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Section 1

Introduction

1.1 STUDY OBJECTIVES

The objective of this brief study is to investigate applications of satel-
1ite communications Tinks of various types for criminal justice usage. The
problems of 1ink and ground station security are the major consideration.
Emphasis is on identifying potential problems and ways to circumvent these
problems. This study has been conducted under the direction of the Jet
Propulsion Laboratory.

The study efforts fall into two major efforts. One was the study of the
satellite transmission modes and capabilities. The second effort was the

investigation of the operational problems/aspects of 1ink and ground station

security.

The original statement of work for the satellite transmission mode investi-
gations is as follows:

Develop estimatés of satellite ground statﬁon capabilities necessary
to support transmission or reception of iﬁformation using (a} commer-
cial satellites such as WESTAR operating at 6 GHz (uplink) -and 4 GHz

(downlink), and (b) the potential capabilities of satellites operat-
ing at 14 GHz (uplink) and 12 GHz (downlink). Either satellite sys-
tem shall provide coverage of the continental United States.

S

Consider requirements for the following information transmission/
reception:

(a) Color TV with audio, with received SNR (peak-to-peak picture
to weighted RMS noise) equal to or greater than 48 dB.

(b) Digital data transmission at T1 (1.544 Mbps) data rate. In
this case, assume one ground transmitter thrcugh a single
satellite transponder transmitting as many T1 channels as
‘possible with a bit error rate less than or equal to 1 x 10'5,
either uncoded or using convolutional coding, rate 1/2;

‘(c) Digital data transmission at 50 Kbps using convolutional coding,

rate 1/2. For this case, assume one channel per transmitter

with multiple transmitters accessing a single satellite trans-
ponder. ‘

The original statement of work for the investigation of the problems/aspects
of the 1ink and ground station security is:

For each transmission/reception mode, determine the following:

(a) Can the ground stations be lTocated within a city? (i.e., at a
criminal justice facility,) or must they in most cases he located
outside city limits where security is a problem.
measures are available (and what are the costs)
or monitoring of remote stations?

What security
for protecting

(b) What is the potential for unwanted monitoring of the uplink or
downlink transmissions by unwanted persons? What would be their
cost and complexity of hardware? How can these efforts be cir-
cumvented, and at what cost and complexity?

(c) 1Is there any potential for false message injection? If so, what

" are the costs and complexity of hardware for providing false .
messages. What techniques can be used to circumvent false
message injection and what are the costs and comp]exity?

(d) What are costs and complexity of hardware to jam (disrupt)
communications and for hardware to circumvent potential jamming?

(e) What redundancy in ground stations is’necessary to provide aver-

age availability of 0.;9 for video and 0.995 for digital data
transmission? /f
-/




1.2 Report Summary
This report is the result of a very brief study of several aspects of the
transmission of different types of signals via geosynchronous satellites for
operation within the Continental Un1ted States (CONUS) of America. Three
basic types of signal channels were considered:
a) color television with one program (sound) channel
b) 1.544 mbps data rate channels similar to, or identical to. the T1
carriers used in the Bell Telephone System
¢) 50 Kbps data rate channels.
Five types of satellite transponder models Were considered:
a. WESTAR, with uplink at 6 GHz, downlink at 4 GHz with single CONUS beam
coverage.
b. Proposed future US, DOMSAT with uplink at 14 GHz, downlink at 12 GHz
with multiple spot beam coverage of CONUS.
c. ATS-6 type with uplink at & GHz and downlink at 4 GHz with very narrow
multiple steerable spot beams.
d. CTS type with uplink at 14 GHz and downlink at 12 GHz with narrow
multiple steerable spot beams.
e. ATS-6 type with uplink at 6 GHz and downl1nk at 2.5-2.6 GHz with
multiple spot beams. -

For convenience 36-MHz wide transponders were assumed although CTS has wider
transponders. Model e) was only used for television transmissijon studies of
the type being conducted by NASA and HEW with the ATS-6. Both ATS-6 and CTS
are experimental satellites representing the technology available today if

desired. The WESTAR studies represents current lower cost commercially avail-
able satellites. The Future Domsat is a hypothetical case which is typical of

many commercial 12/14 GHz domestic satellites under consideration by many or-

ganizations. The result of using these models is to indicate the wide range of

transmission links available within todays communication ga»_]llte technology
and which may be available for future DOMSAT networks. ;

several different techniques of transmitting the three basic signal channels
were investigation. Again those investigated are indﬁcative of the range of
options available but do not exhaust the possibilities. For color television

" three basic transmission approaches were investigated:

)
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a. Standard NTSC 525/60 1ine with one audio subcarrier above video fre-
quency modulated onto a rf carrier.

