohm-~cm cells have been compared on the basis of using
0. 012 inch (0. 53 cm) thick covers. Flat panel and body-mounted arrays

are considered.

In 1975, the twenty-first solar cycle should begin. A 5-year mission
beginning then will experience solar flare activity ranging from maximum
to minimum. However, since the mission would not occur at the peak of
the cycle, as it would if launch were in 1978, the sclar flare proton fluence
assumed for this analysis is that of the 6-year average as shown in Fig-
ure 5-3. The fluence for trapped electrons at synchronous altitude is
shown in Figure 5-4. For flat panel arrays, ‘back radiation will also ha.ve
an effect. Figures 5-5 and 5-6 show the equivalent 1 Mev fluence (ef/cm )
for all radiation versus cover slide thickness for a 1975 launch and for
flat panel and body-mounted arrays. The same radiation environment is
assumed for both cell types.

The resultant degradation is tabulated in Table 5-2 for cells with a
12 mil {0. 03 cm) cover glass. Table 5-3 shows the effect, for one cell
thickness, of varying cover thickness.

The cover slides, 0. 012-inch (0. 03-cm).Corning 7940 fused silica and
410 %15 p cutoff wavelength, are bonded to the cells using type XR-6-3489
adhesive. Figures 5-7 and 5-8 illustrate the nominal output versus mission

duration, on an individual solar cell basis, for various cell thicknesses.

These figures need only be corrected for temperature to predict

performance on a given mission.

The data for body-mounted arrays in Figure 5-7 must also be
modified to take the spacecraft configuration into account since this figure
is only for one cell normal to solar insolance. With any cover glass thick-
ness between 0. 006 inch (0. 015 cm) and 0. 020 inch (0. 050 crﬁ), the per-
formance at the end of the 5-year mission would be within #4. 5 percent of
that indicated for 0. 012 inch (0. 030 cm). This indicates that at the EOM
both 2 and 10 chm-cm cells, regardless of thickness, will result in the
same output.
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Table 5-2. Radiation Degradation at 28°C for Body-Mounted
and Flat Panel Arrays Using 12-Mil Covers.
Data for a Single Cell.

Year 1 5
Total fluence (e am™2 o 0 Losx1o¥ |3 7x10M | 3oiexie?® | 11x10!® | 5. 3x10t? 1. 85x101%
Type Array Body Flat panel Body Flat panel Body Flat panel Body Flat panel
Micrometeroids 0. 99 0. 99 0. 985 0,985 0, 983 0. 983
Adhesive and cover {(LV.} . 0. 986 0, 986 0, 988 {. 985 0. 984 0. 984
Adhesive and cover (rad) 0.975 0. 961 0. 963 0. 949 0., 957 0. 943
Random failure 0, 997 0.997 0. 991 2. 993 0, 985 0. 985
Subtotal (1) 1. 000 1. 00D 0. 947 0. 935 0, 926 0. 913 0,911 0. 897
{ohim~cm) Base Resistivity 2 10 2 10 2 10 2 | 10 z | 10 2 10 2 160 2 |6
g mil {0.02em) | 115 |123 15 {123 jus jize {109 (121 | 110 | 122 | 101 {113 107 119 97 1109
I, (rad) 10 mil (0,025 em) | 118 | 128 118 ‘fi28 |119 130 {110 {322 |11l | i23 | 10 {114 |107 119 97 {109
12 mil (0. 03 cm) | 121 | 129 121 {129 |1z0 |13z {110 |122 | 112 | 124 | 101 |1314 107 119 97 109
8 mil {0.02 em) | 512 }3537 812 1537 |552 1529 |s36 51z | 839 | sis | s22 |soo 532 510 515 1493
V,, (rad) 10 mil (0.02 cm) | 576 | 544 576 |544 |552 |530 |636 |513 | 639 | 516 | sa2 {s00 |s32 510 516 | 493
12 mil (0. 03 exn) | 581 | 547 581 | 547 |552 |53} |536 |513 {539 | 516 { 522 {500 532 516 515 1493
I, (m &) 115 | 123 115 [123 {1z 121 |02 |113 | 102 | 113 92 {103 | 98 | .108 87 98
gMil YV (mV) 572|537 g7z 1337 |ssz lszo |s36 |s512 | 539 | s15 | s2z2 lsoo |33z 510 515 |493
{0. 02 em) Pp (MW} @) 522 | 48.6 | 522 | 48,6 48.8 47.5| 43 | 43 | 43 | 43 | 35 | 37.2] 40,6 | 40.5 | 34.5|356
I (mb) 118 | 128 118|128 | 113 123 |03 |114 | 103 | 114 | 92 |104 |.98 109 87 | 98
10 Ml V__ (mV) 575 | 544 576 1544 |[s52 1830 |536 |s513 | 539 | 516 | 522 [s0c |sB2 510 515 | 493
23 p tmW) () s3.4| sL2 | s3.4| 512 48.9| 47.5| 43 | 43 | 43 | 43 | 35| 37.4| 40.6 | 40.5 | 34.5|35¢
I,_ (mh) 121 1129 121|129 | 113 {124 1103 | 134 | 108 | 115 | 92 |i04 | 98 109 87 | 98
MLV, {(mV) 581 | 547 581 {547 |ssz |31 |s536 |513 | 539 | 516 | 522 |s00 |532 510 515 |493
{0. 03
erm) Pyp W) (2) 55,1524 55.1] 52.4) 48. 9] 47.5] 43 | 43 | 43 | a3 37.4| 20.6 | 40,5 | 34.5] 35

{1} Degradation from effects other than radiation.

{2} Multiply by subtotal {1} to account for all types of degradation.
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Table 5-3,

10-Mil (0. 025 cm) Cell After 5 Years in Orbit

Cover Thickness

0. 006 In. (0.015 cm)

0. 020 In. (0. 051 cm)

Fluence 9, 5x1014 2x10%3 3. 4x10%4 1. 4x10%5
Base resistivity 282-cm 1082 -em 202-¢cm 10Q-cm 20Q-3m 10Q -cm 28-cm 102 -cm
Body mounted Flat Panel Body mounted Flat Panel
Micrometeroids 0. 983 0. 983 0. 983 0. 983 0. 983 0. 983 0. 983 0. 983
Adhesive and cover 0. 984 0. 984 0. 984 0. 984 0. 984 0. 984 0. 984 0,984
AUV
Adhesive and cover 0. 950 0. 950 0. 942 0. 942 0. 962 0, 962 0. 946 0. 946 |
" {Rad)
Fajlure, random 0. 985 0. 985 0. 985 0. 985 0. 985 0. 985 0. 985 0. 985
Subtotal (L) 0. 904 0.904 0. 895 0. 895 0.916 0.916 0. 900 0. 900
VOC (mV). 0. 524 0. 502 0.514 0.492 0 538 0.516 0.519 0. 496
Isc: {maA) 93 103 85,6 97 101 113 89.1 100
(2) Pop {(mWwW) 37.8 37.2 33.8 33.9 42, 4 42.3 35,8 35.8

(1) Degradation from effects other than radiation
(2) Multiply by subtotal {1) to account for all types of degradation.
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Figure 5-8 for flat panel arrays also shows how the EOM output
would change with different cover slide thicknesses: -3 percent for 0.006
0. 006 inch {0. 015 cm) and +3 percent for 0. 020 inch (0. 050 cm). Back
radiation protection of 0. 003-inch glass equivalent has been assumed. In
this case, as opposed to the body-mounted array, the 10 ochm-cm. cell
clearly has larger power output (by 12.5 percent)} at the end of the 5-year
mission. Also in this case, performance at EOM is irrespective of cell
thickness.

5.1.3 Materials

In selecting the component parts of the solar array as sembly for the

direct broadcast television satellite, the following have been evaluated:

Cover glass material and thickness

Cover glass to cell adhesive

Cell interconnect material

Solar cell type, thickness, and base resistivity
Solar cell to structure adhesive,

Substrate

There are several alternate cover glass materials in use, i.e., var-
ious types of sapphire, fused silica (quartz), and microsheet. Because of
its relatively low cost and stability in the space environment, quartz is

selected.

The cover slides are coated with interference filters, one side with
an ultraviolet reflective filter and the other side with an antireflective
filter of Mng. The ultraviolet reflective filter is on the cell side of the

cover slide, and it provides protection of the cell-to-glass adhesive.

Two basic types of filters are available; blue and blue~-red. Blue~
red filters can reduce the array temperature by an estimated 5°C, but
the net result because of lower transmission efficiency is a reduction in
power 6utput of approximately 3 percent. This loss of output, together
with their higher cost, makes the blue-red filters undesirable for this
application. The use of blue filters is considered essertial to prevent
ultraviolet degradation of the adhesive used to attach the cover slides to
the cells. A filter cut-off wavelength of 0.435 micron results in approxi-

mately 3 percent greater power loss than 0. 410 micron cutoiff filter, and
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the effect on the adhesive by the shift to the slightly larger cutoff wave-
lengths has been shown to be negligible on the basis of test results from
the tetrahedral research satellite. Therefore, the filter suggested is the

blue reflective filter with a cutoff wavelength of 0. 410 micron.

Adhesives for bonding cover slides to solar cells are predominatly
organic, high-polymeric materials. The basic polymer resins are modi-
fied by the molecular weight, degree of cross linking, and additives to
improve specific properties. The principal adhesives of interest for
space use are epoxies and silicones because of their superior ability to
withstand ionizing radiation without structural changes or changes in the

optical transmittance.

Photochemical decomposition results in adhesive darkening and
increased solar absorptance. A consequence is a general increase in the
operating temperature with resulting reduction in output. Degradation of
optical properties can be minimized by using an adhesive with minimum
photon absorption and distribution of UV energy along the polymer chain.
Because silicones have this property of minimum absorption and distribu-
tion, they are preferred. Dow Corning'!s silicone type adhesive, XR6-3489,
is suggested since laboratory tests have shown this adhesive to experience
the least discoloration compared to other possible adhesives for solar
arrays. Satellite experiments have shown that coloration of this clear
adhesive by irradiation has not occurred for time-integrated fluxes corres-

ponding to 3 to 5 years at the synchronous orbits.

Synchronous equatorial orbits also subject solar arrays to large
temperature excursions during the mission. Temperatures range from
50°C during illuminated periods to - 165°C during eclipse. Temperature
cycling tests at TRW Systems have determined the optimum cell inter-
connect material and thickness to maximize the life of solar arrays in
this orbit. The interconnection geometry is a small U-shaped part with
stress relief loops. The materials considered during the evaluation pro-
gram were copper, Kovar, and molybdenum. Failure was established
when cracks, including microcracks, appeared in the solder near the

joint.
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The number of failed joints varied greatly with material, 85 percent
for copper versus 7 percent for Kovar, and no failures for molybdenum
after 100 cycles to -175°C. A significant correlation was demonstrated
between failure rate and temperature differential, and it was shown that
it is important to have oxide-free surfaces. It was further demonstrated
that proper interconnect plating is important and that temperature shock

rate is not of great importance.

Specimens tested included those in a freely suspended state as well
as those bonded to metallic substrates with silicon adhesives. The bonded
specimens experienced the highest failure rates. Figure 5-9 shows that
the percentage of failures after 300 thermal cycles rapidly decreases with
decreased material thickness, attributing to the fact that the stress level
in the 60-40 tin-lead alloy solder is greatly reduced at the low temperature
range by the flexible, thinner materials. It has been determined that a
stress reduction of 5 percent can reduce the failures by a factor of 5.
These evaluation tests have established that Kovar interconnects of
0. 001 inch (0. 0025 cm) thickness are capable of surviving up to 300 ther-
mal cycles. This material is thus suggested over molybdenum because

of its solderability, cost, and its current use in several programs.

5.4.4 Cell Stack Selection

The weights assumed for substrate and other miscellaneous items

for fabricating the flat panel arrays are:

w/e%  kg/m®

Substrate {(Kapton 0.002 in., 0.005 c¢m) 0.0160 0.078

Wire 0. 0029 0.014
Solder 0.0250 0.4122
Adhesives 0.0250 0.122
Diodes and Terminals 0. 0276 0.435

Total 0. 0965 0.471

The values used for cell and glass adhesives and interconnects are:

Cover adhesive 0.032 gm
Interconnect (Kovar 0.0041 in.,
0.0025 ¢m) - 0.002 gm
Module adhesive 0.020 gm
Total 0. 054 gm or

0.00042 1b/cell
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Figure 5-9. Solar Cell Joint Failure Level
After 300 Thermal Cycles

Figure 5~10 shows the avérage weight for 2 x 2-cm zone soldered

cells and cover slides, both as a function of thickness. -

Table 5-4 summarizes the mass data for flat panel arrays using
2 x 2-cm siliconcells, with the thicknesses of the cell and the cover slide
as independent variables. For the present mission, the dominant criterion
in selecting these thicknesses is the power-to~mass ratio at the end of the
5-year spacecraft life. Figure 5-8 shows that cell performance after
5 years is independent of the cell thickness. Clearly, the lowest thickness
then gives the best power-to~-mass ratio. Attrition during handling and
assembly of cells imposes a practical minimum. These considerations of
the array power-to-mass ratio and the array manufacturability led to the
recommendation of 0, 010 inch (0. 025 cm) cell thickness for television
broadcast satellites with a life time of 5 years.
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Table 5-4. Mass Data on Flat Pannel Arrays
(2 x 2 cm Silicon Cells)

Component 11b /ftz Milligrams /cell
Su.bstrate and 0. 0965 196.3
miscellaneous
Cells 0.018 + 0.0122’.tc 37 + 2.4.'2’5tC
Cover slides 0.111tg 22,5tg

Cell stack adhesives
and interconnect

0.027

Tdtal

0.142 + 0.0122tc + 0.0111¢

g

288.8 + 24.75t_ + 22.5t

g

Cell packing: 223 cells/ft%
(732 cells/m?)

Table 5-5,

t
c

t
g

Panel Arrays End of 5-Year Life

For:

cell thickness, mils (cm)

10 mil (0.030 cm), N-on-P Silicon Cells

223 cells/ft? (2400 cells/m?)

cover slide thickness, mils (cm)

Power-to-Mass and Power-to-Area Ratios for Flat

Cover glass thickness mils 6 iz 20
cm 0.015 0.030 0. 051
1b/ft2 0.331 0.397 0.486
Mass/area kg/m2 1.615 1.936 2.37
2 ohm-cm
Powezr/cell mw 30.25 30. 95 32,22
w /12 6. 75 6. 90 7.18
Power/area w /m2 72.6 74.2 77.4
w /1b 20.4 17.38 14. 80
Power/mass w kg 45.0 38.3 32.6
10 ohm-cm
Power/cell | mw 30, 34 31.93 32.22
. w/fte 6. 77 C7.12 7. 18
Power/area w /m2 72.8 76.5 77.4
w/lb 20.4 17.92 14. 80
Power /mass w/ke 45.1 39.6 32.6

!
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Table 5-5 shows power-to-mass and power-to area are ratios for flat
panel arrays with the recommended cell thickness of 0. 010 inch (0. 025 cm).
These data, for 2 ohm-cm and 10 ohm-cm cells and three cover slides
thicknesses, were derived from the data on cell performance after 5 years
shown in Tables 5-2 and 5-3 and the mass data in Table 5-4.

The data in Table 5-5 show clearly that a cover thickness of 6 mil~
(0. 015 cm) compared with 20 mil (0. 051 cm) resuilts in a 1. 27 times
larger power-to-mass ratio, despite the 1. 05 times lower cell perfor-
mance (or power-to-area ratio). Clearly, the saving in mass for given
array area obtained by selecting thinner glass covers outweighs the
increased cell degradation. In conclusion, the 6-mil (0. 015 cm) cover
thickness is preferred, except in cases where a 5 percent-increase in

area is very critical.

The effect of base registivity on the power~to-mass and power~to-
area ratios is insignificant. The 10 ohm-cm resistivity shows only a
slight advantage over 2 ochm-cm for the fluence levels used in the above
tradeoff. For larger fluence levels, the 10 ohm-cm cell has a definite

performance advantage over the 2 ohm-cm cell.

The cell polarity N-on-P was selected earlier (Section 5.1.1) because
of its superior radiation resistance, obtained without penalty in weight
or area. The cell size, 2 x 2 cm was chosen because of its availability,

proven performance, and cost, (Section 5.1.1).

In conclusion, the recommended cell stack for the television
broadcast mission is a 10 mil (0. 025 cm) thick 2 x 2 cm, 10 ohm-~cm
N-on-P cell with a 6 mil (0. 015 cm) thick cover glass. The thickness of
the cell stack, including substrate, is approximately 0. 020 inch (0. 050 cmn)
for a flat cell lay-up.

5.14.5 Array Voltage

The solar array can be designed to provide almost any voltage at
any given power level. The concern centers on reliability and the power

loss at a given voltage and power. Past studies on electric propulsion
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power systems evaluated the effect on array reliability for various
voltages up to 1000 volts, including arrays protected by shunt diodes

and those without shunt diodes. Since eclipsés will be experienced at the
synchronous orbit, shunt diodes are required. For this case, an array
reliability of 0. 999999 is realized at any array operating voltage if the
allowable power loss from the array is 0. 12 percent. When shunt diodes
are included across each cell string, variation in operating voltage

levels do not significantly affect array reliability.

If the load is compatible with. the array voltage, a converter may
not be required. If the load can utilize that voltage over some nonregu-
lated range, the regulation system may be simple. However, the common
load is often a composite of several voltage levels and varying degrees
of regulation requirements and, thus, must be specifically designed.
One possible way of relieving the power conditioning complexity is to
design hybrid arrays, i.’e., arrays with separate circuits for high and
low voltages. Hybrid arrays can reduce the weight of the power con-
ditioning system by as much as 20 percent. The weight of power con-
ditioning components is, however, a fraction of the total array weight
and, thus, hybrid power systems may not result in a significant sytem
weight saving to warrant their use. Independent of the effect of the
conditioning and contirol equipment the recommended voltage for arrays
requiring articulation is 200 volts, maximum, limited by power transfer
considerations (assuming slip ring power transfer is utilized). Above

this level problems of slip ring circuit insulation become significant.

5.1.6 Deployment Schemes

The configurations of Section 7 utilize both foldout and rollout
schemes for deploying the solar cell arrays. The rollout method of
deployment differs from the foldout scheme only in the manner in which
the array/substrate is packaged. The rollout winds the array on a drum
approximately 10 inches in diameter, similar to a window shade. Cell

protection during launch is provided by foam rubber between each layer‘.

The foldout method "zee' folds the array into a flat pack against
the spacecrait body. Cell protection is provided by preloading the cell
stack with honeycomb panel doors. This concept of packaging has been

verified by testing at TRW.
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5.2 THIN-FILM SOL.AR ARRAYS

Cadmium sulfide solar cells, the most promising in the thin-film
category, is expected to offer several advantages in the areas of cost,
stowage efficiency, and radiation resistance. Efficiencies of 3.3 percent
{AMO, 2.5°C) have been measured for today's cells encapsulated with
0.001 inch (0.0025~-cm) thick Kapton. Mylar-encapsulated cells yield
slightly higher efficiencies, but the Mylar degrades quickly in the
presence of UV radiation and after some time becomes embrittled and
may delaminate. Kapton, although causing initially lower cell output,

does not degrade in the space environment.

Measured characteristics are corrected for time-independent

degradation by the following ratios

Isc - assembly 0.970
md smatch 0.980
temperature cycling 0.900

Total 0.853

Voc - assembly 0.990

Cds Solar Cell Performance

Parameter Unit (3 x 3 cm cell)
Temperature °c 28 55

Voo mV 448 ' 405
Vop- mvV 340 275
Iop mA 594 570
L mA 784 736
Pon mw 202 157
n T 2.55 2.05
B mv/°c -1.68

fill factor ‘ 0. 63 0.55

) These data apply to cells with a 0. 004 inch (0. 0025 cm) Kapton
cover, in AMO. The notations are identical to those used in Section 3.
This degraded performance results in the cell quantity, array area, and ';-
array weights shown in Table 5-6. Table 5-7 lists the time-dependent
degradation.
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Table 5-6.

Thin Film Solar Cell Mass and Area at AMO, 55°C

C;all Thickness - Weight/kW (1b) (kg) Total Array Power
VRS | B | Eaerieet | ooy Ars sl | TR, | e
Kapton Cover Structure Electric Cells Total
- ete. Misc. 2 2 o [ w w
(in. Y{em) {Percent) {mW) {quantity) (££°) (") (w/it )(F) (Wflb)('i@)
0. 0045 {0, 0414) 2,05 157 6370 | 42.5 (19.3)| 8.7 (3.9) | 24.5 (41.4) | 75.7 (34.3) | 425 (39.4) | 2.35 (25.3) | 13.2 (29.2)
0.0045 (0.0144) 3.3 252 3970 | 48.1 ( 8.2)| 4.9 (2.2) | 44.0( 6.3) | 37.0(16.7) | 265 (24.6) | 3.78 (40.7) | 27 (59.6)
Table 5-7. Time Dependent Degradation (Nominal) Factors for CdS Arrays, at AMO, 28°C
Year 0 1 3 5
Total fluence
1 Mev equivalent 0 1 x 1045 3 x 1018 5 x 102
(e/cm?)
@ Micrometeroid damage 0 0.98 0.97 0.96
() Rendom cell failure 0 0. 99 0.989 0.987
Subtotal (2) 1. 00 0.970 0.960 0.946
*14, degradation due to particle radiation (mA) 784 760 753 743
*Voe degfadation due to particle radiation (mV) 448 448 448 448
*P degradation due to particle radiation (mW) 202 196 194 191
‘ (3)

*H, Brandhorst and R.E. Hart, "Radiation Damage to Cadmium Sulfide Solar Cells, "

NASA Lewis, TN-02932, May 1968,

@ Assumed values.

(2) Degradation from effect, other than radiation

(3) Multiply by subtotal (2) to account for all types



These data indicate that for Kapton covered cells 6 percent degrada-
tion in power can be predicted at the end of a 5-year mission at fluence
levels more than two times that predicted for the silicon cell trade study.
{Proton radiation fluence has been assumed. ) To be conservative, since
extensive space environment and array assembly data is not yet available
on these cells, all degradation factors and fluence levels assumed for CdS

. solar cells are higher than those predicted for silicon.

As with the silicon-cell array, structural weights do not increase
linearly with power level, and thus the relatively low power to weight
ratio predicted would increase slightly to 14.5 w/lb (32 w/kg). CdS solar
cells were procured in 1966, and as shown in Figures 5-11 and 5-12, the

power-to-mass ratio corresponds to that predicted.
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The present status of CDS solar cells can be summarized as follows:
e ADVANTAGES

High stowage efficiency

Low cost. Less than half that of silicon arrays (=$100/watt).
Attrition due to handling assembly and test minimized.
Substrate cost eliminated, -

Flexibility. Physical flexibility permits unrestricted array
and spacecraft configurations at any power level.

Weight. Competitive with present silicon arrays for earth
orbit,

Radiation resistance. One hundred times better than
silicon. Moreover, after exposure to high fluence
levels, at any energy level, an array exposed to low
light intensities for 1 month can regain its original
output. This is attributed to the polycrystaline
characteristics of the cell.
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¢ DISADVANTAGES

Area. Based on present measured efficiencies and degradation
assumptions two to three times the area of a silicon array is
required at a given power level.

Stability. Presently sensitive to thermal cycling in vacuum.
Availability. Only one known supplier,
® STATUS
a) Array availability depends solely on cell development.
b) Mechanical assembly techniques have been demonstrated.

c} Thin film solar cells (CdS) attractive at present effi-
ciencies if space~qualified cells can be procured.

d) Further efforts in cell design and materials engineering
are in progress.

e) NASA Lewis Research Center is pursuing further
research on thin film cells.

5.3 SOLAR ARRAY WEIGHT AND SIZE

The parametric data on array weights and size shown in Figure 5-13

and 5-14 are based on the analyses and design selection of Sections 5, 1.4
and 5. 2,

The arrays using the silicon cell are based on the following cell
design:
0. 006 in. cover glass (0. 0015 cm)
10 ohm-cm resistivity
0. 010 in, thick (0. 025 cm)
2 x 2 cm size

The thin film arrays are based on 3x 3 inch (7. 64 x 7. 6 cm) CdS cells
with an efficiency of 3. 3 percent {AMO, 55°C), The weights and sizes
include estimates for the adhesives, interconnects, substrate, frames,

cover glass, and other miscellaneous items required for fabricating

the solar arrays.
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5.4 ROTATING POWER TRANSFER DEVICES

The devices discussed in this section transfer prime power between
the two spacecraft components while allowing rotation over unlimited
angle between their components, In television broadcast satellites these
devices can transfer power from the ion-oriented array to either an earth-

oriented spacecraft body or to a spin-stabilized body.
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Two types of rotary joints have been investigated; slip rings and

rotary transformers. The following conditions have been assumed in this

investigation: .
Pressure: vacuuin {10'6 Torr or less)
Temperature: 20 to 120°F (-7° to +40°C)
Power: 1 to 25 kw per assembly
Vibration: Launch environment (nopworking)
Life: 5 years
Speed: 0.1 to 100 rpm
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5.4.1 Slip Rings

Slip rings have considerable history; assemblies have been built for

high power and for vacuurm environment.

The combination of these two

requirements is new, however, and will require special attention in the

design. Experience with slip rings in space is summarized in Table 5-8,

which shows that over 55 units have been space flown or laboratory tested

for over 150 x 103 hours and 130 x 106 revolutions.

Table 5-8. Flight Performance and Laboratory Test Data for Slip
Ring Assemblies Used for Power and Signals.

0SO 1 (S16)

0OS0O 11 (S17)

OSO III

OSO IV

LIDOS

OSO Development
OSO Second Source
AF 191

LES

Classified 1
*Classified 2
Classified 3
Classified 4
Classified 5

Development

Maximum Continuous Vacuum Exposure

3 _giPuration
Quantity { Hours x 10~ | Revolutions x 10 | (Months)
1 5.1 6. 1 24
1 6.5 8.0 ié6
1 8.8 10.5 9
1 3.7 4.0 1.5
1 2.8 0.3 4
25 6.0
6 26.5 47.0 6.0
5 0.4 0.7 0.1
| 0.1
1 3,0 5.0 4,0
1 3.0 5.0 4.0
1 3.0
4 75.0 31.0 6.0
3 0.2 0.3 0.1
2 0.2 |
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Slip ring assemblies come in three basic forms: drum with vertical
stacking, drum with flat rings, and concentric (pancake). The concentric
has the disadvantage of higher speed on the outer rings. Flat rings have
proven cumbersome with respect to debris from brush and ring wear. To
provide room for this debris out of the way of the contact area, rings are

designed as V grooves,

Two types of brushes are being used in low current (less than
50 amperes) applications. The button type, in which a curved cylindrical
button is welded to a spring, and the wire type, in which a wire of the
chosen brush material is bent to make contact with both sides of the V

groove, as shown in Figure 5-15,

|<—- 0. 023"——|

HARD GOLD BRUSH 30. 010"

N\
\\

0.0004"

900 EPOXY

HARD GC‘) LD ///

FLASH

.

Figure 5-15. Cross Section of Poly-Scientific Brush-Ring,
Type 1709

pee—— (3, 027" -—-I

N\

The choice of brush and ring material and type depends not only on
the amount of power to be handled but also on the speed and the desired
life of the assembly. In the application of interest here, the speed is one

revolution every 24 hours. At this low speed, gold on gold has better
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wear characteristics than silver graphite brushes on coil silver rings,
and both wire and button brushes are possible. Current densities up to
500 A/:i:ﬂ2 (78 A/cmz) or more can be handled by both types of brushes.

All brush-ring combinations are based on either silver or gold, but
usually they are combined into some alloy, either to improve the slide
characteristics or to provide a dry lubrication which minimizes the pos-
sibility of vacuum welding. Aside from copper, materials that have been
alloyed with silver for these purposes have a molydenum or selenium base.
This dry lubrication, however, has not proven sufficient for long space
applications. Ball Brothers has developed the Vac~-Kote process, which
reduces wear by almost an order of magnitude. The material and the
components on which it is used are degassed in vacuum at elevated tem-
peratures. Then the components are immersed in the lubricant in vacuum
and pressure cycled. After some quality assurance steps, the compohents
have a thin, tightly adhering film on all surfaces. This film evaporates
at a very slow rate and additional lubricant is added from sintered nylon
reservoirs. Vac-Kote is an insulator in bulk form but conducts in .thin

films without adding appreciably to contact resistance.

A low contact resistance is desirable to keep down losses and heat
rise and to reduce noise. An industry-wide standard value is 5 millichms
per contact. Noise varies not only with contact resistance but also with
speed and load and is difficult to specify for all conditions. Noise increases
linearly with current up to a maximum and then decreasea again. The
position of this maximum can be varied with brush force and speed. The
variation in noise does not seem to be accompanied by a corre spohding
variation of contact resistance. This resistance (at least in a test with
silver alloy materials) was a few milliohms but increased as much as
50 percent with high current in vacuum. Increased brush force can
improve the resistance but at the expense of torque. At extreme pressures

(more than 50 gram) wear would also be affected.

At this early stage of the TV broadcast satellife design, the choice
between current and voltage to transfer up to 20 kw across rotary joint is
still open. While present arrays generally work in the 20 to 50V range,

it seems desirable to raise this value to reduce the current.across the .
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contacts. A value of 200 V seems reasonable. It will require better
and longer creepage control paths and strict material control to avoid
arcing from outgassing. The current, in this case up to 100 amperes,
can be split into several ring-brush assemblies, so that a single contact
is not required to carry more than 10 amperes. For reliability over the
required long life, parallel contacts can be used in such a way that no

single failure can cause breakdown.

Preliminary design details have been discussed with two prospec-
tive vendors. Ball Brothers suggests as a basis a unit it is building for
TRW solar array drive, shown in Figure 5-16. This unit contains 20
power rings rated at 3 amperes, so that 60 A could be transferred without
redundancy. It also contains 26 signal rings, some of which could be
traded for power redundancy or longer creepage paths. The overall
dimensions are about 3-1/2 inch length x 3 inch diameter, the weight

under 2 pounds.

The Poly-Scientific Division of Litton suggest silver -copper-niobium
diselenide-graphite brushes of increased size on silver rings for a 10 kw
unit. The 200 V working voltage causes some increase in length and the
50 ampere current is to be handled by 10 rings carrying 5 amperes each.
Including redundancy for a 10-year life at 30 to 60 RPM, Litton estimates
the dimensions at 15 inches long by 3 inches diameter (38 x 7.6 cm) and
the weight as 5 pounds (2. 3 kg). Starting torque is about 16 in-oz,

(0.0113 M-Newton).

The tradeoffs on the slip rings are as follows:

Advantages Disadvantages
Simple and well proven Debris (protect bearings)
Inexpensive ’ Friction (may increase in time
: . ; especially on bidirectional
Simple installation Sotatich)

Light weight Selected material (many

Direct DC/DC transfer proprietrary)

Easy redundancy Characteristics change with wear
Iow crosstalk with signal Precision assembly and mounting,
channels and precision adjustment of

L brush pressure
Low noise P
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Figure 5-16, Solar Array Drive Slip Ring Assembly




A tentative slip ring specification for a 10 kw unit would be as

follows:

Environment:
Temperature:
Vacuum:
Vibration:
Voltage:
Current:
Current/ring:

Speed:

Noise:

Insulation resistance:

Dielectric strength:

Dynamic resistance:
Liosses:

Crosstalky
Redundancy:

Life:

Size:

Weight:
Starting torque:

20° to 120°F (-7°C to +49°C)
1075 to 10710
Boost environment, nonworking
200 vde

50 adc

10A or-less

Torr

2 configurations:
e 60 RPM
e 0.1 RPM (bidirectional)

® 100 mV RMS or less at design load
and 60 RPM

& 20 mV RMS or less at design load
and 0. 1 RPM

1000 Megohms, 50 vdc
1000 volt RMS, 60 Hz, 1 minute

5 milliohms maximum for power circuits
at 0. { ampere and 0. 1 RPM

Commensurate with allowable temperature
rise

60 db down for adjacent signal rings
at {1 Hz to 100 kHz

Single component failure (ring, brush,
lead wire) may not cause catastrophical
failure.

10 years at design speed

120 cubic inches maximum (0. 002 m3)
5 pounds maximum (2. 3 kg)

20 in-oz max. (0. 14 M-Newton)
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5.4.2 Rotary Transformers

The rotary transformer couples alternating current from a stator
through an air gap to a rotating secondary winding, Since itis an ac device,
it also needs a chopper and a rectifier/filter for the required dc/dc con-

version (Figure 5-17). Rotary transformers have been built for power
transfer up to about 100 watts, but most existing models are used for

signal transfer at very low power levels.
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Figure 5-17. Rotary Transformer

Efficiencies of 98 percent have been reached in power transformers,
but the temperature and vibration environment on a spacecraft make 95
percent more likely. The 5 percent losses pose a considerable heating
problem in high power applications. Further losses must be accepted in

the associated nonrotating circuitry, so that a total conversion efficiency
of about 90 percent may be expected.
Several other drawbacks become apparent:
e If 2 low conversion frequency is used, size and weight go up.
# If a high conversion frequency is used, a significant inter-
ference problem will occur, aggravated by the necessarily
large air gap. .

¢ Eddy current drag will influence a despin system.

e The many required insulating materials will pose a severe
outgassing problem, especially when high voltages are used,

e If power and signal channels are combined, a-serious cross-
talk problem will arise.
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Estimates of size and weight are vague because a unit at high power

rating has not been built. Based on present 100 w transformers, the

following is estimated for a 1.kw unit.

Size:

60 cubic inches for a transformer (0. 001 in3)

100 cubic inches for associated circuitry (0. 0016 in3)

Weight: 4 pounds (1.8 kg) for transformer and 3 pounds (1. 35 kg)

for the associated circuitry.

The following table summarizes rotary transformer tradeoffs:

Advantages Disadvantages
Unlimited life (bearing life) High cost
No debris Precision assembly and mounting
No arcing or brush noise Additional electronics
Low running torque Interference at switching frequency

and its harmonics

No lubrication required Heavy

5.4.3 Recommendations

The required power levels and life, slip rings have decided advan-

tages over rotary transformers, for the forseeable future, Slip rings

offer the following reliability advantages over the transformer:

Redundancy can be built into a slip ring assembly by adding
a few channels,

While the transformer, out of economic necessity, must
transfer the total power, each slip ring/brush assembly
need transfer only part of it.

To make full use of a slip ring assembly, some system design con-

siderations should be applied as follows:

The system must either be able to live with some slip ring
noise (<200 mv) or filters must be added. The noise can
be measured on ground and should not increase in space;
possibly there can be a reduction as the assembly runs
itself in.

Especially if high voltages are used (>100 V), turn-on
should take possible outgassing problems into account.

In spite of the added complications, it may be advantageous
to consider a spare set of brushes that could replace the
original brushes on ground command. This exchange should
be accompanied by a purge of accumulated debris. This
requires development.
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5.5 BATTERIES

Three battery types are available for spacecraft: nickel-cadmium,

silver-cadmium, and silver-zinc. Only the nickel-cadmium system offers

a long enough life for a 5-year satellife.

Cycles Obtainable

Battery System to 50 percent DOD Recommended Useful Life
Silver-zinc 50 1 to 2 years
Silver-cadmium 250 2 to 3 years
Nickel-cadmium 500 5 to 10 years

In addition, the nickel-cadmium systemn is the only one offering reliably
sealed individual cells and rugged electrode construction. Both silver

type cells have relatively fragile electrodes, which also react with the

interplate separator material.

The following data on individual NiCd cell size, weight, and esti-

mated unit cost is based on present procurements.

Dimensions (inches)

Nameplate LXWXH (top of Weight
Rating terminal) {Pounds) (kg) Cost (§)
6 A.H. 2.12x 0.83 x 3.64 0.62 0.28 139
5.39 2.4 9.25 in.
9 2.97x 0.880x 3.70 0. 87 0.39 145
7.54 2.24 9.40 in.
12 2.97 0.880x 4.61 1.21 0.55 170
7.54 2.24  11.70 -
15 2.97 % 0.903 == 5.03 1.45 0. 66 250
7.54 2.29 12.70 in.
20 2.97x% 0.880x 6.58 1.90 0. 86 275
7.54 2.24 16.72 in.
50 4.94 % 1.35 x 6.14 4.30 1.95 special order
12.53 3,43 15. 60 in
100 8.60 3.90 special order
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5.5.4 Eiffect of System Voltage

As system voltage increases, the number of cells in series must be
increased. The individual cell voltage is nominally 4.20 volts, while

1.5 volts of charge voltage must be supplied for each cell.

To attain 5-year life individual cell properties in a series, string
must be carefully matched to avoid failures due to capacity and voltage
divergence. As the number of cells in series increases, the battery
reliability decreases exponentially. Through the use of electronic indi-
vidual cell protection, it is possible to improve reliability. Another major
problem inherent in high voltage systems is the packaging inefficiency
associated with a large number of small cells. The ratio of active mate-
rial to hardware (case, terminals, battery hardware) is high for small
cells. Considerable work on weight-reliability tradeoffs was done under
the LES-7 Power Systems Study (MESAC).

From the standpoint of reliability, the multiple battery concept with
up-down converters between each series battery string offers an excellent
approach. However, the added complexity, weight, and cost must also be

considered.

5.5.2 Degradation with Time

A general value cannot be placed upon degradation with time because
of the many influencing factors. The charge control method, temperature
extremes, amount of reconditioning, depth of discharge, and operating
rates will all influence the rate of degradation. In general, it may be
said that over a 5-year period battery degradation will not affect perfor-
mance if temperature extremes are held to 50°F to 95°F {(10°C to 35°C)
operating, periodic reconditioning is carried out, depth of discharge does
not exceed 50 percent, and charge control is carefully integrated into the

spacecraft design.

5.5.3 Charge Control Methods

Methods of charge control available for consideration in a satellite-

type application are listed below:

a) Constant current charging at a continuously acceptable
rate (no voltage control used).
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b} Modified constant voltage charging, in which the battery
is charged at the maximum rate compatible with the
available current from the power source until it reaches
a predetermined voltage and, thereafter, is charged at
constant voltage. The limiting voltage may be a function

of battery temperature.

c) Voltage-actuated switch-down methods in which the
battery is charged at relatively high currents until its
terminal voltage reaches a predetermined level, after
which it is switched down to trickle charge in one or
more steps. The preset voltage level may be temperature-
compensated.

d) Measurement of the coulombic input and output of the
battery, and restoration of the withdrawn charge, plus
an additional amount to compensate for inefficiency.
Either electronic ampere-hour meters or electrochemical
coulometers (such as the cadmium-cadmium device) may
be used.

e) Measurement of internal oxygen pressure generated by
the overcharge reaction. This may be implemented
either by pressure sensors or by auxiliary electrodes.

f) Measurement or control on an individual cell basis.
This includes cell voltage sensing for current switch-
down and cell bypass techniques.
The relative merits of the various charge control schemes vary with
the application and depend, to a large extent, upon the level and range of
temperature of the battery in the charge-discharge cycling mode. Xach

is discussed below.

¢ Constant Current Charging

Tests reported by Kipp and NAD Crane show that for
24-hour synchronous orbits, a minimum of 200 percent
recharge power is required at 75°F to 85°F, (240C to 29°C)
using constant current, to keep end-of-discharge voltage
above 1.1 v per cell at 50 to 60 percent depth of discharge.
For the 22-plus-hour charge period between eclipses,

this requires at least a C/20 charge rate. At temperatures
as low as 30°F (-1°C) this rate causes high cell voltage

and pressure on over-charge.

At temperatures of 90°F to 100°F (32°C to 38°C), the effi-
ciency at this charge rate is too low to permit complete
recharge. Thus, this method is effective only if the
temperature can be maintained in a narrow band centered
about 65°F (18°C). ’



® Modified Constant Potential Charging

Without temperature compensation, modified constant
potential charging (electronically implemented) works
well at low temperatures, restoring charge efficiently
and protecting against overpressure. At the end of
charge, or at high temperature, the battery tends to

enter thermal runaway. This condition may be controlled
by switching to trickle charge at a predetermined temper-
ature.

Flectronic compensation of the voltage limit for battery
temperature can protect against thermal runaway effec~
tively, at a modest reduction in the state-of-charge
achievable at high temperatures. This has the effect of
narrowing the operating temperature range of the battery.
Introduction of temperature compensation requires a
separate control element for each battery if two or more
are used in parallel to prevent thermal instability and to
assure effective recharge of all batteries.

Voltage Actuated Switchdown Methods

Voltage switchdown to trickle charge has been used
effectively by TRW on the Intelsat III program and two
-classified Air Force Programs. The switchdown actua-
tion depends on the rise in end-of-charge voltage observed
in nickel-cadmium cells. Because the charge voltage
characteristic is temperature dependent, the voltage limit
must be temperature compensated for operating-temperature
ranges in excess of 30°F (-1°C). Temperature compensa-
tion of the voltage limit has been applied to the Intelsat III
application with an operating temperature range of 40°F

to 80°F (4°C to 29°C). Above 85 F (29°C) the rise in end-
of-charge voltage becomes less sharp and tolerances
involved in voltage sensors make accurate switching less
dependable. For this reason, a thermal switch is provided
on Intelsat III as a backup to the voltage limit switch. For
other synchronous orbit missions studied by TRW, the
temperature of the battery normally varies during a
24-hour eclipse orbit period with the highest temperature
occurring during discharge and the lowest temperature
occurring during high-rate recharge. For this type tem-
perature profile with a 100°F {30°C) peak occurring during
discharge, it is believed that the voltage switchdown method
will be appropriate for 20 amp-hr batteries in a synchronous
orbit satellite. For batteries employing larger cells, the
greater difference between cell skin temperature and cell
internal temperature may require adoption of a different
charge technique.



® Coulometric Limiting of Charge

At low internal cell temperatures, where charging efficiency
is high, either the electronic or electromechanical ampere-
hour meter can work effectively as a charge controller. At
temperatures above 70°F (21°C), however, the charge effi-
ciency of the positive electrode of the nickel-cadmium cell
becomes gquite sensitive to temperature and charge rate

and, thus, an uncompensated coulometer ceases to be an
accurate representation of the cell behavior. Coulometric
charge control has been shown by tests at the NASA Goddard
Space Flight Center to be adequate when battery tempera-
ture, charge rate, and charge-discharge cycle are all held
constant. No tests have been run over the range of tem-
peratures and depths of discharge to be encountered in a
synchronous orbit. Although some data on charge effi-
ciency versus charge rate and temperature is available,

a coulometer compensated for these characteristics would
be unduly complex and appears to offer no net advantage
over a properly compensated voltage limit.

® Measurement of Internal Oxygen Pressure

Although pressure sensors have been used for limit switches
jn nickel-cadmium cells, little has been done with electrical
or electromechanical pressure sensors for charge control
because total internal pressure can be misleading due to

the possibility of residual hydrogen or nitrogen pressure.
The auxiliary electrode, which is an electrochemical
oxygen pressure sensor, has been extensively inve stigated
and has been determined to be effective in signaling the
acquisition of full charge over a fairly wide temperature
range while protecting the battery against overtemperature
and overpressure. The electrode delivers a signal which
preferably should be compensated for battery temperature.
Tor operation over a wide temperature range, service-life
data are unavailable for 5 years, but there appears to be

no obvious failure mechanisms that would prevent extended
life.

The auxiliary electrode may deliver a false full charge
signal for a short period immediately after discharge,
temporarily preventing battery charging. In a 24-hour
orbit application, this is not likely to be a major disad-
vantage. The effectiveness of this device at the relatively
low charge rates that may be considered for 24-hour
cycles has not been adequately demonstrated. This
approach is especially attractive for batteries using large
ampere-hour cells.



® Control by Individual Cell Response

Voltage limiting methods may be implemented by sensing
the potential at each cell and controlling the battery current
on the basis of a voting gate output. This has the advantage
of controlling the battery charge according to the require-
ments of the few lowest capacity cells at the cost of con-
siderable increase in electronic complexity.

. Alternative and electronically simple devices for imple-
menting cell level charge control are the stabistor and the
amp-gate diode. Both these devices have the characteris-
tics of 2 crude shunt voltage limiter. The stabistor is
uncontrolled in temperature; the amp-gate diode is mounted
on a heat sink designed to allow the diode to enter thermal
runaway when current flows through it, thus using the
negative temperature coefficient of voltage of the diode to
sharpen the regulation curve. Both the stabistor and the
amp-gate diode have the disadvantage of conducting appre-
ciably at high-cell discharge voltage and during the middle
stages of charge. The energy lost and heat generated in
this bypass process is significant for spacecraft applica-
tion. The stabistor's limiting characteristic is inadegquate
for protection of a low temperature cell against high pres-
sure behavior. The amp-gate diode's characteristic
approaches the desired form more closely; however, the
design complications resulting from the three-way inter-
face between battery, diode heat sink, and thermal control
subsystem make use of this method unattractive..

Transistorized circuits may be used to provide a better
characteristic at the expense of increased complexity.

5.5.4 DBattery Sizing

The battery recommended for use on the television broadcast satel-
lite is a nickel-cadmium battery. Since the battery rating cannot be deter-
mined until one of the candidate satellite configurations is selected and
loads are defined, the following parametric data is provided to estimate

battery size as an aid in evaluating candidate satellite configurations.

Figure 5-18 estimates required battery capacity as a function of
connected load during eclipse. Figure 5-19 makes no provision for bat-
tery redundancy and if 100 percent redundancy were required the deter-

mined capacity would have to be doubled.

Figure 5-19 estimates the additional load on the array during sun-
light to recharge the batteries as a function of the required battery

capacity.
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Figure 5-20 depicts battery weight and volume as a function of
battery capacity for 22-cell nickel-cadium batteries.
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Figure 5-20. Battery Weight and Volume (30-Volt System)

5.6 ELECTRICAL DISTRIBUTION EQUIPMENT

An electrical distribution systefn for a spacecraft consists of the

following two categories of equipment:

a) A primary distribution system consisting of all cables,
connectors, relays, and associated distribution equip-
ment between the primary power source (solar array) -
and the input to the conditioning and/or utilization
equipment.

b) A secondary distribution system consisting of all
interconnecting -wiring, connectors, relays, fuses,
etc. between the batteries, conditioning equipment,
and loads.

The distribution equipment can represent a substantial percent-
tage of the total power systemn weight and the spacecraft weight. As an

-
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example, the OGO satellite power system (approximately 300-watt load)
has 110 pounds of wiring harnesses. The weight of the required distribu-
tion equipment must, therefore, be considered in tradeoff analyses of
power system configurations. It is difficult to make an accurate weight
estimate in the early evaluation stages of spacecraft and power system

designs.
The factors affecting distribution weight are:

Geometry of the spacecraft

Equipment layout within the spacecraft )
Quantity and type of load and conditioning equipment
Allowable power loss and/or volta;ge drops

Voltage levels

Power types and total power reguirements

Shielding requirements

e & © & & ¢ & o

Protection schemes

In general, wire is the major weight component of the -distribution
system and can be reduced by increasing voltage level. The primary
distribution system normally utilizes one distribution voltage that could

be selected to minimize overall power system weight.

The seconéary distribution system harnesses are normally designed
on the bases of selecting wire sizes to lirnit voltage drop between connec-
tion points {0 a maximum of 0.25 volts. Utilizing this limitation, a figure
of 12 percent of the weight of the sum of all interconnected black boxes
{control, conversion, and conditioning equipment) has been found to be a
fairly good first approximation of the weight of the secondary distribution

system.

The primary power distribution system weight will consist mainly
of cabling. As stated previously, the cable weight will be greatly affected
by the distribution voltage and will also vary as a function of line length,
line resistance, and total power transmitted. The line resistance is a

function of cross section, femperature, and length.



Consider a cable consisting of No. 20 AWG stranded copper wires
connected in paraliel. This wire has a resistance of 10 ohms per 1000 foot
at a temperature of 25°C and a weight including insulation of 4.5 pounds
per 1000 foot.

For any number of AWG 20 wires comnected in parallel, the total

cable weight including the return cable for a cable length {one-way) of L is

ER

W =48 x 107> == pound
c Ri

where R, is the cable resistance (including return) per foot of one-way

length. The differential array weight for covering the cable loss is
W_ = 0.05 I°R, L pound
a g poun

The sum Wc + Wa has a minimum for

R, = 6 x 10—'2
1 1
or
AV, = 0.06 volt/it
where AV, is the voltage drop per foot of (one-way) length. The cable

1
weight is then

W =3x 10311 pound

The preceding analysis is based on a conductor temperature of 25°C.
The cable weights, power loss, and voltage drops will be ciifferent for any
other temperature. Figure 5-21 gives a correction factor which can be
used to modify these parameters if the conductor is at a temperature of
other than 25°C.
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Where the main solar array power bus is unregulated and/or the
voltage requirements of the load differ greatly from each other or the
solar array output, power conditioning is necessary. The functions can
be incorporated in converters or inverters which may be utilized sepa-

rately or combined for reliability.

Pul sewidth modulated (PWM) regulator-converters are very appro-
priate for-the general requirements for power conditioning. The theory
and operation of these regulators is well known and have been described
in previoué studies conducted for NASA {References 5-1 and 5-2). In
general, a PWM regulator converter consists of an input filter, a pulse-
width power modulator, a transformer, a rectifier assembly, and an out-
put filter. A number of converters may be arranged in a parallel input,

series output configuration where very high output power and voltage is
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required. Characteristics are given parametrically for regulator-
converters versus load power as a function of input voltage (Figures 5-23
and 5-24). Where redundant arrangements are used the weight will be
higher and the efficiency lower. This is the case for the data noted in

Figure 5~25 for the housekeeping loads.
5.7 POWER SUBSYSTEM SIZING

- 5.7.1 Subsystem Configuration

The recommended configuration is given in Figure 5-22. As shown,
system loads have been separated into three categories: RF power ampli-
fier No. 1, RF power amplifier No. 2, and houskeeping loads.

The parametric data utilized for the power system components are
given in Figures 5-23 through 5-29. Figure 5-23 plots weight versus out-
put load for a regulated converter for an RF power armnplifier. Figure 5-24
shows the corresponding volume and power loss. The power amplifier will
require several different voltage levels. The collector supply will repre-
sent more than 90 percent of the total power requirement. The estimates
are based on supply voltage levels up to 20 kv. The power level to be used
in Figures 523 and 5-25 is the maximum average of the total power con-
sumed by the RF power amplifier. Weight and efficiency estimates are
based on parametric data provided under contract NAS 7-546, "Analysis
of Aerospace Power Conditioning Component Limitations, "' The regulator
converter has been considered to use pulse-width modulation. Packaging
and signal circuits have been considered to represent between 30.and

40 percent of the total weight, W‘iﬂl the lower value applicable to ratings
above 10 kw,

Figure 5-25 gives weight, volume, and losses as a function of load
for the power conditioning equipment associated with the housekeeping
loads., For these estimates, the housekeeping loads are considered to be

60 percent dc power, 20 percent single phase ac power, and 20 percent
three~phase ac power.
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Figure 5-26 presents estimates for the weight, volume, and average
required charge power for batteries and associated battery charge control
as a function of battery load for a nominal 30-volt system. The weight
and volume of the battery control are taken as the maximums of the various
types of battery control (see Section 8. 3}.

Figure 5-27 estimates the weight and power loss for the power
cables (from output of array to input of power conditioning equipment) as

a function of load power for various distribution voltages.

The data apply to cables of optimum size. The weight is the total of
positive and negative cable per 100 feet (30.5 m) one-way length. The cable

volume is approximately 4 cubic inches per pound (0. 145 m3 /kg).

Figure 5-28 gives the weight and volume of a slip ring assembly as

a function of output power, Efficiency is taken as 99. 75 percent.

Figure 5-29 estimates the weight and area for a flat panel solar array
utilizing silicon solar cells as a function of output power. The weight and

area given are that which provide the output power at the end of five years.

Given the configuration of Figure 5-22, Figure 5-30 gives these
power system parameters as a function of total load for a nominal 100-volt
main distribution and a 30-volt battery system. Sensitivity to the main
distribution voltage is shown in Figures 5~31 and 5-32, which show system
weight, system losses, equipment volume, and array area versus total
load as a function of voltage (30, 100, and 300 volts), In all cases a power

cable length of 20 feet (6. 1 meters) is assumed.
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Figures 5-30 through 5-32 are for quick estimates. A more accurate
power subsystem sizing, taking into account the actual load division, is

obtained by a step by step procedure using the matrix in Table 5-9. This

procedure is as follows:

Determine loads and place in 1A, 2A, and 3A

Determine input power, weight, and volume of Items 1
and 2 using Figures 5-23 and 5-24

Determine input power, weight, and volume of Item 3
using Figure 5-25

Set Item 4 load equal to Item 3B

Determine Item 4 input power, weight, and volume
using Figure 5-26

Set Item 5 load equal to Item 4B

Determine Item 5 input power, weight, and volume
using Figures 5-23 and 5-24

Item 6 load equals sum of Items 1B, 2B and 5B

Determine weight of Item 6 from Figure 5-27, Multiply
this weight by ratio of assumed length to 100 foot and
enter in 6C. 6B equals 1.01 times 6A. 6D equals

4 in3/1b x 6C

Item 7 load equals Item 6B

7B = TA/0.9975. Determine 7C and 7D from Figure 5-28
Item 8 load equals Ifem 7B

Determine weight and area from Figure 5-29.
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Table 5~9. Power System Parametric Matrix

A B C D
Ttem Input Volume
No. Equipment Load | Power | Weight | or Area
1. Power Conditioning for Power
Amplifier No. 1
2. Power Conditioning for Power
Amplifier No. 2
3. Power Conditioning for House-
keeping Loads
4, Batteries and Battery Control
5. Power Conditioning-Main Bus
to Battery Bus
6. Power Cables
7. Slip Rings
8. Solar Array
SOLAR * gﬁg (30,100, or 300V FONER POWER
ARRAY ASSENRLY COMDITIONING AMPLIPIER
(de—dc HEG.-CONV). NO. 1
FONER POWER
POWER CONDITIONING AMPLIFIER
CONDITIONING {de—de REG.-CONV.) ¥O. 2
{de—dc RE}.-CONV.)
l 30v FOWER
P} CONDITIONING HOUSEXEEPING
(conv. & INV.)
BATTERY
CONTROLS
]
BATTERTES
Figure 5-22, Power System Configuration
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Figure 5-34.

Electric Power System Equipment Volume and
Array Area Sensitivity
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6. LAUNCH ANALYSIS

To identify potential boosters for television broadcast satellites, all
available launch vehicle combinations in the Atlas and Titan class and
some feasible modifications of these have been evaluated in terms of the

following mission requirements:
o ILaunch in 1975-80 period.

e Synchronous equatorial orbit.

¢ In-orbit satellite weight: 1000 to 10, 000 pounds (454 to 4540 kg)

It is assumed that the launch vehicle will perform the injection
into synchronous orbit (apogee burn) and the initial orientation of the
satellite. Trim maneuvers for removal of launch vehicle injection errors
are achieved by the spacecraft propulsion upon separation from the final

stage.
6.1 CANDIDATE LAUNCH VEHICLES

Many launch vehicle combinations are available from the Atlas and
Titan families. Some are currently operational, and others are feasible

meodifications which could be operational in 1975.

Titan IIIB is a third-generation Titan incorporating the first and
second stage liquid engines common to all Titans. The Titan IIIB alone
cannot place a pavload in orbit but when combined with the (improved)
I-Centaur and Burner II as upper stages, it can place 1500 pounds (680 kg)
in that orbit. Currently there is no c;apability for launching a Titan IIIB
from ETR, but with some modifications a launch pad could be made

available. Such modifications are scheduled to support Intelsat IV.

Titan IIIC is a third-generation Titan consisting of the first and
second stage liquid engines common to all Titans, five-segment solid
strapons and the transtage. With its multiple restart capability, the
transtage can perform the final burn to parking orbit as well as the peri-
gee burn and the apogee burn to circularize at the synchronous altitude.
One feasible modification of the Titan IIIC consists of replacing the five-
segment solid strapons with seven~-segment motors. Since the seven-

segment motors are in development for the MOL program, it is reasonable
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to assume that they will be available by 1975. The transtage currently
has a 6. 5-hour lifetime, limited by its batteries and coolant. Starting
with flight article no. 17, closed-loop radiators will elimate the coolant
constraint. The Martin Company also indicated that if the 150 amp-hour
batteries are replaced by 450 amp-hour batteries, the orbit lifetime of
the transtage could be increased to approximately 24 hours. This
modification is not difficult but would degrade the synchronous payload

capability by approximately 150 pounds (68 kg),

Titan HIC Mod I is a growth version of the Titan IIIC that has

been proposed by the Martin Company. It derives increased capability
from proposed c_ﬁanges in helium tanks, batteries, transtage wiring,
elimination of excess instrumentation, use of transtage mixture ratio
control, and improvements in the injector and guidance system. These
modifications could be incorporated by 1975, but no cost figures are

available.

Titan ITIC Mod II is a second-growth version of the Titan ITIC.

This vehicle utilizes all the modifications proposed for Mod I except for

the improved guidance system.

Titan IIID is a third-generation Titan. The Titan IIID is essentially
the Titan IIIC without the transtage. Although the Titan ITID alone cannot
perform the syncﬁronous mission, combined with the large tank Agena
as an upper stage its capability is adequate for 4900 pounds (2220 kg) in
orbit, The Titan IIID has the same ETR launch pad problem as the
Titan IIIB.

SLV-3C is an updated version of the Atlas. The SLV-3C is 51 inches
(1.3 meters) longer than the regular Atlas. It has been developed for
use with a Centaur upper stage. In this survey, the SLV-3C is mated with

a Centaur Df/Burner I combination and an I-Centaur/Burner IIL

SLV-3X, defined by General Dynamics, has higher performance than
the SLV-3C. Mated with the Centaur D, it can inject 14 percent more
payload to synchronous equatorial orbit than the SLV-3C/Centaur D/
Burner II. General Dynamics indicates that development of the SLV -3X
vehicle probably will not be undertaken, but it is still a possibility,



Agena-D is a high-energy, liquid-propulsion system developed by
Lockheed. Lockheed is proposing a growth version with larger propellant
tanks, increasing the propellani: load to 35, 000 péunds (15, 800 kg).. Where
the current TIIID/Agena uses a bi-elliptic transfer orbit for synchronous
equatorial missions, the long-tank Agena utilizes 2 100-n mi (185-km)
parking orbit, with the Agena supplying the impulses for injection into
the final parking orbit, as well as the perigee and apogee impulses.

This second approach is preferable for television broadcast satellites.

Centaur-D can be used advantageously in either a two or three burn
mode for synchronous missions. For missions requiring long coast
periods, the performance of this stage is degraded as a result of
propellant logs through boiloff. This problem is most prominent in the

three burn mode.

I-Centaur is an improved version of Centaur D. The improvement
consists of a radiation shield for reduction of propellant boiloff and
improved reliability. It is reasonable to assume that these improvements

can be incorporated by 1975.

Burner Ilis a small, solid propellant stage built by the Boeing
Company. It includes the TE-M-364-2 solid motor, a preprogramed
strapdown inertial guidance system, a battery powered electrical system,

and a telemetry system.

Apgena E is sometimes referred to as the "'Super Agena'' or the
“NZO4 Agena." The latest information from LMSC indicates that this
motor will not be developed.

Bell 8533 is the N;Oy4 engine proposed for the Agena E.

Synchronous equatorial payload data is presented for each of the
candidate vehicles in Table 6-1 to aid in vehicle selection. Additional
data such as cost, availability, reliability, and paylcoad diameter are
also listed when available. These data have beenverified where

possible but must be considered as preliminary data.

6.2 PAYLOAD FAIRINGS

Figures 6-1 and 6-2 show payload fairings for the Titan IOC and

Titan ITC follow-on, respectively.
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Table 6~1,

Potential Launch Vehicles

Payload Cost per Payload .
Vehicle (in synchronous Launch Diarneter | Availability | Reliability
equatorial orbit)¥ 6
Th kg (10°3$) ft |m

SLV -3C/I-Centaur/Burner II 1450 660 10%k% | 3 0.90%
SLV~3C/Centaur D/Burner II 1495 680 12,5 10#%%% | 3 Now 0.94
SLV-3X/Centaur D 1700 770 14. 0 10 3 0. 90
T IIIC . 2160 980 17.6 10 3 Now 0. 90-0.95
T IIIC Follow-~on 2350 1070 10 3 0. 90x
SLV-3X/Centaur D/Burner I 2500 1135 A‘ 1Q%%ek |3 0. 90=
T IOIC - MOD I 3638 1650 %g* 10 3 0. 90=
T IIC (7-Segment Solids) 3670 1670 25% 10 3 1970 0. 90%*

T ITIC - MOD II/Burhner II 4006 1820 estimated "} ) puun |3 0. 90%
T IIID/Agena D (La.rg‘e Tank) 4900 2220 ___L_ 1 Qsteslesk 0. 90

e

G Estimate, not verified.

el Payload data shown are degraded for payload fairing of compatible size.

Heslere

With appropriate fairing, mounted on next-to-last stage, otherwise 5 ft (1.5 m).
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CONFIG L
NO, (IsL) A B C D

XX15 FT 180 3.00 { 3.00 | 3.00 84
XX20 FT 240 13.00 | 3,00 | 3.00 144

XX25 ET 300 | 3.00 | 3.00 | 3.00 | 144
XX30 FT || 360 | 3,00 | 3.10 [ 3.60 | 144 9. 00
XX35 FT 420 | 3.00 | 3.70 | 4.20 |.144 (15L)
XX40 FT 480 | 3.00 | 4,30 | 4.80 | 144
XX45 FT 540 | 3,00 | 4,90 | 5.40 | 144
XX50 FT 600 | 3.00 | 5,50 | 6.00 | 144

/-— 44,84 R (I5L)

Vants

' L (ISL) #— PLF ENVELOPE
_ PAYLOAD
, % > N|| ENVELOPE
0 Q
N A & 7 A
s 4 1,00 (TYP) - (NOT TO BE
_LIGHT WL HEAVY L VIOLATED BY THE PAY-
PAYLOAD PAYLOAD | LOAD OR PFL)
( ] |
/2 oo l.
PLF . L—— 107,27 —‘-I
i fe——— 114,77
330 e 120,270 —
(Typ) ™1 (REF)

Figure 6-1. Titan HIC Payload Envelope
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DESIGN AND CONSTRUCTION FEATURES (CONT'D)

] PAYLOAD FAIRING ENVELOPE
NOTES:

> STD NOSE SEGMENT
44,84 R INSIDE SKIN LINE (ISL) 2> . TvP INTERMEDIATE SEGMENT
STD AFT SEGMENT

PLE STRUCTURE AND DYNAMIC ENVELOPE DIMENSIONS -
I STRUCTURE ENVELOPE NOT TO EXCEED 1.5 IN INBOARD
D‘ OF ISL
108 ONFIG L A - B C C E
ISL NO. (ISL) (1L
J XX15 180 3 3 3 84 84
XX20 240 3 3 3 144 144
XX25 300 3 3 3 144 204
XX30 360 3 3.1 ig m ggﬁ
1270 XX35 420 3 3.7 .
“—312,2 (2|§L) g L XX40 480 3 43 4.8 144 384
i XX45 540 3 4.9 5.4 144 444
1 0 XX50 600 3 5.5 6.0 144 504
60 |1 |
> I L (ALL DIMENSIONS IN INCHES)
{ 1l |i D
72 | PAYLOAD AND PLF
B> ) J \ kL ABOVE THIS STA
** N Y f' TINCSTA77.0 4
A \\\
& \ T HIC VEHICLE
\_____/Q\ PLF SEPARATION PLANE (ONE OF THREE LOCATED 120 DEGREES APART)

PAYLOAD ENVELOPE
BLO. 000

Figure 6-2, Titan IIIC Follow-on Payload Fairing
System Primary Design Requirements



The SSLV and OAQ fairings, shown in Figures 6-3 and 6-4,

respectively, can be used on a Centaur stage equipped with a payload

support skirt and structure. Both these fairings can be made to a length

matched to the spacecraft size and can accommodate a Burner II upper

stage.

Payload degradation due to the addition of a payload fairing can be

reasonably estimated using the payload fairing sensitivity coefficient

W pL,/d8Wrajr = 0.066, and for a 1000 pound fairing the synchronous

equatorial payload would be reduced by 0,066 x 1000 or 66 pounds.

6.3 AS.CEND TRAJECTORIES AND LAUNCH SEQUENCE

The basic launch sequence is as follows:

L

Lift-off and injection into a 100 n mi (185 km) parking orbit
at a nominal azimuth of 90 degrees (93 degrees for Titan IIIC).

Coast to first equator crossing.

Perigee injection into a Hohman transfer orbit with apogee
at synchronous altitude, combined with a plane change of a
few degrees.

Coast to synchronous altitude.

At apogee of the transfer orbit, circularization and plane
change for injection into a nearly circular, equatorial drift orbit.

Initial satellite orientation, performed by the upper stage.
Separation of spacecraft from upper stage.

Trim maneuvers for correction of launch vehicle injection errors.
Deployment of spacecraft solar arrays and antennas.

Drift to required position.

Tracking for determination of spacecraft orbit.

At the required final position, removal of drift velocity.

The drift orbit is required because, in general, the longitude at

transfer apogee does not coincide with the required final position.
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Drift orbits for westward or eastward drift are slightly elliptical
orbits with a period slightly larger or smaller, respectively, than the
synchronous orbit. The drift orbit is determined by adjustment of the
magnitude and direction of the apogee injection impulse. Generally, the
apogee or perigee of the drift orbit is at synchronous altitude with the
orbit period chosen such that the spacecraft reaches its final position
when at synchronous altitude. The westward drift requires a larger
apogee impulse than injection into synchronous orbit, with the eastward
drift requiring a smaller imipulse. (A larger impulse gives initially a ‘
larger inertial velocity but results in a larger orbit period due to exchange
between kinetic and potential energy.) Therefore, the eastward driftis

preferred from the viewpoint of payload capability.

The AV required for apogee injection into synchronous orbit or
nearly synchronous drift orbit is shown in Figure 6-5 as function of incli-
nation of the transfer orbit and the drift rate after injection. The transfer
orbit inclination is usually about 2 degrees less than the inclination of the
parking orbit. The latter is given in Figure 6-6 as function of launch
azimuth. The AV capability required for drift removal (i. e., circulari-
zation) by the spacecraft propulsion system is related to the angular rate

A &of position drift by
AV = 9.3 Aa

where AV is in ft/sec and Ad in degrees/day.

The fuel requirement therefore is 1. 35 percent of the spacecraft
weight per 100 ft/sec, assuming hydrazine with an Isp of 230 seconds. The
position drift rate is 8 degrees/day per percent of satellite weight allowed

for drift removal at the final position.
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The apogee burn must be carried out at a longitude visible from the
ground station that commands the apogee motor firing, initial satellite
orientation, separation, trim maneuvers, deployment of satellite arrays
and antennas, tracking the satellite to determine the drift ephemeris, and
the removal of the drift velocity at the required final position. This
requirement limits the drift length to a longitude interval of about 60
degrees when all above functions are controlled by one ground station
located in or near the area to be covered by the television broadcast

satellite,
6.4 CONTROL OF APOGEE INJECTION LONGITUDE

Limitations on drift length, discussed in Section 6.3, may require
deviations from the basic launch sequence outlined in that section to change
the longitude of the transfer apogee. This can be achieved by one or more

of the following methods:

e Launch Azimuth

Variation in launch azimuth provides a vernier adjust-
ment of the longitude at which the low altitude parking
orbit crosses the equator. Figure 6-7 shows the longi-
tude displacement as a function of launch azimuth. In
general, the launch azimuth will not be varied by more
than about 20 degrees from due east since large varia-
tions adversely affect the vehicle performance. In
addition, range safety restrictions limit the possible
launch azimuth range. Figure 6-8 shows the allowable
range for any vehicle launched from ETR. Also, addi-
tional restrictions exist for some launch vehicles; the
Titan IIIC, for example, cannot be launched at an azi-
muth north of 93 degrees so the second stage does not
enter over Africa.
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e Extended Coast in Parking Orbit

The injection into transfer orbit can be delayed until a
later earth egquator crossing. Delay from the first
crossing (in southerly direction) to the second (in
northerly direction) moves the longitude of apogee
injection westward by 191 degrees, a large step.
Between consecutive crossings of the same direction
(southerly or northerly), the longitude is shifted

22 degrees westward. Launch vehicle constraints
such as fuel boiloff, drift of inertial reference, or
battery capacity may require that the injection is
achieved from the first southerly or first northerly
equator crossing. Table 6-2 shows the transfer
perigee and apogee longitudes for the different exten-
sions of low-altitude coasting.
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Table 6-2. Low Altitude Parking Orbit

91-9

Transfer on a Southerly Crossing Transfer on ;é. Northerly Crossing
Transfer Apogee Transfer Apogee
Revolutions Longitude Longitude Revolutions Longitude Longitude
0 4. 0°E 105, 0°E 1/2 173. 0°® 86. 0°W
1 18, 1°w 82.9°E 1-1/2 150. 9°E 108, 1°W
2 40. 2°W 60. 8°1 2-1/2 128, 8°F 130. 2°W
3 62.3°W 38. 7°E 3-1/2 106. 7°E 152. 3°W
4 84, 4°W 16, 6°F 4=1/2 84. 6°E 174. 4°W
5 106. 5°W 5. 4°W 5-1/2 62. 5°E 163. 5°E
6 128. 6°W 27. 5°W 6-1/2 .40. 4°E 141.4°E
7 150. 7°W 49, 6°W 7-1/2 18. 3°E 119.3°E
8 172, 8°w 71.7°W 8-1/2 3. 8°wW 97. 2°E
9 194, 9°W 93, 8%W 9-172 26. 9°W 75. 1°E
Notes:

1) Based on due east launch from 82°w longitude.

2) The longitudes are approximate and will vary a little for different booster vehicles.

3) The parking orbit altitude is 100 n mi.

4) A Hohmann transfer ellipse requiring 5. 25 hours is assumed.



o Bi-elliptical Transfer Orbit

A large measure of transfer apogee longitude is made
available by using a bi-elliptical transfer trajectory
instead of the single-elliptical Hohman transfer. In
this method, the transfer trajectory comnsists of two
ellipses, cotangential at the apogee of the first ellipse
which is either above or below the synchronous altitude;
Figure 6-9 shows these two possibilities. The cotan-
gential point is then the apogee or perigee of the second
ellipse, which has its perigee or apogee, at synchronous
orbit, respectively. The freedom in selection of the
cotangential altitude provides control of flight-tirne in
the transfer trajectory and thereby of the longitude of
injection into synchronous orbit.

A disadvantage of this approach is the need for an

additional burn for transfer from the first ellipse to
the second.

e Extended Coast in Hohman Transfer Orbit

An alternative way of controlling injection longitude
by varying the flight time in transfer to synchronous
altitude is to delay the apogee injection until a later
apogee pagsage. Between consecutive apogee pPas-
sages, the injection longitude is moved westward by
158 degrees, the rotation of the earth in the 10.5
hour Hohman orbit period.
The use of bi-elliptical transfer, extended coast in parking orbit,
or in Hohman transfer orbit all prolong the flight fime from launch to
injection into synchronous (or nearly synchronous orbit). These approaches

are therefore limited by the lifetime of the upper stage.

The transtage with extended lifetime, 24 hours, must be fired at
first or second apogee passage in the Hohman transfer orbit which leaves
the choice of one 158 degree increment in apogee longitude. The Centaur
will suffer from payload capacity degradation through propellant boiloff for
any extension of coast time. This is illustrated in Figure 6-10 which shows
the apogee positions and payload reduction resulting from extensions of the
coast in low altitude parking orbit for the SLV-3X/Centaur equipped with
radiation shield to reduce ti1e boiloff. The Burner II, a solid stage, does
not suffer from boiloff. Still, extended coast in the Hohman transfer may

result in performance degradation due to drag at perigee.
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CASE A CASE B

SECOND TRANSEER
ELLIPSE

LOW ALT
PARKING ORBIT

LOW ALT
PARKING ORBIT

FIRST TRANSFER
ELLIPSE

FIRST TRANSFER
ELLIPSE

24-HOUR 24 - HOUR
ORBIT ORBIT

@ INJECT INTO TRANSFER ELLIPSE
@ CHANGE PERIGEE TO THE 24-HOUR ALTITUDE
(3) INJECT INTO"24-HOUR CIRCULAR ORBIT

Figure 6-9. Bi-Elliptic Transfer Trajectory

The appropriate method for selection of apogee longitude véaries with
the final position required and the launch vehicle combination used. Also,
the control of apogee injection longitude must be traded off against drift in
nearly synchronous orbit over a longer longitude interval. Such tradeoff
should consider the use of more than one ground station to allow control by
command at the beginning and end of a longitude drift longer than 60 degrees.
The use of existing NASA tracking stations or temporary deployment of a

tracking ship are possibilities to provide this capability.
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Figure 6-10. Synchronous Longitude Selection Capability

6-19



7. SATELLITE CONFIGURATIONS

7.1 INTRODUCTION

Three satellite configurations representative of three broadcast
concepts are presented. All three configurations have the following

features in commen:
a) Synchronous equatorial orbit
b) Three-axis stabilized

¢) Propulsion System. Attitude control uses cold gas nitrogen;
initial positioning makes use of monopropellant hydrazine;
stationkeeping uses a colloid system.
The configurations vary as to broadcast frequency (0.9 GHz,.2.5
GHz, and 12 GHz), antenna size and configuration, and solar array output
power (12 kw, 4 kw, and 8 kw). The body orientation (sun- or earth-
oriented), type of solar array (foldout or rollout), and launch vehicle also

vary with each of the configurations.

One of the major constraints was toaccommodate the requirement
for sun-orientation of solar arrays in conjunction with earth-pointing of
broadcast antennas. The requirement for large arrays and large broad-
cast antennas required their storage and subsequent deployment to main-
tain overall spacecraft volume within the launch vehicle fairing constraints.
A significant characteristic of all three configurations is large, external

light-weight structures whose flexibility introduces dynamic interactions.

7.1, 1 Attitude Control

The required broadcast antenna pointing accuracy is 0.1 degree;
spacecraft body pointing to this accuracy is difficult to achieve because of
the flexible structure dynamics. Therefore, the spacecraft body is
oriented to within + 5 degrees and the required antenna pointing is
obtained through the us;e of interferometer or other high accuracy sensor
techﬁiques (the antennas are decoupled from the spacecraft body through
gimbals). Although a pitch momentum wheel could be used to store the
momentum variations from cyclic distrubance torques about the pitch
axis, it was not used since only insignificant fuel savings would result

due to the small magnitudes of these torque components. Yaw reference
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will be provided either by Polaris or Canopus star sensors or a gyro
compass. Spacecraft axes are defined in Tables 7.5, 7.6, and 7.7 for

the three configurations,

The two satellite configurations with earth-oriented central body
{0. 9 GHz and 2. 5 GHz satellites) maintain the spacecr;;.ft body yaw axis
oriented towards the earth center. Body control is maintained to 15
degrees; earth horizon sensors and a Polaris star sensor é.re utilized for
three-axis reference. Colloid engines provide the reqﬁired attitude
control torques and stationkeeping thrust. The solar array is dual-axis
controlled to achieve sun-orientation to within £ 1 degree; a sun sensor
provides the required reference. The antenna is controlied to-within
+ 0.1 degree of its desired earth pointing-dire‘ction through use. of an

antenna-mounted interferometer.

The satellite with sun-oriented central body (12 GHz configuration)
uses sun sensors in pitch and roll to maintain the solar arrays normal: t&
the spacecraft/sun line, and a Canopus star tracker for yaw sensing; an
earth sensor is used during eclipse and for initial acquisition. The an-
tenna is controlled to the required +0. 1 degree through the use of an
interferometer. Colloid engines are used for attitude control and

stationkeeping.

7.1. 2 Power Generation

t

All three configurations make use of solar arrays for power
generation. The flat panel solar arrays have a power-to~weight ratic:)
of 13. 2 w/lb (29 w/kg) and provide 6.3 W/ftz (68 w’/mz), at the end of
5-year life. The chosen solar cell configurations use N-on-P silicon cells
of 10 mil (0. 025 cm} thickness with 6 mil (0. 015 cm) cover glass. ~The
cells are 2x 2 cm and have a 10 ochm-~cm base resistivity. Spacecraft
batteries are used during eclipse operation only to maintain normal
spacecraft housekeeping functions; no broadcast operation is provided
during eclipse. The batteries are nickel-cadmium and are sized to
provide a 50 percent depth of discharge over a 5 to 10 year useful life
period. There are two categories of power conditioning equipment:
communication (broadcast) power amplifier power conditioner and house-

keeping load conditioner. Low-power communication functions are



included in housekeeping. The housekeeping power requirements are
approximately 200 w, and only low voltage equipment is required. The
communication power amplifiers require high voltage power supplies of
two types: constant power for the FM power amplifier and variable power
for the AM type. Multiple voltages up to 20 kv are required. A summary
of the power requirements for all three spaceéraft configurations is given
in Table 7-1.

Table 7-1. Satellite Power Requirements (Watts)

Configuration

Subsystem 0.9 GHz 2.5 GHz 12. 0 GHz
Transmitter 10, 700" 3,360 - 7, 000
Housekeeping 200 200 200
Regulated Converter

(Transmitter)#% 866 385 . 580
Regulated Converter

(Housekeeping)#% T 40 40 40
Batteries and Control 60 60 60
Housekeeping Converter T 36 36 36
Cable and Slip Ring L.osses 200 50 120

Required Solar Array Output ‘
Power 12, 102 4, I'30 8, 036

“Worst-case average; short-time peaks exceeding this value are provided
by reactive storage.

“*Converter losses.
TConverts array voltage to regulated 30 volt housekeeping bus voltage.

TiConverts housekeeping bus to various voltages required.

7.1.3 Thermal Control

Both passive and active thermal control techniques are required to

maintain spacecraft component temperatures to within required limits.
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Thermal coa.tings,‘ isolators, and insulation are used on the various
antenna systen-:ns while active radiators base-plate and"'l:leatpipe- combina-
tions are required for the high power, high températﬁfe components (RF
tube). Insulation, heat sinks, and thermal coatings are used oh the

various attitude control components.

A summary weight statement for the three satellite configurations
is given in Table 7-2. Gross satellite weights range from approximately
1500 to 3500 pounds; launch vehicle payload adapter weights are not

included in these estimates.

Descriptions of the various spacecraft configurations are given in
the following paragraphs; Table 7-3 and 7-4 summarize the characteris-

tics of all three configurations.

Table 7-2. Satellite Weight Summary (Pounds)

Satellite Configuration
Subsystem 0.9 GHz; 2,5 GHz; 12 GHz;
12 kwe 4 low™ 8 lew

Communication Electronics 400 1bs 101 kg 210 1bs 68 kg 150 1bs 96 kg
Antenna Assembly 105 48 50 29 65 23
Solar Array Assembly 1065 484 300 282 620 136
Power and Distribution 606 275 304 200 440 138
Attitude Gontrol 255 116 170 82 180 77
Initial Positioning and Stationkeeping 230 104 110 68 ) 150 . 50
Structure . 355 161 155 100 220 71
Thermal Control - ¥ 110 55 50 34 - 23
Centingency Provision 418 190 100 111 245 45

Satellite Gross Weight " 3544 'lbs 1614 kg 1449 1bs 974 kg | 2145 1bs 659 kg

“Array Power at End-of-Life {5 Years)
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Table 7-3. Satellite Summary Descriptions

Configuration 0.9 2.5 12.0
GHz GHz GHz
g
2
E Modulation AM/VSB rM FM
| Number of Video Channels i 7 1-2(3)
'-'é RF Output Power/Channel (kw) 13, 2(1) 0.30 5.0
&
B
@]
2 Number of Transmitter Antennas 1 2 2
S! Transmitter Antenna Diameter (ft) 30 10 4.5
%] Receiver Antenna Diameter (ft) 2.5
<
g
(=}
“4:)‘
®| Body Orientation Earth- Earth- Sun
3 center center
&0
o
!
-0
(&
© 8| Array Power kw) 122 4,13 8.0
A % Communications Power Load (kw) 10.8 3.36 7.0
0.
L
H
8.
s
: g*g‘ RF Output at maximum output {kw; 2.5 1. 26(2) z.0
5@l Amplifier(s) at minimum output 1.8 N/A N/A
[
B
s
I
[
o
£g
D
g 81 Transmitter(s) {kw) 0.10 0..20(2) 0.1
£'a| Pwr Conditioner for Xmitter{s) (kw) 0.87 0.38(2) 0.58
g @l Other Power Subsystem Units  (kw) 0,14 0. 14 0. 14
o}
3
3

{1} Sync. peak power
(2) Total for all transmitters (including redundancy)
(3) Dependent on user installation and climate conditions
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Table 7-4, Television Broadcast Satellite

[

‘ —i— '
G Sk
Hem i ]
Config_ilra.tion Earth Oriented "H! Conﬁguratmn Earth Oriented "I'" Configuration Sun-Qriented Body Configuration
Power: - Frequency 12. 4 kw~ 900 MHz 4 kw - 2500 MHz 8 kw - 12,000 MH=z -
Solar f&.rra.y' Roll Qut Fold Out Fold Out

[
13

1950 Sq ft% (184 m?)
Axis parallel to orbit plane -

630 Sq ft (58 m?) .
Axis normal to orbit plane

1280 Sq £t2 {119 mz)
Axis parallel to orbit plane

Body Orientation

Earth Center

* Earth Center

Sun

Rotary Jeint

Slip Ring

S5lip Ring

RF Rotary Joint

Arlxtem‘ma Arrangement

{1) 30 ft (9.15 m) diameter trans-
mitter antenna dish

(1) 2-1/2 diameter (0,8 m)
receive antenna

" {2) 9 £t (2.8 m) diameter antenna

dish transmitter .

(3) 4-1/2 (1.4 m) diameter
antenna

Satellite Weight

3600 1b {1630 kg)

1600 Ib {7730 kg)

2200 1b {1000 hg)

Booster Titan IIIC modified SLV ITIC/Centzur/Burner 11 TIIC
. 7 Seg/Std Stg I/Stretch ' 5 Seg/Stg I/ Transtage =
' Transtage L . -
Propulsion . ' )

e Attitude control
e Initial positioning
e Station keeping

Cold gas (N,)
Hydrazine
Colloid system

Cold gas (N )
Hydrazme
Colloid system

Cold‘gas (N )
Hydrazine

‘Colleid system




7.2 CONFIGURATION (12 KW, 0.9 GHz)

This configuration operates at 0. 9 GHz and produces 13. 2 kw of RF
power at sync peak. An engineering drawing of this configuration is given
in Figure 7-1 while Figure 7-2 shows a perspective view. The solar array
provides 12. 1 kw of dc power at end of its 5-year lifetime and is composed
of 1950 ftz (181 mz) of solar cell area. The satellite in-orbit weight is
3544 (1610kg) pounds and is placed into synchronous eguatorial orbit by a
Titan IIIC. The spacecraft central body is earth-oriented and the 30 foot
(9. 15 m) transmitter antenna (3 degree beam) is gimbal-mounted to point
to the desired terrestrial location. Antenna earth coverage is 1 x 106

square statute miles (2. 6 x 106 square km), and the spacecraft communi-
_cations capability provides TASO Grade 2. 5 (fine/passable) service to

receivers with 2 6-foot dish in an urban environment (T = 2500°K).

The spacecraft is arranged in an "H" shape with four rollout solar
arrays and a single 30 foot (9. 15 m)broadcast antenna. The large antenna
feed is supported by a truss structure which, in tfurn, supports the
receive antenna, earth sensors, and sun sensors. The large parabolic
antenna is a fold out petal type with rigid panels providing the most
conservative approach with respect to stowed volume., The S-band receive
antenna is 2. 5 foot (0.8 m)in diameter and is mounted on the forward end
of the truss structure. The solar array assembly rotates 360 degrees
every 24 hours with respect to the spacecraft body. Torque and power
transfers to the spacecraft body are provided by slip rings and solar array
drive assembly. Actuated booms deploy the solar arrays after separation
from the launch vehicle. The silicon cells are.mounted on a plastic
substrate. The spacecraft is shown installed on a Titan IIC (modified)

booster within a Titan XX35 fairing.

The attitude control system uses hydrazine and colloid engines to
provide the required control torques; pitch and roll attitude references
are provided by IR horizon sensors while RF sensors are us ed for accurate
antenna pointing. Yaw reference is provided by a Polaris star sensor

(a possible alternative is an inertial sensor).
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Each0.9 GHz 30-foot (9. 15 m) antenna hasa 3 degree 3-db beamwidth;

the antennafocal length is 10. 5 foot (3.2 m) and overall depth is 5.3 foot
(1.6 m).

The AM/VSB repeater downlink uses amplitude modulation with
vestigial sideband; the uplink makes use of frequency modulation with the

sound on an FM subcarrier. The final amplifie? is a 13 kw crossed-field
amplifier with 20 db gain. '

Second surface mirrors for thermal control aré required in this
configuration. The required louver area on the spacecraft is 87 ftz

(8. 1 m? ) approximately 2.5 kw. are required to be dif s1pated from the RF
tube, requ1r1ng a total rad:u.ator area of 20, -6 feet (19.1.m )

A summary of the spacecraft mass propertles is gwen in Table. 7-5.

7.3 CONFIGURATION (4 KW, 25&&)

Seven broadcast channels a.t 2.5 GHz are prow.ded by this FM/'I‘V
broadcast configuration; ocutput R¥ po_we; is approximately 300 w per i
channel. The solar array prOVidE'.S‘ 4,13 kw at end-oi-life from 630 ftz
of solar cells. The satellite in-orbit weight is 1450 pounds (660 kg), and
it is placed into synchronous equatorial orbit from an SLV-3C/Centaur/
Burner II. The spacecraft central body is earth-oriented and two gimbal-
mounted 9.25 £t (2.6 m) transmitter antennas point t.owards the desired
terrestrial location. FEach antenna has a 3 degree beamwidth and covers
1.1 x 1'06 square statute miles. TASO Grade 2 (fine) service is provided
to receivers with a 6-foot dish and a transistor preamplifier (T = §DOOK).‘

The spacecraft configuration is shown in Figure 7-3. The antennas
are deployed on booms such }t‘hat the axis is parallel to the OI;b:‘i.‘f:Z plane; a
limited biaxial gimbal‘is‘mprovided‘ on each antenna. The solaf array is in
an ''I'" arrangement with two foldout solar arrays deployed by booms on
‘opposite sides of the spacecraft, The solar arrays are deployed along the
pitch axis of the satellite, normal to the orbit plane, and consist of silicon
cells mounted on a plastic substrate which, in turn, is stored in "zee"
folds. The solar array rotates 360 degrees every 24 hours and requires

slip rings and solar array drive. The earth sensors and electronics are

7210



Table 7-5. Mass Properties Summary - 0. 9 GHz Configuration

COORDINATE REFERENCE AXES AND NOTATION SYSTEM

v FREQUENCY - 0.9 GHz
- 000 IN ARRAY POWER AFTER 5 YEARS ~12.4 kw
! "| EARTH ORIENTED SPACECRAFT BODY

I SUN ORIENTED ARRAY
180 IN. 30-FOOT DIAMETER
I PARABOLIC ANTENNA
SOLAR ARRAY SUPPORT
-Z _%—-%Z (YAW AXIS)
14 IN.
> ROLLOUT SOLAR ARRAY
L " TOTAL AREA~1950 SQUARE FEET.

+Y (PITCH AXIS)

MASS PROPERTIES SUMMARY

"o WEIGHT 3544 POUNDS

t

e CENTER OF GRAVITY

?

0
0

-5.3 INCHES
e MOMENT OF INERTIA -5.3 INCHES

NI~ >
t

4

14

Ix
ly

iz

4

45,224 SLUG-FT2
16, 684 SLUG-FT2
29, 490 SLUG-FT2

(WITH ARRAYS ROTATED 90 DEGREES)

2

Ix ~ 30,362 SLUG-FT5
ly ~ 16,684 SLUG-FT
[z ~ 44,352 SLUG-FT

® CENTER OF GRAVITY TO CENTER OF PRESSURE OFFSET~10 IN.
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body-mounted. The spacecraft is shown installed on an Aflas 8LV -3C/

Centaur/Burner II booster within an improved 'Centaur fa.iring.

The attitude control system is bas1ca.11y sm:nla.r to that described
in Paragraph 7.1, It makes use of hydra.zme andﬁcolloa.d engines to pro-
vide the required control torques; pitch and roll attitude reference is pro-
vided by IR horizon sensors with yaw attitude reference ol:;ta.ifned by a
Polaris star sensor. Interferometers are used for accurate antenna

pointing. Stat1onkeep1ng is performed by .colloid engines..

The antenna 3-db beamWIdth is 3 degrees focal 1e11gth is 3.2 ft
(1. 0 m); overall depth is 1.6 ft (0. 5 m).

Approximately 1.2 kw of power are requi’red to be.. ‘dissipated from
the RF tube; 6 9 ft2 (0. 7Tm ) of radiator area is needed. Louver area of
29 ft (2. 7T m ) is required to dlss1pate 0. 4 kw of power from the power
control section. Second surface mirrors are required on the louver

radiator area.
A summary of the satellite mass properties is given in Table 7~6.

7.4 CONFIGURATION (8 KW, 12 GHz)

This configuration provides FM/TV broadcast at 42 GHz and has the
capability of one 5-kw output channel or two 2,5-kw channels. The solar
array provides 8 kw of dc power at end~of- 11fe and is composed of 1280
ftz (119 mz) of solar cells. The satelllte in-orbit weight is 2145 pounds
(980 kg); the launch vehicle is a Titan IIIC ‘or Titan IIIC follow-on. The
spacecraft central body is sun-oriented with fixed solar panels; the two
gimbal-mounted transmitter antenhas maintain the desired earth pointing
direction. Each antenna is 4.5 ft (1.4 m) in d1ameter with a 1.5 degree
beam; each heam covers 2.5 x 105 square statute m1les (7.0 x 105 square
km). The broadcast capability provides TASO Grade 2 (fine) service and
has a single beam capecitﬁ w1th 2800°K receivers or a dual beam capacity

with 1400°K {Schottky diode, balanced mixer) receivers.
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Table 7-6. Mass Properties Summary - 2. 5 GHz Configuration

COORDINATE REFERENCE AXES AND NOTATION SYSTEM

Y FREQUENCY - 2.5 GHz
= | [=-115IN. ARRAY POWER AFTER 5 YEARS ~4 kw
EARTH ORIENTED SPACECRAFT BODY
SUN ORIENTED ARRAY

FOLDOUT SOLAR ARRAY
/ TOTAL ARFA~630 SQUARE FEET

886 IN.

|
|
|

B — —+Z (YAW AXIS)

|

| 10-FOOT DIAMETER
! PARABOLIC DISH ANTENNA
| (TWO REQUIRED)
!

|

+Y (PITCH AXIS)

MASS PROPERTIES SUMMARY
o WEIGHT
e CENTER OF GRAVITY

2

1450 POUNDS

NI=<IX]
4
—

.0 IN.
o MOMENT OF INERTIA

2

Ix ~ 5336 SLUG-FT?

ly ~ 510 SLUG-FT?

Iz ~ 5508 SLUG-FT2
(WITH ARRAYS ROTATED 90 DEGREES)

lx ~ 5251 SLUG-FI

ly ~ 510 SLUG-FT?

Iz ~ 5593 SLUG-FT2

e CENTER OF GRAVITY TO CENTER OF PRESSURE OFFSET<1.0 IN,
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The spacecraft configuration is shown in Figure 7-4. The antenna
system has 3 degrees' of freedom relative to the spacecraft. AnRF rotary
joint provides continuous antenna motion about the spacecraft pitch axis.
A two-axis gimbal with flexible waveguides (not shown in Figure 7-4)
provides = 2.4 degrees motion about two orthogonal axes. Error refer-
ence signals are obtained from an antenna-mounted earth sensor (RF).
The solar arrays cons:{'sts of two foldout array panels deployed by booms
which are parallel to the orbit plane. The antenna array consists of
three 4. 5 foot (1. 4 m) parabolic dishes, one of which is used as a receive
antenna. Interferomet‘ers mounted to the antenna array truss provide for
antenna attitude orientation semnsing. The stowed spacecraft is shown
installed on a Titan IIIC booster within a Titan XX25 fairing. The space-
craft is sun-oriented using a 3-axis stabilized attitude control system;
sun sensors are used in pitch and roll and a Canopus star tracker for yaw.
Hydrazine is used for x;elocity trim and attitude acquisition. Colloid

engines are used for long-term attitude control and stationkeeping.

The antenna focal length is 1. 50 foot (0. 46 m) with an‘overall depth
of 0.80 foot (0. 25 m).

In this configuration both the up and down links are frequency
modulated with the sound on an FM subcarrier. Double frequency
conversion with a transistorized 2 GHz IF strip is used together with a
traveling wave tube driver (30~db gain). The final output amplifier ig a

5-kw output at 12 GHz.

Approximately 2. 0 kw of power must be dissipated from the RF tube,
requiring 11 ft~ (1.0 mz) of radiator areas; 0.6 kw of power must be
dissipated from the power control unit requiring 11.8 ftz (1.1 mz) of
louver area; no second surface mirrors are required on the louver

radiator area.
A summary of the spacecraft mass properties is given in Table 7-7.
7.5 RELIABILITY ESTIMATES

This section presents a preliminary reliability assessment of three
configurations of the Television Broadcast Satellite. Areas in the sub-

system where redundancy is recommended are pointed out.
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Table 7-7. Mass Properties Summary - 12 GHz Configuration

COORDINATE REFERENCE AXES AND NOTATION SYSTEM

. FREQUENCY - 12 GHz . '
ARRAY POWER AFTER 5 YEARS ~8 kw
SUN-ORIENTED SPACECRAFT BODY AND ARRAY

=Y . .
.FOLDOUT SOLAR ARRAY ! DESPUN ANTENNA ASSY,
TOTAL AREA 1280 5Q. FT. | - (CONSISTING OF
‘n 3~4,5 FEET DIAMETER PARABOLIC
115 INCHES p ANTENNAS)

z—} ___4_;; o ;:’a__—._q__a (YAW AXIS)
Fle———846 IN. — .

| .
+Y (PITCH AXIS)

MASS PROPERTIES SUMMARY

l

e WEIGHT - 2145 POUNDS

e CENTER OF GRAVITY |
0

-4.2 INCHES
~ 0 - -

2

NI -
2

e MOMENT OF INERTIA

?

 ~ 37,176 SLUG-FT2
ly ~ 36,688 SLUG-FT2
lz ~ 709 SLUG-FT2

1.

(WITH ARRAYS AND SPACECRAFT BODY ROTATED 90 DEGREES)

Ix. ~ 692 SLUG-FT2
ly ~ 36,688 SLUG-FT2
Iz ~ 37 193 SLUG~FT2

e CENTER OF GRAVITY TO CENTER OF PRESSURE OFFSET <1.0 IN.
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The reliability assessments for the three satellite configurations

for a 5-year mission are as follows:

ConfigurationI: 0.477
(900 MHz)

Configuration II: 0, 550 (reliability of one given channel;
(2. 5 GHz) . satellite carries seven channels)

Configuration III: 0. 544
(12 GH=z)

For this analysis the satellite is segregated into the following

subsystems:
e Communications
® Telemetry and command
® Attitude control and stationkeeping
o Electrical power and distribution
& Structures .
@ Thermal control
® Propulsion

Figure 7-5 depicts the reliability block diagram for the satellite
and lists the reliability of each subsystem and the overall satellite
reliability for each configuration. The repeaters are the largest con-
tributors to the satellife unreliability. Standby redundant repeaters are

recommended for future design efforts.

" Communications Subsystem. Figures 7-6, 7-7, and 7-8 contain

the reliability block diagrams of the communications subsystem for the
three ‘satellife configurations. These diagrams reflect the functional
blo¢k diagrams in Figures 7-9, 7-10, and 7-11, The failure rates for
the elements were obtained from sir‘nila.rl equipment found on other TRW
satellite designs. Failure rates for the high ‘p‘ower'arﬁplifiers were
extrapolated from lower powered amplifiers. Redundancy is recom-
mended as shown in the diagr.ams for all the power amplifiers, except
for Configuration II when graceful degradation of number of channels

is acceptable. This is 2 common practice in most TWTA and Klystron
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Figure 7-6. Communications Subsystem Configuration I (900 MHz) Repeater Channel
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Figure 7-7,

Communications Subsystem Configuration II 2. 5 GHz Repeater Channel
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A =50

Overall Reliability for five years, R = .7576
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Figure 7-8. Communication Subsystem Configuration III 12 GHz Repeater Channel
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amplifier applications due to the uncertain life expectancy of these com-
ponents. An RF rotary joint is required in the Configuration III antenna

system.

Telemetry and Corpmand. Figure 7-9 shows the reliability block
diagram for the telemetry and command subsystem. Standby redundant
command and telemetry channels are employed. Dual antennas are

used to provide proper coverage.

Attitude Control and Stationkeeping. Reliability block diagram is

shown in Figure 7-10. Two different design concepts of attitude control
are currently being considered for the Television Broadcast Satellite,
the earth-oriented version and the sun-oriented version. The earth-
oriented version is more complex in that it must provide an additional
function over the sun-oriented version of solar array alignment with the
sun. Configurations I and II employ the earth-oriented concept while
Configuration IIf employs the sun-oriented concept. Failure rates for
the elements of the attitude control system are from similar elements

"used on TRW satellite programs.

Electrical Power and Distribution. Figure 7-11 shows the

reliability block diagram for this subsystem. A three battery system is
depicted. Heavy redundancy is evident in the power control unit; shunt
assemblies, distribution circuits, and converters. The failure rates
are typical for electrical power subsystems. The reliabilities of the
solar paddles were determined by extrapolation from OGO and other
solar arrays, assuming the same design philosophy is being employed
to assure an overdesign safety factor against anticipated cell degradation.
The reliability of the high power converters was obtained by a
comparison {vit'h existing power converters. Further emphasis should
be placed on substantiating the reliability of high voltage (up to 200
volts) slip rings since littlé data were available for this analysis. Also
further study from a reliability standpoint should be placed on the high

power converters used in spacecraft applications.

Structures, Figure 7-12 is a reliability block diagram for the
structures subsystem. The solar array is much larger (up to 1950

square feet) than present operational satellites. Account has been made
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for the increased complexity of deploying large surface arrays.for the
array deployment probability. The antenna deployment probability was

determined from other studies of similarequipments. at TRW.