- b. Standard SECAM III 625/50 Tine with one audio subcarrier above video
frequency modulated onto a rf carrier.

c. Same as a. but the sound channel frequency modulated onto a separate
rf carrier.

d. Same as b. but the sound channel frequency modulated onto a separate
rf carrier.

e. Digital encoding of the TV and sound, phase-shift (QPSK) modulated onto
an rf carrier,

In all cases, it was assumed that the TV signal had the entire resources of

the transponder available. From previous studies and by means of computer
programs for 1ink analysis, the earth station G/T required to give a video
peak-to-peak luminance-to-rms weighted noise ratio of 48 dB and a 1 kHz test-
tone-to-rms weighted noise ratio of 50 dB for the sound channel was determined
for each of the above cases under clear weather conditions, assuming that the
earth stations were located at Los Angeles, Chicago and Miami. These locations
represent the range of elevation pointing angles and rain attenuation conditions
expected for CONUS. Receive only and transmit/receive earth station configura-
tions were selected for the analog and digital TV cases. The difference in Tink
performance between NTSC 525/60 and SECAM III' 625/50 version did not justify
using significantly different earth stations. The primary basis for selection
of the earth station configurations was cost-effectiveness.

However the shortness of the study did not permit ensuring fhat the configurations
selected are optimum. The separate program channel carrier gave better perfor-

mance than the subcarrier approach. In genera]'SEéAM III provided slightly better
1ink performance for the models and assumptions.

DITEC, a COMSAT Laboratory experimental digitai'teievision development for
satellite Tinks was used as the basis for the digital TV studies. This system
required considerable larger earth stations. This is primarily because it is
designed for 56 dB ;igna1-to—npise rather than 48 dB. Also in its experimental
state it is very expensive. The digital television model used did not fully

represent the equipment which will be available for commercial/industrial use
in the near‘future.
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the input backoff level relative to the maximum

power point from 9 dB to
4.5 dB.

The FDMA case represents a less efficient utilization of the

satellite resource but it provides a great deal of flexibility in traffic
Digital TV transmission offers the potential for savings in satellite léase assignments over the TDM approach. The FDMA case is more susceptible to
- igi

! ing Tess than onechalf of the satellfte resources used by the S ; f, ,, Jamming, unauthorized monitering and false message injection.
costs ivus? ) 1 Further it is Tess susceptible to unauthorized monitoring Only the FOMA approach was ‘considered for the 50 Kbps channel cases.
analog signals. S . )

and jamming. SECAM III 625/50 offers greater resolution and true color

up \ | Both uncoded and 1/2 rate coding was investigated.
fidelity than NTSC 525/60. The best combination would be a digital version of § L channels was 800 based upon the 36-MHz wide bandwidt

| and a channel-to-channe] spacing designed to keep th
SECAM III 625/50. § terference below the other major noise contributors.,

It is felt that the digital television performances shown in this study are
%ﬁaﬁ about 3- to 5-dB short of what may be available in the near future.

.
9
b
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The maximum number of

h, use of QPSK modulation
e adjacent channel in-

In this approach the

ps whether coded or

the channel data throughput is
Coding changed the optimum input power backoff point from 13 dB-
to 4 dB. Because each individual channel is low in power, the 50 Kbps FDMA

! cases are more susceptible to Jamming and false message injection than the

Two basic transmission approaches for the 1,544 mbps channels were co?s1dered. : channel rate over the satellite Tink was ept at 50 Kb
.O onsidered a single earth station transmitting via the satellite in a broad- 3 uncoded. Thus in the 1/2 rate coding cases

netc de from 1 to 38 channels. These channels were assumed to be time-division g 3 only 25'Kbps ’
cast mode ’ . bl | ~ .
multiplexed (TDM) into one single higher data stream at a rate nx 1.544 mbps in ! o

R,

the uncoded case. A case was also considered where each 1.544 mbps channel was
coded with a half rate forward error correction coding (FEC) into a 3.1 mbps