FR=.98 R=.9°6 R=,9930
RASLC SOLAR ARRAY ANTENNA ANTENNA
N (i, SEPARATION DEELOYMENT | PEPLOYMENT GIMBALS |
R,=.5800 R =.9900
R, =.9900 Ry =.9997
R, py=-9900 Ry r=.9997

TOTAT, RELIABILITY -

RI = .9628
RII= L9821
Ry~ ,9821

*
.978 = ,9998

Figure 7-12. Structures Subsystem

Thermal Control. Figure 7-13 accounts for the reliability of the
thermal control subsystem. Four sets of louvers with 40 louvers per set
were used in the analysis. No account has been given for the heat pipes

since they are expected to contribute very little to the unreliability of the

satellite because of their particular design.

R = .9935
LOUVERS
{4 Sets of
40 Possible) —m

Figure 7-13. Thermal Control
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Propulsion Subsystem. The propulsion subsystem is expected to-

consist of cold gas for attitude control, hydrazine for initial positioning,
and a colloid system for stationkeeping. The reliability was estimated

for this subsystem (Figure 7-14).

R = .9900 R = ,9950
HYDRAZINE
I0N ENGINE SYSTEM

TOTAL FIVE YEAR
RELIABILITY = .9673

Figure 7-14. Propulsion Subsystem
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8. ATTITUDE CONTROL AND STATIONKEEPING

This section discusses attitude control, gimbal control and station-
keeping for TV broadcast satellite configurations. System configuration
tradeoffs are presented and key technology areas are identified. Typical
control and stationkeeping systems are sized, with preliminary hardware

component definition.
8.1 INTRODUCTION

The TV broadcast satellite presents several control problems which
are not found in current operational spacecraft, but which are representa-
tive of a variety of projected 1970-1980 applications. Characteristics

which are particularly significant to the control system include:

a) Large vehicle size and mass

b) Significant flexible dynamics

¢) Large articulated external structures
d) TFive-year minimum spacecraft life

e) Precision.antenna pointing requirements

These features play a major role in spacecraft configuration/control

tradeoffs.

The vehicle configurations considered are described in Section 7.
Included are two which are earth-oriented, with two degree-of-freedom
solar arrays and three degree-of-freedom antenna systems, and a third
which is sun-oriented, with a fixed solar array and a "despun" and
gimballed antenna system. Configuration characteristics are summarized
in Table 8-1, The variations in size, shape, weight and orientation’are

clear.

8.2 CONTROL CONCEPTS

Considering each of the configurations of Table 8-1, there are
several conceptual alternatives in control system mechanization, con-
cerning both interbody control {i.e., antenna and array control) and space-

craft attitide control.
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Table 8-1. Summary of TVBS Configura;tion Characteristics

Config Overall .
Power Char A Weight, "
Freq sSh Size, Description
W) (GH2) ¢ fpgm) 1P (k8)
8 iz n 140 x 20 2150 Sun-~oriented body
{43 x 6) (980) with fixed array;
despun antenna
system
4 2.5 tt 29 x T4 1550 Earth-oriented body;
(9 x 23) {(705) gimballed antenna
and array
i2 0.9 bz 75 x 72 3550 Earth-oriented body;
(23 x 22) (1620) gimballed antenna
and array

8.2.1 Attitude Control

The requirements pla.céd upon antenna and array pointing have

significant leverage in selecting an attitude control concept:

a) Antenna pointing: geodetically oriented to within +0.1°

b) Array pointing: sun-oriented to within *1.0°

In addition, antennas with a noncircular beam cross section (e.g.,
elliptical) require orientation control above the centerline of the beam to

maintain correct coverage.

Note that there are no stringent orientation requirements on the
spacecraft body, so that it can be free, fixed to the solar array, or fixed
to the antenna system, provided that thermal control is designed accord-

ingly. The first two approaches are considered in Table 8-1.

The 8 kw, 12 GHz vehicle is sun-oriented to within 1 degree
required by the solar array. The antenna system is mounted to the body
by a rotary drive system, which provides for unrestricted motion about

the pitch axis, and a gimbal system.

With the rotary drive axle oriented normal to the ecliptic plane, to
allow the use of body-fixed bearings, the unlimited rotation must be given
a cyclic modulation at the rate of one cycle per orbit. The gimbal system
required at the antenna end of the drive axle is a one-axis gimbal for a
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single beam with a circular cross section, a two-axis gimbal for other
beam configurations. In the latter case, the second axis provides orienta-
tion about the beam centerline, compensating for the nutation {up to

+23 degrees) of the rotary drive axis with respect to the earth axis, ata

rate of one cycle per orbit.

An alternative solution is to maintain the rotary drive axis normal
to the earth equatorial plane by means of a one-axis gimbal between the
spacecraft body and the rotary drive bearing. Then, the unlimited motion
can be maintained at constant speed. Gimballing at the antenna end of the
rotary drive axle can be required for two reasons:

1) Change of coverage; one gimbal axis for north-south
movement.,

2) Compensation for error in orientation of the rotary axis;
one axis for rotation about the beam centerline; required
only for beam configurations without circular symmetry,
when orientation of rotary drive axis is not sufficiently
accurate.

Sun orientation can be maintained in several ways, including:

a} Active control (mass expulsion and reaction wheels)
b) Active control (mass expulsion only)
¢) Semiactive control (solar trim, for example)

d} Hybrid (e.g., reaction wheels with solar trim)

Antenna control can be accomplished using gimbal torquers acting on error

signals from antenna-mounted sensors (e.g., earth-sensors or RF sensors)

and offset pointing commands.

The available options for control of the 4 kw, 2.5 GHz and 12 kw,
0.9 GHz earth-oriented vehicles are more varied., Body control can be
loose {e.g., 5 degrees or so) with accurate closed-loop antenna control
using antenna-mounted sensors as above and solar array control via sun
sensors. An alternative is maintaining spacecraft orientation with suf-
ficient accuracy to allow open loop control of the antenna system via
gimbal angle readouts. In either case the spacecraft can be oriented using

active control, semiactively, or, in theory, semipassively or passively.

Active earth orientation can be accomplished with earth or RF

attitude sensors for pitch and roll attitude determination, with yaw sensing
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via inertial instruments (e.g., updated rate integrating gyros), RF

(polarization) sensing or star sensing., Actuators could include momentum

storage devices (reaction wheels), but a mass expulsion system should be

adequate.

Table 8-2.

Table 8-2 summarizes several candidate concepts.

Earth Oriented Attitude Control Systermn Candidates

Control System

Performance

Attitude Reference
Requirement

Remarks

Three-axis mass
expulsion with inertia
wheel (pitch momentum
bias)

Three-axis mass
expulsion with solar
pressure {rim

Three-axis mass
expulsion

Can maintain body
pointing of +5,0 degrees.
Body pointing to £0.1
degree may be

difficult.

Can maintain body
pointing of 5.0 degrees.
Body pointing to 0.1
degree may be

difficult.

Can maintain body
pointing of &5.0 degrees.
Body pointing to £0.1
degree may be

difficult.

Earth horizon sensors
for pitch and roll.
Yaw reference via
roll/yaw coupling

Earth horizon sensors
for pitch and roll.
Polaris star sensor or
gyrocompass for yaw

Earth horizon sensors
for pitch and roll.

Polaris star sensor or
gyrocompass for yaw.

Not rnuch fuel gaving
due to small cyclic
torque components

Solar presasure trim
net weight saving
questionable. Re-
quires very sensitive
gyro for gyrocompass
yaw reference.

Appears to be the
best systermn.

Less active control concepts can be considered in less accurate

options, but are probably not to be recommended. One such approach is
semiactive, using pitch bias momentum to provide a high degree of roll/
yaw coupling and so eliminating the troublesome yaw sensor requirement;

however, the required bias momentum can become large.

Gravity gradient control of the body is conceivable, the main problem
Yet a third

possibility is a semipassive approach, with a pitch momentum bias to

being that TVBS spacecraft configurations are not favorable.

produce roll/yaw stability in spite of the unfavorable spacecraft con-
It should be

noted that the dominance of the array in determining the spacecraft

figuration and inertia augmentation to yield pitch stability.

inertias and the rotation of the array relative earth make any approach

based on gravity gradient effects very questionable.

The baseline attitude control system selected here is active, using
mass expulsion torquers, and sensors appropriate to the configuration in

question. Section 8.3 defines these systems.
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8.2.2 Interbody Control

In each of the three configurations interbody control systems are
required to orient large external structures. Common to all is the earth-
oriented antenna system which requires relatively tight control. Only the

earth-oriented vehicles have an orientable solar array.

The ideal interbody control and sus-pension system would dynamically
isolate the external structures from the vehicle body while orienting the
antenna or array to within the desired accuracy. Short of essentially
detaching these structures and providing them with their own attitude con~
trollers this ideal is not readily attainable, particularly when the hinge
point is remote from the mass center of the external structure as in the

cagse of the antenna system.

The conventional approach to controlling antennas and arrays, that
of using gimbal bearings and associated drive systems, is used here. The
array drives required for the 4 kw, 2.5 GHz and 12 kw, 0.9 GHz con-
figurations are two-axis arrangements, with one axis driven continuously
at an average rate of 15 deg/hr and the other stepped infrequently by
ground command to accommodate the varying sun-earth geometry (a range
of approximately +23.5 degrees). This implies a low-pass controller
will rather low cutoff frequency for the array, if acquisition considerations

are not considered.

The antennas need a more responsive drive system, since accurate
geodetic control from a coarsely-controlled spacecraft is required., The
range of travel will be application and configuration dependent, ranging
from * 20 degrees with a coarsely controlled earth oriented spacecraft to
higher values with the solar oriented configuration. In addition, the sun-
oriented 8 kw, 12 GHz vehicle requires a continuous motion "despin”
mechanism for the antenna structure, analogous to the continuous array
drive of the earth-oriented vekicles. Table 8-3 summarizes the array/

antenna control requirements for three attitude control approaches.
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Table 8-3. External Structure Control Summary
Body ACS A;te_nna. Solal.;: Arzay
Orientation Perforrmance Jrive rive Remarks
Requirement Requirement
Earth +5.0 degree body Three-axis Two-axis sun sensors, Complex antenna
control antenna, plat- 2Z4-hour drive pitch pointing subsystem.
form slaved to plus yearly gimbal Reduces spacecraft
*0.1 degree ointing errors dri flexible bod
ante pointing P g . rive, exible body control
nna problem.

Earth £0. 1 degree body =9.0 degree Two-axis sun gensoxs, Simple antenna con-
pointing antenna gimbal 24-hour drive pitch trol, offset pointing.

actuator with plus yearly gimbal Complex spacecraft

open loop drive. body pointing due to

control flexible body
dynamics.

Sun +1.0 degree sun Continuous None—body fixed Complex antenna
oriented body pitch motion of arrays. peinting. Moderate
pointing. antenna. Antenna sun pointing body

drives with earth requirement.
+0.1 degree
e reference plus Appears to be the
antenna pointing. offset pointing best ACS approach.
bias.

8.3 BASELINE ATTITUDE CONTROL SYSTEM DESCRIPTION

8.3.1 Earth-Oriented Configurations

. A block diagram of the baseline ACS is shown in Figure 8-1. This
system uses nitrogen gas and colloid engines to provide the control torques
with the pitch and roll attitude references provided by infrared horizon
sensors or RF sensors. The yaw attitude reference is provided by a
Polaris star sensor with an inertial instrument as a possible alternative.
An RF polarization sensor is another candidate, but would have difficulty

in meeting the #0.1-degree accuracy due-to the Faraday rotation effect of
the ionosphere.

The attitude errors measured with respect to body axes are directed

into the conirol electronics. The control electronic unit consists of lead-

lag networks and pulse modulators for conditioning the high level and low

level thruster commands. The pulse modulator issues commands to fire
the thrusters for a specific duration depending upon error magnitudes. In
the undisturbed condition the low thrust pulse modulator issues a minimum

impulse command to keep the spacecraft in a limit-cycle mode.
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A dual Ievel system, with heated nitrogen thrusters for acquisition
and colloid engines for steady-state operation is recommended both for

system weight and performance.

8.3.2 Sun-Oriented Configuration

Ag shown in Figure 8-2 the spacecraft is sun-oriented via a simple
three-axis ACS, using sun sensors in pitch and roll and a Canopus sfaxr
tracker for yaw sensing. Again nitrogen (with nozzle heaters) is the base-
line high-level propellant for acquisition with colloid engines used for long

term attitude control and stationkeeping.

The antenna system is provided with three degrees of freedom
relative to the spacecraft, including the required continuous despin motion
about the spacecraft pitch axis. In the baseline configuration error refer-
ence signals are from an earth sensor system (horizon or RF) which is
antenna mounted. An alternate would be the use of accurate sun sensors
and gimbal transducers; however, the servo commands would be more
complex and otherwise unnecessary requirements would be imposed upon
other system components. Long-term correction factors (e.g., yearly)

and offset commands are ground controlled.

8.3.3 Acquisition

In general, the spacecraft must have acquisition capability from
random orientation, either for initial acquisition or possible reacquisitions.
In this case the acquisition operation has two basic steps.

a) The spacecraft must be able to null the tipoff rate
imparted to the spacecraft during separation.

b) The spacecraft must acquire the terminal attitude
reference (e.g., sun, earth).

Sun sensors offer the most convenient all-attitude reference and,
therefore, it is most realistic to initiate acquisition by sun orienting one
spacecraft axis. For the sun-oriented configuration, star reference is
then attained by a slow search about the sun line. Antenna lock-on is then

effected by ground command of the antenna servos.
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A similar search will serve to locate the earth for the earth-oriented
configurations. Control of the pitch and roll axes is then transferred to
the earth sensors, with sun sensor control of yaw. At some later time
yaw control is transferred to the primary yaw reference and antenna

reference is acquired.

8.3.4 Impulse Requirement

A key subsystem parameter is the control impulse required. Table 8-4
summartizes the estimated control impulse consumption due to several
effects. Environmental disturbances are outlined in Appendix 8.A while
stationkeeping disturbances are based upon the data of Section 8.4 withan
assumed offset of 0.1 foot (2.5 centimeters). 'Acquisi’cion estimates are
based upon a single-axis model with an initial rate of 0.25 deg/sec and

0.1 pound (45 gram) thrust. Lever arms of 5 feet (1.5 meters) are used in

each axis,.
Table 8-4. Control Impulse Requirements
for a 5-Year Mission
Configuration
8 kw, 4 kw, 12 kw,
Itemn 12 GHz 2.5 GHz 0.9 GHz
Ib-sec| kg-sec | lb-sec | kg-sec | Ib-sec | kg-sec
Environmental 8,600 | 3900 1500 680 9,400 4300
Disturbance
AV Disturbance 1,300 590 900 410 2,100 950
Acquisitions (2) 1,200 550 100 45 2, 000 910
Total 11, 100§ 5040 2500 1135 13,500 6160

Not included here is impulse consumption due to limit cycling. This
omission is loglcal since in a properly sized system the limit cycle should
be torque-loaded, with thrusting only in the direction necessary to nullify
disturbance effects. A dual-level :system is required to achieve this goal

without producing undesirable acquisition characteristics.
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Table 8-5 summarizes the control propellant weight required for
three mass expulsion systems, assuming 5 foot (1.5 meter) lever arms
and a single level system. The weight of the nitrogen systems will almost
double when tankage is included, while that of the ammonia system will

not be so strongly affected.

Table 8-5. Propellant Weight with Single-Level
System for 5-Year Mission

Configuration
8 kw, 4 kw, 12 kw,
System 12 GH=z 2.5 GHz 0.9 GHz
1b kg 1b kg 1b kg
N, 160 73 35 16 195 89
NZ with heated nozzles 85 39 20 9 100 45
NH, 110 50 25 11 135 61

These results indicate the desirability of using microthrusters for long-
term attitude control with cold gas or ammonia for acquisition. Use of
colloid engines, with heated nitrogen for acquisition, yields the following

attitude control propellant weights:
e 8kw, 12 GHz : 19.1 pounds (9 kilograms)
e 4kw, 2.5 GHz: 3.2 pounds (1.5 kilograms)
o 12kw, 0,9 GHz: 26.9 pounds ‘12,2 kilograms)

Obviously the reduced propellant weight must be traded against system
weight increases, reliability, power, etc. In the long run ion thrusters
may be preferred, trading power for weight. The question of using
reaction wheels to store nonsecular momentum components should also
be considered in the design phase of a spacecraft development when

accurate disturbance analysis is available.

8.3.5 Implementation

Tables 8-6 and 8-7 summarize mechanization requirements for two

typical systems, including propulsion for attitude control and stationkeeping,
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Table 8-6. Attitude Control and Stationkeeping System Hardware
(Earth-Oriented, 12 kw, 0.9 GHz Configuration)

Major Comp.onent/Subsystem Spt;a.ce:ciz.lf.t p:\;eiUg:itt WeigTF?ttaf}b) gt?l;‘:sirrs&ii Pofvzt: l(W)
Earth Sensor Subsystem 1 8 8 12 12
Sun Sensor 2 i.5 i.0 0.4 0.8
Sensor Logic Unit 1 3 3 5.0 5.0
Control Electronics Unit 1 7 T, 6.5 6.5
1 Polaris Star Tracker 1 8 8 6.0 6.0
Solar Array Drive Assembly 1 30 30 10 10.0
Array Drive Electronics 1 5 5 5 5.0
Antenna Gimbal Drive 3 10 30 6.0 18.0
Antenna Servo Electronics "3 3 9 4.0 12.0
Array Gimbal Drive 2 10 20 0.1 0.2
Array Gimbal Electronics 2 2 4 0.2 0.4
Antenna Control Electronics 1 6 6 5.0 5.0
Nitrégen Propulsion System‘; 1 30 30 1.0 1.0
Colloid Propulsion System™ 1 212 212 25.0 25.0
Miscellaneous Cables and 40 0 0
Hardware ,
Total per Spacecraft 342 107
{155 kg) -

::-System ISp = 65 (heated)

“System I__ = 667
sp
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Table 8-7. Attitude Control and Stationkeeping System Hardware

(Sun-Oriented, 8 kw, 12 GHz Configuration}

Major Gomponent/Suboystem | gUntPer | WeighL | T | subeystom | Power (W)
Earth Sensor Subsystem 1 8 8 12 12
Sun Sensor 2 1.5 3.0 0.4 c.8
Sensor Logic Unit 1 3 3.0 5.0 5.0
Roll Bias Control 1 4 4 3.0 3.0
Control Electronics Unit 1 7 7 6.5 6.5
Canopug Star Tracker 1 8 8 6.0 6.0
Antenna Gimbal Drive 2 10 20 6.0 12
Antenna Servo Electronics 2 3 6 4.0 8
Anterma Command Logic Unit 1 8 8 5.0 5
Antenna Tilt Drive Unit® 1 6 6 0.2 0.2
Tilt Drive Electronics 1 4 4 3.0 3.0
Nitrogen Propulsion System* 1 20 ZO‘ 1.0 1.0
Golloid Propulsion System’ 1 135 135 25.0 25.0
Miscellanecus Cables and 1 40 0 0
Hardware

Total 275 88.0

(125 kg)

b
System Isp = 65 (heated)

System Isp = 667




8.4 STATIONKEEPING

The yearly AV requirements are approximately 7 fps due to
asphericity effects, 185 fps due to lunar-solar gravitational effects, and
29 to 42 fps due to solar pressure. The corresponding propellant require-
ments for a 5-year mission are given in Table 8-8 for three fuel options.
Note that the low'thrust systems will be preferred from an attifude control
viewpoint (to minimize transient disturbances), and provide weight advan-
tages. However, this is nota complete tradeoff, owing to the power con-
sumed by the micropoundthrusters (greatest for theion engine). Moreover,
ahighthrust (e. g., hydrazine) systemmay in some applications be required

for spacecraft repositioning. The colloid system is selected at this time.

Table 8-8., Stationkeeping Propellant Weight for 5-Year Mission

Configuration
8 kw, 4 kw, 12 kw,
System 12 GHz 2.5 GHz . 0.9 GHz
1b kg 1b kg 1b kg
Hydrazine (Isp = 230) 347 | 157 |239 | 109 565 | 257
Ion Engine (ISP = 4000) .20 9 14 6 32 15
Colloid Engine (Isp = 1000) 80 36 55 25 130 60

8,5 CONTROL IMPLICATIONS OF VEHICLE ELASTICITY.

Solar array and/or antenna flexibility can be important factors in
designing a control system for a TVBS spacecraft. In order to examine
these phenomena, detailed modal analyses were conducted for a repre-

sentative "I"* configuration.

8.5.1 Structural Model

The structuralmodel usedis shownin Figure 8-3. The halfofthe array
on each side of the spacecraft was modeled as two booms with the surface
between booms included in the mass distribution but neglected in deter-
mining the stiffness, The system was assumed to be symmetric about the
centerline. It was assumed that the two booms on a given side would bend
differentially, normal to the array surface, in torsional modes, and would

bend together, normal to the surface, in bending modes. The bending in
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the plane of the array is reacted by tension and compression in the booms
with shear in the web surface, and the natural frequencies will be suf-
ficiently high that these modes can be neglected for this study.

-— x

/ Boom?2 BOOM 4~
ANSEEON N NN R R Y
. X~ BOOM 1 . BOOM 3 '
ANTENNA BODY
ORBIT
“PLANE

BOOM CHARACTERISTICS

LENGTH = 100 FT

El = 330 LB-FT

o = 0,107 SLUG/FT
CENTER MASS = 100 SLUG
CENTER MASS | = 1800 SLUG-FT2

Figure 8-3, Structural Model

8.5.2 Array Structural Modes

8.5.2.1 Nonsymmetric Torsion Modes

In the nonsymmetric torsion modes the left side of the array is
oscillating against the right side and due to the symmetry of the configura-
tion the center mass or antenna has no motion (Figure 8-4)., These modes
will have little or no effect on the attitude of the antenna providing the
array drive cannot respond to the resulting elastic deflection. This.
requirement will necessitate that the sun sensores controlling the array
motion be placed on the rigid center portion of the array. As an alternate
a distributed system may be used with sensors located symmetrically on
the array with the outputs averaged.
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“BOOM 2 BOOM

AFT BOOM UP AFT BOOM DOWN
NO ANTENNA MOTION |

i

S I"it"]j M S =
|
|

e TWO ENDS OF ARRAY ROTATE OPPOSITE
e NO TORQUES TRANSMITTED TO ANTENNA

e ARRAY DRIVE MUST NOT RESPOND TO
THESE DEFLECTIONS :

MODE RAD/SEC CYCLIC/ORBIT
1 0.0196 269
2 0.1223 1685
3 0.3425 4715

Figure 8-4. Nonsymmetric Torsion Modes

8.5.2.2 Summetric Torsion Modes

In the symmetric torsion modes the two sides of the array will move
together and will oscillate against the center body or antenna (Figure 8-5).
These modes have natrual frequencies somewhat higher than the non-
symmetric mode frequencies and can only exist if torques at these {re-
quencies can be transmitted between the array and body plus antenna.
Therefore, only those symmetric torsion modes with frequencies within
the pagsband of the array drive can exist. Lowering the cutoff frequency
(e.g., below 0.02 rad/sec) will eliminate all symmetric torsion modes.
The desired cutoff frequency must be established by a tradeoff between
response to these modes and the transient response of the system required

. during limit cycle control and eclipse.

8.5.2.3 Symmetric Bending Modes

The symmetric bending modes result in only translational motion of
the center mass or antenna normal to the plane of the array (Figure 8-6).
In general, the center of mass is offset from the array center by an

effective arm R. As a result, the symmetric bending modes will produce
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\% ; BOOM 3~
BOOM 2 - } - I] BOOM 4 -<

AFT BOOM UP ' AFT BOOM UP
l ANTENNA ROTATES OPPOSITE
TO ARRAY
ORBIT
PLANE

TWO ENDS OF ARRAY ROTATE TOGETHER

ANTENNA ROTATES OPPOSITE TO ARRAY

TORQUE MUST BE TRANSMITTED THROUGH ARRAY DRIVE

FREQUENCIES ARE HIGHER THAN FOR NONSYMMETRIC MODES

IF THE BANDPASS OF THE DRIVE SYSTEM IS BELOW 0.02 RAD/SEC (270 x wo)
THE SYMMETRIC TORSION MODES CANNOT EXIST

Figure 8-5. Symmetric Torsion Modes

25

W\ [ \\'—f—
. R
. N

CENTER OF MASS

SYM MODES FREG! (RAD/SEC)  CYCLIC/ORBIT

15 0.0104 143
25 0,0259 356
35 0.0420 577
45 0, 0652 892 -

Figure 8-6, Symmetric Bending Modes
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a slight pitching motion of the spacecraft. Since the center of total space-
craft mass is the point in orbit, the rotation of the earth pointed antenna
will cause the arm R to vary sinusoidal once per orbit and the pitching
oscillation will be modulated at a rate of one cycle per orbit, The effect

of the symmetric bending mode may be minimized by making the arm R

a minimum. Since this criteria will also reduce the cycle solar disturbance
torques due to the array, every effect should be made to reduce R to zero.
This requires that the antenna rotates about its mass center. In the event
that two axis sun sensors are used to orient the array, the sensors must

be located such that they will not sense elastic bending deflections.

8.5.2.4 Nonsymmetric Bending Modes

The nonsymmetric bending modes result in only rotational motion
of the center mass and antenna about an axis normal to the array axis
(Figure 8-7). If the array drive is rigidly attached to the spacecraft body
about an axis in the array plane and normal to the array drive axis, the
nonsymmetric array bending modes will produce oscillatory motion of the
antenna about the first axis. These oscillations will be seen by the roll
sensors and stable operation must be provided for by the antenna pivoting

system and the limit cycle control system.

When roll/yaw orientation of the array is employed for better solar
energy efficiency, the additional limited angle gimbal can be placed such
that the nonsymmetric mode oscillations are about this axis. A low pass-
band controller could then be provided which would prevent the torques
from being transmitted to the antenna. The resulting oscillatory motion
at the center of the array would then not be transmitted to the antenna.

8.5.3 Control Considerations

This preliminary study indicates that transmission of symmetric
torsion and nonsymmetric bending oscillations to the antenna are potential
problem areas. In the event that a detailed analysis shows that these
oscillations greatly degrade the system performance, it may be necessary
to provide a special array drive to dynamically isolate the array from the
antenna. The need would be for a direct, low-passband array drive,

gimballed and driven about two axes. The internal gimbal requires
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360 degree continuous rotation and system of high current slip rings.

This drive would respond only to the low frequency output of the sensors

and allow free rotation at high frequenciés. The center gimbal requires

limited motion (30 degrees) with bandpass characteristics similar to the

inner drive.

e o

|

o\

NONSYM MODES FREQ (RAD/SEC) CYCLES/ORBIT
NS 0.0252 347
2NS 0.0431 592
3NS5 0,0586 805
4NS 0,0795 1090

Figure 8-7. Nonsymmetric Bending Modes

During any studies of such a drive mechanism, congideration should

be given to the installation of sensors at each gimbal axis to sense the

magnitude and phase of any relative high frequency motion. The output of

these sensors could then be used to damp elastic oscillations by means of

external applied forces or with the drive itself.
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The degree of interaction between structural flexibility and the
attitude control system can only be determined through detailed analysis.
However, certain problem areas have been noted together with possible
corrective measures. The extent to which these measures must be applied
ig a function of the degree to which the elastic deformation degrades the
performance of the system. In general, the passband of the solar array
and limit cycle control systems should be low while that of the antenna,
gimballing system should be higher. The low-pass array drive will tend
to provide dynamnic isolation preventing the critical array oscillations
from being coupled to the spacecraft body and antenna. The low passband
limit cycle control will tend to prev:ant the control system from responding
to such oscillations which do couple to the antenna. Lowering the system
passband will degrade the transient response of the system and a tradeoff
exists between elastic response and transient response. The primary
source of transients are the mass expulsion system and the thermal effect
of entrance and exit from eclipse. In a system sensitive to high frequency
disturbance with a low-pass control system, itis desirable that the con-

trol impulses have low torque levels.
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APPENDIX 8A

DISTURBANCE TORQUE ANALYSIS

This appendix presents a preliminary disturbance torque evaluation
for the TVBS satellite configurations. With a goal of developing tradeofif
rationale, various simplifications have been used. Phenor‘nena considered
are solar radiation pressuré, RY radiation pressure and gralvity gradient
torques. Specifically excluded are magnetic torques (small due to current
balancing in the array and the weak environmental magnetic field) and

thermal radiation pressure.
'8A.1. SOLAR PRESSURE EFFECTS

8A.1.1 Solar Pressure Torque

The major area in each of the TVBS configurations is the solar
array. For this analysis only this area, normal to the sun line, is con-
sidered. Figure 8A-1 shows the geometry assumed. The ES axis is to
the sun with frs and is defining the plane of the array. The hinge (or
gimbal), h is the origin of the coordinate frame and is displaced from
the center of mass by the vector R {having fixed components in the geo-
centric orbital reference set) and from the center of pressure by the
vector L (having fixed components in the sun-referenced coordinate frame
of Figure 8A-1).

TO SUN'/ ;

Figure 8A-1. Solar Pressure Torque Geometry
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The solar pressure torque is evidently

'fs =(R+L)x F, (8A-1)

where

F_= -VA (1 +v) 2 (8A-2)

with A the area of the array, V= 0.%94x 10'7 1b/ft2'(0.46 milligram/mz),
and v the reflectivity of the solar array.

For those configurations with the vehicle earth-oriented, control
activity occurs in the geocentric (xr, Vo Zr) frame with ﬁr along the
velocity vector, Er to nadir and, frr completing the right-hand frame.

Denote the unit vectors in column matrix form as

X

W

5 T
Xs =Yg Xr A ¥, (8A-3)
z z
= T.

Then
v X
s
{; - X = ‘-]‘ L] v
s Vs
v * oz

3

is a column matrix of the components of the vector v in fis coordinates.

The two coordinate frames defined are related by

cos P cos S' sinp ~sin 8' sin p
}—{r = 0 -gin S' ~-cos S' X (8A-4)
8
-sin p cos S' cos p -sin 8' cos p

where S' is the angle made by :'z.s with the orbit plane normal (64.5 = S
= 143.5 degrees) and | is the spacecraft orbital position measured from

the projection of the.sun line in the orbit plane.
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From the above the solar pressure torques can be written in the

coordinate frames of interest as
-L_}r-RX cos- S' sin | +RY gin §' - Rz cos S' cos
T, - X = VA (1 +v) L +R_cosp - R_sinp
0

(8A-5)

- P oo : t _ '
-Lycole.-l-LxcosS sin | +RY sin 8' cos p RZ cos S
hed . = -— - - l— 3 1‘ l 3 t 3
'I'S Xr—VA (1 +v) Lx sin S Rx sin S c:05|.!.+R_Z sin 8' sin W

L_sinp+L_ cos 8'cosp+R_cos §'-R_sin S' sinp
b x X Yy
(8A-6)

To evaluate the control impulse required to maintain zero error for
one orbit in the presence of these torques, they should be expressed in
the control coordinate frame (}={S for one case, ;{r for the other two),
rectified, and integrated over an orbit. This is not a trivial task for
torque components with more than one frequency present (e.g., constant

terms and p élependent terms), unless done numerically.

For this analysis R, = Rz = 0 is assumed, thus placing the center of
mass and the hinge along the pitch spacecraft axis (nominally corresponding
to ir)' Then

-L_+R_ sin &'
y Yy

T .X =VA{ +v) L (8A-T)
8 S x

0

- -y

(--LY +RY sin 8') cos p + Lx cos S'sin p

T - X, =VA{ +y) -L_ gin §' (8A-8)

(LY - RY gin S') sin p + Lx cos S'cos 1

- -

Notice that this simplification retains all secular torques while discarding

those which are inertially periodic.
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The coefficient R__ can be closely controlled and will be assumed
equal to its nominal value. The offsets L, and LY are nominally zero but
will have small nonzero magnitudes, they are assumed to be proportional
to the corresponding spacecraft dimension

L_=14D L_=1D

Table 8A-1 summarizes the significant parameters for each case.

Table BA-1. Key Spacecraft Parameters

i i i ' D R
Configuration ZDX v v A
Power Frequency it m ft m ft m ft2 m?
8 kw 12 GHz 141 | 43 10 3 -0.4 | -0.1 | 1280 | 149
4 kw 2.5 GHz 10 3 74 23 0 0 630 58
12 kw 0.9 GHz 75| 23 73 22 0 0 1950 | 181

A typical value of n is 0.005, yielding a cp uncertainty of one-half foot
(15 cm) for each 100 feet (30 m) of span. For the reflectivity v = 0.5 will
be used.

"Under the above conditions the solar torques in body coordinates
may be evaluated for each configuration.. The angle S'is chosen as

90 degrees (sun in orbit plane).

8 kw, 12 GHz

0.45 0.82 x 10~%

T.S-xszi.szxio"4 0.7¢ | =11.29x10"% | -1

0 0
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4 kw, 2.5 GH=z

12 kw, 0.9 GHz

T . X =2.76x10"
s r

4

8A.1.2 Control Impulse

-~ -
0.37 cos (| +p.o)

0.05

0.37sin (p +p.o)

0. 53 cos (s )]
0.38

| 0.53 sin (1 +p.1)_‘

-
r0.33 x10-4 cos {1 +|J..o)

0.045 x 10~

LO. 33 XiO-4 sin (p +}.Lo)

'-1.46}{'10-4 cos (p +|.1.i)_‘
1.05 x 10~4

-4
| 1.46x10 " sin(p +P‘1)_.

4

The disturbance torque will be assumed cancelled by control

torques applied in body coordinates.

The angular impulse per orbit can

be derived by integrating the absolute value of each component over an

orbit (P = 86,400 sec) and then adding.
by multiplying the daily figure by 1820.

The 5-year impulse is obtained

Table 8A-2 summarizes the

results.
Table 8A-2. Control Impulse Consumption
due to Solar Pressure
AH/day AH/5 yr
Configuration
ft-lb-sec | m-kg-sec ft-lb-sec | m-kg~sec
8.kw, 12 GHz=z 18.2 2.52 33,000 4600
4 kw, 2.5 GHz 4,2 0.58 7, 600 1050
12 kw, 0.9 GHz 25.0 3.46 46, 000 6400
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8A.2 GRAVITY GRADIENT EFFECTS

8A.2.1 Gravity Gradient Torgue

The major contribution is due to the solar array. Therefore the
torque will be computed in the is frame. The basic expression for the

gravity gradient torque on a vehicle in a circular orbit is

'.'E’g = 3m0 z, X (i . Er) : (8A.~9)

where I is the spacecraft inertia tensor. In the X frame

Er = - sin p.:-cs + cos 8' cos I-L)_rs - sin §' cos ;J.ES (8A-10)

While'f is essentially constant (Table 8A-3).

Table 8A-3. Inertias in Sun-Referenced Coordinates

Ixs Iys Izs
Configuration -
slug-ft2 kg-m2 slug-ft2 | kg-m? slug-ft2 kg-m?e
8 kw, 12 GH=z 700 950 | 37,000 50, 000 | 37, 000 50, 000
4 kw, 2.5 GHz" 5,300 7,200 500 680 5, 600 7, 600
12 kw, 0.9 GHz {30,000 [44,000 [417,000 | 23,000 | 44, 000 60, 000

From Equations (8A-9) and (8A-4)

. —

2
- - L] H 1
(IZS IYS) sin S' cos S' cos™ R

Tg - X_ = 30, (I - 1,,) sin§'sinp cos p (8A-~11)

- - ! 1
(Iys Ixs) cos S' sin B cos K |

.

Considering S'-+ 90 degrees, only the 378 component is nonzero

= - 3 2 .
T, Vg=73 wy (I, = 1I) sin2p (8A-12)
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yielding the following numerical results

12 GHz - T =2.8x10"% sin 2
gys

2.5GHz - T =2.4x10"% sin 21
gyr

0.9 GHz - T 1.4 x10"% sin 2R
gyr

8A.2.2 Control Impulse

In the absence of other effects the control impulse consumption due
to gravity gradient torques will be:" '
2P

3 2
AH/day = S o (L -1) " =

= (8A-13)

Table 8A-4 sumnmarizes the impuise required.

Table 8A-4. Control Impulse Consumption due to
Gravity Gradient Torques
AH/day AH/5 yr
Configuration
ft-lb~sec m-kg-sec ft-1b-sec m-kg-sec
12 GH=z 15.5 2.15 28,000 3900
2.5 GH=z 0.1 0.04 200 28
0.96 GHz 6.1 0.85 11,000 1500

8A.3 RF PRESSURE

An antenna radiating a power P into free space will produce a reac~

tion force on the satellite given by

RF ~

Qld
N1

(8A-14)

"It is assumed that no momentum storage devices are employed.
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where
P = radiated power in watts

C = the speed of light (3 x 10”° m/sec)

F = force in Newtons (1 Newton = 0. 225 1b)
%_ = unit vector in direction of antenna beam

This torque is of significance only for the 12 GHz configuration which has
an unbalanced antenna system with an effective lever arm of about 11.3 ft

(3.4m): L=141.3 frs. The power in this case is 5 kw, giving a force of
0.38 107> 1b (0.17 x 10~ kg) and a torque, in 3"(5 coordinates

sin S' cos

5

Tpp* X, =4.2x10 0 f-1b (8A-15)

RF
- sin B

For 8'= 90 degrees the resulting momentum requirement is 4.6 ft-lb-sec/

day (0. 64 kg-m-sec/day) or 8400 ft-lb-sec (1160 kg-m-sec) in 5 years.
8A.4 TOTAL ANGULAR IMPULSE

By RSS combination of the preceding results a rough estimate of
the total required control impulse can he derived (Table 8A-5). This is
not a rigorous procedure; rather the individual torques should be summed,
then rectified, and finally integrated for the range of 8'. However, the

results of the table are sufficiently accurate for preliminary design.

Table 8A-5. Estimated Total Control Impulse

RSS AH/5 yr
Configuration
ft-lb~sec { kg-m-sec
8 kw, 12 GHz 43, 000 6000
4 kw, 2.5 GHz 7, 600 1050
12 kw, 0.9 GHz 47,000 6500
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9. THERMAL CONTROL

9.1 INTRODUCTION AND SUMMARY

The dominant parameters affecting the temperatures of the spacecraft

are;

e Natural and induced environment
¢ Orientation

¢ Internal heat dissipation

Several thermal control concepts were investigated during the study.
A careful review was made of all the concepts used during previous TRW
studies and on existing TRW spacecrafts. From the review of the possible
concepts, a conceptual thermal control design was selected for each of the

three configurations presented in Section 7.

The primary power requirements for television broadcast space-
craft range primarily from 2 to 20 kw. This is so far in excess of the
- typical communications satellite heat dissipation (i.e,, INTEISAT III 175
watts) that existing thermal control methods must be expanded and new

ones developed.

Most of the spacecraft internal dissipation will occur in the power
conditioning equipment and the final RF amplifier, These two areas of
high heat dissipation have very different thermal control requirements.
Power conditioning equipment will have a relatively low heat density but
must be controlled to temperature limits between about 0 to 100°F. The
REF tube will have a high power density and will have a much wider allow-
able temperature range. Thermal control of these components must be
integrated with that for other spacecraft body-mounted equipment which
typically have different temperature limits (i.e., batteries, propellant

tanks, solar array drive mechanism, etc.).

Thermal control must also be supplied for externally mounted
equipment. Distortion because of thermal gradients in the parabolic
antenna must be minimized. Solar array temperatures during illumina-
tion should be kept as low as possible to obtain the maximum electrical
output.



An additional design requirement is the 5-year lifetime, Specifica-
tion of thermalcontrol coatings mustconsider the degradation which occurs
over 5 years. The long lifetime also will impose severe requirements on

design of moving parts in any active system.

Thermal control of the power conditioning equipment can be accom-
plished by use of a thermal louver system. Orientation of the vehicle
along the solar vector results in a substantial reduction in radiator area

and weight required as compared to an earth-oriented vehicle.

For heat removal from the RF power tube, conceptual designs are

given for a heat pipe system and for a fluid loop system.
9,2 THERMAL CONTROL TECHNIQUES

Thermal control of a spacecraft and its components is accomplished
by maintaining athermal balance between internally generated heat, external
heat sources, and external radiant emission at temperature levels within
the allowable temperature limits of components. The system must con-
form to these limits for all phases of the mission, must provide repeatable
thermal performance, and must be reliable. The basic tradeoifs in the
thermal design are between various thermal control techniques such as

ingultation, thermal coatings and finishes, louvers, and fluid loops.

TV broadcast satellites will be in a 24-hour equatorial orbit and
hence experience a maximum solar eclipse time of approximately
72 minutes and undergo seasonal variations in sun angle to the orbit plane
of £ 23.5 degrees. The antenna is earth pointing. The spacecraft body
may be either earth pointing or solar oriented. The following sections
give a discussion of applicable thermal control techniques and the effect of
spacecraft orientation. TV broadcast satellites require an integrated

design incorporating a number of specific thermal control techniques.

9.2.1 Passive Thermal Control Techniques

Thermal Coatings and Finishes. Thermal coatings and finishes with

a wide range of thermophysical properties have been developed for space-
craft applications. Properties typical of those developed are given in
Table 9-1. Intermediate properties can be achieved by proportioning the

area of the various coatings to form a mosaic.
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Table 9-1. Thermal Coatings and Finishes
Performance
Category Type ag fe g Comments
Z-93 white paint 0.21 0.19 0.90 Difficult to maintain during assembly
and integration. Increase in solar
absorptance for 5-year mission will be
be high.
Low a /e Second surface 0.4125{ 0.1 0.8 Very little degradation,
mirror (aluminum or .
silver vacuum-de
deposited on quartz)
Intermedi- Silicone 1.4 0.33 0.24 Relatively stable in space environment.
ate a_ e aluminum paint
Low ¢ Electro-plated 5.5 0.22 0.04 Can easily be applied’'to complex and
nickel multiple surfaces.
Electro-plated 11.8 0.47 0.04
copper
Vacuum deposited 2.5 .10 0.04 Can be applied directly to surface or
aluminum can use tape with vacuurn deposited
aluminum surface.
o = solar absorptance

m
H

IR emittance




Insulation. In an insulated concept, a closed, insulation envelope
minimizes the effects of environmental extremes and orientation. It also
permits predictable control of component temperatures by means of

appropriate radiation areas.

An uninsulated spacecraft would require thermal shielding of space-
craft components, This imposes higher heat dissipation requirements on
the thermal control during hot conditions and high heater power require-

ments on the system during the cold conditions. The uninsulated concept

would be more complicated and less predictable.

For TV broadcast satellites, use of an insulated concept with sized
radiators will provide the desired thermal control at a temperature level

that is suitable for the various components,

9.2.2 Active Thermal Control Techniques

Louvers. Louvers are utilized to keep temperatures within allow-
able limits when environmental conditions or heat dissipation vary. The
louver system gives a variable emittance as a function of temperature.
The controllable emittance range of developed hardware is typically 0.2 to
0.8. If solar energy impinges on the louver surfaces, an external radiator
plate must generally be added to prevent trappage of solar energy by the
louver blades. Approximate weight flgures are 0.84 lb/ftz (4.4 kg/m")
without external radiating plate and 0. 94 1b/ ftz (4.6 kg /m } with second

surface mlrror external radiator.

Heat Pipes. Heat pipes provide technique for the transfer of heat
with small temperature gradients. As shown in Figure 9-1, a heat pipe

involves six distinct processes in a closed cycle:

e Conduction of heat through the pipe wall and wick to
the working fluid surface.

e Heat transfer by evaporation of a working fluid at
the high temperature end.

e Vapor flow of the working fluid to the low temperature end.
e Heat transfer by condensation at the cool end.
o Conduction of heat through the wick and pipe wall to a sink.

e Liquid flow of the working back to the high temperature end
by capillary action of a wicking material,
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LOW TEMPERATURE END HIGH TEMPERATURE END

Figure 9-1. Heat Pipe Mechanisms

By taking advantage of the latent heat of vaporization, high heat
flow rates per unit cross-sectional area are achieved. There is no
simple way to characterize the performance parameters of a heat pipe.
Any one of the six mechanisms may limit operation. For the present

application, it is likely that the most critical item will be the heat density
at the evaporation end. ’

Heat pipes lmve been built and flown on spacecraft. It was shown

that the launch and orbital environments had no detrimental effects on the

heat pipe performance.

Active Liquid Cooling, Use of an active liquid loop has certain
advantages for TV broadcast satellites. Very high heat densities can be
dissipated with an extended surface radiator and compact heat exchangers.
Better control of component temperature can be realized with a liquid
loop system than with the heat pipe. With the heat pipe system the dis-
tance over which heat can be transferred is limited by the relatively low
pumping capacity of capillary action. Since pressure drop in liquid lines
of an active fluid loop will probably not be significant, considerable free-
dom is available with respect to location of components and radiator. As

with the heat pipe system, the vehicle skin can be used as the radiating
panel.

Main elements of an active fluid loop system are shown in
Figure 9-2. An accumulator is provided to absorb expansions and con-

tractions of the system and to provide a pressure reference. The
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radiator panel is sized for the highest dissipation rates. At lower rates,
a thermostatically controlled valve bypasses some of the flow around the

radiator to maintain a constant tube temperature,

ﬁ) ACCUMULATOR

PUMP(S)

:' HEAT _ RADIATING
| EXCHANGER PANEL

HEAT SOURCE

CONTROL VALVE

Figure 9-2. Active Liquid System

Active heat rejection systems of this type have been built and
successfully flown on Gemini and Apollo. The major drawback to appli-
cation on TV broadcast satellites is the long lifetime requirement. Com-
ponents on Gemini and Apollo are designed for approximately 21 -day
reliable lifetime. Obtaining a reliable motor-pump combination for a

5-year lifetime would require development and inclusion of redundancy.
9.3 SATELLITE BODY

Enclosed in the satellite body are components which have widely
differing thermal control requirements. Typical solid-state electronic
components have temperature limits on the order of o°F (-1806} to 100°F
(380(3). Propellant tanks and batteries will have temperature limits which
are narrower, 40°F (4°C) to 90°F (32°C), but inside the 0°F (18°C} to 100°F
(38°C) limit. Maximum temperature limit of RF power amplifier will
probably by about 350°F (i?SOC). To keep radiator area at a2 minimum,
operation of the radiator as mnear as possible to the maximum allowable
tube temperature is desirable. This leads to the necessity of having two

independent heat rejection systems, one for rejection of low temperature
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component heat and one for rejection of high temperature (RF tube) heat.
Insulation must be provided internal to the spacecraft to prevent exces-

sive heating of the low temperature components by RF pow‘er amplifiers.

9.3.1 Power Conditioning Equipment

A satellite in a synchronous equatorial orbit experiences wide vari-
ations in thermal conditions during a complete orbit in addition to seasonal
variations. External surfaces are alternately irradiatéd by the sun or
fully shadowed for long periods. During solar eclipse periods, the
internal dissipation decreases drastically. In addition, uncertainties and

degradation in thermophysical material properties must be considered.

It is unlikely that a fully passive thermal control system for the
main compartment can cope with the wide range of conditions and main-
tain the internal thermal environment range required. The need for some
semi-passive control means is indicated. A simple and effective means
of thermal control is provided by temperature-sensitive louvers as

utilized on OGO and Pioneer,

There are two alternate systems depending on the manner of satel-
lite body orientation. If one axis of the vehicle is oriented along the solar
vector, sides of the spacecraft receive minimal solar energy and system

(2) in Figure 9-3 can be used. For body orientation along the earth vector,
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Figure 9-3. Thermal Louver Configurations
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all sides at some time during the orbit receive solar heating and, there-
fore, system_ (b) is preferred. Figure 9-4 shows effect of solar energy on
the heat rejection capabilities of a louver system with blades fully open,
The cross-over point of heat rejection capability per unit area for these
two louver configurations is at a sun angle of 60 degrees. However, it
must be considered in tradeoffs that control action of sunlit louvers is
generally not as satisfactory, and overheating of the louver blades is a

potential problem.

Effect of the second surface mirror radiator with solar heating is
to increase the required louver area. From thermal considerations alone,
a sun-oriented system is highly desirable. Table 9-2 summarizes effect .
of solar orientation on the thermal control of the power conditioning equip-

ment. The figures are based on the following typical ground rules:
e Component temperature = 100°F (38°C)

e DBaseplate conductance = 10 .'f:"‘)t:u/hr—ﬂ:2 - °F
(2. 04 x 105 joules/hr-m2-°C)

o

e Interface conductance = 20 Btu/hr-ﬂ:2 - F

(4. 08 x 105 joules/hr-m2-°C)

e Component mounting heat density - 50. 0 watts /ft2
(540 Watts/mz)

¢ Louver open emittance - 0.8

Table 9-2. Thermal Louver Characteristics

Earth Oriented

Solar Orientation (66.5° Sun Angle)
Lou /k 2 2 2 2
ver area/kw 29.4 ft7(2.73 m T2.5 ft7 (6.72 m")
Radiating Surface  80°F (26°C) 4°F (-16°C)
Temperature .
Louver weight/kw  24.6 (11.2 kg) 68 (30. 8 kg)
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9.3.2 RF Power Amplifier

Cooling of the RF tube presents a difficult design problem primarily
because of the high heat density normally associated with such a device.
Heat densities é,chievable with radiation cooling only would result in
extremely high temperatures at the collector in most applications.

Table é—3 gives radiation black body energy densities as a function of
temperature,

Expected watt densities onthe order of 1to 2 watts /cmz are expected
onthe RF-tube. This precludes theuse of direct radiationfor heat rejection
atdesired tube temperature (300°F to 400°F). Two alternates, heat pipes
and active liquid systerns, were investigated for RF tube heat rejection.

Table 9-3. Black Body Intensity

Temperature (OF) Black Body Intensity (Watt/cmz)
Op  Og
100 38 0.0529
3060 148 0.4180
500 260 0.456
700 370 0.975
900 480 1.84

Heat Pipe System. Heat pipes can be utilized to remove heat at the

high density source and transfer energytoa radiating plate at the expendi-

ture of only a small temperature gradient.

A heat pipe rejection system is. shown in Figure 9-5. The radiator
part of the system is very similar to a configuration developed at TRW
during 1968, Heat removalfrom the collector is by means of a dielectric
inner heat pipe. Thisgivesa zero potential surface which canbe grounded
to the spacecraft. The temperaturedropinthis heatpipefor a 2 watt/cm
heat density is estimated to be on the order of 10 Fahrenheit degrees

(5.5 Centigrade degrees).

The problem of low temperature startup due to loss of dielectric
strength canbe solved by the addition of a non-condensible gas reservoir on
the condenser which pressurizes the heat pipe cavity atlow temperatures.
Atoperational temperatures, the non-condensible gasis driven into the

reservoir and the heat pipe operation is unaffected.
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Figure 9-5, Heat Pipe System

A wicked surface is bonded on the outside of the dielectric heatpipe and
a transfer heat pipe formed to transfer heat to the outer shell of the spacecraft.
A radiator withheatpipes is builtasan integral partof the vehicle outer gkin '
for rejectionofheatto space. The radiator heatpipesareinsertedintothe
distributor heat pipe where RF tube heatis absorbed. Vaporchambersof the
exterior and distributor heat pipesare not connected, and a puncture of an
external heat pipe would only resultin partial deteriorationof heat rejection
capahbilities.
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Control to prevent undercooling of the RF tube in eclipse periods
during which the transmitter is shut off can be provided by 4 noneondens-
able gas reservoir connected to the transfer.heat pipe. Pressure in the
reservoir is maintained at a predetermined vaiue. As the heaat input to
the tube decreases, the temperature and vapor pressure in the heat pipe
will decrease. Decrease in pressure will result in the inert gas being
drawn into the heat pipe, and the condensing end will be blanketed greatly
reducing the heat loss to space. A subseguent incréase in }ieé.,i-: rate will
result in an increase in heat pipe vapor pressure, and the inert gas will

be driven to the coldest point (condensing end) and into the reservoir.

Effectiveness of the radiator and hence the area required will depend
on the spacing of the outer surface heat pipes. Figure 9-6 shows radiator
area required and number of external heat pipes as a function of the space-
ing between heat pipes. An outer skin thickness of 0. 01 inches (0. 025 cm)
and a radiator height of 24 inches (61 c¢m) were assumed. The number of
tubes required and hence the weight penalty of the system, assuming no
penalty for the fin material, decreases with increasing area available for
the radiator. For a fixed area available, a tradeoff can be made between
fin thickness required and number of heat pipe tubes. Figure 9-7 shows
the relation between thickness and tubes required for a 300 F‘ (148 C)
heat pipe system with an area availability of 8. 75 ftzlkw (8. l m / kw) and
a radiator height of 24 inches (61 cm). :

Active Liquid System. The second system investigated was an

active liquid system. As shown in Figure 9-8, heat is absorbed from the
RF tube collector by the transfer fluid and rejected by an external radiator
panel, As with the heat pipe system, the vehicle skin can probably be used

as the radiator panel with tubes added to increases the effectiveness.

The conceptual active fluid system design shown in Figure 9-8 is
for a I. 25kwdlss1pat10n. The des1gn is based onthe use of Dow Corning 331
heat tra.nsfer fluid. DC-331 is only one of several potential fluids which

could be used. "No compa.rlson to obtain an optimum fluid was made. . .

Surface coating of the radiator was assumed to be a white paint with
an emittance of 0. 86 and solar absorptance of 0. 25, Total radiator area '
required is 12 square feet with 14 tubes required for the two radiators:
Flow rate of the heat transfer fluid is 300 1b/hr. Estimated pump power

required is 30 watts.
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9.4 EXTERNAI EQUIPMENT

In addition to components mounted in the main compartment, thermal
control must be. provzdeésfornexternally mounted~ elements. “Of prime
interest are the antenna and solar ar‘i'ét{r‘s.‘ Other 1tems {such as sensors,
support booms, gimbal rhotors, etc.) must be considered but should pre-

gent no problems unique to TV broadcast satellites.

9.4.1 Solar Array

The gcai of the thermal control on the solar arrays is to keep the
array temperature as low as possible durmg solar 111um1nat10n such that
electrical power output is, ma,.:gzmwed. A hlgh emittatce coating is put on
the array rear surface fzc; minimize array temperaf:ures. Temperature of
the array will also beé influenced by solar constant, angle between the sun
and array normal, and the cell effmlencv. Table 9-4 shows approximate

array tempera.mres for the expected range of the above parameters.

9, 4.2 Antexma

An exposed antenna in a synchronous orbit will experience wide
variations in thermal environment ranging from sun incidence headon
to a fully shaded condiigion. Exacting-limitations on acceptable structural
distortion and mis al%gnment require that temperature excursions and
gradients induced by the énvironment be maintained within stringent
bounds. Preliminary analyses indicate that passive means will provide
adequate thermal control. These means include careful selection on
materia‘,.lg, th}e}mal control coatings, mounting techniques, insulation, ete.
Weight and system performance tradeoffs must be made to determine the
most effective’:’pas sive thermal control techniques for each antenna config-
uration conéidered, including optimum selection of the above parameters.
Thermal control of the antenna mounted actuators and transmiiters has
been encountered prevmusly and ‘can be satisfactofily achieved with a
judiczous chcnce of ra&xatzon coatmgs,‘ insuldtion, and possibly electrical

heater’s durmg nonOperatlve periods,


http:contr.ol

Table 9-4. Typical Solar Array Temperatures

! SUN NORMAL' N

r=0.0, 1= 10%
Solar Consatant T . Array Temperature
2 . 2 o o [ o

Btu/hr-ft joules/hr-m F C F c

420 4.7+ 10% 126 s2.2. | a1 439

430 4.9 10 130 54,5 | <115 46,1

440 5.0 10° 133 56.1 |° 118  47.8

450 5.1+ 10° 136 57.8 121 49.5 -

460 5.2+ 10% 140  40.0 125 51.7

= eell efficiency

SUN 23, 5° FROM NORMAL

Mn=0.0 n=10%
Solar Constant T Array Temperature

Btufhr-£t°  joulesfhrem® | OF °g °r 9%
420 4.7 10° 113 4500 99 372
430 4.9 10° 117 47.2 102. 38,9
440 5.0. 10° 121 49.5 ° 105 °40.5
450 51+ 10° 124 511 108 42.2
460 =52 109" 127 52.8 112 44,5
M= céll efficiency

9.5 SATELLITE CONFIGURATIONS

. Conceptual thermal des1gns were developed for the three satellite

conflguratmns presented in Section 7.

¢ 4 kw with a frequency of 2. 5 GHz
e 8 kw with a’'frequency of 12 GHz
e 12 kw with a frequency of 0.9 GHz

Three designs were used to evaluate the various p0551b1e thermal control
techniques., Table-9-5presents-a summary of the physical characteristics

of the three configurations.

Figure ::9-9 presents the 2. 5 GHz, 4 kw cori:figu'ration Wit1:1 the body
earth oriented. As a result the sides of the spacecraft are illuminated by
the sun at varying sun anglesf.“ ;ZIE:.Ile therma.l concept is an insulated.one
with two rada.a.tor areas: one of 10. 9 ft :Eor dis s:i.patlon of the high temp-
erature component heat {1 2.5“kw) and cne of B2, ftz for dissipation of the
low temperature component heat (0 72 kw) Since the sun will illuminate
the sides of the spacecraft: where the louvers arée, the radiator surface

will have to be covered Wlth sécond surfa.ce mlrrors to get high emitiance

and low abs orptance.
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Table 9-5.

TV Broadcast Satellites

{Thermal Control Summary for Three Configurations)

Total Thermal ‘Required Thermal o .. 4 Requires
. . Frequency| Dissipation Radiator Dissipation quire Second Surface
Orientation | Fower Liouver .
(kw) GHz From R¥ Tube Area From Power Area - Mirrors on Louver
(lew) (3500F RE Tube) Control ) Radiator Area
Earth 4 2.5 1.25 10. 9 £t° 0.72 52 it Yes
(1. 04 ) (4.82 m?)
Sun 8 | 12.0 2.0 - 13. 6 £° 0.92 |27’ No
’ (4.26 m”) - {2.50m%)
Earth 12 | 0.9 2.8 22 £ 1.4 102 6% - Yes -
" (2. 04 m%) (9.46 m%)
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The 12 GHz, 8 kw configuration is sun oriented. As a result the
sides of the spacecraft are not illuminali:ed by tl";e' sun. - The thermal con-
cept is an-insulated oné with two radiator areas: one of 13.6 ftz for dissi-
pation of the high ternp‘érature‘ component heat (2. 0 kw)} and one of 27 £t
for dissipation of the low temperature component heat (0. 92 kw). Since
the sun will not illuminate the side of the spacecraft where the louvers are,

there is no requirement for second surface mirrors.

The 900 MHz, 12 kw configuration is earth oriented (Figure 9-10).
As a result the sides of the spacecraft are illuminated by the sun at varying
sun angles. The thermal concept is an insulated one with two radiator
areas: one 22 ftz for dissipation of the high temperature component heat
(2. 5 kw); and one of 102 ftz for dissipation of the low temperature compo-
nent heat (1. 4 kw). Since the sun will illuminate the side of the spacecraft
where the louvers are, the radiator surface will have to be covered with

second surface mirrors to get high emittance and low absorptance.
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10. GROUND RECEIVERS

10,1 IN TROX}UGTION

Reception of television broadcasting from satelhtes by conventional
consumer-market television receivers requires a space-oriented antenna,
In most cases, an adapter will be needed to perform one or more of the

following functions:
. Provide a sufficiently.-low system noise temperature

‘s Convert the frequency of the RF signal received from the
satellite to a VHF or UHF channel within the capability of
the television set.

¢ Convert modulation to AM/VSE of conventional standard.

The combmanon of adapter functions required for a gzven satelhte
broadcast system depends on the frequency, modulation, and ERP o:f the

satellite transmission,

The adapter circuits considered here az"e proposed extensions of the
current state-of-the-—art expected to be ava.zlable for the 19751980 period,
The adapters can employ functions which are already well undexr stoc:od
‘Integrated circuit techniques received the utmost goqmderatmn in the
interest of low cost and high produ:t:tion reproducibility. Economic viability
of satellite broadcasting dictates minimum ‘produ;:tion costs, Therefore,
monolithic and hybrid i;xtegrated c:i:rcﬁits and gross reduction of point-to-
point wiring are used extensively in the adapter concepts introduced in the
following seétions, Modern computer~aided designs of the various circuit
functions can drastically reduce, and in some cases entirely eliminate the

test and tuning steps in the adapter manufacture.

The adapters discussed in tlfxe following sections receive the input
RF signal from the space-oriented antenna and feéd a converted RF signal
into the antenna termmals of the conventional television sets. This scheme
implies some duphcatmn, in the adapier, of functions aiready present in
the conventional television set. Such duplication could be removed by per-
mitting the adapter entry into the television set at other points than the
antenna terminals, However, the internal circuit functions of {elevision
sets are today not sufficiently standardized to permit interfaces other than

the antenna terminals,
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For clarity, the following discussions are aimed only at adapters
for frequency-modulated satellite transmission, requiring modulation
conversion to AM/VSB., Adapter designs for AM/VSB satellite transmission

are in essence stripped-down FM adapter designs.

Figure 10-1 shows a block diagram of the FM adapter functions. It
can be logically divided into two sections. The first section, "RF and
IF Circuits, " provides selectivity, amplification and demodulation. The
second section, "Video and Audio Remodulation, " separates audio from
video, selects the audio channel, and remodulates these two component
signals onto a suitable VHF carrier to produce the RF signal format of

conventional television broadcasting.
10,2 RF AND IF CIRCUITS

10.2.1 General Discussion

The RY¥ and IF section of the adapter is a single-conversion, super-
heterodyne unit suitable for amplifying and demodulating wideband FM
television transmission, By proper sélection of-suitable RF preamplifier,
mixe';'; and local oscillator functions, any of the four specified carrier
frequencies can be accommodated. The intermediate frequency is chosen
to accommodate ariy of the four RF frequencies (0.9, 2.5, 8,5 and 12 GHz)
considered in this study. The composite baseband from the FM demodulator

ie roufed to the video and audioc remodulation section.

One function often found in selective receivers is absent in the pro-
-ject scheme., An RF preselection filter is.not used; Since the entire
_adapter is projected to employ integrated cirecuits, such a filter would also
logically be an IC element, and would impose unreasonable insertion losses.
To effectlvely fllter out the image channel antenna. no1se the filter would
necess1tate a small fra.ctmna.l ba.ndw1dth especmally at 12 GHz, A loss of

| '3 to 5 db can be expected of such a filter,

. _Thg rectangular substr_ate to the right of Figure 10-2 is a 6-gsection
Tchebychef bandpass filter centered at 6 GHz, The bandwidth is commensu-
rate with the requirement, and the insertion loss is 4 db. Since this loss
increases the overall receiver noise figure, other methods.of - image channel

noise control, such as the use of a balanced mixer, - are prescribed, -A -
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wider filter could be employed to reduce cross modulation from out of
band signal power. The space-oriented antenna may provide some pro-

tection. For these and economic reasons, a preselector is not warranted.

10.2.2 RF Preamplifier

Figure 10-1 shows an RF preamplifier as the front-end unit. Low

cost amplifiers are available for the two lower carrier frequencies, 0.9 and
2.5 GHz.

At 8.5 and 12, 0 GHz either a balanced tunnel diode or a parametric
amplifier would provide the necessary gain and noise figure. The pre-
amplifier should exhibit a gain of 8 db or greater and have a noise figure
significantly less than the mixer which follows. At these two higher fre-
quencies, transistor devices do not now exist which provide these per-
formances. Therefore, the block diagram denotes this circuit block as

tentative, depending on the RF carrier frequency.

At present, a junction field effect is available for less than $1 in
quantities of 1000, which at 900 MHz will yield a gain of 8 db with a noise
figure of 3.3 db. Assuming a noise figure of 1.5 db for the IF amplifier,
the combination of mixer and IF amplifier has an overall noise figure of
5.5 db. With the junction field effect transistor as RF preamplifier, the
overall receiver noise figure is reduced from 5.5 db to 4. 05 db, as is

easily determined with the familiar expression

At 2,5 GHz the bipolar transistor shows promise. An amplifier has
been constructed at TRW Systems which exhibits a 4. 5 db noise figure and
a 15.5 db power gain at 2, 0 GHz. The bandwidth is greater than one octave.
It is reasonable to predict that both this gain and noise figure will still be
attainable at 2.5 GHz if the design were shifted to this frequency and the
bandwidth is reduced to the 30 MHz necessary for FM/ TV satellite trans-
mission. At 2.5 GHz, the combination of mixer and IF amplifier would
have a noise figure of about 6.0 db. With the bipolar transistor amplifier,
the overall receiver noise figure is reduced from 6.0 db to 4,95 db, as-
suming that the transistor gain is reduced from the achievable 15 db to a

more economic 10 db.
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For consumer use, the 900 MHz device is clearly in the right price
range even at present prices. The 2.5 GHz devices are still quite expen-
sive; the cost of such a transistor is tens of dollars. However, at present
only limited quantities are produced, and development and engineering
costs are still the major part of the cost basis. Since the device is not
difficult to manufacture, production runs on the order of a million items

will reduce the unit cost to a few dollars.

Figure 10-3 shows an S-Band transistor power amplifier which
represents near state-of-the-art methods at the present time. Though the
performance characteristics are not the same as the preamplifiers con-
sidered for the adapter, the overall circuit approach is very similar, The
substrate shown in the figure is 1 inch (2.5 c¢cm) on each side, and either
the 0.9 or 2.5 GHz RF preamplifier would conveniently be produced using

these methods.

For 8.5 GHz and 12 GHz, both the balanced tunnel diode and the
negative resistance parametric amplifier are reasonable candidates. They
also lend themselves to microcircuit techniques, since both types have been
modeled in laboratories. Of course, the paramp requires a microwave
pump signal, perhaps attainable from a bulk effect, free running oscillator.
The use of a microwave circulator for impedance stabilization is suggested
for either form, particularly if the VSWR of the reception antenna varies

over a large range for any cause.

A single stage tunnel diode amplifier with a gain of 15 db and a noise
figure of 4.5 db at 8.5 GHz or 5 db at 12 GHz is within today's state-of-the-
art. The current retail price is on the order of 500 dollars per unit for
small quantities. For a production quantity of 106, the retail price by

1975 will probably be about 50 dollars.

Tunnel diodes are not considered for 0,9 GHz and 12 GHz, since
they do not give a better noise figure than attainable at lower cost with a

transistor amplifier,

An uncooled, single-stage parametric amplifier reduces the adapter
noise figure to 2.2 db at 0.9 GHz or 3.3 db at 12 GHz. The present retail
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price of about 5000 dollars applies to small quantities. For 1975, a reduc-
tion to 200 dollars is anticipated for production in quantities of 106, using

microcircuit techniques and a bulk effect oscillator,

10. 2.3 Microwave Mixer

Within the advent of the Schottkey-barrier diode, microwave mixers
or down-converters are showing exciting improvements. Based on device
parameters demonstrated in several laboratories, the following list of

noise figures are predicted for 1975 production equipment.

Frequency (GHz) Noise Figure (db)
0.9 5.5
&, 3 6.0
8.5 6.5
12,0 7.0

These noise figures are single-sideband values (image noise either filtered
or canceled out) based upon an IF amplifier noise figure of 1.5 db, available
from 10 MHz to over 200 MHz.

Hybrid microelectronic mixers, balanced and single ended, are
readily available from numerous suppliers. The costs are still high for
consumer use, but these are established by the relatively low production
levels. A reasonable prediction of this circuit function is a couple dollars

for large quantity production in 1975,

Image-noise cancellation by dual mixers is not new. Such schemes
have been employed for some time in radar and other microwave receivers.
Figure 10-4 illustrates one method for practically realizing the dual mixer,
The incoming RF signal is equally split to the two identical mixer elements.
One leg is phase shifted with respect to the other, The local oscillator
injection signal is also split to drive both mixers. The resulting pair of
IF signals are brought into phase summation in the IF combining hybrid.
The desired carrier voltage will recombine at the IF output while the image
voltage combines in the termination resistor. The initial RF signal split-
ting hybrid will exhibit a very low insertion loss, less than half a db.
Therefore, the theoretical 3 db noise improvement due to image noise

cancellation gives way to a practical 2,7 to 2. 8 db improvement.
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10. 2.4 Microwave Local Oscillator

At 0.9 GHz and 2.5 GHz, the local oscillator for mixer injection
would be a bipolar transistor microcircuit. Such an oscillator is shown
in Figure 10-5. The device shown produces over 0.5 watt at 1.3 GHz
with a tuning range of +100 MHz. The stability is also quite acceptable
for this adapter. Though the specific power and frequency are not appli-
cable, the techniques and devices are. Only about 10 milliwatts are

required to drive the dual mixer.

To provide a frequency deviation proportional to the AFC feedback
voltage, additional circuits are required. Minor deviations of the LO
output frequency can be provided by varying the bias on the LO transistor.
This normally results in power variations with adverse effects on the
mixer performance. The projected LO more logically should contain a
voltage variable capacitance diode or Varicap™ to provide an electrical
tuning adjustment of the oscillators L-C networks. Such an approach
results in reasonable AFC linearity at a modest additional cost. The
entire local oscillator with AFC can still be produced on a ceramic micro-
circuit for two or three dollars in large quantity. The necessary phase

shifting and power splitting networks are implanted on the same substrate,

For the 8.5 GHz and 12 GHz, transistor oscillators generating the
LO frequency without subsequent frequency multiplication are not pro-
jected as practical consumer items by 1975, Rather, two other techniques
are indicated. On the one hand, a bulk-effect or Gunn type microcircuit
oscillator may be considered. The oscillator noise of such a device is
acceptable for the present application. Another technique is the step-
recovery diode impulse generator which provides a microwave frequency
power comb. In Figure 10-2, this generator is the structure at the left.
The filter at the right selects the appropriate spectral line and yields a
highly purified injection signal. The figure shows a X6 multiplier-filter
arrangement suitable for 6 GHz applications. The concepts, however, have
been successfully applied from 1 to 16 GHz. Since this approach is more
complex and also requires a VHF oscillator to drive the diode, it might be
impractical. The bulk effect LO seems to be the more practical approach.

The cost of this function is also in the low-dollars category.




FE-01

Figure

10-5.

Though this circuit provides

Microwave Integrated Transistor Oscillator.

0.5 watt at 1.3 GHz with a 200 MHz tuning range, device and circuit
modifications would provide receiver LO characteristics.




10. 2.5 IF Amplifier and Limiter

The hybrid-recombined IF signal power leaving the dual mixer,
enters the intermediate frequency amplifier shown in Figure 10-1, The
center frequency is a compromise chosen to accommodate all four carrier
frequencies considered. A bandwidth of 30 MHz is indicated for the 8ys~-
tem. The center frequency would be in the region of 150 MHz to promote
reasonable filter design and band shaping. Recent IF amplifier designs
employing IC devices normally render the band shaping elements in one

group with the gain elements surrounding this filter.

On the current market, a monolithic IC amplifier circuit can be
purchased for slightly over one dollar. Such an amplifier has a signal
gain of 60 db at 10 MHz, For a few cents more, the device can include
the diode matrix necessary for angle detection and the last stage limiting

function required for FM detection.

A reasonable extrapolation of the present technology growth in this
specific IC area would provide a similar unit at 150 MHz by 1975, As usual,
the cost will be quantity dependent. A safe estimate would price a three
stage IF amplifier in hundred thousand quantities at under $5. Sufficient
gain, bandwidth, limiting, and frequency detection would be realized. The
mechanical carrier for the devices would likely be the normal copper
laminate, printed circuit board in the interest of cost reduction. The only
point-to-point wiring required would involve the addition of lumped L-C
filter elements, and the modest number of lead connections to the pre-

packaged IC units.

For massive consumer quantities, an entirely monolithic amplifier
possessing all of the required performance criteria might be considered.
The only outboard hybrid elements for such a design would be a few lumped
inductor and capacitor discrete components to satisfy the frequency response
requirements. Additional monolithic video and DC amplifier chips could be

included to drive the diplexer and AFC local oscillator inputs, respectively.

Figure 10-6 portrays an extremely wide band phase detector used for
a frequency locking application at TRW Semiconductors. The band of
operation covers a range from a few megacycles to the 6 GHz region.
Though not immediately applicable to the adapter discussed herein, it shows

the promising future of film techniques in similar applications.

10-12




£1-01

Figure 10-6, Wideband Microelectronic Phase Detector. Phase and impedance |
Tinear performance from the low MHz to 6 GHz is displayed.
Sensitivity is 200 millivolts per radian of A¢.




10.3 VIDEO AND AUDIO REMODULATION

The signal entering the video and audio remodulation section of the
adapter is a composite baseband consisting of a video signal (luminance
and chrominance, or luminance only) and one or more audio subcarriers.

See Section 2. 5.

The remodulation section separates the audio subcarriers from the
video signal and uses these two signals to generate the RF signal format

of conventional television broadcasting, for which the television set is
designed. Specifically, an RF carrier at one of the standard vision carrier
frequencies is amplitude modulated by the video signal. The audio FM
carrier is generated by transposing the selected audio subcarrier to the
standard intercarrier frequency and mixing it with the output of the vision

carrier generator,

10.3.1 Video Diplexer

The diplexer separates the sound subcarrier(s) from the video signal.
It is fixed-tuned and could be realized from lumped LC components. In
complexity it is comparable to perhaps two conventional IF transformers.
The manufacturing cost of an IF transformer is today about 15 cents in the
U.S. and in the neighborhood of 8 cents in Korea or Taiwan. It is not to

be expected that labor cost will decrease by 1975 and therefore one can
assume that the diplexer cost if it were assembled from discrete L.C com-
ponents would be in the neighborhood of 20 to 25 cents. However, by 1975
this network will probably not be fabricated from discrete components but
rather as a printed corral capacitor assembly on a substrate which may

be an ordinary printed circuit board or a low cost glass or ceramic.
European TV sets now make extensive use of printed circuits in the sound
IF strip and to some extent in the video circuits and it is to be expected
that this technique will find much wider use in the future. The TRW Com-
ponents Division is presently developing printed tuned circuit assemblies
for use in FM voice broadcast receivers. These circuits are competitive
in price and in performance with conventional filters as they are manufac-
tured now in the Orient. For 1975 when probably all manufacture of mass
produced consumer type electronic components will be in the Orient, a cost
of not much more than 10 cents of today's value can be projected for the

diplexer.




10. 3,2 Modulator-Mixer

After the diplexer follows a video amplifier and a de-emphasis
network, It is questionable whether the amplifier is needed. The de-
emphasis network can very well be combined with the diplexer. The resis~
tors could be fabricated by thick film techniques. This isno problem if a
ceramic substrate is used. Even on ordinary printed éircuit board very
low cost resistors can be deposited. This technology has been developed
by the Resistor Divigion of TRW Electronics (formerly IRC), The cost of

a trimmed thick film resistor is projected to be 0. 8 cents.

Video amplification becomes unnecessary if the video modulator is
sensitive enough to modulate fully with millivolt inputs. This demand can
be met by one of the monolithic integrated circuits for similar dpplications,
which are just now entering the market. Typical of this kind of integrated
circuit is the RCA type CA3028A. Currently these devices sell in large
quantities for less than a dollar, and further price reductions will occur
until the mid 70's. It appears safe to assume that by 1975 the price of '
relatively simple integrated circuits will be no more than the p:é:ice of
today's epoxy type of high frequency transistor, which lies in the neigﬁborm—
hood of 10 cents. A similar IC can perform the function of mixing the audio

subcarrier signal with the vision carrier to produce the audio carrier.

For production quantities of hundreds of thousands or more, it will
be worthwhile to combine the video modulator and the audio mixer into one
circuit. This circuit then would have inputs for the video, audio, and car-
rier oscillator and an output terminal with the proper impedance ievel
necessary to drive a cable which connects the satellite TV adapter to the
antenna input of a normal TV set, The complexity of this monolithic
integrated circuit would be no greater than that of the operational amplifiers
which are presently manufactured in monolithic form. In large gquantities
these circuits presently sell for approximately $2. If produced in quantities
of millions, the price will drop below $1, probably in the range of 25 to

40 cents,

The carrier oscillator must be relatively stable but need not be
crystal controlled. It may be advantageous to make this oscillator fre-
quency variable since.the regular TV channels free for satellite board-

casting would depend on the area where the adapter is used. In cost there.
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is not too much difference between a good stable variable frequency
oscillator VFO and a crystal controlled oscillator. It is safe to assume
that a frequency variable oscillator of this kind, mass produced, including
all electrical and mechanical parts, will have a manui'acturing cost of

substantially below 50 cents.

10.3.3 Sound Channel Selection

The satellite TV systemn may have several sound carriers, To be
compatible with 'standard TV receivers these subcarriers will be FM modu-
lated and occupy approximately 100 kHz, A converter is needed to trans-
pose the various sound channels to the intercarrier frequency of the re-
spective standard., The local oscillator must be tunable from approximately
9 to 11 MHz and could simultaneously serve as mixer in an audiodyne type
of circuit, If continued adjustment of the sound carrier frequency range is
desired, permeability tuning would be the most economical means, If the
various sound subcarrie_rs should be accessible through push button opera-
tion, one might consider electronic tuning.” Since the range to be covered
is only 10 to 15 percent wide, and the frequencies are relativeiy low, the
most simnple variable capacitance diode will be sufficient. Such dicdes are
priced in the 10 to 20 cent range and may become even cheaper in 1975,

The bias voltages required can be obtained from small preset trimpots in
very much the same way that European TV sets today achieve channel
‘selection, It is also feasible to employ a thick or thin film resistor network
to supply the individual bias voltages needed, which would then be applied

to the tuning diode via microswitches.

Material cost for this stage would be approximately 25 to 30 cents for
the push-button switch assembly, about 10 cents for the oscillator transis-
tor, and 10 to 15 cents for the oscillator coil and small resistors. The
output transformer will be about 8 cents, Further IF amplification on
4.5 megacycle is not considered necessary because of the sensitivity of the
subsequent monolithic mixer which has been discussed earlier in connection
with the video modulator. Price for audiodyne mixer did not consider the
trimpot assembly or the preset resistor bias divider network and if trimpots

" are used, these will be between 5 and 10 cents a piece.
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10. 3.4 Integration with the Television Set

The adapter discussed thus far uses the video signal and an audio
subcarrier at standard intercarrier frequency to generate the RF signal
format of canventional television broadcasting, consisting of an é.mplitude
modulated vision carrier and a frequency modulated audio carrier. The
television set then recovers the video signal and the audio intercarriers,

both signals already present in the adapter.

The sole reason for this remodulation and subsequent demodulation
is to permit connection of the adapter toithe regular antenna terminals of
the television set. It could be avoided by equipping the television set with
two additional input jacks, one for video and the other for the audio inter-
carrier. This would require standardization of levels, frequency responses

&nd other characteristics for these additional jacks.

The elimination of remodulation and second demodulation will result
in a slight improvement in picture quality. The simplification of the adapter
consists of elimination of the proposed integrated circuit for RF carrier
generation, video modulation, and audio mixing, The saving in adapter
cost will be significantly offset, or even outweighted, by price increase of
the modified set. Additional jacks must be installed, pr‘ovisions must be
made for disabling the regular IF strip, and special, shielded cables.will

be required to feed video and intercarrier into the televigion set.

Another approach is to integrate the IF amplifier and FM demodulator
of the adapter with the television set. The remaining adapter functions,
i,e., RF amplification (if used) downconversion to IF, ‘and IF preamplifi-

cation, could then be performed by an antenna-mounted unit.
10.4 TV SETS FOR SATELLITE BROADCASTS

The difference in cost between a.' straight satellite TV receiver and
ordinary receivers will be only minor, The microwave frequency con-
verter for 0.9 GHz or 2,5 GHz will not be more expensive than the TV
tuner with a multiple channel selection capability, Whether the IF strip
is centered around 30 to 40 MHz or 100 MHz will not make much difference,
and the only additional function really required is the multiple sound car-

rier selection circuit.
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10.5 FUTURE TRENDS

Present color schemes have deficiencies brought about by the require-
ment of compatibility with monochrome receivers. It is not inconceivable
that an entirely hew TV transmission system using specialized receivers
will benefit from the absence of compatibility restrictions in using a new
scheme for color transmission, resulting in quality improvement and/or

cost saving,

It is very likely that in 1975 the TV sets with the exception of the
picture tube will be entirely solid state, We can expect that by 1975 most
of the functional blocks will be manufactured in the form of hybrids with
thick film integrated circuits, -These hybrid circuits will of course contain
many monolithic IC's in chip form which are bonded to the remainder of the
circuit. One large manufacturer has designed a complete color TV set
- which consists entirely of thick film functional subassemblies. The main
1",ea.z-son for the introduction of integrated circuits is to offset the ever rising

labor costs.

For examples of circuitry details, consider first the video amplifier.
The present trend is to separate the functions of selectivity (or bandpass
shaping) and amplification, and it is safe to assume that in the future we -
--will have a lumped gain function in the form of a high gain'monolithic cir-
cuit and a separate selectivity function in the form of a printed filter net-
work, We may also find some active filters. . They will most.likely first
appear in thq‘g}}:gqma amplifiers, where frequencies are relatively low and

bandpass requirements rather simple,,

The famiiliar IF transformers in cahs will disappear., ‘Two po;s gible
new solutions have already been introduced. One is the use of piezoelectric
filters. These f11ters are now avalla.ble from several Japa.nese sources at
prlces Whlch are somewhat below the pr1ce of conventmnal L.C tuned

c1rcu1ts.

N PRI

: - There is.also;a good possiblity that. the sound IF amplifier and dis-
‘;::rémi,pgtqzz as we know it now will no longer be used.' Sprague introduced
some time -ago.a.new integrated circuit which.performs these functions
without tuned circuits or a ratio detector. An auxiliary carrier spaced

about 200 kilocycles away from the sound intercarrier is mixed with the
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sound information to produce a relatively low frequency beat output. These
frequencies can be amplified in resistor capacitor coupled monolithic cir-
cuits up to the level where they can be limited. The frequency modulation
is then converted to pulse width modulation and the resulting wave shapes
integrated to recover the sound information. This scheme appears com-
plicated, but it does have the advantage that it can be constructed in
monolithic circuit form. Sprague developed such circuits for ordinary

FM radios and TV receivers.

There will also be some changes in the tuners. At present, the dart
type tuner for VHF and the continuously tunable UHF tuner are used in the
United States. Electronic tuning is used in Europe and it is presentlir being
introduced in the U.S. Push-button tuning will be largely electronic.
Va.ricap® tuning will eliminate the need for mechanical arrangements., A
bias voltage for each channel can be obtained from small trirb.ming parts
and small switches for channel selection. It is also to be expected that the
entire tuner will be built in hybrid microelectronic form. One of the lead-
ing tuner manufacturers designed such a circuit, a ceramic substrate witﬁ

the coils on the varactor chips, and sormie transistor chips.
10. 6 ANTENNAS

Link analysis indicate that user antenna gains of 20 db and higher are
preferred. Therefore, the parabolic reflector antenna appears the best

choice of type for the present application,

Present techniques for fabrication of the parabolic reflector are:.
e Stamping of stéel or aluminum sheet metal.
° Spinn'i‘ng of aluminum sheet metal.

o Fiberglass-on-foam sandwich with a sprayed reflective
surface. Coe )
Star;:;.ping ‘is the sim’plest method, req‘uiring the least num‘ber of
manufacturing operations and time, The high cost of stamping tools is a
disadvantage of production in q:u§.ntities"*.1ess. than 10, 000, For larger
quaritities, .100: 060 and over, .the tool cost becomes a srlz}a.ll fraction of
total production cost. Stamping is then a competitive method, if not the

most economic choice among the three manufacturing methods mentioned
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above, Further, stamping has the capability of producing expanded metal
reflectors, having less weight and experiencing less windload than solid
reflectors, a feature of special value for the larger diameters required at

the lower fregquencies (0.9 and 2.5 GHz).

Tables 10-1 thru 10-4 give performance and price data for parabolic
reflector antennas, The gain values and beamwidths in the table are based
on an illumination pattern for low sidelobe levels, of importance for rejec-
tion of manmade noise and earth radiation. The antenna noise tempera-
tures given include galactic noise, noise due to atmospheric attenuation
{oxygen and water vapor), and earth radiation. These components of
antenna noise temperature were calculated for a boresight elevation of
20 degrees, corresponding to a great-circle distance of 62 degrees between

receiver location and sub-satellite point,

The values in the columns "Sun Noise Temperature" are the effective
antenna noise temperatures of solar radiation when the sun is in the main
lobe. This addition to antenna noise temperature is proportional to
(beamwidt:h)"z, reaching several thousands degrees Kelvin at beamwidths
of one to. two degrees. For receiver locations at latitudes between 50 de-
grees south and 50 degrees north, the sun is in the main lobe during approxi

mately (a/ 15)2 percent of the time, where o is the beamwidth in degrees.

The prices in Tables 10-1 thru 10-4 are éxpected retail prices for
purchase and installation, in the 1975-80 period, of circularly polarized
reflector antennas, These prices, based on production quantities of 10
units, are estimates derived by judicious use of bresent retail prices and
learning curves, with consideration to the effect of frequency on surface
accuracy requirements., Stamped reflectors of exéanded aluminum were
assumed for 0.9 GHz and 2.5 GHz, solid steel for 8.4 GHz and 12 GHz,

Antenna noise temperature components generated by external sources,

such as earth radiation and manmade noise, are given by the equation

/2 2 ‘ )
:...11'[2 =

47 o
(10-1)
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Table 10-1. Earth Receiver Antennas for 0.9 GHz:
Performance and Retail Price
Beamwidth Antenna Sun Noise | Retail
Diameter |'Gain (3 db) Noise Temp Temp Price
{ft) | (m) | (db) (deg) (* K} (" K)= (§ )k
411,22 18 21 86 86 40
$11.83 21 15 80 169 55
8 |2.44 24 11 73 314 78
10 |3.05 26 8.5 71 528 130
*Sun in the main lobe. 6

*kFor installed antenna; production quantities

of 10".

Table 10-2. Earth Receiver Antennas for 2.5 GHz:
Performance and Retail Price

Beamwidth Antenna Sun Noise | Retail

Diameter | Gain (3 db) Noise Temp Temp Price

(ft) | (m) | (db) (deg) (°X) (PK )y ($)e
4 11.22 27 7.6 55 224 80
611,83 30 5.5 52 433 105
8 [2.44 33 3.8 50 300 145
10 |3,.05 35 3.0 49 1440 230

*Sun in the main lobe. 6
*¥For installed antenna; production quantities of 10 .
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Table 10-3. Earth Receiver Antennas for 8.5 GHaz:
Performance and Retail Price

Beamwidth Antenna Sun i\Ioise Retail

Diameter | Gain {3 db) Noise Temp Temp Price
@] )| @) | (deg) (°K) CE* | ()
2]0.61] 32 4.3 56 293 165
4 .22 38 2.1 54 1230 180
611.83 41 1.5 51 2400 220
81 2.44 43 1.2 50 3750 300
10 .05 45 1.0 50 5400 430

*Sun in the main lobe. 6
#kFor installed antenna; production quantities of 10 .

Table 10~4. Earth Receiver Antennas for 12 GHz:
Performance and Retail Price

Beamwidth Antenna Sun Noise | Retail

Diameter | Gain (3 db) Noise Temp Temp Price

)] )| (@) | (deg) (°K) CRE | (g
210,61 35 3.0 59 422 190
_.22 41 1.5 57 1690 210
6 .83 44 1.1 55 3140 265
8|2.44 | 46 0.85 55 5300 450
10 .05 48 0.7 55 7750 710

#Sun in the main lobe: 6
#%For installed antenna; production quantities of 10,
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where
0= elevation above the horizon, radians.
$= azimuth, radians.
2= solid angle, sterads,
T(6, ¢) = brightness temperature of the external noise source, °
G(8,d) = power gain pattern of the antenna.

For general consideration of manmade noise; earth radiation;
tropospheric noise; and noise due to precipitation, clouds and fog; the
brightness temperature can be assumed to be independent of azimuth and
to vary relatively slowly with 6, Hence, for approximate calculation of
TA’ the brightness temperature can be given a constant value Tk inr each
annular zone bounded by the limits 1 and N of a amall elevation

interval. See Figure 10-7,

Figure 10-7. Annular Zones
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Expression (10-1) is then approximated as follows:
I
T, =,2 T, F (10-2)
with

2T
G{6.,¢) cos8 déde (10-3)

~—

Ok
1
P = 2% f
Oy =0
where the summation must be carried out over the entire elevation range

of interest.

Each zone factor F, is dependent on the elevation limits 0,4 and 0y

of the zone, the elevation of the antenna beam, and the beamwidth.

The zone factors F, have been determined, by computer calculations,
for elevation intervals of 5 degrees between 0° and +30°, for intervals of
10 degrees between +30° and +90°, and for the interval from -90° to 0°,
Tables 10-5 through 10-8 show these values for different beam elevation;s
and beamwidths, For instance, the antenna noise temperature of earth
radiation can be calculated simply by multiplying the effective radiation
temperature of the earth surface (normally 290°K) with the appropriate

factor for the elevation range 0° to ~-90°.
10.7 COST AND PERFORMANCE DATA

The model used here to determine the total retail price and perfor-
mance of the required user equipment, in addition to the regular television

receiver, consists of:
e A parabolic antenna, circularly polarized.

¢ An antenna~-mounted unit including an RF pre-amplifier
(optional), downconverter, and IF amplifier,

¢ An indoor unit consisting of a demodulator section, a video-

audio modulator section, power supply, antenna switch,
cables and enclosures,
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Table 10-5,

{2) Antenna Beamwidth = 5°

Zone Factors

{c} Antenna Becmwidth = 15°

Ef25§¥¥gn 5° 10° 15° 20° 25° 30° 90° ECQI§¥¥SN 10° 20° 30° 90°
Z0NES ZONE FACTORS ZONES Z0ME FACTORS
g0°to 90° [0.000113  0,000084 ©0.000050 0.000119 0.000168 0.000213 0,89 B0° to 90° |0,00048 0,00062 0.00033 0.63
70°to 80 (0.00028  0.00037  0.00042  0.00047  0.0005¢  0.00076  0.046 70% to 80° |0.0146 0.00133 0.0030 0,22
60°to 70° {0.00051  0,00062  0.00085  0.00107  §.00130  0.00172  0.0150 60° to 70° [0.00178 0,0038 0.0047 0.064
50°to 60° [0.00092  0.00115  0.0010  0.00192  0.0028 0.0042 0.0074 50° to 60° {0.0043 0.0052 0.0162 0.0109
40°to 50° |0.00152 - 0.0020 0.0029 0.0044 0.0071 0.0132 0.0055 40° to 50° |0.0054 0.0162 0,038  0.022
0°to 40° |0.0031 0.0045 0.0073 *© 0,013 0.034 0.38 0.0028 30" to 40° [0.0167 0.035 0,37 0.0031
25°to 30° [0,0028 0.0047 0,0091 0.026 .36 0.53 0.00043 25° to 30° [0.0093 0,126 0.27 0.0021
20°to 25° |0.0047 0.0092 0.026 0.36 0.53 0.033 0.00151 20° to 25° [0.030  0.25 0.161  0,0040
15°to 20° |0.0093 0,026 0.36 0.53 0.033 0.0112 0.00027 15° to 20° (0.327 0,27 0.046  0.0042
10°to 15° |0,026 0.36 0.63 0.032 0.0110 0.0057 0.00029 10° to 15° 10.28 0.159  0.070¢ 0.0036
&°to 10° [0,36 0.53 0.032 0,009 0.0056 0.0034 0.00077 5% to 10° |0.27 0.085 0.0125 0.0026
0°ts & |0.53 0.032 0.011 0.0055 0.0033 0.0022 0.00081 0° to 5° |0.167  0.0105 0.0085 0.0020
L;90°t0 ¢ {0,68 0.037 0,027 0.022 0.0180 0.0167 0.029 -90° to 0° 0,122  0.071 0.053 0,040
() Antenna Beamwidth = 10° {d) Antenna Beamwidth = 20°
ANTENNA ! "ANTENNA
ELEVATION 5° 10° 20° Qe a0° ELEVATION 10° 20° 30° 9g°
Z0NES ZGNE FACTORS ZOHES ZONE FACTORS
B0® to 90°| 0.00027  0,00032  0.00023  0.00042  0.82 80° to 90° | 0.00060 0.00098 0,00085 0.43
70° to 80°| 0,00080 ©.00073  0.0011&8  0.0014 0.083 70° to §0°| 0.0021 0.0023 0.0026 0,39
60° to 70° 0,00103  0.00156  0.00199  0.0036 0.028 60° to 70° | 0.0030 0,0032 0.0096 0.022
50° to 60° | 0.0020 0.0022 0.0040 0.0082 0.0128 50° to 60°{ 0.0037 0.,0107 0.03128 0,052
40° to 50%| 0,0035 0.0042 0.0085 0.025 0.0081 40° to 50°| 0.0114 0.0135 0.076  0.0137
30° to 40° | 0.0064 0.0089 0.026 0.39 0.0087 30° to 40°| 0,00191 0,078  0.33 0.0044
25° to 30°§ 0.0047 0,0107 0.071 0.38 0.0044 25° to 30°1{ 0,0180 0,134 0,21 0.0062
20° to 25°| 0.¢108 0.0157 0.33 0.114 0.00067 20° to 25} 0,062  0.20 0.158  0.0066
15° to 20°| 0.0158 0.07 0.37 0.0172 .00199 15° to 20°[ 0,135 (.21 0.081  0.0056
10° to 15°| 0.072 0.33 0.3 0.0147 0.0023 10° to 15°| 0.20 0,156  0.026  0,0043
5° to 10°| 0,33 0.37 0.0168 0.0053 0.0013 5° to 10°( 0.21 0.079  0.0083 0.0032
0° to 5°f 0,37 0.112 0.0143 0.0057 0.00153 0° to 5°| 0,154 0.025 0,0083 0.0025
-90° to 0°| 0.183 0,073 0.044 0.035 0.183 -90° to 0% 0,146  0.088 0,075  0.0109




The retail price of the outdoor equipment, i.e., the antenna and
antenna-mounted unit, is dependent on the RF frequency and on perfor=-
mance in terms of G/ T, the ratio between antenna gain and system noise

temperature.

Retail prices and performance data on the antenna are given in

Tables 10-5 (a} through (d).

Figure 10-8 presents a functional diagram and major characteristics
of the antenna-mounted unit, For reception of FM satellite transmission,
the IF amplifier has a center frequenc& of 150 MHz and a bandwidth of
typically 35 MHz. For AM/VSB satellite tr_ansmission the IF amplifiexr
is a linear a.:fnplifier operating in one of the channels of conventional
television broadcasting., The combination of preamplifier (if any), mixer
and local oscillator can be implanted on a single substrate. Table 10-6
gives noise figures and estimated retail prices (based on production quan-
tities of 106) of the antenna unit, For each of the four frequencies three
alternatives are given: without RF preamplifier, with transistor or tunnel
diode preamplifier, and with uncooled parametric amplifier. The retail
prices given for these alternatives are estimates derived by judicious use
+of the technical discussion in Section 10,2, present retail prices, and

learning curves.

The retail price of the indoor unit differs- between AM/VSB and FM
satellite transmissions, but is independent of RF frequency and G/T.
~ Frequency modulation is converted to AM/VSB in thé demodulator section
(Figure 10-9}) and the video/audio modulator section (Figure 10-10), In
‘addition to these sections, the indoor unit includes a power sﬁpply unit for
all adapter electronics, and an RF switch for switching the receiver input
‘between the adapter and the antenna for terrestrial broadcasting. These
itemé are p}aced in the same enclosure as the demociuiator and modulator

sections.

" The total retail price of the indoor unit for FM is estimated at $27,
assuming production quantities of 106. This price estimate is based on
the production costs down in Figures 10-9 and 10-10 for the demodulator

and modulator sections, respectively, and an estimated production cost of
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L_: RF PREAMPLIFIER;,_.@_,, IF AMPLIFIER |_IF .
LOCAL OSCILLATOR  |= AFC
RF FREQUENCY GHz 0.9 2.5 . 8.5 12.0

MEXER

LOCAL OSCILLATOR

IF AMPLIFIER

DUAL MIXER WITH SCHOTTKY-BARRIER DIODES; REJECTS IMAGE NOISE

BIPOLAR TRANSISTOR; VARIABLE BULK-EFFECT (GUN TYPE)

CAPACITANCE DIODE FOR AFC; OSCILLATOR; VARIABLE

CERAMIC MICROCIRCUIT CAPACITANCE DIODE FOR
AFC; CERAMIC
MICROCIRCUIT

INTEGRATED CIRCUIT AND LUMPED L-C ELEMENTS, ON COPPER-
LAMINATE PRINTED CIRCUIT BOARD. ALT: AMPLIFIER ENTIRELY
MONOLITHIC, FEW L'S AND C'S ARE OUTBOARD HYBRID ELEMENTS,
IF FREQUENCY: 150 MHz; iF BANDWIDTH: 35 MHz

|

Figure 10-8. Antenna-mounted Unit
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Table 10-6, Antenna-Moupted Units: Price Ver.sus Noise Figure

Frequency (GHz) 0.9 2.5 8.5 12.0
Preamplifier Type No preamplifier No preamplifier No preamplifier No preamplifier
b3
Noise Figure db 5.5 6.0 6.5 7.0
w .
Cost $ 18. 00 18. 00 .24.00 24. 00
Preamplifier Type Junction field- Bipolar Tunnel diode Tunnel diode
effect transistor transistor
Noise Figure db 4. 05 4.95 4.6 5.2
£
Cost $ 20. 00 30. 00 74. 00 4. 00
Preamplifier Type ‘Uncooled Uncooled Uncooled Uncooled
Paramp Paramp Paramp Paramp
LS
Noise Figure db 2.2 2,7 3.0 3.3
Cost™ $ 218. 00 218. 00 224. 00 224. 00
Noise figure of antenna unit.
6

Projected retail prices, based on production quantities of 10" .




———={ |F AMPLIFIER LIMITER § DEMODULATOR

IF _ BASEBAND
(VIDEO AND AUDIO)

~ AFC LOW-PASS |
- FILTER
[F CENTER FREQUENCY 150 MHz
IF BANDWIDTH 35 MHz
DESCRIPTION INTEGRATED CIRCUIT AND LUMPED L-C

ELEMENTS ON COPPER LAMINATE PRINTED
CIRCUIT BOARD. ALTERNATIVELY: AMPLI-
FIER ENTIRELY MONOLITHIC WITH FEW L'S

AND C'S AS OUTBOARD HYBRID ELEMENTS.

ADDITIONAL VIDEO AND DC AMPLIFIER
— CHIPS TO DRIVE VIDEO/AUDIO MODULATOR
SECTION AND AFC.