. ! g 1.544 mbps channel cases.
ate channel. For the coded case the maximum number of channels transmitted §§ ! | e .
i "’t t by the 36-MHz wide transponders and the selection of 4-phase %5 Fiqures 1-1 through 1-;35ummarige some of the digital transmission
waf s d5$ t‘y The decoder was assumed to be a Viterbi soft-decision | L‘, ' capacity studies. In the 50 Kbps FDMA case, the saturation of the capacity
o (SESK) o : :1;Zn;ength of 7 which provides a gain advantage to the . I of CTS prior to reaching 800 channels was g result of assuming the highest
i type with a constr | . . ) N .
@Ei? satellite communication Tink of 5.1 dB. Receive only and transmit/receive earth

fg 3 possible gain for the satellite. This results in the smallest receive only
| earth station size, but does 1imit the capacity. CTS has lower gain settings

, ‘ which would permit a larger number of channels provided the transmit and
l ‘ ¢ . 0 » : >
: | receive earth station sizes were also increased,
1

station configurations were selected for four out of the five satellite mode]:.
The receijve oﬁ]y earth stations are reduced in size considerably by the use o
codes. However the transmit station size is not reduced by the use of codesé
Coding reduces the data throughput, (1/2 in th?s s?udy) but also decreases the
susceptibility to unau%borized monitoring and jamming.

The second approach assumed each 1.544 mbps channel w?s.Q?SK modu?atedAonto
separate non-overlapping rf carriers in a Freque?cy Division Mu]tlp]ev cciss E
(FDMA) sharing of the transponder resources. This case can also represen k
the multiple transmitting earth station case, The number of channels. "
transmitted was between 2 to 32 in the uncoded case. In order to ach1ev? -f
optimum link performance the satellite transponder m?st be oper?ted a:hs1inlion
‘ficant1y less than its maximum power. Thu; the fg9u1red transm1t.ear sta «
radiated power decreases compared to the other case and the receive only sta-
tion size increases. However if a single high power amp]ifigr is used at the
earth station transmitter, its size needs to be as large as in the TDM case:

The use of coding changesvthe optimum operation point of the sa?e]11te cogs1der—
ably. In terms of input power backoff, the use of 1/2 rate ggd1ng changed , _
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This study also briefly considered the availability and earth station redun-
dancy requirements for link availabilities of 0,99 for TV transmissions and
0.995 for data transmissions. For the analog color TV transmissions with
submultiplexed audio cases, no redundancy appears to be necessary, In the
case of separate audio carrier cases, the receive only stations do not appear
to require redundancy, but the transmit portion of the transmit/receive earth
station does appear to need redundancy. A1l of the digital transmission cases
appear to be in need of redundancy of the digital transmission equipments,

The briefness of the study did not permit the detennination of the optimum re-
dundancy configurations for the different transmission cases.

This study also briefly considered general aspects involved in determining

the location of an earth station, In general, it is much more difficult to 1o-
cate a transmit/receive earth station in a city than a recejve only earth
station. Not only does the receive only earth station tend to be small, there
are less FCC restrictions on such stations. For a small receive cnly terminal,
artificial shielding and other techniques such as adaptive phased array antennas
can be used to reduce the interferences to an acceptable level, With satellite
such as ATS-6 and CTS, which have very high effective radiated power because

of their unique designs, the receive only termina]sjpan become very small,.

in an interference-free environment. For areas wit!i high rain attenuations

such as Miami, 12 and 14 GHz frequency earth stations are greatly penalized
over 4 and 6 GHz earth stations. Transmit/recejve earth stations necessary

to overcome the rain attenuation at 14 GHz for such locations become too large
to locate in a city. Rather than a single 14 GHz earth station, it appears to be
more practical to employ two smaller earth stations-separated by several miles
to reduce the probability that both stations are simultaneously under heavy
rain fall conditions.

This study also briefly considered severa] aspects of security, namely :

a) physical security of remote earth station
ﬂb) unauthorized monitoring of the transmissions
j}) disruption of service by jamming the receivers
/gyd) potential for injection of false messages,

/
A
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The briefness of the study did not permit a very extensive investigation into
these aspects, In general, it is relatively easy to physically attack or vandalize
a remote earth statjon, In general, ijt is relatively easy and inexpensive to
monitor or jam an earth station from Tocations near the earth station, Natural

and artificial shielding and other inferference rejection techniques can in-

crease the security to some degree but ultimately, the only positive security

would be to yse message encryption and Jam resistant modulation techniques.