PRODUCTION COST OF - $7.00 (IN QUANTITIES OF 10°%)
SECTION

Figure 10-9, Indoor Unit: Demodulator Section
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LOW-PASS |
sasesanD | FILTER DE- EMPHASIS|—2E2 3 Am MODULATOR
EBAND )
COMBINER}—P TVRSET
EIFI’?I;PASS —» MIXER
%0.25 $0.40
AUDIO
SUBCARRIER VISION
CARRIER
OSCILLATOR
$0.50
¥ SOUND
OSCILLATOR INTERCARRIER
MIXER -
$1.00 TOTAL PRODUCTION COST OF SECTION!:
$3.65 (IN QUANTITIES OF 106)
AUDIO-CHANNEL
SELECTOR
$1.50

Figure 10-10, Indoor Unit: Video/Audio Modulator Section



$3 for the remaining equipment of the indoor unit. Retail prices for the
type of equipment considered here is estimated at twice the production

costs.

For AM/VSB transmissions, the demodulator and remodulator
sections are not required and the retail price of the indoor unit is con-

sequently reduced to $6.

In summation, the total retail price of the user equipment (not includ-
ing the regular television receiver) is the sum of

e The antenna retail price, obtained from Tables 10-5 (a)
through (d).

e The retail price of the antenna-mounted unit, obtained from
Table 10-6.

@ The indoor unit retail price of $27 for FM or $6 for AM/VSB.

Total retail prices obtained in this manner are shown in Tables 10-7
through 10-10 for the four frequencies o;‘:' interest. For each frequency,
different combinations of antenna size and adapter noise figures are pre-
sented, The prices shown are based on production quantities of 106, and

include installed antennas.

The system noise temperatures shown in Tables 10-7 through

i0-10 were obtained as

NF -1
Ts=Ta*t 290
where
TS = system noise temperature, °K.
TA = antenna noise temperature, °K.

NF = adapter noise figure (Table 10-6), db.

The antenna noise temperatures used are those stated in
Tables 10-5 (a) through (d), which do not include noise. due to attenuation
in precipitation, fog or clouds, nor manmade noise or solar noise, The
system noise temperature thus obtained was used to determine the values
in the column "G/T, Dry" in Tables 10-7 through 10-10.
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Table 10-7.

Retail Price versus System Performance

User Equipment for Reception at 0,9 GHz: Estimated Total

ELECTRONICS ANTENNA. SYSTEM RETAIL PRICE
- ($)=
Preamplifier Noise Diameter | Beamwidth System G/T G/T
Figure (3 db) Noise Temp Dry Wet
@db) | ¢t)| @m) (deg) (°K) (db/°K) | (¢b/°K) | aM/veB| FMm:
4| 1.22 21 826 S11.2 | -11.2 - 64 85
6 |1.83 15 820 8.1 | a1 79 | 100
None 5.5 8 |2.4a 11 813 5.1 | - 5.1 102 | 123
10 | 3.05 8.5 811 ~3.1 | - 3.1 154 | 175
401.22 21 534 9.3 | - 9.3 66 87
. 6 |1.83 15 528 - 6.2 | - 6.2 81 | 102
Transistor 4.05 8 |2.44 11 521 -3.2 | - 3.2 104 | 125
10 | 3.05 8.5 519 Sz |-z 156 | 177
41,22 21 276 -6.4 | - 6.4 264 | 285
gg}fgﬁed 5 5 6 |1.83 15 270 -3.3 | - 3.3 279 | 300
P ' 8 [2.44 11 263 - 0.2 - 0.2 . 302 323
10 |3.08 8.5 261 +1.8 | +1.8 354 | 375

*Based on production quantities of 106.

Prices do not include the regular television set.




Table 10-8. User Equipment for Reception at 2.5 GHz: Estimated Total
Retail Price versus System Performance

€e-01

ELECTRONICS ANTENNA ) SYSTEM RETAIL PRICE
($)*
Preamplifier Noise Diameter Beamwidth ~ System G/T G/T
Figure (3 db) Noise Temp Dry Wet
@b) | t)| fm) (deg) (°K) (db/°K) | (ab/°K) | AM/VSB| FM
4 11.22 7.6 915 - 2.6 - 2.7 104 126
6f1.83 5.5 912 + 0.4 4+ 0.3 129 150
None 6.0 8 |2.44 3,8 910 + 3.4 + 3.3 169 190
10 { 3.05 3.0 909 + 5.4 + 5.3 254 275
4 11,22 7.6 671 - 1.3 - 1.4 116 137
Transistor i.95 6 [1.83 5.5 668 + 1.8 + 1.6 141 162
or TDA * 8 |2.44 3.8 666 + 4.8 + 4,6 181 202
10 | 3.05 3.0 665 + 6.8 + 6.6 266 287
4 11.22 7.6 . 302 + 2.2 4+ 2.0 304 325
Uncooled 2.7 611.83 5.8 299 + 5.3 + 5.0 329 350
Paramp ) 8|2.44 3.8 297 + 8.3 + 8.1 369 390
10 13,08 3.0 296 +10.3 +10.1 454 475

. - 6 ‘s
*Based on production quantities of 10", Prices do not include the regular television set.
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Table 10-9. User Equipment Cost for Reception at 8.5 GHz: Estimated
Retail Price versus System Performance

ELECTRONICS ANTENNA. SYSTEM RETAIL PRICE
($)
Preamplifier Noise Diameter | Beamwidth System G/T G/T
Figure (3 db) Noise Temp Dry Wet

(db) | (ft) | (m) (deg) (°K) (db/°K) (db/°K) AM/VSB| FM

2 |0.61 4.3 1056 + 1.8 - 0.5 i95 216

4 11.22 2.1 1054 + 7.8 + 5.5 210 231

None 6.5 6 |1.83 1.5 1051 +10.8 + 8.5 250 271
8 |2.44 1.2 1050. +12.8 +10.5 330 351

10 |3.05 1.0 1050 +14.8 +12.5 460 481

2 lo.61 4.3 596 + 4.3 + 1.7 245 | 266

4 11,22 2.1 594 +10.3 + 7.7 260 281

TDA 4.6 6 |1.83 1.5 591 +13.3 +10.7 300 | 321
8 12.44 1.2 590 +15.3 +12.7 380 401

10 3.05 1.0 BE9o +17.3 +14.7 510 531

2 10.61 4.3 346 + 6.6 + 3.6 395 416

Uncooled 3.0 4 1,22 2.1 344 +12.6 + 9.6 410 431
Paramp ‘ 6 1.83 1.5 341 +15.7 +12.6 450 471
8 12,44 1,2 349 +17.7 +3i4.6 530 551

10 §13.05 1.0 340 +19.7 +16.6 660 681

*Based on production quantities of 106. Prices do not include the régular television set.




Table 10-10. TUser Equipment for Reception at 12 GHz: Estimate Retail
Price versus System Performance

S¢=0T7

ELECTRONICS ANTENNA. SYSTEM RETAIL PRICE
- > ($)*

Preamplifier Noise | Diameter Beamwidth System G/T G/T
Figure (3 db) Noise Temp Dry Wet

(db} (ft) | m) (deg) (°K) {db/°K) (db/°K) | AM/VSB| FM

210.61 3.0 1229 + 4.1 + 0.5 220 241

4 [1.22 1.5 1227 +10.1 + 6.5 240 261

None 7.0 6(1.83 1.1 1225 +13.1 | + 9.5 295 316

8 12.44 0.85 1225 +15.1 +11.5 480 501

10 {3.05 0.70 1225 +17.1 +13.5 740 761

210.61 3.0 719 + 6.4 + 2.5 270 291

4 11.22 1.5 717 +12.4 + 8.5‘ 290 311

TDA 5.2 611.83 1.1 715 +15.4 +11.5 345 366

8 12.44 0.85 715 +1°7.4 +13.5 530 551

10 {3.05 0.70 715 +19.4 +15.5 790 811

2 10.61 3.0 384 + 9.2 + 4.7 420 441

Uncooled 4 11.22 1.5 382 +15,2 +10.7 440 461

Pararm 3.3 & 11.83 1.1 380 +18.2 +13.7 495 * 516

P 8 [2.44 0.85 380 +20.2 +15.7 680 701

10 |3.05 0.70 380 +22.2 +17.7 94.0 9@1

#*Based on production quantities of 106. Prices do not include the regular television set.




The values for "G/ T Wet" were calculated for bad weather conditions
in an average temperate climate with a precipitation rate exceeding 10mm/
hours in 1 percent of the time. A receiver location at a great-circle
distance of 60 degrees from the sub-satellite point was assumed. For

these conditions, the total additional attenuation is estimated as follows

Noise Increment

Frequency Attenuation (at antenna)
(GHz) (db) (°K)
0.9 0 0
2.5 0.1 7
8.5 1.9 103
12.0 3.1 150

The values in the column "G/ T Wet" reflect both the increase in
system noise temperature and the signal attenuation (in other words, T is

the increased system noise temperature at the topside of the troposphere).
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11. COSTS OF OPERATIONAL SYSTEMS

Nonrecurring and recurring costs of satellites and subsystems are
presented. Satellite costs and costs of user equipment given in Section 10, 7,
are used to determine investment costs for establishing and maintaining an
operational system. Annual costs of investment amortization and operation
are given for all system segments. - Costs of terrestrial broadcasting are

presented for comparison.
11. 1 SATELLITE AND SUBSYSTEM COST

Tables 11-1 through 11-3 present cost estimates for the three
satellite configurations described in Section 7. Cost estimates are shown
by subsystem with totals for each satellite configuration. Nonrecurring
costs include those costs necessary to conduct research, design, de-
velopment, and test of operational television broadcast satellites
plus the costs of breadboards, engineering model, thermal model, struct-
ural model, and qualification model spacecraft. These costs cover in
essence Program Phases B through D, i.e., !''Definition" through "De- ’
velopment/Operations, !' as defined in the NASA publication, "Phased
Project Planning Guidelines' (NHB 7121, 2; August 1968 Edition). The
nonrecurring costs also include the supporting research and technology
initiated to meet the requirements identified in Phase A (Preliminary
Analysis). The total cost of breadboards and models, included in the non-
recurring costs, is approximately twice the recurring cost for one flight
article. Recurring costs are shown for the procurement of one flight

spacecraft,

The primary source of cost information for the Television Broadcast
Satellites has been the TRW Systems data bank. Historic costs were
adjusted for time of performance and for subsystem complexity, Ix-
traneous costs, such as those occasioned by schedule delays and other
nonrepeating cost effects, were deleted so that cost estimates represent
a basic cost for each subsystem as appropriate for the Television Broad-
cast Satellites. All costs have been burdened (less profit) and adjusted
to 1969 dollars.
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Table 11-1. Costs of 12 Kilowatt, 0.9 GHz Satellite as Described in Section 7. 2

Subsystem
Structure

Thermal
Attitude control

Electrical power

Electrical integrg.tion
Communications and a.n.ttenpas
Adapter

Mechanical GSE apd'_integration
Spacecraft integration and test

Electrical operating ground support equipment

Spares
Quality assurance

Program management

($000)

. L%
Nonrecurring

$ 4,700.0

4,000.0
9,000. 0

16,000. 0
5,000.0
13,000. 0
600. 0
2,500.0
6,100.0
7,700, 0

3,200.0
2,700.0
8,500. 0

$83, 000. 0

Includes one engineering model and one gualification model.

$ 1, 500.

600.
2,200,

7, 000.
1, 600.
2,750,
250.
800.

1, 900.

Recurring/Spacecraft

0

0
0

0

0

800. 0
2,200.0

$24, 600.

Total
$ 6,200.0

4, 600, 0
11,200. 0

23, 000. 0
6, 600. 0
15,750. 0
850. 0
3,300. 0
8, 000. 0
7,700. 0

-3,200. 0
3,500.0
10,700. 0

$104, 600. 0
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Table 11-2. Costs of Four Kilowatt, 2.5 GHz Satellite as Described in Section 7. 3

Subsystem
Structure

Thermal

Attitude control

Electrical power

Electrical integration

Communications and antennas

Adapte:;'

Mechanical GSE and integration

Spacecraft integration and test

Electrical operating ground support equipment
Spares

Cuality assurance

Program management

*Inc:ludes one engineering model and one qualification model.

($000)

. %
Nonrecurring

Recurring/Spacecraft

$ 3,600.
3,100.
6, 000.

10, 000,
3, 000.
9, 800.

400.
1,400.
3, 800.
4, 800.
2, 000,
1, 500.

5, 600.

$55, 000.

0

0

$  750.
400.

1, 300.
4, 700.
1, 000.
2, 200.
150,
400.

1, 000.

600.

1, 300.

$13, 800.

0

0

Total
$ 4,350.
3,500.
7, 300.
14, 700.
4, 000.
12, 000.
550,

1, 800.
4, 800.
4, 800,
2, 000.‘
2,100.

6,900.

$68, 800.
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Table 11-3. Costs of Eight Kilowatt, 12 GHz Satellite as Described in Section 7. 4

Subsystem
Structure

Thermal

Attitude control

Elec‘trical power

Electrical integration
Communications and antennas
Adapter

Mechanical GSE and integration
Spacecraft integration and test
Electrical operating ground support equipment
Spares

Quality assurance

Program management

*
Includes one engineering model and one qualification model,

($000)

L%
Nonrecurring

$ 4, 600.
3,500.
7, 500.

15, 000.
4, 000.
10, 000.
500.
2,200.
5,200.
6. 600.
2, 600.
2,200.

7,100.

$71, 000.

0

0

Recurring/Spé.cecraft

$ 1, 000.
500,

1, 700.
6, 000.
1, 300.
2,400.
2.00.
700.

+1,500.

700.

1, 800.

$17, 800.

0

0

Total
$ 5, 600.
4, 000.
9, 200.
24, 000.
5, 300.
12, 400.
700.

2, 900,
6, 700.
6, 600.
2, 600,
2, 900.

8, 900.

$88, 800.



11,2 OVERALL COSTS OF SPACE BROADCASTING

11. 2. 1 Investment Costs

The investment costs presented here are budgetary estimates of the
recurring costs for establishing and maintaining space broadcast services,

using equipment previously developed.
Recurring investments will be required for three equipment cate-
gories:
8@ Spacecraft

¢ Earth station for transmission of the television programs to
the spacecraft and for control of the spacecraft

e Uger installations

The cost to users of the equipment required to adapt a regular
television receiver fo satellite braodcasting is given in Section 10. 7 for

different rf frequencies and different performance levels,

The recurr{ng spacecraft cost is related to the type and quality of
service, the size of the area to be served, and the performance of the
user installations, To examine this relation, it is convenient to express
the beam-édge gain of the satellite antenna as:

4 4
G =g-o-=g—
S/RZ (11-1)

where Gt = beam-edge gain of the satellite antenna.

g = beam factor.

2= the solid angle at the spacecraft, subtended by the earth surface
area to be covered.

S = central projection of the covered area on a spherical surface
at maximum range, R.
The ideal spacecraft antenna would radiate with a nearly uniform
intensity within the solid angle2,without spilling any power outside this
angle. The beam-factor g would then equal one. Realizable antennas

have a lower beam-edge gain than the ideal antenna, which is reflected in
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a value of g lower than one. The factor g is related to beam ~edge gam

and beam width by the equation:

G, 0% = 52,500 g (11-2)

where 6 = 3-db beamwidth, degrees.

For the present cost analysis, Gez is assumed to be 15, 800 for
antennas with solid reflectors (2.5, 8.5, and 12 GHz) and 13, 800 for
antennas with wire-mesh or grid reflectors (0.9 GHz). The corresponding

values of g are 0. 30 and 0. 26 respectively.

With the expression (11-1} for the satellite antenna gain, the re-
quired 'satellite tramsmitter outpit power, per video channel, can be

expressed as:

t Mg . G/T (11-3)

va;here Pt = transmitter output power, w'a.tts.
L = miscellaneous losses.
. A = wavelength.
g = beamiactor, defined above.
S = central projection of covered area.

. _C/'I‘ = ratio between.received carrier power level and receiver system
noise temperature, watts/°K.

G/T

‘ratio between recenrer a.ntenna gam and recelver system
noise temperature, °K-1, -

The wavelength'\ and the'S muist be expressed in*terms of the same
unit of length. -The quantity 'L, includés circuit l6sses between satellite
trahsimitter ‘and anténna, polarization loss, loss due to errors in sla:tel-
lite ‘antenna’ pointing; and a‘co¥rection for uplink noise. A total of 1.5 db
is assumed, 2.5 db if a diplexer or multiplexer is used to connect two or

more transmitters to a common satellite antenna.
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The quantity C/ T is determined by the type of downlink modulation
and the.picture quality grade. Table 11-4 gives values for various

alternatives.

The ratio G/T is a performance parameter of the earth receiver
installations. Values are given in Tables 10-7 thru 10-10 of Section 10.°
The effect of precipitation, fog, and clouds on the transmitter power'
requirement., are taken into account by appropriate correction of the G/T

values (Section 10.7).

It is convenient to rewrite equation (11-3) in logarithmic formulation
Py dbw = A T1010g S+ (C/T)yy o sope -(G/ Ty, soge (11-4)

with values of A given in Table 11-5.

For a satellite with n channels, each with a transmitter 'output
power of Pt watts, the required array power at the end of a 5-year life

is approximately

nP .
P_ = 0.0011 Tt {1 + me) + 0. 350 kilowatts (11-5)

where 1 is the respective transmitter efficiency, while m is the number
of sound channels per video channel. Table 11—6"gives values -of %

ande, *

The array power level is used as input for estimating the recurrent

satellite cost by the following expression:

- 0.405
Cs = 7.8 Pa (11-6)
where Cé = fecurring spacecraft cost, ($106)..
Pa = array power at end of 5-year life, killowatts.

The recurring costs in Tables 11-1 through 11-3 are within two

percent of the values indicated by equation (11-6).
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Table 11-4, C/T Data
Monochrome/ Picture quality Sound channels * %
Color per c/T
TASQO id h 1
Name Grade video channe dbw/oK
AM/VSB Transmissions
Monochrome Fine 2 E -122. 0
Color Fine 2 e -41214.3
Monochrome Passable 3 %k -130.1
Color Passable 3 * -129. 4
FM Transmissions

Monochrome Fine 2 1 -139. 6
Color Fine 2 1 -138. 7
Monochrome Passable 3 1 -140, 7
Color Passable 3 1 -140. 0
Monochrome. Fine 2 4 -138. 7
Color Fine 2 4 -138.1
Monochrome Passable 3 4 -139.5
Color Passable 3 4 -139.1

“C/T of AM/VSB carriers is not affected by the number of sound
channels, since sound is transmitted by separate transmitter.

ok
For AM/VSB, C is sync peak level of carrier power.

Table 414-5. Values of A

A
F c db
requency Note
= For S in For S in '
(st.mi)? (km)?
0.9 92. 0 87. 8 Add 1 db to A for
2.5 100. 3 96.1 satellite using
8.5 140.9 106.7 transmit diplexer
12.5 113.9 109.7 or multiplexer.
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Table 11-6. Values of17ande

‘|
Modulation Frequency | g (1 ) c
y
AM/VSB 0.9 1.30 € = 0,03
1.25 for one
sound
Sound on channel;
separate € =0,04
FM carrier |  for two
or more,
M 0.9 0.80
' 2.5 0.79 | 02)
Sound on 3.5 0.73
subcarriers 12. 0 0.71

(1) For AM/VSB, 7 is »atio between sync peak
level of transmitter output power and maxi-
mum average power consumption, For
FM, M is transmitter efficiency.

(2} Sound transmission on subcarrier(s) is taken
into account in C/T values.
This satellite cost model is reasonably accurate for general
planning purposes when used for satellites with array power (at the

end of 5-year life) between 2 and 20 killowatts.

lLaunch costs, including both the launch vehicle and launch opera-
tions, depend primarily on satellite weight, Inspection of satellite and

subsystem weight estimates lead to the following weight model:

W, =W +204P
o a

s (11-7)

i

(]

H

[

g
1]

H

satellite weight, pounds.

P_ = array power (at end of 5-year life); kilowatts,

&
1

constant term, between 700 and 1000 pounds.
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The term Wo will be near upper end of its 700-1000 pounds range for
satellites broadcasting at 0. 9 GHz, because of the larger weight of communi-
cation equipment and antenna at this low frequency. For higher frequencies,
W should be chosen closer to 700 pounds. Further, the weight of communi-
cations and power conditioning equipment in satellite transmitting several
television programs simultaneously will be higher than for a single channel
satellite with the same-array power requirement. Consequently, a con-

servative estimate of Wo is warranted for multi-channel satellites.

The weight estimates obtained by equation (11-7) apply to satellites
without apogee motor. It is assumed that the upper stage of the launch
vehicle performs the apogee firing as well as a coarse, initial orientation.
The satellite performs trim maneuvers after separation from the upper

stage.

The launch cost C_Q follows from launch vehicle selection based on
the satellite weight WS. Table 6-1 gives payload capacities of launch

.vehicle configurations of the Atlas and Titan families.

Investment cost of the earth station used for transmission of tele-
vision programs to the broadcast satellite and for satellite control is

estimated at $1. 75 - 106.

In summation, the recurring investment costs of establishing, main-
taining, and using a television broadcast satellite service are estimated

as follows:
* Cs’ satellite cost given by equation (11-6).

. Ciﬁ, launch cost (including launch vehicle and launch operation)
of the Jaunch configuration, selected on a basis of satellite
weight given by equation (11-7).

] Gm, cost of master earth station, $l1.75- 106.

e NGCu, cost of N user installations, each at a cost Cu given
in Tables 10-7 through 10- 10 of Section 10. 7.
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11..2.2 Annual Costs..

“‘Annual costsfinclude the level annual costs of investments and'the

costs of operation.

"“For a spacecra.ft ‘life of 5 years and a launch probabﬂlty of 0.9, the
level annual cost of the space segment is 0. 263 (C £ C ) based on an

interest rate of 6 percent.

For the master station and the user installations a lifetime of 10 years
is assumed, which lead to level annual costs of 13. 6 percent of the invest-

ment.

Annual operation costs (including maintenance ) of the master station
are estimated at §250K, -

Total annual ceosts, in $106, of providing television broadcast .

satellites is:

C

L1 = 0.263 (C_ +C))+0.136 G +0.25

(11-8)

with C__ = 1.75- 1‘06 dollars,
m

The total annual cost of using the service by N receiver installations

G,, = 0.136 NG, (11-9)

11.3 COSTS OF TERRESTRIAL BROADCASTING

For a meaningful cost comparison between satellite broadcasting
and terrestrial broadcasting, cost estimates for terrestrial broadcasting
must be established in terms of a directly comparable type of cost for .
service comparable to that provided by satellite broadcastmg Annual
costs, 1nclud1ng ‘both level annual cost of ca.p1tal mvestments a.nd annual
operation costs, are used as dlrectly comparable cost type For com«— )
parable serv1ces the function of terrestmal broa.dca.stmg which, d1ffers in

cost from satelhte broadcasting, is the transm1ssmn of telev1s1on pro—

grams (picture and sound) from a point of or1g1na.t10n to the antenna
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terminals of all television sets involved. The cost of program origination,
i.e., program production, recording, storage, and playback, as applicable,

is the same in both cases.

In the terrestrial broadcasting model shown in Figure 11-1, broad-
cast transmitters, T, each with a service radius, R, are arranged in a
pattern providing full area coverage. With this arrangement, each station
is used to cover an-area 2. 60 Rzor 83 percent of the area within the circle

of radius R

The station used for this cost model has an antenna height of 1000 feet
above average terrain, giving a radio horizon distance of 50 statute miles,
Typical ERP requirements for providing at least Grade B quality at a
50-mile radius are 100 kilowatt for channels 2 through 6, 300 kilowatts
for channels 7 through 13, and 2000 kilowatts for UHF channels, Invest-
ment costs were found to vary between 350, 000 and $450, 000, An aver-
age of $400, 000 is used in the cost model, Approximately 65 percent of
this total is the cost of communication equipment, for which an amortiza-
tion period of 10 years is assumed; the other 35 percent is amortized over
20 yvears. The level annual cost of capital amortization is then 7, 600

per station, assuming an interest rate of 6 percent.

The annual operation cost, including maintenance, for broadcast
stations of the capacity presently considered is approximately $60, 000,

not including studio operation.

In conclusion, the total annual cost for a broadcast station providing
at least Grade B service within a radius of 50 statute miles is $107, 600.
This station covers 7,800 square statuté miles; however, in the arrange-
ment for full area coverage shown in Figure 11-1, it is used to cover
6,500 square statute miles. Full coverage of one million square statute

miles requires 154 stations at a total annual cost of $16. 6 x 106.

In the minimum length microwave network shown in Figure 11-2,
the broadcast stations are located along the east-west lines, which
correspond to the east-west lines in Figure 11-2. The separation between
stations, 50./3 = 86.5 statute miles, dictates the use of two repeaters

between adjacent broadcast station sites.
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Figure 11-2. Microwave Network

Since topographical limitations on the selection of microwave tower
sites increase the circuit length to about 20 percent above straight-line
distance, the repeater spacing averages at 35 statute miles, Consequently,
the east-west lines require three microwave towers per broadcast trans-
mitter, of which one is equipped with branch-off circuitry (at the IF amp-

lifier output) and a demodulator.
+ The north-south line interconnects the east-west lines.

All microwave stations should have two-way capability to provide
program routing redundancy, remote control, telemetry, and two-way

voice circuits for service purposes.

On the basis of available cost data,. the capital investment cost is
. estimated at $000 per-route-mile. Annual operation costs, including
maintenance, are estimated at 500 for each microwave station at a

broadcast transmitter site and .at #2500 for other stations.

For an area of lﬁx 106 square statute- m'iiles the toéa.l circuit length
is 17, 300 route-miles requlrmg a caplta,l expenditure of $1 04 x 10
The level annual cost of amortization in 10 years is $14, 1'x 106, assuming
an interest rate of 6 percent. :Annual operation costs, including main-
tenance of the approximately 500 towers, of which 154 are located at
broadcast transmitter sites, total $942, 000.

Table 11-7 summarizes the cost data for broadcast stations and
microwave circuits. The cost totals are approximately proportional to

the area covered, from 0.3 x 106 sguare statute miles,

11-14



S1-11

Table 11-7. Costs of Terrestrial Broadcasting

{In thousands of dollars)

Annual Costs

~ Capital

Investment Amortization Operation
Broadcast transmitter station 400 47. 6 &0
Microwave circuit, one mile 6 -- -
Microwave station at broadcast transmitter site - - 0.5
Other microwave station - -- Z. 5
lé‘o;j‘ i x 1106 sg st miles
154 Broadcast transmitter stations 61, 600 7,340 g, 240
17,300 St miles microwave circuit 103, 800 14,400 --
154 Microwave stations at broadcast sites - -~ 77
346 Other micdrowave stations 4 -~ 865

Total, annual Z1,440 10,182




12, EFFECTIVENESS AND AUDIENCES

12.1 SUMMARY AND CONCLUSIONS

SUMMARY

One of the most significant potential applications of space-based
telecommunications is television broadcasting. As a first step in estab-
lishing the technical specifications and costs of a TV satellite system,
analysis of the characteristics of potential audiences and estimation of
expected benefits or effectiveness of the system must be undertaken. The
television medium is used in three major applications: education, enter-
tainment, and cultural. Because of the difficulties in describing or
measuring the results of entertainment and cultural programming, the
major efforts in this study are associated with educational programming,
Educational television is defined as that programming which is purpose-
fully instructional., The audiences investigated are chiefly citizens of
the developed countries, with preliminary consideration given to those of
developing countries. For the developed economies, current social and
economic theories are assumed to apply, and standard forecasting tech-
nigues may be used to indicate the quantitative effects of television
broadcasting. For the developing countries, it is recognized that the
sociology and economics do not rest on a firm body of theory. Further,
“demogra.phic and economic statistics are scarce for developing countries
and, where available, are often unreliable. Consequently, the treatment
of developing regions is more gualitative than quantitative, more sub-

jective then objective.
Education

The rapid advance of technology in developed nations stimulates
the flow of investment into high-productivity equipment and facilities, and
requires new or enlarged skills on the part of workers, managers,
administrators, and teachers who make the socieoeconomic system function.

These skills can only be achieved through formal or informal education.

Statistics on enrollments and scholastic achievements in United
States schools indicate 2 need for expanding the United States education
system gqualitatively and quantitatively; and this need for expansion is

presumed to exist for all other developed countries. Developing countries
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have an even more stringent need for expansion of their education systems
since they are typified by a general lack of trained personnel and too few

institutions for providing the needed training.

Education Televigion {(ETV)

The use of mass communications media for educational purposes
promises great expansion of the education process. Already, ETV is
increasingly used for instruction. Some ETV projects worthy of note
are:

1) -American-Samoa: ETYV is used as the main core of the

teaching program for grades i through 12. This project -
was used to replace an underdeveloped education system.

2} Hagerstown, Maryland: This project used ETV as a

' supplement to an established developed unitary school
system, and provides the most extensive measures of
results currently available. :

3} Midwest Program-on Airborne Television Instruction
(MPATI): The MPATI is an example of ETV coverage
across many political boundaries and education systems.

4} Telescuela Popular Americana (ETPA) in Peru: ETPA

was established to provide ETV to students not formally
enrolled in the school system,

From the many research papers on educational television, it may be
concluded that TV, if properly used, can add significantly to the output of
an education system. In the Hagerstown project, gains in "efficiency' of
teaching as high as 117 percent were observed, Using the available
Hagerstown data to calculate the cost elasticity of performance as a mea-
sure of sensitivity of educational output to expenditures on ETV, elastici-
ties ranging from 1.7 to 16.7 were derived, depending on the performance

measure used,

To provide a measure of effectiveness of an ETV broadcast satellite
for the United States, the costs and benefits of a hypothetical, national,
satellite-based ETV system serving all U, S. public elementary and
secondary schools were compared. The system comprised four 6-TV
channel satellites broadcasting to low-cost antennas/converters in the

100,000 public elementary and secondary schools in the U, S.; 1,7 million
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23-inch- color receivers would be required (one per classroom). All pro-
grams originate from one ground station. System costs include: satel-
lites — $20 million each; antenna/converters— $1000 each; receivers —
$250 each; giound station—$10 million; ‘programming—=$§10 million
annually; and estimates of operating, maintenarnce and repair costs of

the ground hardware, System benefits were imputed from projections of
effective student-hours added by gains in teaching (or learning) efficiency.
(estimated at 12 percent and 31 percent) derived from using ETV in U. S..

schools at an estimated $0. 81 per student-houzr.

Considering satellite life to be five years, 'and benefits to begin '
after three years of operation, system costs and benefits and their present
values (at 4 and 6 -percent discount rates) were calculated and compared
for a fifteen-year périod.. If the project-is continued through ten- years
of benefits, an ‘inéreased efficiency of only l. 36 percent is required to
achieve a zero net present value. If the 12 ahd 31 percent gains in
teaching efficiency are considered too optimistic, a net present value of
zero would obtain if performance gains are only three percent in the first
year of benefits and the project is discontinued thereafter. After the
hypothetical system has been in operation for three years (first year of
benefits), the cumulative benefits far exceed the cumulative costs, both
in absolute terms and in discounted present value terms. That'is, the
net present value ranges from $751 million in the first year of benefits;
to $44, 886 million in the tenth year of benefits, ‘discounted at six percent,
or £885 million to £54, 708 million over the same period discounted at

four percent.

In addition to the imputed benefits of added effective student-hours,
reduction in the economic costs of crime, reduction in welfare payments,
increases in tax revenues and many other social benefits with potential

economic implications may be obtained.

For developing countries, potential benefits and costs arising from
satellite-based ETV must be assessed from study of th@i existing education
system and the political, so‘c'ial and economic characteristics of the
specific country of interest. Development projects for education, health,
agriculture, industry @nd infrastructure must compete for scarce finan-

cial and human resources. To indicate the potential effectiveness of
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implementing ETV projects in developing countries a theoretical model
linking growth in national output to improvement in education is discus-
sed in an appendix to this study. It implies that expansion of the
student body and improvement of educational quality or efficency are

the keys to increased productivity.

To investigate the need for improven-ent in the education systems of
developing countries, economic and education statistics of 97 countries
were examined, Considering countries with annual per capita gross
domestic products greater than $750 to be developed, and all others to be
developing, typical education and economic statistics for the two cate-
gories were derived. The typical annual education budget per student in
the developing countries is seen to be an order of magnitude less than in
the developed countries, The ratio of students to teachers ;15 significantly
greater in developing countries; the ratio of students to total population
significantly less; and the ratio of education expenditures to gross domestic
product is also significantly less, If it is accepted that developing coun-
tries must emulate the typical education system character.istics of de-
veloped countries to achieve the types and quantities of educated
personnel needed to achieve and maintain a developed, competitively pro-
ductive economy, then it must be concluded that efficient and timely means
of expanding and improving their education systems, such as nationwide
educational television, must be employed. However, planning decisions
must be taken in light of all identifiable development needs and resource
availabilities. A resource-rich country (perhaps Libya) may more
efficiently achieve planned output goals by emphasizing industrial expan-
sion at the expense of educational expansion; a resource-poor country
(such at Ethiopia) may maximize economic growth by emphasizing
expansion of education. Expansion paths of developing countries must

be determined according to their individual cir;:umsta.nces.

From a list of candidate developing regions or countries in which
satellite~-ETV may be fruitfully used, Central America, Brazil, and
India present potential audience areas of feasible geographic size. The
use of ETV in Central and South America requires detailed study to

derive quantitative cost-benefit analyses. ETYV in India has received a



great deal of attention but available statistics are insufficient to permit
other than general conclusions on the quantitative benefits to be derived
from satellite-based (or other) ETV. A study of the total system
requirements, including electrification, school buildings, roads, books,
personnel and programming is needed to provide a basis for optimal

expansion of the Indian Education System.

Costs of Alternate Systems

Projection of costs of optimum combinations of microwave, cable,
and satellite broadcasting require engineering and operations analyses
comparable to the engineering portion of this study. However, a rough
estimate of alternate costs can be made to permit order of magnitude

comparisons.

First, consider the primary capability of satellite-based TV:-
cormnplete coverage of the enfire nation with acceptable~grade TV signals.
If one assumes that the three million square miles of the ;:oﬁterrhinous
United States were geometrically square and could be completely illumi-

- nated by a square array of evenly spaced transmitters, each with a
50-mile radius of coverage, approximately 370 transmitters would be
required. In this square-square array all 370 transmitters may be con-
nected to one properly located point of origin by a minimum of 38,000

route-miles of microwave relay,

Comparison of costs for a hypothetical microwave-connected trans-
mitter system and the previously hypothesized satellite system providing
six channels of color ETV to all United States public elementary and
secondary schools shows that the cumulative outlays and 1970 present
values of the microwave system exceed those of the satellite system in

every analyzed year from 1970 to 1984,
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CONCLUSIONS

1.

Nationwidé educational television, comprising -six channels of
color television for all United States public elementary and
seconda.ry' classrooms, appears to be a highly effective method
of improving the United States publi¢ education system.

Imputed benefits from an 0perationa1 six-channel color TV broad-
cast satellite system broadcasting to all United States public
elementary and secondary classroomis greatly exceed the costs

_of such a system.

Six-channel color educational television for all United States
public elementary and secondary schools can be achieved by a

" satellite system at significantly 1ower costs than by a micro-

wave network.’

Satellite-based educational television may greatly improve the
education- systems of developing countries, but studies of the
social and economic structurés and the development plans of the
individual countries are required to permit valid cost-benefit
analyses or comparisons W'Lth other.means of implementing
educational television.
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12,2 EDUCATION

For developing as well as developed nations, economic growth may
be directly associated with increased utilization of labor and capital to
produce the industrial, agricultural, and service goods that make up
their gross domestic products. The rapid advance of technology not only
enables a flow of investment into high-productivity equipment and
facilities, but also requires increasing investments in the stock of human
capital; for the increased productivity promised by the new techniques
and equipment calls for new or enlarged skills on the part of workers,

managers, administrators, and teachers.

REQUIREMENTS FOR EXPANDING EDUCATION
SYSTEMS IN THE U. S.

In an attempt to measure the total stock of "educational capital'' in
the United States at various points in time, Schultz (89, pp 571-583) added
the estimated potential annual income foregone by students in the formal
schools to the expenditures for formal education of all types and derived
an estimate of the total annual investment in education in the United States,
for the period 1900 to 1957, by decades. He found that the total stock of
""educational capital” ranged from $63 billion in 1900 to $535 billion
in 1957,

Sohu].tz also found that during that period, '"Fesources allocated to
education rose abéut three and a half times {2) relative to consumer in-
come in dollars, (b) relative fo the gross formation of physical capital
in dollars...' (90, pp 60)

Other economists ha,ve attempted to either measure the costs of
education (62 Chap. 1IV) or determme the contribution to the gross
national product of resources devoted to educa.tlon (94, pp 312-330;

95, pp 76 86; 24 pp 124-128). These efforts, though far from pro-
v1d1ng theoretlcal laws of the quant1ta.t1ve effects of educatlon on economic
‘ growth at least serve to h1gh11ght the general 1mporta.nce of educatlon to
economic growth and to give plannez:s a ""feel" for the magnitudes of

economic costs and benefits associated with education.
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In growth economics the question of balance is ever present. Should
industrial development take precedence over agricultural -expansion ?
Should emphasis be placed on training teachers, farmers, scientists, or
physicians ? Should capital be allocated to steel miils or scimol buildings %
Obviously, the'answers to such questions will depend on the character-

istics of the economy being studied.

In developed, market economies, the 'free'" market is relied upon
to regulate, through the wage /price mechanism, not only the stocks and
flows of goods and services, but also the supplies of trained personnel.
The regulatory mechanism is not perfect, since education and training is
time-related, and lags associated with the length of timme required to
obtain appropriate training generally hamper real-time equilibration of
demand and supply. But, since wages are related to the equilib;:ium
prices of goods and services, the composition of the output of the educa-’
tional system, and hence the composition of eni-ollménts, should be a

reflection of the efficiency of the market as an allocator of manpower.

Statistics on 1966 school enrollments in the United States are
shown in Table 12-1. One may infer from these data that increases in
enrollments in the .system may be achieved in the pre-school and first-
grade age groups and in the secondary and higher schools. However, the
potential for qualitative change exists, at least theoretically, at all
levels. It is alsc possible that wuantitative changes may be induced by
changes in quality (where vocational courses encourage high school
students to remain in the system to learmn a trade rather than drop out to

take entry-level Jobs)

. There is a need for a quantitative expansion of the U. S. educational
system. The current Head Start programs have ;:learly demonstrated
that pre-school exposure to cultural norms ;:an significantly irnprove the
primary grade performance of culturally deprived children. Also,
recent studies have shown that as early as two years of a}gé, children
can efficiently learn complex language skills, including reading and rudi-
mentary writing (83, pp 92). This potential might be exploited by
expanding the educational system to include pre-kindergarten age groups

(2 to 5 years old). It may be that a likely avenue for achiéving this
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Tablc; 12-1. 1966 School Enrollments in the ﬁnited States

Age ] Population Enrollments

{Years) (x 10-3) {x 10-3) Percent
5 4,243 3, 087 72.8

6 4, 167 4, 069 97.6
7to9 12, 367 12, 283 99.3
10 to 13 15,721 15,612 99. 3
14 to 17 14, 191. 13, 293 93.7
18 to 19 6,724 3,176 47.2
20 to 24 12,789 2,547 19.9
25 to 29 11,136 720 6.5
30 to 34 10, 482 283 2.7

Source: 97, pp 112

“The term wages!' is meant here to include all emoluments, fringe bene~
fits, social rewards, etc., derivable from a specific employment.

expansion would be through nursery/day-care centers of the Head Start
type. The Head Start experience indicates that formal pre-school training
as a precursor to primary school, can improve thg efficiency of the
primary school system and possibly reduce the number of drop-outs, by
giving under-achievers the basic skills for successful performance in the

primary grades.

In the higher grade-levels, quantitative expansion of the school sys-
temn can be achieved by the addition of enrichment courses providing more
thorough knowledge in the various disciplines in the curricula. This
enrichment would be useful to students preparing for entrance in the
colleges and universitiés, but should also be of value in the sense of
making 11er more enjoyable. Of more importance, expansion of vocational
education can provide the individual a higher wage potential, and, since
higher wages reflect the individual's increased productivity, a higher

national output. Further, according to Rivlin (77, pp 161-162),
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""Vocational courses may supply the potential drop-out with

motivation for staying in school and learning more than a

specific job skill. It is easier in a.school context to make

the program flexible, to teach skills useful in several

different occupations, and to give the student an opportunity

to learn about and transfer into a different course or a

different curriculum. ...Finally, school courses do not

have to be tied to the needs of local industry. This may

be especially important in a declining area where students

need to be trained for jobs in other parts of the country."

The steadily increasing U.S. school enrollment for the period 1950
through 1966 and projected enrollment through 1985, are shown in Table
12-2. It may be seen from the table that enroliments at the college level,
projected through 1985, increase by 60 to 95 percent, according to the
assumed level of female fertility, Using the 1964 value of $22,874,718,000
(37) for plant and plant funds for all U.S. institutions of higher learning
and assuming that per-student investment in plant and plant funds will
remain essentially the same over the projected period, the projected
growth in college enrollments implies an increased investment in plant
and plant funds of 16 to 25 billion dollars over the 20-year period, 1965
to 1985, In 1964, current expenditures in institutions of higher education
on instruction, administration, research, and other operating expenses
amounted to $7.425 billion (97, pp 133). Again, assuming per-student
expenditure ratios to remain the same over the period 1965 to 1985, the
projected growth in student enrollments implies a 1985 annual operating

expenditure of 12.7 to 15,5 billion (1964) dollars.

Clearly, projected expansion of the education system, due to popu-
lation growth, or curriculum enlargement, portends to be a multi-billion
dollar annual expense. The opportun.ity to achieve substantial savings by
using new techniques, such as educational television, to reduce student-
specific capital investments or to increase student-faculty ratios must

. * . . iy 1t
therefore be vigorously pursued. If only a one percent saving in capital

E3 . )
It is interesting to note that the current and historically held concept
of an optimum student-teacher ratio of 25~ or 30-to-one has been
traced back to the Talmud Baba Bathra which states: "One teacher is
to have twenty-five pupils; if they be fifty, then two teachers must be
appointed; if they be forty, the teacher must have an assistant. !
Vide Sir Eric Ashby, FRS, "Reflections on Technology in Education, "
the Joseph Wunch Lecture, 1966 (Haifa: Technion, Israel Institute of
Technology, 1967).
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Table 12-2. School Enrollment — Estimates, 1950 to 1966
and Projections, 1970 to 1985

" : Total Elementary High

Year and Serics Enrolled School * School College

Estimates
950 30, 276 21,406 6, 656 2,214
tush 37, 426 : 27,086 . v 7,961 2, 379
L5160 46, 259 32,441 10, 249 3,570
1965 53,769 35,120 12,975 5,075
1906 55,070 35, 624 13, 364 6, 085

Moteciions

Serivs B-1: i .
1970 58, 899 36,471 15, 005 7,424
1975 61, B58 36, 088 16,310 9,451
{180 67,572 40, 684 15,706 i, 181
{485 76, 867 47,675 - 17, 345 i1, 846

Series B-2;
1970 58, 228 36,419 14,762 7,047
1975 60, 433 35,965 15,903 6,565
1980 65, 381 ) 40, 451 15, 212 . 9,748
1185 74, 040 47, 361 16,751 G, 927

Seies DP-fL
1970 58, 899 36,471 15,005 7,424
1975 59, 428 33,659 16,310 9, 459
1980 59, 156 32,381 15,593 11,181
1985 61,198 35,632 14, 278 11,588

Seiries D-2-
1670 58, 228 36,419 14,762 7,047
1675 58, 041 33,573 15,903 8,564
1980 57, 050 32,233 15,099 9,718
1985 58, 880 35, 404 13,781 9, 695

{Inthousands, as of fall of year. Prior to 1960, excludes Alaska and Hawai, Elementary includes
hindergarten and grades 1-8, high school, grades 9-12 and postgraduates Series shown represent
projections based on different combinations of assumptions about population and enrollment rates.
Enrollment Series 1 and 2 are both based on the assumption that age-specific enrollment rates will
continue to increase. Series 1| assumes a relatively rapid increase in the rate following the exper:-
ence of the period 1950-52 to 1963-65, the projected rates are adjusted to tie in with the estimates
for 1965. Series 2 assumes a more moderate. increase based on an average of the projected rates
in Series 1 and rates in 1965, The underlying projections of fertility were computed by the "cohort"
method and imply that completed fertility of all women {i. e., the average number of children per-

L, 000 women at end of childbearing) moves gradually toward the following levels: Series A, 3, 350;
Series B, 3,100, Series C, 2,775; and Series D, 2,450. Series A results do not differ substantially
from those obtained by assuming that the average annual level of fertility in the 196266 period will
persist throughout the projection period.)

Source: Department of Commerce, Bureau of the Census: Current Population Reports, Series 12-20,
Numbers 66, 110, 161, and 162, and unpublished data.
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and instructional expenditures could be achieved by using the mass media
(ETV) to increase-system efficiency, the direct potential benefits for
institutes of higher education alone would easily exceed $80 million
annually. o And the political mechanism for implementing a national

ETYV capability is ‘already at hand in the federally funded programs sup-
porting education in educational institutions. The recent history of federal
funds for some aspects of education is summarized in Table 12-3, Tie-ins
with on-going programs, and utilization of existing agencies, personnel,
administrative methods, and policies should facilitate organizing and

managing nationwide ETV activities.

Table 12-3, Federal Funds for Selected Education and Related
Activities: 1962 to 1966 (in millions of dollars)

1962 1963 1964 1965 1966
Total for all programs 4,730. 4 5,305.2 5,818.1 7,434 2 10,583.5

1) Elementary — 554. 4 599.8 665.8 892. 2 2,410.5

Secondary education
2) Higher education 9%91.9 1,161.5 1,333.7 1,901.9 2,656.6
3} Adult education 87. 8 113.5 203.8 434, 4 926. 1
4) ETV facilities - - . 5.2 5.1 15.2
5) Assistance for - - - - 959. 0

educationally deprived

children

Source: 97, pp 145

The sizeable expenditures for assistance to educationally deprived
children (item 5, Table 12-3) are largely associated with the Head Start
program. Here again, a one percent increase in efficiency implies an
Imputed saving of at least $10 million annually if expenditures remain
at or above the 1966 level.

**Based on a minimum 3800(106)/year annual capital expenditures and

maintaining the 1964 operating expenditure rate of $7.425 billion.
Using maximum 1985 figures, annual benefits would be approximately
$0. 5 billion.
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Table 12-4, _Achievement Tests—Median Scores for Students
in Grades 1 and 12, by Race or Ethnic Group:

1965
Grade and Type . P-uerr.o Indian Mexican Oriental
of Test White Negro Ricans American American American
Grade {
Nonverbal 54.1 43. 4 45.8 53.0 50. 1 56. 6
Verbal 53.2 45, 4 44,9 47.8 46. 5 51 b
Grade 12 ’
Nonverbal 52.0 40.9 43.3 47.1 45,0 51.6
Verbal ha. 1 40,9 43.1 43,7 43.8 49. 6
Reading 51.9 42.2 42. 6 44.3 44. 2 48. 8
Mathematice 51.8 41.8 43.7 45.9 45.5 51.3
General Information 52.2 40. 6 41.7 44,7 43.3 49, 0
Five Tests, Average 52.0 41.1 . 43. 1 45.1 ) 44. 4 50. 1

*

(Estimates based on survey of public elementary and secondary schools. Represents results of standard
achievement tests of such slulls as reading, writing, calculating, and problem solving. Scores on each test
were standardized so that the average over the national sample equaied 50 and the standard deviation egualed
10.)

Source: Department of Health, Education, and Welfare, Office of Education; Equality of Educational
UEROrl‘.unitx. 1966,

Also, in each group, the nonverbal and verbal test scores for
twelfth graders was lower than the comparable test scores of first
graders. Assuming that the tests were designed to give equivalent
scores, independent of grade levels, the reduction in nonverbal and
verbal scores point to an opportunity to improve educational quality.
However, since this phenomenon may be a natural "degradation'' of _
intellect or learning ability associated with childhood development; the
group differences are probably the most significant manifestations of
opportunities to improve or change the quality of education. If the
scores of the white group are considered to be desired standards,
remedial modifications of the curricula appear desirable for nonwhite
students, whether the source of deficiency is social, ctiltural, ethnic,
or physiological.

At the college level, need for improvement in quality is most
apparent in those disciplines undergoing rapid expansion and chahge. In
the past 30 years, the mathematics of physics and engineering };as ex-

panded to include new algebras and geometries, vector analysis, and
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IMPROVEMENT OF EDUCATIONAL QUALITY

Articles in the popular literature have discussed inadequacies in
the U.S. educational system which give rise to questions such as, "Why
can't Johnny read ?" There may in fact be many examples of high school
or even college graduates with poor language or computational skills.
This study does not enter the controversy of what norms should be, or
attempt to establish or discuss optimum curricula. This section discusses
the means of improving educational quality in a developed educational sys-
tem, with only exemplary references to the need for-improvements in
quality.

In the United States, primary and secondary education is compulsory
and free. * The enrollment statistics in Table 12 -1 indicate thatat thepri-
mary level virtually all non-institutionalized children are enrolled in
i)ublic or private schools. In many states, the minimum age for compul-
sory attendance is sufficiently low to permit individuals to drop out of
school before graduating from high school; cons equently, enrollment in
secondary schools is somewhat less than in primary schools, However,
even where enrollments approach 100 percent, the quality of instruction
may vary from region to region. In 1967, current, average, annual
expenditures per -pupil ranged from $335 in Mississippi to $9 12 in
New York (97, pp 127). The respective, average public school teacher
salaries were $4650 and $7900 during the same period in these two
states (97, pp 129). Even qonsidering differences in construction costs
and costs-of-living, the disparities between per-student expenditures
and teacher salaries lead to the inference that educational facilities and
teacher qualifications in New York should be superior, generally, to
those in Mississippi and, since there is a general variation among all of
the states, one may further surmise that the quality of education varies

from state to state.

In a survey of public elementary and secondary schools, achieve-
ment test scores of different racial or ethnic groups showed significant

variation from group to group (Table 12-4).

S
Here, the term 'free'' means that students may attend public schools.
without directly paying tuition; system costs are met by taxation of the .
general public, ) ’
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" operations fesearch technlques "E‘:cdimn‘ﬁst'é“ha.'vgé éxténded their working
tools to include linear and dynamlc programming,”game 'theory, quetieing

) theory, and many of the more common analytical methods., Meanwhile,

', research journals proliferate as new technology explosively expands.
Unless: students -are willing and capable of greatly .extending:the length of
their studies, new techniques must be used to permit their encompassing
the old as well as the new theorles and applications in the time period

usually allocated to. education. . - . - ;

The overlap of q.is_ciplines poses even morev stringent requirements
on the broadening of education. Physicians must know more physics to
use.lasers, and ultrasonics in their therapies. Sociologists,must be. -
more than lay psychologists or economists to understand the impact of

.their social prescriptions., The examples are many and it can hardly be
controverted that at all leve_ls; .the quality and quantity of education must
be expanded if individuals and society are to reap the beﬁefii_:s of theq

.current. and projected expansion of knowledge.
PROBLEMS OF EDUCATION IN DEVELOPING COUNTRIES

- B}‘{ defining a country as "emerging'' or developing, " it is ex-
plicitly understood that in such countri]es many resources are far
exceeded by the demand for them, and that few development projects can
be planned and implemented without constant consideration, in a‘dynamic
sense, of the p:rogress of other critically needed detwelopments. There
is little mazrgin for error and great need to view each project and sub-

project in light of overall goals and plans.

In thé area of human resources, emerging countries are often
characterized by low labor efficiency, low labor mobility, small numbers
of occupational or trade specialists, few entrepreneurs,- and social prac-
tices and institutions which minimize incentives for economic change.
Consequently, a critical requirement in developing countries is the
education of the populace in the sciences, fechnologies, and adminis-
trative skills on which desired advances will be based. Without the. right
numbers and types \of'traiﬁ'ed indigenous I;ers,on'nel,' foreigners must be

depended upon to staff the industrial and agricultural projects on which
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economic growth will depend, and this utilization of external manpower

may serve more as a deterrent than as a stimulus to development.

A third and central economic requirement is the ability to produce
savings. By foregoing current consumption, a nation can invest part of
the national output in new capital, new resources, from which greater
production and, hopefully, greater productivity may be derived.

"and one of the most difficult decisions on economic planning

is to get the time cycles of different investments worked out

so that the schemes with quick returns come in time to finance

the larger projects whose ultimate productivity may be much

higher but is much slower to achieve." (115, pp 39)

There must be a balance among competing and complementary investment
to achieve optimum growth rates within the existing and proje;:ted resourc
constraints., Piecemeal investments may help some sectors of a develop-
ing economy; however, only when all significant sectors are expanded,
industry, agriculture, transportation, electrification, education, and so
on, at mutually compatible rates, can an emerging country hope to reach
the "take-oif" point from whence equilibrium growth may be maintained
without large infusions of external assistance. Since each of these sector
must utilize trained manpower to expand and be competitively productive,

the investment in human capital appears to take top priority.

Primary Education

In the emerging countries, primary education enrollments generally
range from approximately 5 to 40 percent of the primary school age
population (41, pp 54). These enrollment figures point to a need
to expand the primary school systems; however, they do not give the full
picture. They do not fully describe the distribution of students by grade
or by geographical location. Near urban centers, enrollments may be

higher, since teachers are mozre likely to prefer the relative advantage

*Foreigners generally require higher salaries to work in developing
countries than in their own country. This may cause excess costs in
producing items for home consumption or for export, thus rendering
that portion of the national output less competitive. internationally,
Further, foreigners' salaries may be sufficiently out of accord with
domestic salaries as to cause significant social and political problems
(41, pp 60-61).
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of living in larger communities where some of the comforts and pleasures
of city life are availa.ble,_ rather than in iso}ated areas where '

creature comforts are at a minimum. Even with compulsory primary
educaf-:ion, the drop-out rates ;Iiay be very high, with only a small fraction
of those who enter the first grade staying to complete the sixth grade.
Although data on primary school drop;outs in developing countries is

scarce, Table 12-5 gives an indication of the size of the problem.,

Table 12-5, Estimated Primary School Drop-Outs
‘in Certain Developing Countries

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Country .
(percent)
Africa
Cent. Afr. Rep. 21.8 11.7 9.6 7.1 8.0
Dahomey 24.5 12.8 10.7 11.0 5.7
Madagascar 18.1 10.6 13.6 23.4 9.2
Niger 12.6 4.8 12. 0 5.0 1.9
Togo 3.1 1.9 1.0 2.0 10.9
Upper Voliz . 19.2 17.3 7.3 16.7 8.2
Asia
Afghanistan 4.0 1.5 2.0 7.0 4.0
Ceylon: Urban 15.6 7.5 9.7 10,6 8.1
Rural 17.4 114 11.7 12.8 9.8
Philippines 9.2 6.8 7.6 10,0 8.5
Thailand 12. 0 5.0 6.0 - 6.0
Latin America
Argentina. 13.4 5.6 7.6 " 10.0 10, 1
Costa Rica 7.1 10.7 10,6 11.5 10.7

Sources: (Africa): IEDES, Les Rendements de 1'enseignement du premier degre
en Afrique francophone, III (Paris, {967); (Asia: Afghanistan and Ceylon): Unesco,
""The Problem of Educational Wastage at the First Level of Education in Asia, "

in Bulletin of the Unesco Regional Office for Education in Asia, Vol. {, no. 2
{Bangkok, 1967); (Philippines and Thailand); Ministry of Education, Japan, in
cooperation with Unesco, Education in Asia (Tokyo, 1964), p. 63; (Latin America:
Argentina); Consejo Nacional de Desarrollo, Educacion, recursos humanos

y desarrollo economico y social (Buenos Aires, 1966), p. 42; (Costa Riea):
unpublished data.
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These early drop-outs represent a waste of educational funds:
frequently, thef drop out in the first grade, re-enter, then drop out again,
thereby increasing the costs of primary education. Furthermore, early
drop-outs tend to lose whatever literacy they may have attained, which

actually diminishes the value of their limited education to virtually zero,

The generally poor quality of primary education is as significant
as the low enrollments and high drop-out rates. In manir developing
countries, the primary school teachers are often ''unqualified.”

They may have little more than a primary education themselves, and no
special training as teachers. Textbooks and other teaching materials,
where used at all, are frequently poor, and curricula consist mostly of
memorization of material'read by the teacher, As a result of these
deficiencies, those who attend may ba::'ely achieve sufficient skills in
reading and writing to be considered literate, and efforts to rapidly’
expand the primary school systems may tend to reduce even further the

quality of primary education,

Secondary Education

As economic progress is made in developing regions the demand
for skilled manpower increases substantially and technicians constitute
a strategic group. They are required not only for industrialization, but
also to improve the technical quality of the agricultural sector; and where
clerks, bookkeepers, secretaries, etc., can be considered technicians,
the requirements for business managers, administrators, and general

staff adds to the demand for technician level workers.

The supply of technicians arises mainly from secondary education,
either academic or vocational. Thus, secondary education is the founda-
tion of the high-level manpower required to achieve increases in the level
of technology application and thereby in the level of national output in
developing countries. In many areas the second-level graduate is the
major source of primary teachers. The critical need for secondary-level
personnel is dramatically demonstrated by the induced underemployment
of physicians and engineers in India, which is frequently due to the lack
of skilled technicians. This underemployment further exacerbates the

critical shortage -of top level professional personnel,
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Many investigators have discussed the requirement to pursﬁe an
'"unbalanced' educational policy in order to produce, as rapidly as
possible, large numbers of secondary school graduates (21, 41 passim).
Since most nations are dedicated to universal education, and it is politically
difficult to openly adopt a policy of not expanding primary schools, the
most likely method of secondary schools expansion in economically con-
strained countries will be by using néw tools and techniques in conjunction

with provision of more teachers, more buildings, etc.

As mentioned before, the major demand for secondary-level
gradu.ates is in the area of technology and vocational training. This
portion of the secondary education system can frequently be handled on
a nonformal, nonresident basis. For example, farmers may be taught
new agriCultura'a.l techniques in evening gla:sses,. sometimes held outdoors.
Given proper audiovisual lecture material, nurses and nu:rs,es aides can ’
be trained in thels hospitals rather than in institutions specifically con-

structed as schools.

Higher Education -

Higher education is achieved in de:veloping countries in two ways:
either by establishing universities within the country or by sending the
students to other countries. The establishment of a.college or university
facility within a country is frequently not an economic decision, but is
related to political and social motives. Since most organizations have
an optimum size, it is almost axiomatic that, in the beginning, education
of nationals-at home will be more expensive than providing for their
education in established foreign universities. Independent of size, the
operations of indigenous universities is also often more expensive, if
teaching and administrative staff must be obtained from outside the
country. Under normal circumstances these personnel receive higher
salaries, by far, than teachers or high government officials within the
country,‘ They may also receive a higher salary than they would in their
native country. However, once this higher-priced teaching talent is
employed, their replacement is difficult. ’I‘hosé students who graduate
from the university tend to go on into high government office or, if they

‘remain in the university as faculty, demand the higher wage given the

extranational faculty. This latter circumstance tends to distort the salary
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structure of the country so that it is sometimes inadvisable that they be
paid at the equivalent rate of the extranational personnel; this either
removes incentive for obtaining the higher education or, if the incentive
is maintained, causes the graduate to go into fields other than teaching
in order to make as much money as possible. However, the absolute
requirement for business managers, physicians, professors, adminis-
trators, lawyers, and all those professionally trained persons who make
a developing or developed economy function is urgent. Here, again, the
new tools and techniques are likely methods for improving the quality

and quantity for higher education in a developing nation at minimum cost.
USE OF MASS MEDIA IN EDUCATION

The use of mass communications media for education has greafly
expanded the educational process, and can be said to have been a major
milestone in man's development. The first truly significant advance in
mass communications was the inveation of the printing press. Prior to
" Gutenberg's invention, books were extremely rare and only available to
the very rich, or those subsidized by wealthy patrons. As books became
more available apd less expensive, the accumulation of knowledge became
available to anyone with access to a library, and eventually textbooks

became the standard source of educational information.

In the late 19th century the newly discovered techniques of photog-
raphy and phonography permitted the wide dissemination of visual and
audio information hitherto only available through in-person attendance
at lectures, musical events, and the like. The ensuing developments of
motion pictures, sound-on-film, radio broadcasting, and, finally,
television broadcasting added not only audiovisual teaching aids, but,
as the name implies, the capability of wide distribution of this audio

and visual material through broadcasting.

Today, film and record libraries make audio and visual recorded
information available in homes and schools possessing projectors or
phonographs, almost on demand, Educational television and radio,
recorded and live, are increasingly used in formal and informal audio-

visual instruction.
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12.3 EDUCATIONAL TELEVISION
GENERAL

Educational television (ETV) has, in the last decade, shown great
promise as a means of upgrading the quality and quantity of education,
both in developed and developing countries. Its advantages have been
.1auded by educators, communications experts, budget &irectors, and
others interested in cost-effective instruction. It has been the subject of
many research and experimental programs, and, in the form of research
studies or actual ETV programs, is a line item in the educational budgets
of many countries, states, and municipalities. The pr0ponent‘s of ETV
sometimes make it appear to be the panacea for education. Its detractors
frequently see it as a misuse of scarce resources, a gimmick which may
be overemphasized, to the detriment of established systems and goals,
or a threat to the tenure of the teachers and administrators in current

educational systems. A review of literature in this field suggests there
is some merit in both views.

Generically, ETYV is the visual display and aural presentation of
instructional material, using television receivers as the audiovisual
presentation apparatus. It differs from slide or film projection in that
many receivers may present the same material, simultaneously, in
widely separated locations (and therefore to potentially larger audiences),
and permits presentation of many levels and types of educational materials
on the same equipment, without maintaining large inventories of films,
slides, etc., at each location, or establishing a logistic system for the

scheduling and interchange of audiovisual materials.

Educational television (as well as other audiovisual devices) does
not provide a complete, self-contained curriculum. It is generally con-
ceded that a ""teacher" is required to carry on pre-.and post-lecture
discussions, answer student questions, and observe student attention,
reactions, and so on. This "teacher” need not be fully competent in the
disciplines presented by ETV, nor even be a fully qualified educator.
Hov_v;aver, someone must be on hand to provide supervision of the student
group, to monitor the level and quality of student participation, and to

coordinate student feedback to the program originators and managers.
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As presently conceived, ETV programming for formal education is
presented as part of specific courses of study. Serial or individual lec-
tures are fitted into the general classroom work, with the 1mpllca.t10n
that there is related material, whether as textbooks, mlmeographed
notes, or other textual forms, to be used in conjunction with the audio-
visual material. Even in the absence of accompanying textual materials,
written tests or written records of oral tests are required to provide .

student-feedback.

- The actual programs may range from.straight-lecturing to real or
animated scenes depicting events or phenomena pertinent to the course
work. The skills a.nc-:'l‘ techniques which may be brought to bear on pre-
paring the program materials provide the main advantage of ETV audio-
visual materials over descriptive classroom lectures, particularly where
"master specialist teachers' are used to supplant or support the cla:.ss—
room teacher. An anc:illa'.ry advantage is that ETV programming helps
assure thata umformly high quality of educational material is available to
all students within the system, independent of the qualltles_ of the individ-
ual teachers or the peripheral equipment and facilities of the schools or

school districts in which they are enrolled.

In view of these statements, ETV as a system may be further
defined as an adjunct to an overall educational system, in which students,
teacher/monitors, textual materials, audiovisual programming, and
receiving and display equipment are combined to provide widespread

(and hopefully) high-quality, education.
A REVIEW OF ETV RESEARCH AND PRACTICE

Educational television has been used, at least on an experimental
basis, in hundreds of schools, by thousands of students and in many
& .
countries. The data from these programs are predominantly gualitative

and subjective, but significant conclusions may be drawn. Chu and

*Some of the more significant studies have been carried out in Hagerstown,
Maryland; Chicago, Illinois; The Midwest Program on Airborne Television
Instruction (MPATI); American Samoa; Algeria; Australia; Honduras,

India; Italy; Ivory Coast; J'apan, New Zealand; Niger; Peru; Thailand; and
Togo.
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Schramm, of the Stanford University Institute for Communication
Research, surveyed more than 300 research pa;.pers on the use of audio-
visual teaching aids, particularly film and television, for the Unite&
States Office of Education (17). This comprehensive document may be
used as a general guide to the efficacy of TV teaching and to the design

of ETV programming and hardware. In their review, Chu and Schramm
have drawn a series of general conclusions which may serve as qualitative
indicators of the state of knowledge of instructional television. These

conclusions are presented in Appendix A,

In another review of research papers, Kanner evaluated the in-
structional effectiveness of color in television {57). He concluded that
color is not significantly superior to black and white as a means of TV
teaching. However, the studies reviewed by Kanner were evaluations of
color coding of items versus alpha-numerical coding in black and white.
It would appear that if an overall color identification is part of the learn-
ing process (e. g., soil and water coloration, leaf tints, differentiated
animal cellg, etc.), then presentations in color should provide superior
instructional effectiveness. The overall qualitative conclusion from .both
reviews cited above is that ETV, either color or black and white, can be

an effective educational tool if properly used.

But how effective? How can educational planners justify expendi-
tures on ETV in place of more or better texts, teachers, and classrooms?
Unfortunately, very little hard data are available to provide quantitative
bases for ETV allocation decisions. In those programs from which
quantitative conclusions may be deduced, the applicability of these con-
clusions to ETYV in general is hampered by the unique character of the
specific programsg. The American Samoa experiment was carried out in
a homogeneous society and with essentially unlimited funds. The
Hagerstown, Maryland, experiment brought ETV to an existing, relatively
modern, unitary educational system. The Midwest Program on Airborne
Television Instruction (MPATI) involved many different, and sometimes
conflicting, school systems and funding agencies. At best we can observe
the results of these experiments and cautiously extrapolate the statistical
data derived from them as a guide to potential results in different

applications. In the following section, several ETV projects are
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discussed to point .out significant characteristics and experiences in ETV
both in developed and developing countries. In addition, the Thai experi-
ence in educational radio is described for purposes of comparison.
Finally, some statistics on costs and effectiveness are presented.

ETV PROJECTS

American Samoda

American Samoa is a dependency of the U.S., administered by a
governor, appointed by the Secretary of the Interior, and by a bicameral
legislature. The population is estimated to be 27, 000 persons, occupying
the islands of Tutila, Tau, Olosega, Ofu, Aunuu, and Swains Island. The

total land area is 76 square miles.

In 1961, the governor, Rex Lee, found that students graduated from
grade 12 typically scored between grades 5 and 9 on standard achievemen
tests. Most teachers were indigenous personnel with little more educa-
tion than the graduating high school students. Though it was desired that
instructions would be in English, few teachers were convérsationaily
fluent in English. As a reflection of the generally poor preparation and
fluency of the teaching staff, most classroom activity involved rote
memorization. Drop-out and absentee rates were very high. It was
decided that as soon as pos.sible this educational system would be brought

up to the standards of schools in the mainland United States.

Schramm states:
""To accelerate the pace of educational development the governor
had several alternatives: {a) He could recruit several hundred
fully qualified teachers from the United States, and use them to

- replace Samoan teachers. This would have had very quick re-
sults (supposing that the new teachers could have been recruited),
but it would have been extremely expensive, and would have re-
quired the politically unpalatable dismissal of several hundred
Samoan teachers, many of them with long tenure. (b} He could
recruit a smaller number of teachers — say, 100 — from the
mainland, and place them throughout the school system. This
would have been less expensive than the first alternative, and
also would have produced a ferment in the system, but it ran
counter to a Samoan norm of moving forward together. (c) He
could initiate a long-term plan for training future Samoan teach-
ers in the United States, introducing the new trainees into the

. system as they were ready and as openings appeared. This
would indeed have produced well-trained Samoan teachers, and
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at less cost than the alternative finally decided upon; but the
trainees would have had to receive much of their education beyond
primary school, as well as their teacher education, in the United
States; and therefore this alternative would have had no effect on
the system for ten to fifteen years. (d) He could use television.
After two planning surveys, this was the alternative decided upon, "

86 pp 18)
Television was to be used as the main core of the teaching pro-

gram. It was to provide classroom lectures for the students and teacher-

training programs to upgrade the Samoan staff capabilities.

The Samoan TV installation comprised six UHF channels, four
studios, ten video-tape recorders and other ancillary equipment. FEach-’
classroom had one or more telévision sets, with extra speakers. Highly
detailed teaching guides were prepared in conjunction with the curricular
programs. Professional teachers, writers, and producers were employ-
ed to supervise and prepare the educational materials. The project was

formally instituted in 1964.

(It should be noted that early in the project it was found that ETV
could not be effectively implemented in the simple premises that had
commonly been used for classrooms. Consequently, new and modern
cla:ssrooms were built to provide appropriate housing, seating, black-

boards, lighting, etc.)

To date, no formal, objective evaluation of this project has been
published. However, observational appraisals indicate that the goal of
high quality education is being achieved, particularly and specifically by

means of educational television.

Hagerstown, Maryland

The Hagerstown project is the first instance of television being
used as a major part of the educational methodology of an established
school system. Actually, the project included the unitary school system
in Washington County, Maryland, which is headed by a single superin-
tendent of schools, and therefore could receive vigorous cohesive support

by the school administration.

The project was initiated in 1956 as a means of easing the pres-
sures of increased enrollments (and concommittant requirements for

additional facilities) and of expanding teacher capabilities, particularly
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in the elementary grades where science and mathematics were being ’
taught mostly by teachers with no special corr-xpetence in these fiel;:ls. . A
Ford Foundation grant of $1 million and $300, 000 <;f equipment donated
by manufacturers were made available for the initial experiment. Wash-

ington County classroom teachers, together with various consultints;
produced the program material and, in September 1956, the first les-

sons, in four senior high school subjects, were televised to approximately

one~third of the senior high school pupils.

At present, television is used for about 10 percent of the class-
room time in grades 1 through 6, about 33 percent for grades "7 and 8
and 17 petcent for grades 9 through 12. ' Additional elective matemal zs'
also available. Essentially all courses include some telewsmn, and N
advanced mathémsgtics, -nét ordinarily available in hlgh ‘schéol, may be
taken by qualified students. -The fotal programming is apprommately i
140 hours per week, 95 percent’ liver Junior and semior h1gh schaols
typically use large screen projection’'to audiences of 100 to 300 students.

Elementary. schools use one or two sets in each classroom:

The teachers in the Washington County school sir'stén{ feel that the
instructional program of a school system is handicapped \‘xritheut:thel use
of television-as a resource. Evaluation of the effects on s:{:ude:nt learning
(discussed in the next section), show that ETV has improvéf:l' the output )
of the system. The acceptance of ETV in Washington Gounty schocls is
indicated by the unanimous decision of the school board to-take over the

entire cost of the project after the Ford Foundation grant expired in 1961.

Midwest Program on Airborne Television Imsiruction (}viPATI)

The MPATI was instituted as an experiment in reducing the per
capita costs of education in several contiguous midwestern statés. It
was felt that by increasing the range of ETV from the normal 50 mile
radius of ground-based television, per student costs of programming and
broadcasting could be significantly reduced. Tothis end, an airborne t{rans-
mitter, flown at 23, 000 feet altitude, was used to broadcast ETV over a
150, 000 square mile area. The programming was careiully developed
and produced, on tape, by professipna.l teachervg and television production
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centers. Ground receivers were installed in participating schools at an

average cost of approximately $500 each.

This program, now discontinued, was very expensive (approxi-
mately $20 million) and was difficult to administer, since hundreds of
independent school districts with different supervisory boards,’ differing

curricila, and disparate sources of funds were included. However, much
was learned about program preparation and coordinating educational

activities across boundaries of political authority. The major lesson
learned was that broad coverage by ETV is best accomplished if there is
a central authority managing the project. Additionally, it was found that
the instructional effectiveness of the MPATI project was comparable to
that of ground-based ETV.

Nigeria

Of the many ETYV projects in developing regions, the Nigerian’
;axperience is presented here because it points up typical areas of diffi-
culty in implementing effective ETV in developing countries. This does
not imply that Nigeria did not attack its educational problems with com-
petenceand good judgement. Rather it sefves as a case study of the
difficulties encountered when new technology is imposed upon an educa-
tional system which does not have the availability of resources found in

the U.S. programs previously discussed. v

In 1965 each of Nigeria's political divisions {Western Nigeria, -
Northern Nigeria, Eastern Nigeria, and Federal District) had its own
ministries and broadcasting organizations. Television instruction had
been instituted primarily to upgrade the quality of instruction in the
formal school system and to assist in providing teacher training. How- ~
ever, the broadcasting facilities were set up under the Ministries of
Information, as commercial stations, and station managers were reluc-
tant to provide daytime ETV, since their revenues derived from evening
programs supported by commercial advertisers, and daytime broad-
casting involved the expense of an additional crew of technicians. The
Ministries of Education were responsible for ETV programming. Con-
sequently, much negotiation and adjustment of budgets between these auto-
nomous ministries was required to assure properly scheduled daytime
broadcasting of ETV,
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Problems of electrification, power failures, set maintenance and
transmitter failures continually plagued the ETV system. Availability of
skilled technicians, program personnel, and liaison personnel was far
below the minimum required for smooth efficient operation. These prob-
lems, complicated by the prevailing philosophy that television was only a

frill and not a major means of direct teaching, and lack of strong support
from a central authority severly hampered the establishment of effective

ETYV in Nigeria. By starting with few available programs, sporadically
televised, ETV did not cé:mmand enthusiastic support of classroom teach-
ers. To overcome these difficulties, Nigeria enlisted the aid of experi-
enced ETV personnel from Hagerstown and elsewhere, accelerated tech-
nician training programs, and significantly increased the number of

program hours.

Peru

Telescuela Popular Americana (ETPA) in Arequipa, Peru was
established by a group of teachers, on a."voluntary basis, to provide
fundamental education by ETV to potential students not formally enrolled
in the school system. TV time was dona.téd by the local station and the
initial programming was designed to provide literary skills and basic
arithmetic. The programs were directed toward viewing in homes by
domestic servants and by workers in factories and other business estab-

lishments.

With the cooperation of the Ministry of Education the prog.ramming
was expanded to provide review material for grades 4 and 5, for children
who had dropped out of school early, and to provide programming for
pre-school children. Subsequently the Ministry of Education provided

funds for formal primary instruction and for an adult literacy program.

A significant result of these efforts has been that TEPA has devel-
oped an accelerated primary-school program for adolescents, in which
material normally requiring a full day of classroom work is presented in
a 45-minute TV program, thus permitting students, who through the lack

of available time or the lack of nearby schools would otherwise not be
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able to upgrade their skills, to acquire the training necessary for holding
other than menial jobs.

Thailand

Thailand is included here because its Ministry of Education chose to
expand education by radio broadcasting rather than by ETV. The Thais

carefully developed appropriate educational radio programming, and in
1954 initiated a program of 16 hours of instructional broadcasting to

. Bangkok children, teachers, and the general public, in their homes. By
raising signzl strength and adding transmitters, broadcasts were
gradually extended to virtually the entire country. The original efforts

-involved three subjects: English, music, and social studies.

In 1958 school broadcasting was initiated, starting with
286 schools. Now, more than 5, 000 schools receive formal instructional
radio programs at a cost of approximately one cent an hour per student
(86 pp 34). Also, the Ministry of Education has begun an experimental
ETV project. As discussed later, the educational radio-project did pro-
vide measurable improvement to the Thai school system. It was done
with very limited means and at a pace commensurate with the availability
of funds, teachers, and receiving equipment.. Whether greater advances
would have been made by starting immediately with TV cannot be readily
asserted. Whether other developing countries can afford to proceedatthe
deliberate pace of the Thai radio project is debatable. However, the
Thai's successiul project, carried out within severe budget constraints,
provides a lesson in how the mass media can be used to accelerate edu-
cational development with little or no external assistance, and with no

deleterious affects on balances of payments or foreign exchange.
SOME QUANTITATIVE RESULTS FROM ETV PROJECTS

As mentioned before, few data are available on costs or effective-
ness of ETV. In most cases it is difficult to identify the residual effect
of the TV portion of the curriculum, particularly when it is not the prime
method of instruction. Not only do differences in financial and accounting
practices prevent direct comparison among projects, but frequently,
identification of all cost elements cannot be made. The following data are

offered as quantitative indicators of cost and output experiences in some
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ETYV projects. .Hopefully.they will be.useful in establishing expected

values of costs and performance parameters in future systems. .

System Effectiveness

The Hagerstown project was carried out in a "standard!" ¥.S. school
system in which annual] expenditures per student were approximately
$450, Taking the national average gain in arithmetical concepts determinec
by national basic skills and-achievement tests to be one year, Hagerstown
.grade 5 students .gained 1. 9.years in arithmetic skills during the first
year of television (86 pp 68). .In four years of educational television:

"......in junior high school general mathématics, the

average level of urban pupils in Washington country

rose...., from the 31st percentile on a standardized

test of concepts to the 84th percentile (measured-against

the national average). ... (86 pp 69)

<

Similar {nc:r)ea.seé,in skills and achievement were evidenced by pupils at
all grade levels. The following two tables, taken from [86) are further

“indications, of the effectiveness of ETV in the Hagerstown project:

~ - As seen in Table 12-6 students at all levels of ability bén'eﬁted_ by
televised learsdiiig, with increases in growth rate ranging from 25 to 116
percent.” The phenomenal doubling of the growth rate for the lowest
ability level is of gréét significance since this group is the one in which
drop-outs are most likely to occur and which generally has the most
difficulty finding eni:ry-'levél jobs when their education terminates. In a
high-technology soéiety the low-ability group also frequently remains at

the bottom of the economic ladder.
Table 12-6.  Comparison of Growth of Pupils Taught
T " Conventionally and by Television

Taught Conventionally Taught by Television

Ability Average - - Achlevemegnt Avergge ~ Achievemgnt © Growth

Level Q| ‘Growth IQ Growth Difference
.- (Months} ™ (Months) {%o)
{11140 7 - 12 118 15 +25
90-110 " 100 11 '100 14 427
57-89 . 83 6 83 13 LT

~

“IQ and achievement growth are based mostly on the Iowa tests of basic skills and
achievement, which are given annually in all parts of the United States.
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In Table 12-7 the striking jump in arithmetic test scores-after only
one year of television is ample evidence of the ability of educational tele-
vision to prévide- high-quality teaching on a mass basis. The continued
gains in the second and third years of televised teaching reflect not only
the effectiveness of television as a teaching medium, but, if one reads

along the diagonals, the sustained effect of improvement of early learning.

At high-er grade levels, significant gains in mathematical conc':epts
were achieved, but little or no gain was made in problem solving; only
small gains were made in social studies and languages at all levels, but
good gains were made in history (86 pp 70). The implications are that
problem solving and linguistic improvement are more related to the
actual work done by students than to the quality of 1ectures..*. The dis-
parity between ga’ins_in social studies and history may be related to the

quality of presentations in these two disciplines.

Table 12-7. Arithmetic Scores of Rural-Primary
Students in Washington County

Grade 3 Grade 4‘ Grade 5 Grade 6
Natmna.l norm in May 3.90 4 90 ‘ 5.90 - 6. 90
(1958)"
1958 (beforé télevision)  3.59 4.'43 5. "26 6. 49
1959 (first television yeair)" 4.06 4.97 Yo 6.83
1960 ‘ ' 418 _ 5. 01 613 1.47
1961 . . 4.30 5. 08 6. 19 7. 28

Though not so stated m the reference 1t is assumed that the norm was measured.
in Ma.y 1958. ’

In an anonymous guestionaire submitted by the Washington County
school board to admmlstrators and teachers 72 percent of the 818 eligible

persons re5ponded as shown in Table 12 8.

ke

Language laboratories use oral participation and continuous aural review
by the student as a key technique.

12-31



Table 12-8. Results of Questionnaire on Opinions
of Televised Teaching Respondents

Teachers
Comments Administyrators Primary Intermediate Junior Senior
High High

Much or some help 83.3 76. 9 80. 9 62.5 40. 9
in teaching
Provides richer 98. 17 98. 4 96. 4 90.0 . 76,3
experience
Enriches and expands 91. ¢ 94.2 90.7 77.8 76.0
curriculum
Limits or reduces 3.8 3.3 6.4 15.3 8.6
curriculum
Has no effect on 5.0 2.5 2.8 ‘6.9 5. 4
curriculum
Improves curriculum 21.0 94. 0 88. 0 81.0 68.0°
Improves guality of 97.0 94. 0 88. 0 81.0 66. 0
overall program . L

It can be said that Hagerstown project has achieved the goals it set
out to meet. Television enabled the school system to provide high-quality
teaching in science, music, and art in grades { through 12, modern
languages beginning at grade 3, and calculus in high school. This was not
possible under the previous system. What is more, ‘measurable gains in

student achievement were made.

Data on performance improvements in other ETV projects are
sketchy or nonexistent. In Colombia, grade 2 language, grade 5 math-
ematics, and grade 4 natural science students made noticeable gains
with televised instruction. However, other grades did not show signifi-
cant gains from their television instruction; In Niger, experimental
classes us.ing ETV ‘showed improvement in spoken language, reading,
writing, ‘and arithmetic over students receiving nontelevised instruction.
In Chicago and in Japan, students and teachers accept ETV as 2 valuable

aid to teaching.

In no case has ETV been considered to be detrimental to instruction.
However, it is entirely possible that the improvementé achieved ir; many
of the ETV projects could have been achieved by some other means. The
salient point is that, if used properly and supported prbperly, both
administratively and fincially, ETV can have dramatically beneficial

effects on the learning process.
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System Costs

To assess the costs of a project, one normally identifies the out-
lays for wages, salaries, materials, equipment, power, facilities, and
so forth, and those charges associated with acquisition of investment
capital. In addition, depreciation, or capital consumption allocations,
should legitimately be included in losig-term cost evaluations, since,
eventually, original capital equipment and buildings must be replaced as
they wear out or become obsolete. Unfértunately, cost data on ETV
projects is rarely reported in sufficient detail to isolate all of the cost
elements mentioned above. Generally, available data are limited to
gross allocations, and even these may not present the whole picture,
since, in many cases, personnel, facilities, or equipment are used
jointly with other projects or applications and proration of ETV costs is
difficult or debatable.

Comparisons of costs among projects should only be done to indi-
cate orders of magnitude; first, as mentioned before, because financial
and accounting practices may vary; second, because the character or
quality of the projects being compared may differ considerably; and third,
where international comparisons are concerned, exchange rates, wage
and price levels, and political or institutional practices may mask the
rea.i project costs. Even in comparison of domestic programs, varia-
tions in managerial or administrative efficiency maz affect the overall

costs of otherwise similar systems. In the following discussion of com-

parative costs, all of these potential variations should be kept in mind.

Cost of ETV and educational radio projects discussed in the pre-

vious section are shown in Tables 12-9 and 12-10,

Using the datain Table 12-10 and dividingtotal current costs by the

number of student-hours produced, the data in Table 12-11 were developed.

These tables show that overall and per-student-hour cosis of ETV
programming may vary considerably, depending upon the characteristics
of the project (i. e., how much of the teaching load is carried by ETV,
where it is viewed, how many students are in the system), and that radio
can be significantly less expensive than ETV. The capital expenditures

shown in Table 9 are presented to indicate the size of investment
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Table 12-9.- Capital Expenditures for Selected
ETYV and Radio Projects

- Production Transmission Reception Total

Project (810°) ($10%) s10%) (8107
MPATI 643 4, 857 2,250 7,750
American Samoa 1, 239 1, 045 97 2, 381
Hagerstown 463 - b 154 617
Ibadan : 59 - b 90 149
Peru 13 _ b 25 38
Thailand (radio) 150 20 500 670

1) These costs are not showr because Hagerstown uses closed circuit TV and the
other two use hired or donated transmission fac1ht1es More accurate costing
would require imputation of these costs. ) ’ ;

Source: 88, page 127 and 129

Table 12-10. Annual Current Costs’ of Selected’
ETV and Radio Projects . .

Production Distribution i’\eception " Total
Project ($10%) ($10%) (#10%) " ($10%)
Television i'n school ‘
MPATI 192 2,004 800 " 3,086
American Samoa 908 436 79 1,423
Hagerstown 349 161 53 563
Ibadan 94 68 & ' 168
Television out of school :
Peru 40 . 14 - 17 717
Thailand {radio} 32 ' 11 ‘86 129

Source: 88, page 130
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Table 12-11. Annual Cost of Television
- Per Student-Hour

L

Student-Hour Output Cost per Student-Hour
Project _ ($107) (cents)
MPATI ‘ 35, 200 8.8
American Sam?a 2, 409 59.0
Hagerstovﬁ;n 3,300 20.0,
Ibadan 289 64,0
Peru 163 43.0
Thailand " 33,5001 2.0

1} Author's estimate

Source: 88, page 137

experiencedin these projects. Obviously, investment size will be related to
coverage area, populatlon density, numbers of program hours, and other

variables associated w1th specific pro_]ects.

In establishing an ETV project it is advisable that the respon51b1e
authorities view ETV as a subcomponent of the overall educational sys-

tem, and determine what amount and type of programming should go to
what audience on what schedule, based on the desired output of the over-

all system and the various resource constraints affecting the system. For
example, if the educational system-components are considered to com-
prise students, teachers, facilities, equipment, teaching aids, researchers,
time, financial resources, and tl_le current fund of knowledge, optimum use
of ETV as a teaching aid will depend upon the current Mconfiguration' and
established goals of the other components. Given the universal constraint
of limited funds, only from the systems approach can sub-tradeoffs be-
tween such parameters as numbers of sets and numbers of program hours
be optimally determined. Conversely, teacher tfaining programs or

teacher salaries may be directly influenced by the "configuration' of the

teaching-aid subsystem.

Determination of the optimum allocation of resources among the

educational subsystems.is a problem that should be solved before an ETV
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project is initiated. Determination of the means of TV broadcasting,
whether it should be by terrestrial transmission or by a TV broadcast

-satellite, is an integral part of that problem.
POTENTIAL EFFECTIVENESS OF SATELLITE-BASED ETV

In the foregoing discussions of education and ETV the need for
expansion of the education systems of developed and developing countries
has been described and some data on the costs and effects of various ETV
projects were presented. In this section an attempt is made to show
potential benefits to be derived from space broadcasting of ETV. It is
presumed that direct multichannel broadcasting of TV programming is
technically feasible and that areas of the order of 10° square miles can
be illuminated from synchronous altitude. A furtiler presumption is that
the requisite quantity and quality of instructional programming can be
made available and that diplomacy and statesmanship can overcome prob-

lems of frequency allocations and cooperation across political boundaries.

As before, the discussion is divided between developed and devel-
oping countries; however, the only developed country considered in detail
is the United States. Discussion of developing countries is limited to

those non-communist nations on which reliable statistics could be obtained.

Some Potential Benefits of Satellite-Based ETV in the U. S.

It was indicated previously that quantltatlve expansion of the U. S,
educatlon system may be achieved at the preschool first grade, secondary,
and higher levels, and that qualitative changes may be achieved at all
levels. Intuitively, one feels that these changes should have pervasive,
measurable effects on the entire social and economic structure of the
country. But the social scientists have yet to establish the theories-and
models by which all the possible effects may be measured; consequently,
the potential benefits identified here might best be termed "reasonable
_expectations of some rewards to be gained from a satellite-based ETV

system. "

Gains in"Educational Efficienc*yr

No quahtatwe data. were available to indicate potential gains in
education above the secondary level. Though benefits to highér education
may possibly be achieved, only primary and secondary levels are dis-

cussed.
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In the Hagerstown project, from a $450 total annual expenditure
per pupil for education, $31, or approximately 7 percent, was spent on
television instruction (88 pp 132). The amount of classroom time devoted

to television was:

1) Grades 1 to 6: 10 percent plus 4 percent elective
material
2) Grades 7 and 8: 33 percent
3) Grades 9 to 12: 17 percent
(88 pp 23).

Using the figures in Table 12-6, it can be deduced that an overall
average growth in achievement of 31 percent was obtained with this
amount of programming. Of greater importance the lowest ability group
gained 117 percent in achievement and the middle and lowest group gained
almost 42 percent overall. From Table 12-7 it can be inferred that, after ’
three years of television instruction, efficiency of instruction of rural,
primary students in mathematics increased 20 percent in grade 3, 15 per-

cent in grade 4, 18 percent in grade 5, and 12 percent in grade 6.

%
Using these figures, the cost elasticity, of performance (CEP) as a
measure of the sensitivity of educational output to expenditures on ETV
was computed (Table 12-12).

The annual current costs for the Hagerstown ETV project are

stated to be as follows:

Production $349, 000

Distribution 161, 000
Reception 53, 000
Total $563, 000"

“The cost elasticity, e, of performance is defined as the absolute value®
of the rate of percentage change in performance divided by the rate of
percentage change in cost; or, where p = performance and ¢ = cost,

e = —d-—ELE = E .—dj
de/c p dc

**In the reference, the total of these numbers is given as %613, 000.
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‘Table 12-12. Cost Elasticities of Performance {CEP)
of the Hagerstown ETV Project, Based
on Achievement Growth and Cha.nges in
Rural Primary Arithmetic Scores '

Basis CEP

Achievement Growth

111-140 ability level 3. 6.
90-110 ability level 3.9
57 89 ability 1eve1 16.7

Overall 4,4

3

‘Rural Primary Arithmetic Scores

Grade 3 ” 2.9 -
(trade 4 2-1°
Grade 5 2.6~

Girade 6 1.7

{88 p 130}, The major:portion of these costs is the 62 percent fé6r program
production,- this amounts-to $19:.22 per pupil. *But thé great a.dvantf:-xge -of -
television is that program costs may be shared among -all who-have rec-
eivers.in the range -of the transmitter. Con‘sequenﬂy, if this program
production expense were divided among a much larger numbar of students,

the per-pupil costs could be reduced toa neglx.glble amount.

Now consider the possible effectiveness cf a TV~ broadz(:as‘; satellite
as a national tool for upgrading the entire U.S. education system, as-
suming that the program quality and quantity used at Hagerstown would

achieve Hagerstown results if used nationally.

Program Production and Reception

The Ford Foundation grant to Hagerstown was $1 million. This
amount Was, spent in preparmg for and m preparatmn of the programs .
usad throagh 1961, it may have covered a,cidltwnai nonprogram-related ’,
expenses, but it ¢an be accepted that ‘program productmn did not exceed
#1 million. For this amount, 2,530 hours of program material we're
produced (88 pp 134). For the sake of discussion assume that for the
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entire U. 5., diseconomies of scale would cause program production
costs to be an order of magnitude greater, or $10 million. Further,
assume that to continually upgrade program material an annual expendi-

ture of $10 million would be required.

In 1967, the U.S. public elementary and secondary school system
consisted of approximately 44 million students in {. 7 inillion classrooms
in 100, 000 schools. The investment costs for reception equipment for
the entire system should then be the sum of the number of classrooms
times the cost of one receiver per classroom, and the number of schools
times the cost of equipment required to bring the appropriate signal to

the classroom receiver.

In the 1972 era it seems reasonable to expect that 23-inch color
receivers, having a useful life of {0 years, may be manufactured in mass
quantities for no more than $250 each. Assuming that the antenna and
the required electronic accessories, also with a 10-year life would cost
no more than $1, 000 per unit, installed, investment in reception equip-
ment would be ‘$525 (106) as follows: ‘

Reéeivers: 1.7 (106) at $250 each $425 (106)
Antennas and associated electronics, $100 (107)
installed: 100, 000 at $1, 000 each

Total $525 (10”5)

The reception equipment need not be installed in allrclassrooms
simultaneously, but could be gradually introduced in areas of greatest

need or of greatest benefit.

The operating costs of the reception equipment would be mainly
incurred for maintenance and repair, and for power. The maintenance -and
repair costs for reception equipment are arbitrarily considered to be
10 percent of the original equipment costs, annually. Power costs are

,itaken as $i5 annua.lly per receiver set ~and $7 50 per converter untt.

v

‘Based on a 200 watt set operating 5 hours a day, 250 days a vear at
$0 03 per kilowatt-hour

“*Based on 100 watts per unit, times 10 hr/day, 250 days/yr at $0.03
per kilowatt-hour
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As an approximation then, the "start-up' reception costs for one

receiver per classroom in every public elementary and secondary school
in the U.S. would be:

Initial investment costs: $525 (106)
Annual operating costs: : 6
Maintenance and repair $ 52.6 (107)
Power (sets) 12.8
Power (converters) .8
2 66.2 (10%)

These projected figures are probably higher than would be actually experi-
enced, but are presented to help provide conservative estimates of poten-

tial system effectiveness.

Distribution

Satellite costs used here are for purposes of estimation only, and
can be refined to more accurately reflect total system costs when a speci-

fic system is under consideration.

To provide ETV for grades 1 through 12, at least six TV channels
will be required (88 pp 22}). Considering the time variations across the
country and the projected 106 square mile illumination capability of the
satellite anteﬁnas, at least three sets of telecasts would be needed. This
could be accomplished by various satellite/antenna confiéurations, includ-
ing three separate six-TV channel satellites, each dedicated to one-third
of the country. This latter configuration will be considered here. Depend-
ing on the broadcast frequency and the receiver antenna gain, in-orbit
costs of a six-channel satellite may range from $15 to $20 million. Thus,
using the higher number, in-orbit costs for a system of three satellites
would be $60 million, with an additional $20 million for a spare. Expected

in-orbit life would be 5 years.

In a national, space-based ETV system, programs may originate
from one location. As with the satellite, the cost of an earth transmission
station will depend upon the operating characteristics of the earth-space
system; additionally, the location and .personnel accommodations will
influence transmission station costs. For this analysis, earth station
cogts are assurned to be $107. "This figure may be high by a factor of two;
however, as with the satellite costs, the high figure is used to provide a

conservative estimate of the system effectiveness.
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Costs and Benefits of a ergothetica-l National Satellite-Based
ETV System for Public Elementary and Secondary Schools

First, suppose that the Federal Government wishecf to implement
national, space-based ETV in support of the public elérfzentary and
secondary school system. The establishment of a national program of
education would not be a radical departure from current practice. The
fact that students, today, may readily transfer 'frgm state to state, and
that graduate record examinations to qualify for college entrance are
given nationally, imply a de facto national standard curriéulum. Suppose
also that funding begins in FY 1970; three six-TV channel satellites are
piaced in synchronous or'bif:. in 1972; and their expected operating lives
are 5 years. The hypothetical current expenditures for this system are
shown in Table 12-13. -

*

Current total expenditures on public elementary .a'n‘d"sc_acondary
schools represent a significant portion of the gross national prodﬁ‘ét, and
Federal expenditures for the same purposes represent a significant por-
tion of the Federal budget. Further, a large portion o:f the Federal out-
lay for education is specifically directed toward improving the quality of
education for dlsadvantaged children.- Table 12-14isa comp1lat10nof Federal
funds for education and training programs in wh1ch ETV may be effectively
used. Table 12-15is a summary of public elementary and secondary educa-
tion expenditures for 1967, 1968, and 1969, together with other pertinent

. ’

national statistics.

From these tables it may be concluded that expel:ldit;lres on public
elementary and secondary education.in general, and on special edx-l"ca.tional
assistance programs for elementary and secondary students, will.increase
in dollar value while maintaining a fairly consi:ant rela,.tionship,with each
other and with the gross national prodict. - l

It is difficult to deflne prec1se1y the output of the school system.
Over a one-year perlod students attend classes and produce (or consume)
a certain number of student-hours; tgsts are given nationally, and student
achievement is measured by test sqorés. National and state median levels
of education are measured in schoél'yea.rs, and oz-i a 10n'.g--term basis,

national productivity, mean individual incorhe, and other parameters are
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Table 13. Current Expenditures for a Hypothetical Natmnai Satelhte Based ETV
System for Public Elementary and Secondary Schools {$106)

Expenditure Component 1970 19714 1972 1973 1974 1975 | 1976 Total
Investment

Program procurement 10 i0 10 10 10 10 + 10 70

Procuremént and.installation of receiving 175 175 175 501) 501) 50“ 673

equipment (1/3 of {968 total in three
consecutive years)

Procurement and installation of ground i0 10
station equipment ) . '
Procurement and launch of three 402} 40 30
satellites plus allowdnce for procurement
and launch of spave
Total investment 1o 235 225 183 [ 50 [ 835
Maintenance and repairﬂ ig 35 54 59 64 69. 251
Operating Expenditures .
Recewver power , 5 g 14 16 18 20 82
Ground- station'&) i 1 L 1 1 6
Total costs 10 260 2T 257 136 143 150 1223

3

t} Expenditures to accommodate the maximum projected enrollment growth shown in Table 2,
2} Progress payment. )

3) Costs taken as 10 percent of cumulative earth-hardware expenditures

4} Arbitrary assumption of 100 persons plus miscellanesus,



Table 12-14. Some Federal Funds for Education and,
Training for Which ETV May Be Used

Estimated Outlays

1967 1968 1969
Department, Agency and Program ‘ l
Qffice of Economic Opportunity

Head start 295 310 345

Adult training, rernedial 85 99 108
education, etc.

Job Corps 268 286 275

Subtotal 648 695 728

Department of HEW

Office of Education

Elementary and secondary 1, 057 1,070 1, 089
* education of children from

low income families and

drop-out prevention

Aid to federally impacted 400. 341. .- 384
schools (operations)

Teacher training

Elementary 76 85 107

College ) 54 86 _ 90
E;:pans.ion and improvement 253 . 287 286
of vocational education ;

Education R & D 71 " 88 104
Public Health Service
Health professions training 101 102 136
Subtotal 2,012 2, 059 2,196
Department of Interior
Indian education and 112 114, 153
related programs
Total =~ 2,772 2, 868 3,077
All Federal Education Qutlays g, 218 10, 753 11,570

{96, Table H. -3)
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Table 12-15, Current U. S. Expenditures for Public Elementarg and
Secondary Education and other Funding Data {$10°)

Category 1967 1968 1969
(1) Special current HEW and OEO 2,772 2, 868 3,077
funds from Table 14
(2) All federal education outlays 9,218 10,753 11,570
(3) Total U S. ‘current education 22,623 25, 361 28, 0001
expenditures
(1) = (2} x 100 (Percent) 30 27 27
{1} = {3) x {00 (Percent) 12 i1 i1
{4} Federal budget outlays 158, 414 175,635 186, 062
(5) Gross national product 785, 000 871, 0002 945, 000l
(1) + (4) X 100 (Percent) 1.7 1.6 1.7
(2} + {4) x 100 (Percent) 5.8 6.1
(3} + {5} x 100 (Percent) 2.9 2.9

1} Author's estimate.
2) Federal Reserve, Third Quarter, seasonally adjusted to annual rate.
{34 pp A-67)
associated with the cutput of the education system. Since student-hours
are the most immediate and direct resulls of educational expenditures,

they are used as a measure of outpul in this analysis.