It is also relatively easy to jam the satelljte with a simple pulsed jammer,
Monitoring of analog TV transmissions of the satelljte js relatively easy. Mon-

tially the same earth station configurations as an authorized station, The
case.where the 1.544 mbps are time-division multiplexed together is most re-
sistant to unauthorized monitoring, In any of the multiple digital channel
transmission Cases, the greater the number of channels, the more difficult it

it is to monitor either the earth station or the satellite, because the power
per channel is decreased, "

facility portion of}the earth station. Cases which maintained separate mes-
sage channels over the satellite link in this study were:

a) separate analog video and sound rf carriers,
b) separate rf carriers for T1 carriers, i,e,, T1-FDMA cases,

c) separate rf carriers for 50 Kbps or 25 Kbps data channels, i,e.,
50 Kbps~FDMA case,

a) digital television, .
b) time division multiplexed T1 carriers, i.el, T1-TDM,
Tables 1-1 and 1-2 summarize the relative performance of the transmission techniques.

—
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] | o Table 1-1. Comparisén of Television Transmission Techniques
‘;} ' .
Link Availability
; Performance of Equipment
| NTSC 525/60 with subcarrier audio o 5 ' 1
NTSC 525/60 with separate audio 2 - 2
, SECAM IV 625/50 with subcarrier audio 4 - -3
e SECAM III 625/50 with separate audio 1 ) 4
Digital video with multiplexed audio 3 5
Notes 1. Lowest number means most favorable in terms of the column title,
3
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Table 1-2. Comparison of Data Transmission Techniques

Link Equipment Ease of

Performance Complexity Monitor
T1 - TDM uncoded 2 2 | 5.
T1 - TOM coded =~ I o o 6
“T1 - FDMA uncoded | 4 4 ' 3
T1 - FDMA coded | - 3 ‘ 3 4
50 Kbps FDMA uncoded 6 6 1

7 - ] .

50 Kbps FDMA coded 5 5 -

Notes 1. Lowest number means most favorable in terms of the column title.

Ease of

Ease of False Message
Jamming Injection

6 5

5 6

4 3

3 »

2 1

1 2
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Section 2

Techniques and Baseline Definitions

2.1 SPACE SEGMENT BASELINES
2.1.1 Introduction

The first baselines to be established for the study were those pertaining
to the space segment. The characteristics of the Space segment have more
impact on the earth station terminal characteristics, Tocation, performance
operational aspects, etc. than any other single factor. To indicate the
range of this impact, widely different satellite transponder models were
considered. To maintain realism existing and currently planned satellite
transponders were useaifor the space segment baselines. Five geosynchron-
ous communication satelljte transponder models were selected for the study
as follows: : '

a.. WESTAR, with uplink at 6 GHz, downlink at 4 GHz with single CONUS
beam coverage. :

b. Proposed future vs. DOMSAT satellite with uplink at 14 GHz, downlink
at 12 GHz with multiple spot beam coverage of CONUS.

C. ATS-6 type with uplink at 6 GHz and downlink at 4 GHz with very
narrow multiple steerable spot beams. o :

d. CTS type with uplink at™14 GHz and downlink at 12 Gz With very
narrow multiple steerable spot beams:

e. ATS-6 type with uplink at 6 GHz and downlink at 2.6 GHz with multiple
spot beams (for TV transmission only).

2.1.2 WESTAR 4/6 GHz ™3
WESTAR is a Western Union Domestic Communication satellite. WESTAR I,

the first domestic commercial satellite, was launched in April 1974 into

1. WESTAR, F-4 Sgacecrait Data_Handbook, Hughes Aircraft Co., Report
HS333A02486, February 1974, o )
2. S. N. Verma, "WESTAR Communication Characteristics," 1974 National

Telecommunications Conference Proceedings, pp 108-113, December 2-4, 1974,

3. S. E. Scrupski, "Users Starting to Hop Aboard U.S. Communication Satel-
Tites," Electronics, McGraw-Hi11 Publishing Co., pp 95-102, October 1974,
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geostationary orbit above the equator at 99° west Tongitude (about directly
south of Dallas). A1l five Western Union earth stations -- located at
Glenwood, N. J., Estill Fork, Ala., Lake Geneva, Wis., Steele Valley,
Calif., and Cedar Hill, Texas -- are in operation.

The launch of the second satellite, WESTAR II, was successfully accomplished
in October, 1974, and is located abave the equator at 91° west longi tude.
WESTAR III will be put into ground storage until traffic or failure on

the first two satellites warrants its launching.

The WESTAR I satellite, an HS-333 Hughes Aircraft unit, is a slightly
modified version of the Canadian Anik Spacecraft. It is a cylinder about
6.3 feet in diameter and 5.1 feet high, with an antenna on top that
brings the total height to 11.8 feet. Weight at launch was 1,265 pounds.
The surface of the cylinder holds about 20,500 solar cells to provide
power, except during the twice-yearly eclipses, when the two batteries
take over (during the spring and fall equinoxes, geostationary satellites
are shielded by the earth from the sun for a short time around midnight
for about a 45-day period; maximum eclipse time is about 70 minutes).

The solar cells are designed to supply about 200 watts of electrical
power even after seven years in orbit.

The satellite is spin-stabiiized -~ that is, the body spins to maintain
stability in orbit while the antenna is despun to keep it pointing at
the earth. The antenna can cover the contiguous 48 states, as well as
Alaska and Puerto Rico, while a Separate spot beam covers Hawaii. Four

. feed-horns illuminate the antenna reflector: three of them combine to

give the continental y.s, coverage, while the fourth provides Hawaii the
spot beam.

The satellite.carries 12 amplifiers, or transponders, each with a 36-MHz
bandwidth that can carry 1,200 voice channels, one color-TV signal, or
data at 50 megabits per second. A wideband receiver covering the full
band from 5,927 to 6,403 MHz feeds two multiplexers that split the 12
channels into two groups of six. . Traveling-wave-tube amplifiers, one per
channel, then amplify the signa?s, which are remultiplexed before being
sent to the antenna for transmission to earth in thq band from 3,702 to
4,178 MHz.

Y
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The receiver feed network has four inputs, corresponding to the east (E),
center {C), west (W), and Hawaii (H) horns, and one output, the 6 GHz
receiver interface. The 6 GHz signals, cross-polarized to 4 GHz transmit
signals in common waveguides are received by four linear balanced dipoles
located inside the waveguides. These three inputs corresponding to E, C
and W, then drive a three-to-one power combiner to form the composite
receiver signal. The signal received by the Hawaii horn H is directly
coupled through an isolator and the coup]ek. The multiplexed transmit
signais at 4 GHz are essentially distributed to the feed horns in the
inverse manner. The four feed horn offset feed a common reflector
approximately 2m by 1.5 m in size. The coverage of CONUS is thus obtained
by a composite of three spot beams. The resultant contours are shown

in figures 2-1 and 2-2. The resultant maximum single carrier saturétion
flux density and minimum G/T for 6 GHz gain contours of 26 dB are -79.6
dBw/m2 and -7.4 dB, respectively. The minimum single carrier saturated
EIRP for 4 GHz contours of 27 dB is 33 dBw. . The actual measured values
vary somewhat from ;ransponder to transponder as Table 2-1 shows. Glen-
wood, New Jersey,isfat the approximate gain contours of 30 dB at ¢ GHz
and 28 dB at 6 GHz. ‘

Table 2-1. Measured Flux Density and EIRP for WESTAR T at Glenwod,
New Jersey (After Verma')

TRANS~ MEASURED FLUX ™
PONDER DENSITY TO SATURATE - MEASURED EIRP
NO. (dBMW/m2) - (dBMW)
REC 1 REC 2 REC_1 REC 2
1 82.45 . 82.73 36.40 36.38
2 82.76 82.47 - 35.94 35.94
3 83.18 82.55 36.62 36.69
4 82.36 82.11 36.33 36.21
5 82.22 82.37 36.85 " 36.67
6 82.72 82.37 35.82 35.93"
7 82.27 82.35 36.69 36.68
8 82.54 81.88 36.48 36.52
9 82.34 - 82.51 36.22 36.35
10 82,17 81.83 38.16 36.24
11 81.52 82.14 35.97 36.10
12 81.52 8129 36.16 36.32

Table 2-2 summarizes the baseline communicétion characteristics of the WESTAR

satellite transponders,

1. Verma, ibid.

A .