Achievement tests, given nationally, are used to establish a national

standard of development or achievement of elementary and secondary
school students. This norm, together with the total number of student-

hours, reflects the efficiency of the system {i. e., a certain number of
student-hours per student, at a certain quality-level of instruction, pro-
duces a measured level of achievement}. When the scores of the individual
achievement tests and the associated student-hours per student are aver-
aged over the sample population, the resulting statistics can be compared
with those from other periods or other samples of interest to derive rel-
ative efficiencies of different teaching methods, or the effects of other

variables on system performance.
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The number of school days in a school year and school hours per
day are set by the boards of education of the various states or school
districts and femain virtually constant. The average numbexr-of days
attended per enrolled pupil varies to some minor extent because of student

absentee rates, but also may be considered virtually constant.

To estimate the benefits of national ETV for public elementary and
secondary schools, it is necessary to project the number of student-hours
and the comparative efficiencies of the system, with and without ETV. To
project the number of student-hours in 1975, enrollments and their dis-
tribution in 1966 were.tabulated and the distribution of student-hours by
age group was estimated (Table 12-16), From the 1967 annual, average,
per-student expendiiure of $623 for elementary and secondary education
(1968 Statistical Abstract) and the student-hours estimated in Table 12-16,
an average per-student-hour cost of $0. 81 was derived for 1967. Although
annual, average, per student expenditures have continually increased, both
in absolute and real terms during this century, the $0. 81 figure will be
assumed constant over the period under analysis. This assurhption will
undoubtedly result in considerable understatement of per-student-hour and
overall costs of elementary and secondary education; however, as may be
seen from the subsequent analysis, such understatement will tend to make
the benefits estimates even more conservative. This is not to say that
future annual expenditure figures cannot be more accurately projected,
but that the scope of this study does not permit aetailed, refined projections

of this parameter.

*“Real" ié used in the économics sense and is defined as the absolute
dollar value deflated by a price index.
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Table 12-16, Estimates of Annual Student-Hours in Public and
Private Elementary and Secondary.Schodls

9¥-¢1-

: * T 3 ,
han, imend pereema | meme® Mt A
: (000} per Student
5 3, 087 6.4 2.5 1,273,387 © 442,58
6 4, 069 8. 4 3.3 2,215, 571 544, 5
7to 9 12,283 . 25.4 4.3 8,714, 789 709.5
10 to 13- 15;,612 32.3 4.7 12, 107, 106 775.5
14'to 17 13,293 , 27.5 5.3 11, 624, 729 874.5
Total 48, 344 100. 0 35, 935, 582 743.3
6 to 17 45, 257 34, é@z, 195 765, 9
1)

1966 enrollment figures
(2 )Auﬁwr 's estimate

3 . . :
( )Assummg average of 165 days attendance -
Scurce: 2, pp. 112



The apparent ga-in‘s' 1n stutient perf‘orn;a.'nc'e shox.;r; in ;I;a,bles 6 and
7 ranged from 12 percent to 117 percent. It is not clear at Wha.t point in
the progect the data in Table 12-6 were developed. Howéve r, we assume that
both the comparisons were made after three years of operation, and, in
the analysis, we asswme that no gains will be made prior to .completion of
three years of operation. Two levels of potential performance increase
were examined: the 31 percent overall increase in achievement growth
indicated in Table 12-6 and the 12 percent "efficiency" growth exhibited by
grade 6 in Table 12-7. In the third year of hypothetical operation, these
changes in system performance are assumed to take place in one jump.
Since the national norm is based on average student performance through-
out the country, the projected higher test performance is then the national
norm. No further growth in performance due to ETV is projected. S:yé-
tem performance in the third year and afterward is considered to be a

constant 12 percent or 3{ percent better than second year and previous

performance,.

The educational or social effects of an increase in a¢hievement
growth are many and complex. In his educational career, a slow learner
may lag further and further behind his original peer group, until he be-
comes overwhelmed by the gap and drops out; or, if he stays through the
twelith grade, he may graduate with skills far below the twelfth grade
level. For example if the conventionally taught loger ability group of

- Table 6 ma.mta.med the same growth rate through all {2 grades, its final

‘ achievement scores would be closer to the sixth grade level than to the
twelfth grade level. Raising the achievement rate to 12 months instead of,
6 ‘'would effectively add 6 school-years to the group's 12-year career or,
viewed another way, would eliminate 6 ineffective school years. In add1-
tion, reduction of the drop out rate and the attendant decreased probabﬂl‘cv
of delinquency and crlmma.hty- and increased probability of employment
and higlier earnings, from which tax revenues would derive, are some
other potential benefits which might be obtained if achievement growth is

stimulated by new teaching methods.

The only quantitative benefits to public :elementary and secondary
schools treated in this study are the effective student-hours added by
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increasing achievement growth rates, and the imputed monetary value of

these added student-hours.

Since the "standard" number and quality of student-hours produces
a "standard" advance in grade level achievement (as defined by the nation-
ally derived norm), an increase in grade-level achievement can be equated
to a comparable increase in "standard" student-hours at the ''standard"
quality of teaching. That is, if a student advances 1-1/2 grade levels in an
ETV systern when he would have advanced only one grade level in the
'"'standard" system, the extra half-year of achievement was gained at a
saving of one-half year of school hours. Using this rationale, and the
previously assumed per student-hour cosi of $0.81, the effective student-
hour increase and imputed monetary benefits were projected from the third
year of operation of the hypothetical ETV system. These figures and their
present values, calculated at 4 and 6 percent discount rates, starting at
-the initiation of the ETV project and continuing through 15 years, are
compiled in Table 12-17. For comparison, the estimated costs and present

values of initiating and operating the hypothetical ETV satellite system are
shown in the same table. The 4 and 6 percent discount rates used in

these calcula.tions were.chosen to reflect the probable cost to the U. S.
government of money. Generally, Federal outlays are treated as current
expenditures, whether they are for long-life capital equipment or for
goods and services consumed in the current year. However, since the
government's public debt is serviced at some composite rate of interest
(approximately 4. 2 percent in FY 1969, 96 pp 10 and 54) the selected dis-
count rates may be used to evaluate the long-term effects of the outlays ’

and imputed benefits to be derived from the hypothetical project.

Comparison of the costs and benefits of Table 12-17 shows that after
the hypothetical ETV project has been in operation three years, the cum-
ulative benefits far exceed the cumulative costs, both in absolute terms
and in discounted present value terms. The average annual discounted
expenditures are $177 million through 1976, and $227 million through
1984. (Compare these expenditures with the 1969 Federal expenditures
of $345 million for the Head Start Project alone, which serves only

731,000 children .) {96 pp 105). These cost-benefit comparisons are
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Table 12-17. :Comparison of Undiscounted and Discounted Costs and Benefits
of a Hypothetical National Satellite ETV Project

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1943 1944
Costs ($ mallion}
Program preduction 10 10 10 to 19 10 10 10 10 10 1o 10 10 10 10
Receiver inatallation 175 175 175 50 50 50 50 50 50 50 225 225 225 100
Ground station 10 to
Satellites 1n orbit and spares 40 40 40 40 40 40
Maintenance and repair 19 3 49 59 64 6% T4 19 84 8¢ 94 9 104 109
Operating expense, Power 5 2 14 16 18 20 , 22 24 26 28 30 32 34 k12
Ground 1 i H 1 i i i 1 1 i i 1 1 i
Station
Total sutlays 10 260 271 254 136 143 190 197 164 171 178 410 407 IT4 256
Cumulative 10 270 54t 795 931 1,074 1, 264 1,461 1,625 1,796 1,974 2, 384 Z, 791 3, 165 3,421
« Present value of future
cutlays:
s 4% 2.6 40 5 240 ¢ z1t. 2 ti1 8 t13. 0 144 4 144.0 115 3 t15. 6 115 7 256. 3 244 & 215.8 142.1
Cumulative EN ) 250, 1 491. 0 708 2 820 0 933 0 1,077, 4 1,221.4 1,336.7 1, 452. 3 1, 564, ¢ 1,824, 3 2,068 9 2,284 7 2,426, 8
1 - of 2.4 23t 4 227 & 201. 2 tot & 100 8 126. 4 12;5:5 97 1 95. 4 93 8 203. 8 190 9 163.3 106 &
Cumulative 9.4 240, 8 468. 4 869. 6 171.2 87z 0 998. 4 1,121 9 i, 219. 0 1,314 4 1,408, 2 1, 612.0 1,802 9 1,966.2 2. 075.0
Effective hcrﬁ\le in .
student houra”’ {miilion}
s @12% improvement 2,842 4, 263 4, 263 4, 263 4, 263 4,263 . 4, 263 4, 261 4,263 4, 263
s @Ji% tmprovement 7,342 11,084 i1, 014 11,014 11,014 11,014 1t,0t4 11,014 11.014 11,014
Irmputed Monetar Beneﬁuzl
(8 million}
* @ 12% Improvement z,302 3, 453 3,453 3,453 3,453 3,453 3,453 3,453 3,453 3,453
Curmulative ' z,302 5,755 9,208 12,661 16,114 19,567 23,020 26,473 29,926 33,379
s 1970 preaent value
12 4% 1,818 2,624 2,524 2,427 2,334 2,245 2,158 2,075 1,993 1,916
Cumulative 1,818 4, 442 6,966 9,393 11,727 13,972 16,130 18, 205 20,198 22, 114
iz 6% 1,623 2,296 2,165 z, 044 1,927 1,820 1,716 1,619 1,526 1, 440
Cumulative t, 623 3,919 6,084 8, 128 10, 055 11,875 13,591 18, 210 16,736 18,176
& @ 31% umprovenent 5, 947 8,921 8,921 6,921 B, 921 8,921 8,921 8,921 8,921 H, 921
Cumulative 5,947 14, 868 23,789 iz, 41,5631 50,552 59,473 68,394 77, 315 86, 236
® 1970 present value:
12 4% 4, 698 6,780 6,521 6, 271 6,031 5,7%9 5,576 S, 361 5, 147 4,951
Curmnulatine 4,698 It, 478 17,999 24,270 30, 30t 36, 100 41,676 47,037 52,184 57,135
1= 6% 4,193 5,932 5,593 5, 28t 4,978 4,701 4,434 4,184 3,943 3,720
Cumulative 4,193 10,125 15,718 20,999 25,977 30,678 35,112 39,296 43,239 46, 959

t) Based on 35,528 (106} student hours in 1975

2) Computed at $0. 81 per student hour



considered to bé véry conservative since high estimates weére used in

pro:}ecting future benefits.

In a private entér:prise the desirability of different investment

opportun1t1es may be ranked by comparing the differences between the
present values of the flow of investment ou’clays ‘and expected révenues
over the life of the_1nd1v1dua1 project, for each investment opportunity,

discounted at an interest rate identified by the firm's managers as its

uhs als

cost of capital. Only those opportunities having net present values .
greater than zero are considered in the rankings. The net present value

concept may be applied to government projects, but cautiously. Most
government investment is for projects businessmen would deem unprofit-

able, but which are socially worthwhile. The benefits to be gained from

government-sponsored projects are difficult to.quantify. ~ As Dorfman has

aptly stated:
"The practioners (of cost-benefit analyses) were very skeptlcal

" and inclined to doubt whether the most important social effects
of government investments could ever be appraised quantitatively
by cost-benefit analysis or any other formalized method. One
of them likened the problem to appraising the quality of a2 horse-.’
and-rabbit stew, the rabbit being cast as the consequences that,

- can be measured and evaluated numerically, and the horse as the
arnalgam of external effects, social, emotional, and psychological
impacts, and historical and aesthetic considerations that can bé -
adjudged only roughly and subjectively. Since the horse was
bound to dominate the flavor of the stew, meticulous evaluation
of the rabbit would hardly seem worthwhile." (66 pp 2).

It may be impossible to rank the comparative benefits or nét present
values of a national educational television project with urban redevelop-
ment, air traffic control, national scientific research, national defe-nse,‘

and other Federally funded projects. The basic premise of this analysis

“Note that cost figures for 1981 through 1984 include $665 million for
replacement of equipment Whlch would then have operatmg life past the

period of analysis.

. Sk ’ 3 '
- The cost of .capital may-be 1nterpreted in many waysg; it is seldom the

simple cost of borrowing money. For a‘detailed discussion of the cost
of capital concept, see 5 Part Il and IIT; 59 Cha.pter 8 and 40,
Chapter 2.
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is that large quantities of Federal, state, and municipal funds have been,
and continue to be, allocated to education, specifically for the purpose of
improving the quality and quantity of education offered to the citizenry.

This study is thus concerned with the efficient application of those funds.

Following the net present value concept, the data in Table 12-17 were
examined to determine the net benefits which might be obtained if a sat- -
ellite-based national ETV project were implemented for public elementa,f'y
and secondary schools. Also, calculations were made to determine what
level of improvement of the education system would pI:OX;'ide a 1_1‘et present
value of zero if the hypothetical ETV project were instituted. The results -
of these calculations are shown in Table 12-18, \ ‘

Depending upon the discount rate used and the assumed level of
improvement of the education system, net present values of the fully
operational system range from $2. 9 billion in 1976 to $55 billion in 1984.
That is, if the project is terminated in the year indicated in the table, the
cumulative net'present value is the figure shown in the appropriate colt_-li-nn )
and row. Even if the project-is terminated in 1975, after all 01_?" the initial

costs have been incurred but the system is only two thirds 0pe1;atibna1, g

i

the minimum net present value is $769 million, with no consideration of
the scrap value of 1.7 million, 3-year old 23-inch color televigion sets

and otheqi: valuable equipment and programming.

If thé added efficiency of television teaching is viewed pessii‘nisti_'ca',:lly‘,
and 12 or 31 percent improve.ment appears to be too much to ei:pect, PO~ -
curement of programming, satellites, and receiving equipment for the -~
project can be rationally approved if only a 3 percent improvement in
efficiency is gained in the one year (1976 in our hypothesis) in which the
system has been fully 0pera.t1ona1 for three years; the pI‘OJeCt may be

terminated at that point Wlth a net present value of zefo. For longer
project durations, the effmlency required for a zero net prgsent value

reduces to {.3 or 1. 4 percent by 1984.

In addition to the educational benefits imputed for national elemen-
tary and secondary school ETV, the same facilities and equipment may be
used for adult education programs, and elementary and secondary teacher
training, which were included in the 1969 Federal budget at $108 million
and $107 million, respectively (96 pp 110).
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Table 12-18, 1970 Present Values and Net Present Values of a Hypothetical
Satellite-Based ETV System at Various Educational Improvement
Levels and Discount Rates ($ million)

+

, Przsent values of

system casts
at 1 = 4% cumulative
at 3 = 6% eumulanve

*

Imputed benofits at
12% Improvement

y = 4% eumuiative
1 = 6% cumulative

Imputed banaiits at
31% wmprovement

ke 4‘}!; cumulative

t = 6% cumalative

Net present values at
2% ymprovement

1 = 4% curnylative
i & 6% cumulative

MNet prosent values at

31% improvernent f

RT3 c'ut;mlanve .

t = 6% comratative

N ' #
Perbenl improvement

roquirad for_
net presant value « O

i=4%

1= H%

£975 £G74 1977 " 1978 1979 1588 1981 EGH% 1982 1984
933. 0 1,077, 4 1,221, 4 L, 336.7 1,452.2 1,558, 0 1,824, 3 2, 068, 9 2,284 7 2, 426. 8
472, 8 298, 4 5,420 9 1,219, 8 1,384 4 £, 408, 2 £,618. 0 £ 802 9 (965,23, 073.0
1,818.0 4,442, 0 6,966, 0 %,593.0 11,%27,0 13,97%,0 16,130,0 18,205.0 20,198.0 22,114.0
t, 623, 0 3,919, 0 6, 084.0 8,128.0 10,055, 0 148750 13,5910 15,210.0 14,736,013, 176.0
4,698.0 11, 478,0  17,999.0 24,270.0 39,301,0 35,100,0 41, 6%, 0 47,037,0 52,184.0 57, 135, ¢
4,193, 0 + 10, 125, 0 15,718, 0 20,%9%.0 34, 977.0 36,678.0 35, 182,0  39,296.0 43,233,046, 959.0
BHS. O 3,366 5, 74hG 8,053 10,2737 12,4040 14,305 7 1o, 13m0l 17,913,318, 087 2
75t.0 2,920 6 4,ued1 o, 90%. 0 8, 0. 6 10, 400, 8 11,979, 0 £3,407. € (4, 7o 8 fe, 103 0
3, %5 0 10,400 & 14,1776 22,9333 28,848.7 33,5320 39,8517 44,963 § 49,899, 3 53, Tom. 2
3, 321.0 9,120,014, 596, 1  19,780.& 24,06Z.0 29,209.8 3.3. 500,90  37,493.1 gy, 2%z B 44, 480, 0
6,19 .91 2. 10 LTl RE L 1,35 1. 36 1,37 1,36 t, 32
534 3. 84 2.20 1.79 .56 1,42 HEYA .42 1.4 1.36

mm 1975 only h&:o-thﬂ'ﬁs af the gystem 18 considered to have agerued imputsd behefita



Detailed estimation of potential indirect effects on the national
economy or other government programs were considered far beyond the
scope of this study. However, the following statistics on the California
Criminal Justice System indicate another area in which improved elemen-
* tary and secondary education may increase government revenues, reduce
government expenditures, or have measurable effects on the social wel-

fare of the nation.

Effects on Crime and Losses Due to Criminal Activity

There has been considerable recent concern about increases in
crime and maintenance of law and order. In 1965, the total economic
cost of crime was estimated to be $20, 980 million, of which $4, 212
million were for enforcement and justice (96 pp 155). During the same
period, a total of 5,031, 393 arrests were made, of which 2, 124, 100 or
42 percent involved persons 24 years old or younger (36 pp 154). Ina
study of the California system of justice (70) it was shown that in Califor-
nia the crime rate was increasing only in thé younger age groups. For
the older age groups, the crirme rate was actually decreasing. A sum-

mary of these data is shown in Table 12-19.

In the California study, the age group from 14 to ?9 years was con-
sidered to be the "crime susceptible'" group and it was projected that the
population in this age group is increasing at almost twice the rate of in-
crease of the population in the 1960-1975 period (71 pp 8). The concept
of "career costs, " defined as "the operating cost of the complete (crim-
inal justice) system required for dealing with an average of'fender and
accrued over the lifetime of the offender, ' was introduced. Results of

career cost calculations for various categories are shown in Table 12-20.

The educational achievement levels of institutionalized California
adults are shown in Table 12-21,

These California data are not necessarily directly applicable to all
of the 50 states. However, they do serve to indicate the order of magni-
tude of law enforcement and justice system savings which could be
achieved if the crime rate could be reduced, and that some relationship
between educational achievement level and criminal convictions exists.
It would be specious to assume that if all adults achieved a grade 12

achievement level the prisc‘»n population would be reduced by 90 percent.
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Table 12-19. 1960-1964';‘&1}e;‘a:ge Trends

o . N .' . Average Annual. .
Ttem Age Graup 44 i:t: Gp::up AE::: %h?:;:‘?! 1::;;::51‘;:5:
- . : . Populatipn
Reported felones . . :
Seven n';a_wr offense groups 1(; to 64 2,45 +0. 099 +4.04
Violent crames anly . 14 to 29 1,15 =0, 006 -0.52

Juvenile arreats

All delinquency. 10ty 17 2.12 +0.298 +3 27
Major law viclations only 14 to 17 3,39 +0. 019 +0.56
Violent crames only t4 to {7 0.3712 +0, 006 +1.61

Adult felony arrests
All 18 to 64 . Lot -0 ddu -3, 36

Violent crimes only : 18 to 29 0. 959 -0 035 23,65

Commitments to inatitutions
Juvenile Court commitments to CYA 10 to 17 0, 163 -0, 00t -0.61

Adult commitmenta te CDC 18:to 64 0,061 =0, 005 -8.20

Supcrnsed.populauon:n .

Based on 10 to 64 population 10 to 64 , 1,53 +0, 028 +1 83
- - I .
Based on 14 to 29 population 14 to 29 4 95 -0. 052 -1 50
. ]
aComputed by lineayr least-square curve fit - .

“’196 1-1954 only. Includes parole, probation, and institution caseloads
. .

L

Table 12-20.. Per Capita Career Costs

Per Capita Costs of

Institutionalized Persons Per Capita System Costs

 Oftenee "Cost of New A8} Tareer Coat ) Gost ‘S,Ca.reer Co‘st
; Arrival irom of First Arre:tee!; of New

Court Arrival Cffender
All adult felons 6, 500 J 8, 300 3,600 4,000
‘An Juveniles ’ 6, 0'00 ‘ ‘ 3, 000 680 ) 800
Adult homicide 12, 000 12, 300 . 6, 300 5, 800
Adult robbery iz, 000 15,800 3,700 3,700
Adult asgsauit ’ 9, 400" ' .1z, 300 2, 000 ¢, 700
Adult burglary and theft 9, 100 11, 900« 3, 000 3,800
Adult forgc;ry and checks &, 90_0 10, 900 5,300 16, 900
Adult narcotics 10, 200 17, 100 4,500 ' 10, 900
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Table 12-21. Percent of Institutionalized ‘Adult -California

Criminals by Crime Category and Educat1ona.1
Achievement Levels™

Educational Achievement Total
Illiterate Grade 3to 8 Grade 9to 11 Grade 12 and More Percent

Crime Category

B

Homicide 4 64 30 2 100

Robbery 1 57 C 39 3 7 - 100
Assaull 5 62 32 1 100
Burglary 2 59 36 3 100
Theft 3 50 44 3 100
Automobile theft 3 61 35 i 100
Forgery 1 45 50 4 - 100
Rape 3 . 60 36 1 100
Narcotics 3 66 29- 2 100
Lewd and other sex 3 55 39 3 100

*1963 data

Source: T1, page 213

Yet one could infer that by reducing the number of school drop-outs,
fewer juveniles would become ""career cost' statistics and the national
total economic costs of crime might be significantlyv reduced. It should
be noted that a reduction of 1.5 percent in annual total economic costs of
crime would more than meet the annual average cost of the hypothetical
ETYV project. .

In sum, implementation of a satellite-based national ETV project

for public elementary and secondary education appears to be highly
~desirable on a monetary basis. System costs are far exceeded by sys-

tem benefits at the assumed levels of improvement, and even at very low
1evels of 1mprovement the hypothetical system exhibits a pos itive net
present va.lue. Further benefits such as reducmg the economiq costs of
crime and producmg more wage earners a.nd fewer welfare recipents may

be obtamed however no analysis of these potential benefits was made.
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A list of other potential benefits arising from increased educational

achievement levels includes:
®  Reducation of welfare expenditures

. Increase in tax revenues due to more productive
employment

® Increased national productivity and output

. Improvements in trade balances

¢ Improvements in balance of payments
° Increased consumer demand
. Increased worker mobility

» Decrease in economic cost of crime.

SOME POTENTIAL BENEFITS OF SATELLITE
ETV IN DEVELOPING COUNTRIES

In developing nations there is a great drive to increase individual
and national social welfare. The economic development plans of these
countries generally call for large infusions of capital in the industrial
and agricultural sectors, and as much investment in infrastructure
development and health and education projects as can be afforded. Most
of these funds are derived from the domestic economies and are limited
by the gross domestic products and the degree of austerity that can be
practiced to divert funds from consurnption to private or gove.rnment
investment. The developed countries provide economic assistance, either
through international organizations or on individ‘ﬁal bases; but even w‘ith
the investment of domestic and foreign funds, the income gap between

poor and rich countries tends to grow with time.

In Appendix 12B, a theoretical model linking growth in national output
to improvement in education is discussed. The model is neither detailed
nor comprehensive; it is presented to show formally what- is felt ix‘ztuitivély:
that expenditures on improving or expanding the education systems of de-
veloping nations are important factors in econbmic growth., Expansion of
the student body and improvement of educational quality or efficiency are

the keys to increased productivity,
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To investigate'the need for improvement of education systems,
economic and education statistics of 97 countries were examined (Table
12—22., The selection of countries was dictated by the availability of reliable
statistical data, which is less than desired, and certainly less than is
needed for a comprehensive comparative analysis of developed and de-
veloping countries. However, the magnitude of the discrepancy between
education expenditures and characteristics of developed and developing
countries can be observed, and some potential effects of reducing these

discrepancies can be estimated,

To delineate between developed and developing countries, it was
arbitrarily assumed that countries with annual per capita gross domestic
products greater than $750 may be categorized as developed; all others
are considered to be developing. In Table 12-22, the first 26 countries

(ranked in descending order of per capita GDP) are in the developed

category.

Although social, economic, and political differences among the
developed countries prohibit direct comparison of their education 5ys-
tems, it may be accepted that each of these nations attempts to maintain
an education system compatible with its need for educated citizens and
its ability and desire to pay for all socially beneficial institutions and
projects. To the degree that education may be associated with economic
parameters, the characteristics of education systenvs in developed
countries should serve as models for developing countries to emulate,
That is, if developed countries typically maintain certain student-teacher
ratios or typically expend a certain fraction of their gross domestic
products on education, developing countries seeking to establish indus-
trial, agricultural and social conditions comparable and competitive with
the developed countries must also establish comparable education

'systems.

From the data in Table 12-22, "typical" statisticsfor developedand

developing countries were calculated. The results of these calculations
are shown in Table 12-23.

From the data in Table 12-23, it may be concluded that, compared to
developed countries, developing countries typically are not educating a

sufficient percentage of their populations, and even with this smaller
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Table 12-22., Economic and Fducational Statistics
for 97 Couniries

. Cirogs Domestis Annual
Countzy Product per Student Student/ Students/ Education
per %ap:ta Exp?ngltures Population Teachers Budget/GDP

1. Huwait 1,289 334,91 0. 186 8.3 0. 045"

2, U.S5.A. 3, 509 506, 78 0,286 23.5 0,041

3. Sweden 2,517 513.3% 0. 183 9.7 0, 037
4, Canada 2, 459 395,80 0.272 22,2 0. 044

5, Denmark Tz, 120 431,00 g, 184 NaAE . 937

&, Switzerland 2, 119 437.13 0. 150 NA 0,031

7. Australia 2, 014 122, 87 0.236 24%.5 0. 014

8. Luxembourg i, 954 338.7¢ 0. 168 24.7 ¢, 029

3, France 1,920 186, 06 8,227 24.1 L. 02t
i0. Norway 1, 896 494,96 0, 188 15,90 0. 649
11.  Germany (W) 1,891 234,40 o, 180 33,5 T oo, 022
12. New Zealapd 1,844 174.78 0,260 26.5 0. 012
{3. United Kingdom 1,797 303.24 e, 176 23.0 0. 030
i4. Finland 1,759 310,15 8,204 18.7 6,036
15, Belgaun 1,636 200,490 0,240 17.1 . 029
16. 1Iceland 1, 633 NA 0,211 32.6 NA
17. Netherlands 1,521 81.96 0.255 34,8 0. 014
{8, Jlsrael 1, 393 113.64 6. 266 6.9 6. 022
19. Austria 1,285 161,24 0. {59 18.% £, 020
20, Puerto Rico 1, 179 191,39 0.276 31.8 0. 045
21. TItaly 1, 089 266,15 0. 177 1.7 0. 043
22. Venezusla 934 112 46 0.206 28.8 0. 025
23. U.5.S.R. 921 202, 94 0,245 22.7 0. 054
24. Ireland 886 139,77 0.235 4.8 0. 037
26. Japan 856 102, 74 0.234 23.4 a, 028
26, Argentina 759 125.91 0. 194 14,9 0. 032
27. Labya 7:3 NA 0. 124 25.3 . 7Y
28. Cyprus 553 82.34 0, 176 29.6 8. 623
29, Trimdad-Tobago 645 56,40 0,243 33,0 0. 021
30, Uruguay 611 5¢.89 0.183 " 34,0 0. 015
3i. Greece 597 NA - 0174 42,4 NA
32. Ckile 591 55. 14 0.225 43.7 ¢, 025
33.  Netherlands Artilies 589 15,35 0,295 32.6 0. 008
34, Spam 556 18,614 0,164 38,7 , 005
35, Jamaica 498 43.91 0.203  49.7 0.018
356, Panama 453 53,98 0.201 21.3 . Q, 024
37. Mexico 446 29.46 0. 188 45,8 g, 012
38, Gabon . 440 NA 0, {84 " 38,3 0, 003
39, Malta | 435 70.48 0.228 z0.4. .0,037 -
40, South Africa 408 NA 0. 151 36.8 NA
41, Costa Rica 408 NA 0.234 26.2 Na
42, Barbadoes 392 NA 9,225 30.5% Na
43  Portugal 360 ' 29,29 0. 134 22,7 0. 011
44, Lebanon 334 37. 48 0, 187 21,2 0,021 .
45, Guyans 323 34.29 0.274 X 0,043
46, Guatemala 312 NA 6. 169 cTasi0 ¢ A T
47. Hicaragua 308 g, &y 8. 143 30,4 &, 016
48, Malaysia 303 19. 97 0. 192 ° 26.% *0.013
49,  Peru 301 NA - 0,19t 30,0 Na
%#Not Available 7 Source Reference
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Table 12-22. Economic and Educational Statistics
. for 97 Countries (Continued)

Gross Domestic Annual
Country Product per Student Student/ Students/ Education.
per (;ap:ta Expenc?tures Population Teachers Budget/GDF

50, Iraq - 293 63.30 0. 151 24.0 0,032
5{. El Salvador 265 34.28 0. 156 29.7 0. 026
52. Turkey 257 NA 0.139 39.3 Na
53, Ivory Coast 254 NA 0,090 41,7 NA
54, Iran 250 NA 0, 120 NA NA
55, Maurnitius 246 29.21 0,234 29.9 . 0, 028
56. Dominican Republic 244 25.78 0, 182 NA 0. 019
§7. Rhodesia 241 NA 0. 147 37.7 NA
58. Ghana 236 8.25 0. 190 30,6 0. 007,
59. Colombia 234 29,77 0. 242 26.7 0. 019
60. Zambia 233 17.05 0.1114 47.0 0. 008
61. Surimam 229 16.77 0.316 30.7 . 0.023
62. Jordan 228 27.97 0,202 32.6 0, 025
63. Ghina (T) 221 19,33 0.241 33.1 0.024
64. Honduras 221 NA 0. 133 31.5 NA
65. Tumsia 217 48. 38 0, 169 58.4 ¢. 038
66. Ecuador 215 28,00 0178 28.8 0. 023
67. Paraguay 21 14.89 0,192 32.2 0.014
68, Algeria 193 3.42 0. 124 49.0 0. 002
69. Morocco 190 63.76 0. 096 36.4 0,032
70. Senegal |, 189 59.20 0. 070 40,0 0. 022
71. U.A.R. 179 49. 38 0. 154 33,7 0. 043
72.  Brazil 167 NA 0.147 27.8 NA
73. Philippwnes 165 21,26 0.212 - 31.9 | 0. 027
74.  Sierra Leone | 152 20.23 0. 058 28.9 0. 007
75. Bolivia 146 NA 0.178 27.4 " NA
76. Viet-Nam (S) 143 20,23 0..127 51.8 . 0.018
77. Ceylon ) 142 24.31 0.230 27.4 0. 039
78. Camercon - £35 16, 50 0.145 45.7 - 0.0i8
79. Thailand 125 15,90 0. 147 29.8 0,019
80. Cambodia 124 33.09 0. 141 44.4 0. 038
81. Malagasy Republic 109 NA 0,121 50,3 NA
82. Cent. African Rep. 108 31,86 0,095 50,7 0028
B3. Togo - 105 21.52 0.102 47.1" < 0.02f
84. Kenya 105 29.52 0111 31,8 0. 031
85. Korea {(S) 101 7.70 0.217 51,7 0,017
86. India 101 6.88~ . 0,127 . 32,6 0, 009
87. Pakstan 99 9.65 0.094 34.7 0. 009
88. Sudan 98 62.04 “0.043 35.9 0. 027
89. Uganda a1 NA 0.078 T 33.8 s .NA
90. Nigeria 76 21.76 0. 054 3.1 0.016
91, Haiti 74 13, 12 8. 069 39.4 0. 012
92. Dahomey 73 36,52 0. 059 39.5 0. 030
93, Burma b4 39.75 0. 695 + 39.8 7 ° 0020
94, Ethicpia 61 27.67 ... 0,018 379 -+ 0.009
95. 'Lesctho 61 “10.26 " 0.199 56.9 0.034
96. Tanzana 58 NA 0.062.7 . tug,9- NA
97. Malawa 44 25.77 0.073 312 0, 043

*Not Available . Source Reference
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Table 12-23, Typical Education and Economic Statistics of
97 Developed and Developing Countries™

26 Developed 71 Developing Total
Countries Countries Sample

Typical annual education 3259 332 3104
budget per student
Typical student/population 0.215 0. 156 0,172
rafio . :
Typical student/teacher 23 36 32
ratio -
Typical education ' 0. 031 0.021 0. 027

budget/GDP ratio

“These data are statistical means of the country data in Table 12-22. Be-
cause of variations among the countries in population, gross domestic
product, etc., the térm "typical'l is used to preclude unwarranted
statistical inferences.

proportion of students, too few teachers are available and per student
budgets are an order of magnitude too low. The comparatively low
education budget-to-gross domestic product ratio of developing countries
undoubtedly reflects the severe competition among industrial, agri-
cultural, infrastructure and social welfare projects for limited financial

resources.

If unlimited funds were available, it would be possible for develop-
ing countries to duplicate, or even improve upon the education systems
of developed countries; that is, teachers, educational software and school
facilities can be purchased, either indigenously or extranationally. How-
ever, with severely constrained funds, financial and education planners
must carefully consider each ne\;v allocation for both short~ and long-term

effects..

Higgins (47, Chapter 19) has presented some of the problems in
optimal expansion of education systems in developing countries. Con-
sidering the opportunity costs of allocating labor (including students who
might be in the labor force if they were not students) and capital td educa-

tion or other activities which contribute to the gross domestic product,
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different countries may, ideally, allocate these factors in different pro-
portions, depending upon the existing qualities of their education systems
and the availability of opportunities for expanding national output by con-
version of natural resources or utilization of special national capabilities.
Thus, given increasing levels of na:tional output, an '"expansion path" for
a particular country's education system may be derived. The figure below

graphically illustrates this concept.

OTHER
GDP

LIBYA

ESPERANZA 0O
- GREECE 3
- 02
o)

EDUCATION

‘In the sketch, 01, 0‘2, and 03 are national indifference curves:

loci of combinations of education system output and other national output
which provide equal social welfare at a given level of gross domestic

product. Ti’ T?.’ and 'I-‘3 are transformation curves: loci of combina-
tions of resource inputs to the education system or to other GDP pro-
ducing activities which can be made at a given budget level. The dotted

portions of the transformation curves may be ignored since

., . it would be senseless to stop expansion of the education
. industry before reaching the point where output of 'every-
thing else' declines as a result.

In most developing countries the income elasticity of-demand
for education is presumably above unity; in any case, countries
do in fact tend to spend a larger share of income on education
as income rises. On the other hand the opportunity costs of
education, in terms of other income, probably rise once a
certain level of education has been reached. (More empirical
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research could usefully be done on this question..) The ex- -

pansion path will be the outcome of these two opposing ten-

déncies., For any particular country as we move from now

into the future, moving through time as we proceed along the

path, the shape of the expansion path will also depend on the

initial position regarding level of per capita income and

-education. On resource-rich and education-poor countries

like Libya the expansion path may be concave upward; it

may simply be impossible to expand the education industry

as fast as income rises—at least without more technical

assistance than is politically acceptable. In education-rich

but resource-poor countries like Greece it may be concave

downward, while in a 'normal' developing country like the

mythical Esperanza (and probably only mythical developing
countries are normal) the path may approximate a straight

line. " (47, pp 443 and 444)

A satellite-based ETV project in a developing country or region
must be considered as part of the overall education system. Not only
must the country be financially and administratively capable of imple-
menting the space and terrestrial portions of the ETV communication
system, but it must also be able to provide the proper environment and
peripheral equipment required to permit effective use of ETV. In
American Samoa, it was found that grass huts previously used as school
buildings were inadequate as ETV classrooms. Therefore, along
with the expense of installing transmitters and receivers, and producing
programming, it was necessary to provide for modern classrooms,

" complete with blackboards, desks, proper lighting, and so on (35). Even
in areas of cheapest labor, the costs of a modern schoolroom will un-
doubtedly exceed by far the cost of a television receiver and antenna.

If textbooks, work books, and similar software are required to support
ETV programs, these items too may have aggregate costs which equal
or exceed the reception, transmission and program production costs,
Thus, cost analyses which deal only with specific ETV hardware and
program production do not provide adequate information for planning the
expansion of a developing country's educational system. Granted the
efficacy of ETV as a teaching tool, how large an ETV system can a
country afford in a given period? Despite the technical feasibility of
complete coverage of a nation or region by satellite ETV transmission,
can this ub1qu1tous signal be effect:.vely used? These questmns can only
be answered by thorough a,na.lyses, on a, country—by-country or region-

by-region basis.
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Since the satellite system under study will have a 106 square mile
coverage capability, selected countries and regions of the world were
appraised for their potential as audiences for satellite, direct-TV
broadcasting. The main purpose of this appraisal was to identify those
countries or regions where, in view of areal dimensions, population
densities, linguistic characteristics, and ethnic homogeneities,
satellite broadcasting is a potential alternative to terrestrial approaches.
The countries of Europe; the, Soviet bloc, and the Peoples Republic of

China were not included,

Table 12-24is a list of candiaa:ce countries outside of North America,
identified by region, including statistics on their areas, income, and
population. The regional groupings are based on general similarities in
ethnology such as racial stock, common languages, religious and socia1=-
practices, and, of course, geographlc location. Except where’ a state of
war exists between 1nterreg10na1 countrles, it is assumed that, desplte )
problems of differing political policies and nationalism within a region,
international cooperation, at least of the quality existing in current
United Nations drganizationé, particularly UNESCO, may be obtained for

educational programming (and possibly also for entertainment programming).

In North Africa and the Middie East, a common thread of Arabic
language and customs links all of the countfies of that region, except
Niger and Mali, which use French E;.S their official langua.ge In Central:‘
Africa, the ex-colonial black nat:.ons use French or Enghsh as first or
second offlca.al languages.. Wlth the exception of Portugues e-speakmg
Brazil, Spanish is virtually the universal language of Central and South ~
America, . T

The Asian countries have almost no useful common linguistic i‘.ies.’
Though English is increasingly used in commerce, literacy in the national
language is a prime goal of the various Asian educational systems which,
when combined with other ethnogra.phm dlfferences would tend to make '

comnmon TV programming. impractical or 1mposs1ble.

Without discussing the characteristics of the countries in each
region in further detail, the following selections appear to be likely candi-

date audiences:
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Table 12-24. Statistical Data on Selected Countries Outside of North America

w -

G

¥9-¢1

Per Capita Number 3
Po;:uiatmn(1 A"f Area é’:]f:;‘ltatlo:r Gross Domeastic of Pe; S;Ud:nt Offic1al La
(000) {km®) fmi2, U.8.) ¥ P Product Students uces €L nguages
Square Mile & (8)
(%) (105}
Africa and the Middle East
North
* Western
Algeria 12, 150 2,381, 741 919, 500 13.21 Zlgq 1,511 3.42 Arabie, French
Chad t,437 t, 284, 000 495, 752 6. 77 7 - - French, Arabac
Libya 1,677 1,759, 540 679, 358 2.47 71 0,208 - Arabie, English
Mala 4, 654 t, 240, 000 478, 764 9.7z 7 - - French
Mauretania . 1, 070 1, 030, 700 397, 953 2.69 13 0.208 - French, Arabic
Morocco 13,725 445, 050 171:°833 79.87 190 1,318 63.76 Arabic, French
MNiger 3,433 1,267, 000 489, 189 6,95 75 0, 045 55,29 French, Hausa
Spanish Sahara 48 266, 000 102,703 *© 0.47 - - - Arabic, Spaniah, French
Tumsia 4, 460 164, 150 63, 378 70, 37 217 0. 752 48,38 Arabic, French
Total 42, 654 9,838, 181 3,798, 520 4,062
Mean density: 11,23
® Eastern } .
Iraq 8,338 . 434,724 167, 847 49,68 293 1.262 63,30 Arabic
Jordan 2, 059 97, 740 37,137 + 54,56 228 0. 415 7. 97 Arabig
Kuwait 491 16, 000 6, 178 79.48 ‘4, 289 0. 091 334.91 Arabic, English
Muscat and Oman 565 212,379 82, 000 6, 89 - - - Arabie, Hind1
Saud: Arabia 6,870 2, 149, 690 829,995 8.28 38(’4 - - Arabic
Sudan 13,940 2,505,813, 967, 494 14,41 98 0.602 62. 04 Arabic, English
Syra 5,400 185, 180 71,498 75.53 20 0,942 - Arabie
United Arab Republic 30, 1457 1, 001, 449 © 386,65% 77,97 179, 4. 647 49. 38 Arabic
Yemen 5, 000 ~ - 195, 000 . 15, 294G 66,41 12 - - Arabic
Total 72,810 6, 797,975 2,624,698 - 7.959
Mean densaty; 27,74
South_of Sahara '
* Western
Cameroon 5,350 , 475,442 183, 568 29, 14 135 0,776 16.50 French, Englieh
Dahomey 2,410 112, 622 43,483 55,42 ° 73 0,143 36,52 French
Gabon | 468 267, 667 103, 346 4:53 440 0, 086 - French
Ghana 7. 945 238,537 92,099 B6, 26 235 1,507 8 25 English, Twi
Guinea 3,608 245, 857 94, 925 38.01 ° 8 - - French., English
Ivory Goast . 3,920 322.463 124, 503 LY 253, 0,354 - French, Agm
Liberia i, 090 111,369 43, 000 . 25,35 20 4 0.'124 - English
Nigeria 58, 600 923, 768 356,667 . 164, 30 !2§ 3.172 21.76 English, Hausa
Portuguese Guinea 529 36, 125 13,948 . 37.93 LT - - Portuguese
Senegal ’ 3,580 196, 192 75,750 ' 47.26 £89 0.252 59.20 French, Wolof

Sierra Leone . * 2,403 71,740 27,699 86,75 152 0. 140 20 23 English



Table 12-24. Statistical Data on Selected Countries Qutside of North America (Continued)

g9-¢1

) Pear ‘.’:‘,ap:tafa Number 3
)?np\.'l.latu:n'\{l Area T _Area EOP::tat-m:r Gross Domestic of Pe; S;“i:nt Otficial Languages
(000) (km?2) 2, U.8.) oty p Product Studentus ude icial Language
Square Mile r3 {8)
{8} {10%})
1. Africa and the Middle East (Continued) ’ ) ’
South of Sabara {Continued) - ’ . .
o Western (Continued)
Spanish Guinea 272 28, 051 10,830 25,12 - - - Spamish
Tago 1, 680 56, 000 21,622 77.70 10 Q0. 172 21.52 French
Upper Volta 4, 955 274,200 105, 868 46.80 5 - - French
Total 96, 810 3,360,033 1,297, 308 6.726
Mean density: 74,64
o Eastern
Central African Republic 1,437 62z, 984 240, 534 4.97 1o 0, 136 31.56 French, Sangho
Congo 850 342, 000 132, 046 6.44 14 - - French, Baitu
Ethiopaa 23, 000 1,221,900 471,776 48,75 61 0. 440 27.67 Ambaric, Arabic
Kenya 9, 643 582, 644 224,959 42,87 10 t. 068 29,52 Swahily, kEngliah
Republic of Congo 15,986 2, 345,409 905, 562 17.64 11 - - French, Swahill
Rwanda 3,204 26,338 10, 169 315,08 50 - - French, Kinyarwanda
Sormnali 2,580 637,657 246, 199 10, 48 60 - - Englioh, Italian, Arabic
Tanzania 11,833 939, 701 362,819 32,61 5 0,739 - English, Swahili, Bantu
Uganda 7, 740 236,036 g1, 133 84,93 9 - - English, Kiswahili, Bantu
Zambia 3,881 752,614 290, 584 13,35 233 0.431 17.05 English, Bantu, Afrikaans
Total 80, 154 7,707,283 2,975, 781 2.814 .
. Mean denoty; 26.93
2. Latin America
Centzral America
British Honduras 109 22,965 B, 867 12.29 385 - - . Enghah, Spanish
Costa Rica i, 486 50, 700 19, 575 29,31 408 0, 348 - Spamah
El Salvador 3, 037 21, 393 8,260 267,67 265 0.474 34.28 Spanish
Guatemala 4,575 108, 889 42, 042 108,82 32 0.498 - Spamsh
Honduras 2, 363 112, 088 43,277 54,60 22t G314 v - Spanigh
Mexico 44, 145 1,972, 546 761, 600 57.96 446 8,299 29,46 Spanish
Nicaragua 1, 715 £30, 000 50, 193 24,17 308 0,245 34,61 Spanish
Panama 1,287 75,650 29, 208 44, 06 453 0.258 53.98 English, Spanish
Total 58, 117 2,494,231 963, 022 . 10,436
‘ Mean density: 60,97
South America
e Weatern
Bolivaa 3,748 <1, 098, 581 424, 162 8.84 146 0.667 . Spamish
Colombia 18, 596 1, 138,914 439,735 42, 29 234 2.780 z9 77 Spanish
Ecvador 5, 326 283,561 109, 483 48,65 215 0.948 28.00 Spamish
Peru 12,012 1,285,216 496,222 24.21 301 , 2.291 - Spanish
Yenezuela 8,921 - 9iZ, 050 352, t43 25.33 939 t. 835 112, 46 Spanish
Chile 8, 7150 756, 945 292, 256 29,94 591 _1 972 65, 14 Spanish
Total 57,353 5,475, 267 2, 114,001 10,493

Mean denssty: 27,13
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Table 12-24,

Statistical Data on Selected Countries Qutside of Norxth America {Continued}

i Pex Capatgz T Humber &5
" . Pupulanon“ Avea, i&rca gaptﬁa.tmn Groaa Domestac of P'; Séud:mt off 1L
“ {000) {km?) (maf, U.5.) Joeneity per Product Studepts  + CoeEst 134l Languages
. Squars Mile £} -
. (%) {187}
2., Latm Amernica {Continued}
South America {Continued)
= Eastern
Argentina 22,691 2,776, 655, 1,072, 087 21. 17 v 759 4. 325 125,494 Sparsh
Brazi 83, 175 8.51¢t, 965 3,286,470 25,3t 167 12.233 - Portuguese
French Guiana 37 94, 003 35, 135 “1. 05 - - - Spanish
" Guyana 662 Z214, 969 §3, 000 7.98 323 0,181 34.29 Spanish
' Paraguay z, 094 406, 752 157, 047 13. 33 F43| 6,403 14.89 Spanish
Surinam 350 163, 265 63, 037 5,55 22 ¢, o2 16,77 Spanish
Urugnay t 2, 749 186, 926 12, 112 38. 09 38 T 6. 502 50.89,  Spamah
, Total 111, 758 £2, 361, 533 4,768,928 17,746
Mean dersity: 23.43
3. Central Asma .
Afghanistan 15,397 647, 497 249, 999 61,59 st - - Peraan, Pushtu
Ceylon it, 491 65,610 25, 332 453,62 142 1,048 24.31 Sinhalese b
Indonena 147, 809 £, 491, 864 575, 893 18%, 80 - ji24] 13, 14b - Engheh, Bahazra, Indonema,
India 498, 680 3, k68, 090 1,268,840 395.21 101 53,888 6.88 English, Hind ’
Malaysia 9,725 332, 633 128, 429 8,72 303 1,866 25.77 Malay, English
Nepal 10, 29% 140, 797 54, 362 189, 36 . 15 - - Nepali, English
Paksstan 105, 34 946G, 116 365, 527 287.38 G - _9.8%4 9,565 Urdu, Bengals, ?:nshsh
Total ) 757,631 6, 893, 907 %, 661,352 86,372 ,t
e Mean density: 284,72
L3 IPamfm Tcodn Arck . .
+ Australia 11,541, 7,684,810 2,967,877 3.89 2. 014 2.726 {22.87 +  Enghsh |,
; New Guinea 1.582 . 238,693 92, 15¢ . 17,17 - . . Freach, ‘Enghsh
New Hebrides b %5 1%, 763 5, 700 13.33 - - .= v French:
Wew Zealand 2,876 268,676 §03, 736 25.80 1,844 8. 695 i74.78 English, Maors
Philappines 32, 345 299, 404 115, 600 219.81 165 7,097 21,26 Englhish, Tagalog
Total 48, 220 4, 508, 346 3,285,072 19 518

Mean denaity: $4.58

@t 1966 U.N, estimates

ml?éﬁ . H. estimates at 1966 U N, estimated exchange raten

uRecuri"e:\'t expenditures only

“Mvcn;ﬁamg Jg:.ge 196‘6'e'ntamategs based on ALY statistics



Latin America
Central America
British Honduras
Guatemala
Nicaragua
South America

Western

Bolivia
Peru-

Brazil
Argentina
Africa
South of the Sahara
Western
Cameroon
Guinea
* Senegal
Dahomey
Eastern
CentJ;'al African
Republic
Republic of Congo
Uganda
Central Asia
India
Pakistan
Pacific Ocean Area

Austra.lia‘

Philippines

Costa Rica
Honduras
Panama

Colombia
Venezuela

Uruguay

Ivory Coast
Sierra Leone
Gabon

Liberia

Congo
Rwanda.
Zambia
Ethiopia

"El Salvador
M_exico

Ecuadoi
Chile

Paraguay

Togo

Ghana
Nigeria
Upper Volta

Somali
Kenya
Tanzania

The expected regional benefits cannot be readily ranked in social or eco-

nomic priorities. Three potent:ial audience areas of feasible geographic



size are clearly within stated interests of U.S. domestic of foreign
policies and commitments. They are:

Central America

Bragzil

India

The two candidate Latin American regions {(as well as the rest of

Latin America) are so closely associated with United States economic and
political interests that social and economic benefits which may arise
from their establishing satellite-based ETV would undoubtedly include
benefits to the United States as well as to the regions themselves. How-
ever, with the exception of the ASCEND report (1), literature on Latin
American ETV tends to be qualitative, general statements (23, 29, 44,
54, 85, 106) rather than analytical, cost-benefit studies. (It is hoped

and recommended that- detailed cost-benefit studies of satellite-based

ETV in Latin America will be initiated in the near future.)