i 3

L e 2




'10 Y LIOULD SIANICH PUSiTIGNG ANTENNA REQU’“EMENTS' 27 di Cor\us
) *C1C"G IDCCH 2 30U 5Ct 150G 4 0 Ly 18.5¢h ALASKA
STANIGN WAt [ ong + 10.5 ¢h HAV/AlL
ol- HOLOLULY na m'or FREQ = 3,95 GHz
riro | i [ e S
AnINONAGE 2 | 1w '
Cncazo Qe 30
ol CLLwG0D wn oy =qyresizncn *
0aLtAz 3t 850 3
ATLALTA o | e
L3aces D e
7 B ' o Yew LA PAR
> 4 IDIFFERENCE g ??‘\{‘ S "ﬂﬁ\\\\ o
4] MICAT 1 -r ‘ 3 !
w . . FATTERN —— L :
& G
8 sl CLeermieal o .. .
o 9!-: ° ooucsicny "'_E'::T* uum :
s 2 g
Q
: o
-" ‘.. '
| Co L e f
1 ' 3« POINTING CAROR Buoacy ) T
' . M . 0.69
0 L e L . 1 ) 1 ".g —l 1 1 1 i L L 1 b .
97 .8 v?. .+ B 5 4 3 ' 2 '.] 0 .1 , ~2 3 - 4 8 N ? g8 - 9
' DAZ (DFGREES’
Figure 2-1. WESTAR Downlink Contour Pattern (For 99° West Longitude).
_, 6
- A T Y = ‘aé.. A LT T tr ey m“"*mw ‘ CILY N S e ,‘ J s SO PRI LM A i grnes

A

AR

e L

BN

Lmanmn




) . ¢ A
; Lo PP J=
i i ¥ o
3 {
] ,
i
. w LU0 BIATILH FOS1 1ons ANTENNA REQUIREMENTS: 25 (b conus
. S LUNG 0L » 50 G0 01 1EC) v 0 60 ' ;!‘l c;':; :\‘;.\XJS/;(':\
i) ¢
STATION LAY toug . .
noroLLLy L IRT I TSTY S — FREQ = sz
9 LA 967 "L S T T S e S e
rEATLANY T TR PP 17 b ~F
ARCHOAGE @ | weous He—
o f ticaco - | g2 tway W du, FROmgEN
I e R =
ATLAKTA ETPY) WG :
VorPA e "o
wmmCG\\_‘
11 ,:n‘,'f:bf w\\-\’;‘.‘}_‘\ NLanrank S h
) , NINRY N\""")’.’!f“.i'ﬁ K
Y ' . - sy "‘i"T‘.‘J %)M P Ay
it DIFFERIHLL, Tyt ,%lﬁ o,
e 6 PATTEu.J':‘\ ! 7
g sxe _!_
no [=] g .
& e os auceLes/ Ay oALLAS {H}'&“
3 St sely ,
a R i
Ll ‘ - ¢ ;
: : |
\”*\\-—;’;—_’-:m = . .
- \W‘\\ :
2 al i + ‘.
!
' =3
[
¥
0 : s :
9 - . 1 2 3 4 6 6 7 g )
DAZ {DEGREES)
W
' . Figure 2-2. WESTAR Uplink Contour Pattern (For 99° West Longitude).
53
T A RO T TR o U L e 2 e v e as

........




A very important transponder characteristic is its input/output power

transfer linearity. Table 2-3 summarizes the relative output power versus
- input power for a fypica] WESTAR transponder. The phase shift as a

5.925 to 6.425 GHz f o ' f function of drive level is also an important parameter. Typical rela-

o tive phase shift from zero drive to saturation drive level for the

WESTAR transponder is 40 degrees. Berman and Mahle! have shown a con-

Table 2-2. Baseline WESTAR 4/6 GHz Characteristics.

Uplink Frequency Band o

Downlink Transmit Band 3.7 to 4.2 GHz

Uplink Beamwidth 3.5° x9° venient model of the phase transfer characteristic for a TWT is:
. . st 3.5° x 7° - [ _ L ] _
Downlink Beamwidth , =k |1-exp ( K, Pi") +ky Py
Maximum Receive Flux Density -79.6 dBW/m _ . - 3 ‘where
for Transponder Saturation For CONUS (26 dB gain contour). ] . .
S : . Pin = nomalized input power
i Minimum -7.4 dB/°K for CONUS, , .
Recelve 6/ (26-dB gaiﬁ contour). ~ P = relative phase shift, radians,

| Minimum 33 dBW for CONUS

EIRP (Single carrier .
? " (27 dB gain contour).

and the constants, k], k2’ and k3, are evaluated from the characteristics
saturated

of the individual TWT.

Bandwidth 36 MHz o ‘ : Their mathematical model was tested against experiment results on a very

i simple basis of equal amplitude, Timited number of signals, and very close
¢ correlation between results was found when proper constants were used.

Maximum Group Delay

62 Nanoseconds at +18 MHz
over Passband :

Input filter Group delay 12 MHz | , | i é?”‘a For this model the slope for zero drive level is given by k] . k2 + k3
ripple period . é S and the slope for large input power is given by ks only.
géig Y3;;ation across ~ 0.25 dB ' ‘7 ' : For this study the following coefficient values have been selected:
andwi
| < | L o ky = 0.458,
Gain Slope across bandwidth 0.01 dB/MHz ) ! i 1
. . 1 | k, = 4.54,
Input filter gain slope ' E k. =

3

-6 to +6 MHz
+6 to +12 MHz
12 to +18 MHz

éing]e carrier AM/PM conversa-

3.3 deg/dB

tion coefficient at -10 dB input
Qutput filter gain slope N

-18 to -12 MHz 0.05 gg/mﬁz 1. Berman, A. L., and Mahle, C. E., "Nonlinear Phase Shift in Traveling-

-12 to +12 MHz 8.81 dB/MHZ Wave Tubes as Applied to Multiple Access Communications Satellites,"

12 to 18 MHz .07 dB/MHz IEEE Transactions on Communication Technology, Vol Com 18, No. 1,

pp 37-48, February 1970.
2-7
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0.04 dB/MHz
0.07 dB/MHz
0.5 dB/MHz

0.24,




Table 2-3. Relative Input/Output Power Transfer Model for Typical
WESTAR Transponder

: Single Carrier ' Multi-Carrier
Input S Output . Output
Backoff : Backoff , Backoff*
(dB) (dB) - ___(dB)
0.0 0.00 ' 1.82
0.5 0.02 1.74
1.0 0.07 1.67
1.5 0.14 1.62
2.0 0.22 1.60
2.5 0.32 1.62
3.0 0.47 ' 1.67
3.5 0.63 1.74
- 4.0 0.80 1.82
4.5 1.00 - 2.00
5.0 1.25 2.20
5.5 1.50 2.40
6.0 1.80 2.65
6.5 2.15 2.95
7.0 2.55 3.25
7.5 2.95 3.60
8.0 3.35 | 3.95
9.0 4.25 4.65
10.0 5.30 5.70
11.0 6.30 6.60
12.0 7.30 7.50
14.0 9.30 9.30.

*For multiple carrier input and output power corresponds to total power.

2.1.3 Future 12/14 GHz DOMSAT

In 1971, MCI Lockheed Satellite Corporation presented to the FCC an appli-

cation for a U.S. Domestic Satellite which would operate at both 4 and 6
GHz (C-Band) and 12 and 13 GHz (Ku-Band) with coverage of CONUS using

3.5° x 7 degree beams.] The choice of frequencies was based upon an
experimental transponder developed by Thomson—CSFg prior to the allocation
of the 12 GHz and 14 GHz frequency bands by the World Administrative

- Radio Conference (WARC) in 1971. With the exception of cnanging the

12.75-13.25 GHz uplink band to 14.0-14.5 GHz band, the MCI Lockheed
transponder has been adopted as the 12/14 GHz transponder baseline having
CONUS coverage. Figures 2-3 and 2-4 show the expected coverages at 12
and 14 GHz, respectively.

Table 2-4 summarizes the other transponder characteristics assumed for
study purposes. MCI proposed 24 transponders each with 36 MHz bandwidth,
12 on one linear polarization and 12 on the orthogonal polarization to
permit frequency reuse. The transponders use double frequency conversion.
Each receiver employs a single-stage, uncooled, non-degenerate parametric
amplifier for an overall receive G/T of ~3 dB at beam edge. It was pro-
posed that each transmitter employ a TWT amplifier having an end-of-1ife
powzr output of +13 dBw.

2.1.4 ATS-6 Type 4/6 GHz

The sixth of NASA's series of Advanced Technology Satellites is a large
advancement in geosynchronous communication sate]]ites.3 It's most
notable feature is a 30-foot diameter reflector and a three-axis body
stabilization system using spinning wheels and jets‘to achieve pointing
accuracies of 0.1 degrees and beam slewing rates of slightly greater than

1. Application of MGI Lockheed Satellite Corporation fst a Domestic
Communications Satellite System, Vol I System Application, Feb 1971.

2. B. Blachier, P. Feve, and W. Koenig, "An 11-13 GHz Satellite Communi-
cation Repeater," Paper 72-579, AIAA 4th Communications Satellite
Systems Conference, Washington, D. C., April 24-26, 1972.

3. The ATS-F and -G Data Book Revised September 1972, Goddard Space
Flight Center. o

<
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Table 2-4. RaseTine Future DOMSAT 12/14 GHz Characteristics.