Considerable attention has been given by the U.N,, the U.S., and
the Indian Government to the potential use of satellite-based ETV in India.
Unfortunately, currently available reports and papers deal primarily with
spacecraft and receiver costs, with some allusions to program production
costs and almost no quantitative statement of other facilities and software
costs, Development of detailed cost and benefit data for an Indian ETV
system will require development of much more comprehensive data on
the characteristics of the current and planned Indian education system
and reliable projections of specific demographic data related to school-
age population and other educational statistics. To the extent that such
data are currently available, a truncated view of some of the benefits and

costs of an Indian satellite~based ETV system can be presented.

In a report on the ''Delhi Project" (113) the use of TV to provide
agricultural information to some villages in the vicinity of Delhi was

discussed. The subject matter of the TV programs was:
1) Practices for raising high-yielding varieties of wheat
2) Weed control in wheat

3) Methods of irrigating rabi crops
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4) Cultivation of tomato, caulifiower and cabbage
5) TFoliar application of fertilizers-

6) Raising of vege;‘.ables on saline soils

7) Control of field rats

Tests were given to 100 randomly selected farmers who had seen
the programs (experimental group) and 100 farmers selected from villages
that did nothave TV. The test results, shown in Tables 12-25, 12-26 and 12-27
show that in the India context dissemination of agricultural information by
TV is significantly superior to ordinary, in-person lectures for providing
knowledge, changing attitudes and encouraging adoption of new practices.

_This form of instructional television can obviously improve the level of
agricultural output and help make India self-sufficient in food production;
other social, cultural and technological goals may also be achieved by
appropriate use of ETV. However, the quantitative benefits to the
country as a whole are difficult to estimate without extensive investigation

of the specific sectors of interest and specific regions of India.

Table 12-25. Mean Knowledge Scores

Experimental Control

- Standard Standard ' 2
Topic of Program (n(‘::o‘l.a% ) Deviation - ( f:o;;gm . Deviation b Value x” Yalue
1} Package of practices for high ) . *
yvielding varisties of wheat (18) 14, 14 1.9 8.57 2.8 15.99 123,45
2) Weed control in wheat {22) 12,45 3.4 6,87 3 11,90 6. 04"
3) Methods ‘of irrigating rabi cropa(5} 4,12 0.45 3,65 0. 50- 6. 27* Nut| applicable
4) Culti\;atmn of tomato, cauli~ - - . %
flower, and cabbage (23} 14,56 4.2 ) 7.51 5.1 10.58 31,64
5} Foliar zpplication of ) . * 2
fertilizexs (10} . 5,70 R 2.6 . 1. 1% 1,20 16, 00 91,85
_6) Raising of vegetables on * &
saline soils (12) - ) . Lpz e 0.58 1,30 - - b.20 2B.44 -
7} Control of field rats {13} LT B.6T 2.3 o197 2.30 1,60 5,73
8) Total knowledge score (113) 62.86 13.8 35.88 £0.70 ts. 32" te1.21"

-~ . -

Note: *Sigraficant at one percent level D

Figures in the brackets are the total knowledge scores obtainable for that practice

The "t" and xz valyes indicate that except for the program on the control of field rats, the differences in the
knowledge scores of the two groups are aignificant at one percent level
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Table 12-26. Mean Attitude Scores

- . ¥ - EE . . r-

Experimental Control

Standard

s Standard
Topic of Program Group gt Group B It Yalue xz Value
{n = 100)~ Dcvxa.tion {n = 100} * Dnevxatxcn‘ e u
1) Chermical control of weeds (12} 11. 16 1.3 611 4.7 10.52% 526"
2) Chemical fertilizers {12) 11,84 0.6 11,48 .4 e  Lst
3) , High yielding varieties . > L H b N . - PRI
of wheat (12) 9,37 2.9 7.90 3.4 8.2 7.69"*
4} Foliar application of . .
fertilizera {12) 9.22 1.8 1.53 EWS 21.36 132.88"

Note: *Significant at one percent lavel

Figurea in the bracketa are the total obtamnable attitude score for that practice

* 7 The ™" and x ‘values md:Lcate that-except for the prngram on chernical fertal;zere, the d:.{ference n the
attitude scorea of the tweo groups are significant at one parcent level

Table 12-27., Number of Adopters of Improved Practices

) Topic of Program E_xfgg__xrmt_:l_%orug %ﬂg}&'ﬁ? :3 Value

1} Chemcal control of waeds =~ 42 58 t1 89 24.6"

2) Cheniical fertilizera 99 - . 92 I

3) High yielding varisties of - - P
wheat 82 18 55 45 16.9

. - . - - a

4) Foliar application of . &
fertilizers 16 84 . 2 98 11,9

Note: A - adopters of the practice
NA - non-adopters of the practice
*#*Significant at one percent lavel
Except for the practico of chamical fertilizera, the number of adopters in the

experimental group is significantly more compared to the number in the control
group for the reat of the practices

- Educational television pro_]ects for general a.cademlc use in the
‘Indian education system have not been well documented Broad alluszons
to potential benefits were reported by a UNESCO Expert Mlssmn, whlch
in December 1967 studied the implementation of a satellite ETV pllot
project (70). Because of the very small mileage of currently ‘installed

mlcrowave relays and the t1me and money requued to éstablish’a country-

Bt T o e

~wide’ mlcrowa,ve network the U.N. misgsion strongly recommended estab«-

lishment of a satellite broadcastmg capability, partlcularly for educational

‘television,
"According to the information given to the Mission the needs
for extended telecommunication facilities are so great that
new facilities are fully utilized within ... a short period of time.
Any additional telecommunications facilities through a satellite
system could be put to immediate use, ! (70, pp 15)
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Potential benefits were seen to be:

1) . To train teachers—in 1965-66 only 50 peicent of the *
teachers in lower primary schools had completed
secondary school

2) To expand enrollments in primary and secondary
schools-— 1965-66 enrollment statistics were:

Percent of Age-Group
Not Enrolled

Primary grades 1-4 31

Primary grades 5-7 .64
Secondary grades 8~10 . 8t - -
Secondary grades 11-12 91

3) To provide agricultural mfo:rrmatlon to Indla. s
50,000,000 farmers

4) To disseminate mforma.tmn on and encourage b1rth
control - )

5) To provide mass commumcatlons for other beneficial
social projects

India's solutions to prc;blerps of population growth, food ];;ro-
duction, illiteracy, and other social conditior}s are of grgat importance to
the political stability of Asia and to the economies of many countries, in-’
cluding the United States, -The Ppossibilities of using a TV.broadcast satel-
lite for alleviating these problems and for assisting India to reducenegative
balances of trade and payments and to achleve a sta‘ale, growing economy
requiring 11tt1e or no external economic a.1d appear suff1c1ent1y attractive
to warrant a thorough systems study of the costs and benefits associated
with an Indian TV broadcast sa,te}.lits: not a one-channel, one-year experi-

ment, but a satellite configured to fit India's gpecific needs and capabilities.
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12.4 COSTS OF ALTERNATE SYSTEMS

In addition to direct broadcasting from a TV satellite, nationwide
distribution of television signals may currently be achieved by micro-
wave or cable networks, or by satellite-microwave-cable combinations.
In the future, use of laser "light pipes! or other yet-to-be-discovered
advanced techniques may prove to be efficient means for gignal distribu-
tion. Projection of costs of optimurm combinations of microwave, cable,
and satellite broadcasting would require engineering and operations
analyses at least comparable to the engineering portion of this study.
However, a rough estimate of alternate costs can be made to permit

order of magnitude comparisons.

First, consider the primary capability of satellite~based TV:
complete coverage of the entire nation with acceptable-grade TV signals,
If one assumes that the three million square miles of the conterminous
United States were geometrically square and could be completely illumi-
nated by a square array of evenly spaced transmitters, each with a
50-mile radius of coverage, approximately 370 transmitters would be
required. In this square~square array all 370 transmitters may be con-
nected to one properly located point of origin by a minimum of 38, 000
route-miles of microwave relay. The assumptions of squareness permit
a least estimate of the number of stations and route~-miles necessary for
complete coverage of the United States. The estimates are not exact
because of expected variations in actual coverage due to terrain character-
istics and the assumption of full coverage by nonoverlappmg circularly
illuminated areas. However, the resulting minimum estimates provide

bases for very conservative estimates of alternate systern costs,

. Costs of transmitters and microwave relays vary, depending on
the local topography, noise environment, signal quality, and tradeoffs
between ease of access for maintenance and repair purposes and optimum
location for minimizing hop-lengths or maximizing coverage area. Pre-
cige costing would require an exact engineering analysis of the system
" under consideration. However, it is informative to compare a hypo-
thetical terrestrial system which can provide the same services as the
previously hypothesized satellite ETV system for United States public and

elementary schools,
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For the hypothetical terrestrial system, the following assumptions
are made:

i, 370 transmitters, evenly spaced in a square array, can’
cover the entire conterminous United States. Each trans-
mitter providing six channels of color TV costs $500,000,
including land and buildings. Useful life is 10 years for
the equipment and 30 years for buildings.

2. All transmitters can be connected to one point of prog'ram
origin by 38,000 route-miles of microwave relay at $2500
per route mile. Useful life of the relay system is 15 years,

3. Annual operating and maintenance costs of each transmitter
.are $38, 000,

4. Annual operating costs of the microwave relay systei‘n per
route~mile are $474.

5. Each of the 1.7 million -cla.ssrooms will have one 23-inch
color TV receiver at $250 each.

6. Annual receiver repair and maintenance expense is 10 per-
cent of installed receiver costs.

7. Annual operation cost of receivers is $15 each.

8. Costs of programming are equal for both systems {and

therefore not included in the calculations).

Comparison of costs for a hypothetical microwave connected trans-
mitter system and the previously hypothesized sa.te}rlite system providing
8ix channels of coloxr ETV to all United States public elementary and
-gecondary schools is shown Table 12-28. Setrequirements andother costs
are based on a constant (no growth) 44-million enrollment in 1,7 million

clagsrooms in 100,000 schools. Investment and operating costs of the

microwave system are considered to be low but reasonable estimates
based on the wide range of costs of single-channel systems reported in

the literature (vide 73). The effects of adding five channels have been
neglected, to render the comparison even more conservative. The bases
for the satellite system costs are the same as those associated with

Table 12-17. Considering that high estimates are used for the satellite
system and very low estimates for the microwave system, it is significant
that the cumulative outlays ‘and 1970 present values of the microwave sys~ '

tem exceed those of the satellite system in every analyzed year from 1970
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Table 12-28,

Comparisons of System Costs for Microwave or Satellite-Distributed Six-Channel
Color ETYV for the United States Public Elementary and Secondary School Systems

. 1970 1971 1972 1973 1974 19%5 1976 1977 1978 979 1580 1981 1982 1983 1984
Cost Elements ) . N
. Microwave System
Investment ' @) .
¢ Transmitters 370 61.7 617 £1.6 49,3080 4g 000 4 40
a1, t 2500, 000 N
ettt =1 # '
* Mlcrowave relay 3.7 .7 36
38, 000 route=rules * "
at $2, 500 each 6 N
* Recelvers' 1.7 {107) 141 7 141.7 141 6 141 7 141 7 141. 6 .
' » ot $250 each . "
: Opera.non ¢ Maintenance : ' .
* Transmitters at 4 7 9.4 141 14.1 14,1 141 14,1 14 4.1 14 1 14 1 14 1 i4 1 o4l 14,1
238, 000 per year cach -
+ Microwave relay at 6.6 12 1 180 8 0 t8. 0 18.0 e o 8.0 £8.0 18.0 18.0 180 180 18,0 £8.0
$474 per-route-mile- .
year -
* Receivers repair 14 2 28. 4 42 5 42,5 42,5 42 5 42.5 42 5 42,5 42 5 42 5 42 5 42 5 42 5 42,5
and maintenance at .
1¢ percent of costs .
s Power at $15 per set- 8.5 17,0 25 0 25. 0 25 0 25. 0 25 0 250 25,0 250 25 0 25.0 25 0 25 0 25,0
_ year . *
Total Outlays 269 1 302, 0 334, 4 99 6 99. 6 99.6 9% & 9%. 6 99 & 99, 6 290 & 290 6 290, 6, 9%. 6 9% &
: Cumulative 269. 4 578 1, 905 5 1,005, ¢ 1,104 7 1,204 3 (,303.9 1,403,5 £, 503, 1 1,602 7 1,893.3 2,183.9 2,474 5 2,574, 1 2,673.7
Present value at L = o% 253 8 268 9 280. 9 789 4.4 702 66 2 62 4 5.0 . 538 153 144, 4 136 3 44 9 41.5
Cumulative 253.8 522.7 803. 6 882 5 956. 9 1,027 { *1,093.3 1,155, 7 1,284 7 1,270,3 1,423 4 1,567 8 i, 704, 1 [,748.1 1,789 &
Satellite System J v . - . .
JInvestment - * : -
® Reception 175. 0 175 0 175 0 : s . 1150 ; §75.0 175.0
& Ground station R "10 0 ) 10.0
« & Satellites 40 0 40. 0, ' ' 40.0 40,0 to4D 0 40 0 '
Operation 4 Maintenance * . M M
. * Recception: Repalir, ete, 18.5 36,0 «53,5¢ L53.5 53.5 53 5 53 5 53,5 53,5 53 5 53.8 53,5 53.5 53 5 53 5
. Powerx 85 17,0 250 25.0 25.0 25.0 « 250 25.0Q 25 0 + 250 25.0 v25.0 25. 0 *25 0 25 0
%, Ground statien 1.0 1.0 .o 1,0 10 10 1.0 1.0 1.0 1o - 1.0 i0 1.0 1.0 1.0
Tatal Qutlays 252.1 269.0 254, 5 « 79 5 9.5 119.5 119. 5 79.'5 75.5 79 8 304 5 294.5 254 5 76. 5 9 3
. > Cumulative 252.1 521.1 775 6 855, 1 934. 6 1,054, 1 1,473.6 ‘1,253, ¢ 1,332, 6 1,42 1§ t,716. 6 2,001.1 2,265.6 Z,345 I 2,424%6
Present value st | = 6% 237, 7 239, 4 -, 213, 8 63.0° 59. 4 84,2 79 5 49. 8 47 44 4 160,85 -+ 146 4 119.4 35 | 332
Curiulative . 2377 4771 690. 9 753. 9 813 3 897 5 977.0 1,026, 8 1,073 9 1,118.3 1,278 8 1,425. 2 1,544 6 1,579 7 t,or2 @

{a} Calculated at $120, 000 for land and bildings and 380, D00 for transmitter equipment



to 1984, It may be concluded, then, that a national six-channel, color,
ETV system for public elementary and secondary schools has a net posi-
tive present value when its costs are compared to imputed potentiai
benefits (Ta.ble 418), and that a-satellite system 1s more- cost-effectlve

than a microwave system for prov1d1ng t].’llS serv1ce.

Alternate costs for providing an additional commercial TV network
would depend on the number a:nd iocatioh of ma.ric’ets to be included:in the
network. If the satellite coverage capability is to be duplicated’by a
terrestrial system, at least all of the current 251 markets must be
covered, "Analysis of the ix;crerriehtal and total costs of covering these
markets has not been performed in this study.' It is expected that, because
of the uneven distribution of market "centroids' assumptions of square '
areas and arrays would not be appllcable, and a detaﬂ.ed -operations

analysis would be required. -
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APPENDIX 12A

QUALITATIVE CONCLUSIONS *
'CONCERNING INSTRUCTIONAL TELEVISION

1. Given favorable conditions, children learn efficiently from instruc-
tional television.

2. By and large, instructional television can more easily be used
effectively for primary and secondary school students than for
college students,

3. So far as we can tell from present evidence, television can be used
efficiently to teach any subject matter where one-way communica-
tion will contribute to learning,

4. Television is most effective as a tool for learning when used in a
suitable context of learning activities at the receiving end,

5. Television is more likely to be an efficient part of an educational
system when it is applied to an educational problem of sufficient
magnitude to call forth broad suppoxrt.

6. Television is more likely to be an efficient tool of learning if it is
planned and organized efficiently.

" 7. There is no evidence to suggest that either visual magnification or
large~size screens will improve learning from television in general.

8. There is insufficient evidence to suggest that color will improve
learning from {ilm or television.

9. Where learning of perceptual-motor skills is required, a subjec-
tive angle presentation on television will tend to be more effective
than an objective angle presentation,

10. There is no clear evidence on the kind of variations in production
techniques that significantly contribute to learning from instruc-
tional television. However, students will learn better when the
visuals are presented in a continuous order and carefilly planned
both by the television team and the studio teacherx.

N

11{. Attention-gaining cues that are irrevelant to the subject matter
will most probably have a negative effect on learning from instruc-
tional television.

*Chu, Godwin C. and Wilbur Schramm, '"Learning from Television:
What the Research Says, " ERIC at Stanford, Clearinghouse, On
Educational Media and Technology at the Institute for Communication
Research, Stanford University, Stanford, California, August 1968,
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12.

i3.

14,

i5,

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

There is no consistent evidence to suggest that either humor or
animation significantly contribute to learning from instructional
television.

Subtitles tend to improve learning from instructional television,
particularly when the original program is not well organized.

There is insufficient evidence to suggest that dramatic presentation
will result in more learning thah will expository presentation in
instructional television.

Inserting questions in a television program does not secem to im-
prove learning, but giving the students a rest pause does.

Whether a television program is used to begin or to end a daily
lesson by the classroom teacher makes no difference in learning.

Repeated showings of a television ‘program will result in more
learning, up to a point. But teacher-directed follow-up, where
available, 'is more effective than a second showing of the same

program.

If saving time is important, a television program can probably be
shortened and still achieve the minimum requirement of teaching.

There is not clear evidence to suggest whether eye-contact in tele-
vision instruction will affect the amount of learning.

Problem-solving instruction on television is more effective than
lecturing where the materials taught involve the solving of a
problem.

The students are likely to acquire the same amount of learning
from instructional television whether the materials are presented
as a lecture, or in an interview, or in'a panel discussion,

Where accurate perception of images is an important part of
learning, wide viewing angle and long distance will interfere with
learning irom instructional television.

Adequate attention provided by the classroom teacher will, in most
cases at least, remedy the adverse effect due to a wide viewing angle.

Noise will reduce the effectiveness of learning from film and tele-
vision so far as part of the learning comes from the auditory
medium.

Instructional television appears to be equally effective with small
and large viewing groups.

Instructional television may or may not be more effective with
homogeneously grouped students, depending on other factors in
the learning situation.
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217.

28.

29.

30.

31.

32.

33.

34,

35.-

36.
37.

38.

39.

40,

Whethet, instructional television can teach students who view at
home as effectively as students in the classroom seems to depend
on other conditions.

At the college level, permissive attendance does not seem, by
itself, to reduce the effectiveness of ins!‘:ructiona.l television,

Students will learn more from instructional television under moti-
vated conditions than under unmeotivated conditions.

Learning from television by the students does not seem. necessa.ril;}
to be handicapped by the lack of prompt feedback to the instructor.

Showing, testing and revising an instructional televisioi program ‘
will help substitute for lack of live feedback to the teacher, and
make for more learning by the students.

The lack of opportunity for students to raise questions and partici-
pate in free discussion would seem to reduce the effectiveness of
learning from instructional television, particularly if the students
are fairly advanced or the material is relatively complicated.

If a student being taught by instructional television can be given
immediate knowledge of whether he has responded correctly, he
will learn more.

Students taught by television tend to miss the personal teacher-
student contact, but there is insufficient evidence to suggest that
the lack of such contact will impair learning from instructional

_television. . . :

Practice, whether by overt or covert response, will improve
learning from instructional television if the practice is appropriate
to the learning task, and if the practice does -not constitute an
interference.

Note-taking while viewing instructional television is likely to inter-
fere with learning if time for it is not provided in the telecast.

Teachers and pupils are more favorable toward the use of instruc=
tional television in elementary school than in secondary school and
college.

Administrators are more likely to be favorable toward instructional
television than are teachers.

Voluntary home students of televised college classes tend to be
more favorable toward learning by television than are the students
who take these same televised courses in the clagsroom,

At the college level, students tend to prefer small discussion

classes to television classes and television classes to large

lecture classes.
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41.

42,

43,

44,

45.

46.

47,

48,
49.
50.

51.

52.

There is evidence of a Hawthorne effect among students beginning
to use instructional television, but no firm evidence that attitudes
toward the medium necessarily improve or worsen with time.

Favorable attitudes are distributed widely enough among different
televised courses to cast doubt on the assumption that some
academic subjects, per se, may be disliked as material for
instructional television.

Liking instructional television is not always correlated with learuning
from it.

Among the factors that determine teachers' attitudes toward insrzun-
tional television are a) how they perceive the degree of threat tc the
classroom teacher; b) how they estimate the likelihood of mechanized
instruction replacing direct contact with students; c) how they esti~
mate the effectiveness of instructional television; d) the difficulties
they see in the way of using modern techniques; e) how conservative
they are, and whether they trust or distrust educational experimen-
tation.

Among the factors that determine pupils' attitudes toward insizruc-
tional television are a) how much contact they think they will have
with a teacher; b) how they compare the relative abilities of the
studio and classroom teachers; c) whether they find instructional
television boring or interesting; d) the nature of the televised pro-
grams they have seen; e) the conditions of viewing.

There is no evidence to lead us to believe that children learn auy
less efficiently from television in developing countries than
elsewhere.

Under suitable conditions, television has been shown to be capabi-
of highly motivating learning in developing regions.

Illiterate people need to learn certain pictorial conventions. Thi.«
is some evidence suggesting that these conventions are not hard to
learn.

When media are introduced for upgrading the level of instruction,
then it has proved very important to train teachers in their proper
use and to keep in close touch with them.

Resistarce to television and other media is likely to be no less in
developing countries, but the size and urgency of the problems are
likely to provide greater incentive for overcoming it.

Feedback from the classroom teacher to the studio teacher will be
helpful to effective usé of the media.

There is ample evidence that the new media, particularly television, -

are effective for in-service training of teachers for developing
regions, '
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53.

54.

55.

56.

b7.

58.

59.

60.

Given favorable conditions, pupils can learn from any instructional
media that are now available,

There appears to be little if any difference between learning from
television and learning from film, if the two media are used the
same way.

Television and radio have certain advantages over films in flexi-
bility and deliverability,

Radio is less expensive than television; economies of scale usually
govern cost comparisons of television and film.

More complete control of film by the classroom teacher gives it a
potential advantage over television.

The use of visual images will improve learning of manual tasks, as
well as other learning where visual images can facilitate the
association process. Otherwise, visual images may cause distrac-
tion and interfere with learning.

There is some evidence to suggest that moving visual images will
improve learning if the continuity of action is an essential part of
the learning task,

Student response is effectively controlled by programmed methods,
regardless of the instructional medium.
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APPENDIX 12B

A THEORETICAL MODEL RELATING EDUCATION
TO ECONCMIC GROWTH IN DEVELOPING COUNTRIES

To understand the potential effects of new educational techniques on
. #*
a dexfelop1ng economy, we will first examine a Harrod-Domar-type growth
model. The term Harrod-Domar-type is used because we will introduce a

modification of the commonly accepted concept of population growth.
Key assumptions in the Harrod-Domar model are:

1} A constant proportion, s, of income, .Y, is devoted to
savings

2) The amounts of labor and capital required to produce a
unit of output is uniquely given

3} The labor force grows at a constant rate, n, due to

social conditions unrelated to economics.

Because of the assumed fixed relations of capital and labor, the rate
of growth, g, of Y is constrained by n, which implies that in equilibrium,
gsn., If g<n there will be a continuing increase in unemployment over
time. If it is assumed that increasing unemployment would affect the labor
market in a manner to prevent equilibrium growth, then the necessary con-
dition for long-term, steady-state economic growth is that g = n, Harrod

calls this the "natural' growth rate.

The production function for the economy may be written

Y = £(K, L) (1)

where K is the stock of capital, expressed in value terms, and L is the

The literature on economic growth theory is very extensive and includes
numerous models. The main differences among them are their basic
assumptions regarding saving, consumption and production functions,
capital-output ratios, and the roles of wages, prices and interest rates.
A Harrod-Domar-type model is used here as a point of departure mainly
because the basic assumptions are not incompatible with the realities of
developing countries and our subseguent analyses of the effect of educa-
tion on a developing economy. For a comprehensive review of growth
theory see Reference 100 Survey V.
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labor supply. In a closed economy, in equilibrium, and with a fixed
capital-output ratio (K/Y), Y can only grow if K grows, and therate of
increase in K. will be given by the amount of savings developed in the
economy. Savings can only arise from profits of entrepreneurs or from
foregone consumption of wage earners. If hoarding is excluded, the rate

of savings,

8§ = S =

K

AK _ AY
~-
But with fixed relations between K and L to produce Y, this can only
occur if L. increases proportionately, thus s will be limited by n, and,
where population expansion is socially undesirable, each new’birth control

technique would serve to reduce s and thereby g.

In a world of technological advance output fnay be increased by in-
creasing the productivity of capital or labor or both. To express the effett

of technological change on output, the production function may be rewritten
Y = Aft) £(K, L) ' (2)

where A(t) is a measure of efficiency derived by applying new technology.
The t refers to a specific time period. Technological advance may be
either labor-augmenting or capital-augmenting; its net effect will be to
increase Y, given a stock of capital and labor. Obviously, such an in-
crease in output may increase s, by either increasing profits on capital
or real wages to labor. We shall not explore the demand conditions which
would permit a AY, or the behavioral aspects of savings or consumption,
Our purpose is to show that, at least on a2 short-term basis, or ir{ disequi-

librium, output may be increased by technological advance.

By differentiating (2) with respect to time we find

%11_’ - déf‘c-(t) [f (K, L)] + A(t)

df (K, L)
—& (3)

but from assumptions 2 and 3 and by differentiating (1) with respect to time

dy _ . _ 4f(K, L) _
a& -e~—x  °*
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Thus

dY _ dA(t)
dt ~ at

[f (K, L)j +n A-(t) (4)

The implications of {(4) are that the time-rate of increase of national out-
put will depend upon the rate of change of technology which permits more
efficient production, and upon the rate of growth of the labor force at the

current level of production efficiency.

A com_monly found characteristic of develop1ng nations is that the
level of producthlty of the labor force is significantly less than tha.t found

in'developed nations. This indicates ‘that A(t) is low. Of equal importance,

" there may be a sizeablé por'tion of the population existing outside of the

money ‘econoniy and therefore not technically considered to be part of the

“labot force. In such cases, the labor force can be made to grow at a very

much greater rdte than the population growth rate, at least for some short
period, mefely by bringing these '"outsiders'" into the labor force. This
requires educating and training the new entrants in the techniques of

production.

*
Nelson and Phelps express the rate of change 'of the level of appli-

cation of technology in a given period as:

A6 = o) [T) - At)] (5)
where- (h) is a function of the a‘irerage level of educat'ioi), T(t) 0 Kt,
denotes the current theoretical level of technology a.ssoc1ated w1th some

;exponential growth factor, \, ¢ver a period t, “arid A(t) is the actual level

- of technology appliéed in period t. 'I‘hey assume that h is constant or’

essentially ‘so, over a short period, This’ assumptmn 1s reasona.ble for
industrialized, developed countries with relatwely hlgh average levels of

education. But for the developing countries, those which have low average

¥Richard R. Nelson and Edmund S. Phelps,; "Investment in Humans, Tech-
nological Diffusion and Economic Growth, ''_American Economic Review,
May 1966, pp. 69-75. It has been suggested by Mr. R, Alexovitch of the
NASA Lewis Laboratorigs that this function should be more generally
stated as Aft) = ¢(h) F [T(t), A(t]. However, since our analysm is
only concerned with the ¢(h)term,” we have used the expression, as
presented in the original paper
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educational levels, one might expect that h is not only not constant, but

may be growing at a sufficient rate to significantly affect A(t).

In simple form, the average educational level, h, of a country at

any instant may be given by
P
R (py);.

h=—T——— j=0,14,2,3,,.P-4, P (6)

where the {py) are the student-years of formal schooling of the jth person:
of the population, P, However, considering -the emerging nations, a simp]
statement of student-years neglects the quality of the e;iuca.tional programs
Even when differences in wage rates and living costs are taken into con-
sideration, an expenditure of $500 per student-year in one country versus
$50 per student -year in another, implies a difference in the quality of
school yea.rs Introduction of improved teaching methods, teaching mater-~
1als, or teacher-training programs can significantly improve the output of
the educational system, qulte poss1b1y at the same per-student _expenditure

rate,

In the United States, average achievement of students, at various

grade levels, varies from locale to locale. Students.transferring from one

school system to another fr_equently require remedial or enrichment atten-
tion, or are shifted from their previously assigned grade level, up or
down, to the suitable grade level in the new school system. Performance
on national tests also shows variations in ach1evement among students
from different locales, If we assume that these differences have some
correlation with per- student school expenditure, then we can establish a
"standard” expend1ture, Per-student, associated with the national average
ach1evement .and, given uniform pedagogy, the effective .achievement level
in a gwen system may be related to the disparity between the standard

expend1ture and the actual expenditure in that system. such that:

m O‘t P

s Iy o Y -

= =0, 1, 2, 3 ... P-1{, P -
ho=iRt =0 ’ ‘ (7)

"_(m-n} : P t=n, nti, n+2, ... m-1, m

where a, is the actual per-student budget in year t, [3t is the standard
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txpenditure in year t, and'm and n are the boundaries of the period

| nder investigation. Generally, m and n should be chosen to reflect the

realities of .the system. °

If living conditions were uniform in all regions and all teachers and
administrators were perfectly mobile, one might expect that in market
economies, above some threshold level of per-student expenditure, teach-
ing materials, methods, and efficiencies would be uniform. Unfortunately
this is not the case. Wealthy school systems may attract especially quali-
fied teachers and have high teacher~-student ratios; they may use the most
advanced audio-visual aids and otherwise employ the latest tools of educa-.
tional technology. Poor systems may not even have books and paper, or
teachers with four-year college degrees. Clearly, then, in computing
national, average levels of education, the school years must be factored
oy some quantity which reflects the differences in quality among systems.
Again, assuming a "standard'' quality for a "standard' system (which
might be measured by average level of teacher training, numbers of books
per student, numbers of hours of audio-visual teaching, teacher-student
ratios, and so forth), Equation (3) may be modified by an efficiency factor,
P -;;, where r is the quality of practiced pedagogy and p is the "standard"
juality, to arrive at an expression of the effective average level of educa-

‘ion,” h, at a point in time.

m m a m
Z € z B Z  (py). j=0, 1, 2, ... P-1,'P
s ot TP oo T m ®)
" (m-n}) {m-n) P T=n, nti, ... m-1{, m

m.

In Equation (5), A(t) implies a potential for change in the level of
:echnology being practiced in some region or nation. If Equation (5) is

rewritten as a difference equation:

AA(t) = A[q;(ﬁ) [T(t) - A(t)]] (9)

and h is a time related variable, we must also express its rate of change

n order to properly evaluate AA(t).
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*

The change in h {rom one period to the next will be related to the
original state, the average change in h induced by effective student-years
added in the next period, either th:rough the educational system or by im-.

mlgratmn, and the éecrease in h related to mortality or emigration. This

may be expressed as

Ak = fern) - By = Bie) - Ko (10)

where A and E are difference operators and the t's denote the time

period.

Considering the effects of continued education, emigration and

mortality,
P
I 1‘7 ma a‘r t
I~ Iz Zby) - > (sy);
ﬁ(ﬁﬂ) ="'=in CT=ntT =0 P %e1 i=0
(men) = ) Pt Pert Pret  Tred
Q mzr ma, U
Z (ay), - — N Z (uy),
+ k=0 _1=nfr 7=nPr 4=0 (1)
t+1 {m-n)* Frad
and
S & m 1' m a L
r © T (sy), T flay), T —-Z ]3-_ f; (uy),
Abfr) = -+ 41 i=0 k=0 _T=n "1"1'~n T 4=0 )
® = B, P T F 2 (12)
Per1 Prrd thi T il C(men)* - Tt

where the (3y) represent the ::;dditional fo::mal student-years of education
of the :1th person in the indicated period, the (qy)k represent the educa-~
tional 1evels of the kP immigrant during that period, and the {uy), denote
the educational level of the R decedent or emigrant from the population

in the indicated period, Then
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5 ht) = Eg Afre) - A+ Aol [Te) =h)] (13)

I we let

m
y L
= P
T=n 'T _ =
m-n) <
an average system efficiency factor and
£ T
™ ~n
an average budget factor, and
T a
= = db = =
€ F'a.n B
Then (13) can be rewritten
B . s 0 ' U
'Eo (py) _ZO (sy); k‘BO (ayh ‘ ;30 (uyly’
AAft) = |BE g——+ ¢ b, = L - BE ==
P, . t+1 i+l P Pt+1 o Pt-t-i
L
T &M [e - 1] - }.«.A(t)} C{14)
L ’ -
S Q U
Eo (sy) kE @yl L -(uy),
At i= = _ i&=
T el - Al €t+1bt+411P- t—p—— - B

t+1 t+1 t+i

Further, if
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A =0 4 A i=0 A k=0
P o= HE = ; 2 = ;
t “'Pt"" t4 1 Py t+ 1 Pery
and
U "
p2 (uY)‘g
booogm
t+1 Pt+1

then (14) can be written

¢ _ — A A A AE
AA(t) = |BEP +e b, (St Q- BEU, | |Te le ~ 1] - A AfE)

At ) A N N
* [’1’0@ - A“’] [et—i-i Bppy Sppy * Qpyyq - BE Ut—!-i] (15)

In most countries the annual nun’lber of deaths is less than one per-
cent of the existing population, Also, since average education levels are,
and for a long time have been, rising virtually everywhere, those who die
probably have a lower average level of education than the general popula-
tion. Although emigrants generally have comparatively high educational
levels, they are relatively few in number, Consequently, if we delete
the U term, the size of the error in average educational level introduced
by this deletion should be less than one percent. Similarly, deletion of
the Q term should not introduce an error greater than one percent {except
in countries such as Australia, which have small populations and very high
immigration rates). Since these two potential small errors are of opposite
sign, the combined effect of neglecting the U and Q terms should intro-

duce a negligible errox.

By eliminating the immigration, emigration and mortality terms and

rearranging Equation (15) we arrive at
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AA(t) A(t+1) - A(t)

(13121]31 +ezb2§2) [T(t+i) - A(t+i)]
- 3121%1 [T(t) - A(t)] (16)

where subscript 1 denotes t' and subscript 2 denotes t +1; and finally we

have:

Aerl) = [BielP +e,b,8 ][T(t+1)—A(t+1):| , (i7)

But when (17) is substituted for —qé-A—(t—) in (4) we see that, independent of

the gap between theoretical and applied technology, the rate of change of
application of technology, and therefore the rate of change of econom.:c
growth, is not only related to the average effective level of educatiown

(B 161 P ) in some base period, but also to the rate at Whlch effective
student- years are being added in the current period (e 2) AIn
emerging c.ountr1es where BIEIP is small, changes in € bz o Will
dominate A(t+1). Also, since in emerging countries b2 is highly con-
strained by competition among other projects {e.g., agricultural, in-
dustrial and infrastructural development, health, and housing programs)
for budget allocations, €, and §2 are more likely parameters for affecting
Aft+1). The added efficiency of audio-visual techniques, together with ti-e
immediate and rapid expansion of the student body by wide dissemination
of satellite ETV, should therefore play a major role in promoting
economic growth., This effect may well be far greater than simple cost
savings over competing systems which cannot be made operational as

rapidly.
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13, TECHNOLOGY EVALUATION

13.1 COMMUNICATIONS SUBSYSTEM

Except for high-power transmitter output amplifiers, communication
subsystems for television broadcast satellites can be built with the tech-

nology used in communication satellites presently in operation.

. The present state-of-the-art in spaceborne RF power amplifiers
reaches to output powers of a few hundred watts. For output power levels
above 0.‘5 kilowatt,. further development is necessary. Technological
advances are absolutely required to achieve a 5-year life with-adequate
reliability (>0.7) and to provide adequate and reliable cooling commen-
surate with the 5-year life requirement. Improved transmitter efficiency
relaxes the cooling requirements, to a theorétic:;.l limit, and therefore is

as 'ifnﬁortant for feasibility as cooling capacity.

Enhancement of efficiency further relaxes requirements on the
design of large solar arrays and when developed, will yield savings

in satellite costs or earth receiver costs.

Récent studies (References 3-1 through 3-5) of multi-kilowatt RF
amplifiers fesulted in analytical designs (Table 3-1). In these studies,
primary emphasis was on achieving high overall efficiency. All these
designs featuré multi-stage depressed collectors as the method yielding
the largest efficiency improvement. Heat-pipe configurations for cooling
were presented in all studies, while life was approached primarily from
the viewpoint of cathode design and loading, Amplitude linearity for
AM/VSB and phase linearity (group delay) were examined in varying

degree.

Clearly, experimental verification of efficiéncy, thermal design,
life, and linearity are required. Experiments in simulated environment
and considerable hardware development are.required before operational

spaceborne amplifiers with output levels above 1 kilowatt can be produced.

y ot
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Development of lightweight RF circuit components (including)
diplexers and filters} capable of handling high average power (up to 10 kw)
in space environment, is required., The critical issues are multipaction

and cooling.

Local oscillators with adequate frequency stability (2- 106i are
withif the present state-of-the-art. The use of advanced solid-state
devices such as avalanche diodes, Gunn and LSA mode devices, is not
strictly necessary for feasibility, but will most likely offer simpler and
more reliable circuits. In view of the present rapid development of these
devices, separate activity for the Television Broadcast Satellite Mission

is not recommended.

Overall subsystem development will be required for specific
designs, with emphasis on linearity and stability of high-gain amplifica-

tion, isolation between transmitter and receiver, and thermal isolation.
13,2 ANTENNAS

i3, 2.1 Reflector Antennas

A fundamental requirement on antennas for television broadcast
satellites will be concentration of the total radiated power on a limited
area. At the lowest frequency of interest, 0.9 GHz, this requirement
dictates the use of satellite antennas as large as 30 feet {9 m) to cover an

area with a diameter of 1000 miles, or 60 feet for a 500 mile coverage.

The critical issues are weight, deployment reliability, and the
geometric accuracy of the surface when subjected to dynamic and thermal
distortion in space environment. The surface accuracy requirements are
set primarily by the acceptable limits on sidelobe levels and pointing
accuracy {Sections 2. 6.2, 4.2,.1.2, and 4.4. 3).

Substantial efforts have been spent on the design of unfurlable
antennas with wire-mesh surfaces (Appendix 4A). To date, space flight

experience has not been obtained with antennas larger than 10 feet (3 m).

Further full-scale model development and testing are required to
obtain the level of confidence in reliability and performance which is

required to commit a 30 foot deployable antenna to a space mission.
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Feed configurations for large reflector a.ntenr;a.s capable of handling
multi-kilowatt power leveis, are not state-of-the-art. Development is
required to achieve illumination patterns for low sidelobe levels and
power handling capability up to an average of 10 kilowatts. The critical

issues of the latter objective are multipaction and thermal control.

Shroud limitations on spacecraft dimensions will, in general, pro-
hibit the use of more than one large deployable reflector antenna. Multiple
beam transmission by reflector antenna can then be achieved only with a

~multiple -feed arrangement. The main problems with this approach are
geometric conflicts at the feed and the feasibility of low-level sidelobes.
Coma caused by off-axis location of feed radiation centers and coupling
between feeds, have adverse effects on the sidelobe level. An array-type
of feed is a potential solution. Further development is required if
multiple -beam transmission by a single reflector is anactual requirement.
Any decisions on such development should be made only aftér considera-

tion of the potential capabilities of phased arrays.

13. 2.2 Phased Arrays

The potential advantages of phased arrays are:
® Beam pointing-without attitude disturbance torques.

® More freedom in aperture distribution design-than
possible with reflector antenna feeds, permlts a.chleve-
ment of lower sidelobe levels.

) Multlple—beam capability without adverse effects on
sidelobe level.

® With active é.rrays, distributed power disgipation
facilitates thermal control.

Phased arrays fed by a single transmitter compare unfavorably
with reflector antennas, because of the large weight of a phased corporate
feed network with full RF output power capability and the heavy power
losses in such a network. Only active arrays, with final amplification
at each element (or small group of elements}), are potentially competitive
and only at the lower frequencies, 0.9 GHz and 2.5 GHz.
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Active arrays for the present application are not within the existing
state-of-the-art. With the rapid development of solid-state devices for
microwave power generation, it appears that activé arrays at 0.9 GHz
and 2.5 GHz become competitive for missions in the 1975-1980 time
period. This would require development in the following a.rea.‘s:'

e Design elements such as a strain energy dep}.oya.ble.

reflector with a complementary pair feed or a strain .
energy deployable helix.

e Power capability and efficiency of transmit modules,
e Deployment of array with feed network.

e For multiple-beam capability, feed network
development.

13.2.3 RF Rotary Joints

The critical issues of RF rotary joint design for the present
application are multipaction and thermal control. Apparently, -there is
not sufficient evidence of feasibility from tests in simulated space environ-
ment, RF rotary joints for power levels above 1 kilowatt can, therefore,

not yet be considered state-of-the-art,

In the present application, the use of RF rotary joints is warranted
only when the spacecraft body is sun-oriénted. Since earth-oriented
antennas are indicated for hoth downlink and uplink (Section 2.9), the RF
rotary joint must handle both the high transmitfer ouiput power and the
considerably lower received RF signal power. ‘Thus, at least two channels
are required and isclation between these chahnels is a‘s.éve'r'e design

criterion.

Additional development and testing of RF rotary-joints are required,
before a spacecraft having a sun-oriented body can be built with RF.output
level over 1 kilowatt.

13.3 ELECTRICAL. POWER

. ‘Silicon solar cell arrays are within the presént stite-cf-the-art,
Development is required for adaption to bus-voltages of at lea gt Y00 volts.

In the areas of array deployment, structural design, and orientation

considerable development efforts are in progress. The Pegasus mission

13-4



has shown the feasibility of deployment. The structural development
required for the television broadcast mission will be primarily adaption
of existing technology to the particular spacecraft dynamics and attitude

control performance.

DC sliprings are within the present E';ta.te—of-t'he—ert.'c Additional
development is required for adaption to bus voltage of at least 100 volts.
Consideration should also be given to possible outgassing problems, brush
redundancy requirements, and the risk of cold welding associated with

high current density at contacts with low slip velocity.

Efficient conditioning of multi-kilowatt power is not within the
present state-of-the-art. Additional development is required in the fol-
lowing areas: ‘

® Modular, high-power, multi-kilowatt, self-protecting

collector power supplies, regulated for input line and
load variations. . :

e Converters for recovery of energy from collectcrs
and feedback to input bus,

e Output filters to supply synchronizing power and pro-
vide low output impedance for amplitude modulation
induced load variations.

e High power solid-state inverters operating from input
voltages, 200 to 500 volts for improved conversion
efficiency.

13.4 ATTITUDE CONTROL AND STATIONKEEPING

The conf:-l:'ol system analyses performed in the présent study resulted
in the recommendation of a three axis edntrol us.ing cello;.d:eﬁgines for
attitude control and sta.honkeepmg durmg normal opera.tlona.l condltlons
Also, it was recommended that hydramne be.used for trim maneuvers
after orbit injection and initial orientation and for reacquisition maneuvers
in case of loss of control. This approach is within the present
state-of- the art except for S-year life of collold engmes Life tests in
simulated spa.ce env1ronment are being. performed Further development

may be reqmred to achieve 5-year 11£e.

With a transmit antenna Bearmn width of 3 degrees . beam pointing to
an accuracy of 0.1 degree is required to keep p01nt1ng error losses within

0.5 db. With interferometer techhiques using sensors ‘miéunted on the
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transmit antenna, control of the ‘sensor mount orientation within.

+0.1 degree is feasible with state-of-the-art techniques. However,
dynamic and thermal distortions of the transmit antenna cause an unknown
offset between the actual beam direction and the sensed direction., This
error would be removed if the interferometer signals use the transmit

antenna reflector. Development of such a system is recommended.

The dynamic interactions of structural flexibility, primarily in
large antennas and large solar arrays with the attitude control, require
development of accurate models to represent the flexible systems and
of hybrid computer software to examine the dynamic interactions. Sev-
eral studies are required to clarify various aspects of the interaction
simulation which heretofore received only scant attention. These are:

e Development of more realistic nonviscous models for
structural damping.

e Investigation of the modal coupling effect through
damping.

o Effect of discrete dampers on the motion of a flexible
spacecraft:
— YViscous dampers
— Impact dampers
— Eddy current dampers
— Magnetic hysteresis dampers
@  Development of analytical models to describe the

characteristics of interconnections of structural
members (joint interface, backlash, etc.).

@ Study of dynamic isolation of spacecraft components;
for example, isolation of a 22 foot boom from the
control system of the OGO spacecraft.

e Improved control configurations:

— Type, number, and location of sensors which will
provide accuracies of better than 0.1 degree.

— Auziliary control systems designed to maintain the
shape of sensitive spacecraft components (large
dish antenna).

— Improved actuators in control system design.
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Hardware development will be required to shape the frequency
response of the solar array drive servo. system for dynamic isolation of
the array from the spacecraft body. Also, active elastic oscillation damp-

ing sensors and dampers need to be developed.
13.5 THERMAL CONTROL

Two specific areas need significant development before a satisfactory
thermal control system can be designed. Large, deployable antennas
require an integrated thermal structural analysis with a high degree of
sophistication. The high heat density sources present another difficult

design problem which has not been encountered previously in spacecraft.

13.5.1 Deployable Antenna Thermal Analysis

The preservation of satisfactory RF performance in large parabolic
antennas in space, requires that during flight the reflecting surfaces be
maintained close to their original geometry. External thermal inputs in
space, such as solar heating, tend to produce gradients which may result
in distortions of the antenna surfaces. Thus, an essential part of the
required analysis is the prediction of the temperature and distortion
profiles and resultant effects on antenna performance. This analysis
must have a high degree of sophistication as satisfactory thermal vacuum
testing of these large antennas is beyond the capabilities of existing

environmental simulation facilities.

*An integrated thermo/structural analysis procedure is required
to determine temperature distributions and distortions. Clearly, this
could only be done through computer simulation. The effect of various
hole patterns in the antenna must be included. Resultant differentiél
shading of the antenna for various solar inclination angles must be
simulated in the computer program. Conduction and radiation interchange
between the antenna and s'uppor’c structures must be included. A program
capable of describing highly redundant structures must then be integrated

with the thermal analysis.

13,5.2 High Density Cooling

Cooling of the rf tube presents a difficult problem because of the
high heat densities expected at the source, The density is high enough,

in most cases, to preclude heat removal by radiation. Thus, an active
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system must be -desighed for transfér.of heat from the sourcé to a radiator
surface of sufficiént area for ‘rejection at'a suitable temperature. Two
systems. have been identified in.this study: heat pipe system and circu-’

lating liguid system.

Considerable development would be required to apply either system.
The long lifelime requirements on TV broadcast satellites impose severe
reliability constraints on the motor-pump combination of any active sys-
tem. GSince the.system does not operate during eclipse periods, control
of the system to prevent undercooling would be required. The fluid must
bc_e capable of withstanding both heat during operation and cold during
eclipse. The development of heat pipe system must include both system

configuration and fluid for highheat transfer density.

13.5.3 Low Density Cooling

The low density cooling of all power conditioning equipment and,
low power, internal equipment is controlled by louvers. This method is
within the state-of-the-art. Warping of louvers under sunlit condition

may require some application.development.
13.6 USER EQUIPMENT

The user equ{pment consists of a space-oriented antenna and elec-
tronic equipment to adapt a regular television receiver to satellite
transmission., Development of the adapter is currently being pursued by
General Electric under contract with NASA. The results of these efforts

should lead to indication of further development requirements.

‘System cost and performance would benefit from develoPmeiﬁ: of
low cost, circularly polarized antennas, Low sidelobes and backlobes

are desirable for rejection of man-made noise and earth radiation noise.

13.7 PRIORITY

First priority should be given to the development objectivés required

for feasibility of an experimental mission. These include:

RF output power amplifiers with high efficiency.
Thermal control of transmitters. :
Power conditioning for transmitters.

Solar array deployment.

Dynamic interaction of flexible structures.
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Large deployable antennas are necessary for feasibility only for
broadcasting at 0. 9 GHz.

Items of second priority are those required for feasibility of a
5-year operational mission and ones with potentially significant impact on

performance or cost. These items are:
o Antenna feed design for low sidelobes.

® Multiple-beam transmission by single-reflector
antenna.

e Active phased arrays.
e RF rotary joints.

® Adaption of solar array technology to bus voltages over
100 volts,

¢ DC slipring design to bus voltages over 100 volts and
5-.year life.

e Colloid engines for 5-year life,

@ RF techniques for sensing of the true direction of the
transmit beam.
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