UpTlink Frequency Band 14.0 to 14.5 GHz

Downlink Frequency Band 11.7 to 12.2 GHz

Maximum Receive Flux Density -79 dBw/m2 for CONUS

For Transponder Saturation (5 dB below peak)

Receive G/T Minimum -5 dB/°K for CONUS.
(5 dB below peak)’

EIRP (Single carrier : Minimum 38 dBw for CONUS

saturatedg (11 dB below peak)

Bandwidth . 36 MHz

Maximum Group Delay 62 Nanoseconds at +18 MHz

over Passband

Input Filter Group Delay 12 MHz

Ripple Period

Gain Variation Across 0.25 dB N

Bandwidth . \

Gain STope Across Bandwidth 0.01 dB/MHz

Input Filter Gain Slope

-6 to +6 Mz 0.04 dB/MHz
+6 t0 +12 MHz 0.07 dB/MHz
12 to +18 Mz 0.5 dB/MHz .

Single Carrier AM/PM Conversa- 3.3 deg/dB
tion Coefficient at -10 dB Input

Output Filter Gain Slope
-18 to -12'MHz 5 dB/MHz

0.0
~-12 to +12 MHz 0.01 dB/MHz
+12 to +18 MHz 0.07 dB/MHz

0.5 degrees per minute. The half power beamwidths for the 30-foot dia-
meter antenna are 0.4 degrees and 0.6 degrees, respectively, at 6 GHz (up-
Tink) and at 4 GHz (downlink). At the earth's surface these correspond

to spot beam diameters of 180 miles and 270 miles, respectively, at 6 GHz
and 4 GHz. Although these beamwidths are not within the study guideline
for beamwidths which encompass CONUS, it is believed worthwhile to con-
sider the ATS-6 type of satellite for severd] reasons:

8. The Targe antenna gain permits very high downlink EIRP and uplink
sensitivity which can in turn significantly reduce the G/T and yplink
EIRP requirements and cost of the ground terminals,

b. With the ATS-6 type of satellites small mobile terminals
can be considered,

c.  The narrow beamwidths permit transfer of information on a more
private basis and also can provide large rejection of off-axis
sources of Jamming or interference. ‘

d. ATS-6 types of satellites have been included in the U,s. DOMSAT |

 filings before the FcC, ' »

The ATS-6 is currently operatfonal in geosynchronous orbit and is being
used by NASA for a number of communication satellite and propagation
experiments, It ijs configured with a single 6 GHz to 4 GHz transponder
which has a 36 MHz bandwidth. For purposes of this study, the trans-
ponder characteristics presented by NASA for ATS-§ will be adopted,
except for the nonlinear characteristics which will be assumed to be
the same for the WESTAR transponder baseline. Table 2-5 summarizes the

_transponder characteristics. It will be assumed that 12 multiple uplink

and downlink beams, each with steering, can be provided to provide
several simultaneous point-to-point transmissions.

1. Application For a Domestic Communication Séte]lite System, EP-71-501,
Fairchild Hiller Corporation, March 1971. ;

[
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Table 2-5. Baseline ATS-6 Type 4/6 GHz Transponder Characteristics

Uplink Frequency Bands 5.925 to 6.425 GHz

Downlink Frequency Bands 3.7 to 4.2 GHz

Uplink Half Power Beamwidths 0.4 degrees

Downlink Half Power Beamwidths 0.6 degrees

*91dew/m2

On-Axis Receive Flux Density 1

for Transponder Saturation
Peak 13.5 dB/°K

Peak 54.5 dBw

Receive G/T

EIRP (Single Carrier
Saturated)

Bandwidth 36 MHz

Maximum Group Delay 62 Nanoseconds at +18 MHz

over Passband

Input Filter Group Delay 12 MHz |
Ripple Period ' | |
Gain Variation Across 0.25 dB

Bandwidth. :

Gain STope Across Bandwidth 0.01 dB/MHz

Input Filter Gain Slope

0.04 dB/MHz
0.07 dB/MHz
0.5 dB/MHz

-6 to +6 MHz
+6 to +12 MHz
+12 to +18 MHz

Single Carrier AM/PM Conversa- 3,3 deg/dB
tion Coefficient at -10 dB Input

Output Filter Gain Slope

0.05 dB/MHz
s e B 0.01 dB/MHz
#12 to +18 MHz 0.07 dB/MHz

E-

'2.1.5 CTs Type 12/14 GHz

ATS-6 does not have a 12/14 GHz transponder. Fairchild-Hil1ep Corporation
had proposed to use an iATS-6. type of satellite for U.s. DOMSAT using a

13 GHz uplink and a 7 GHz downTlink; howeVer, they proposed to use a separate
smaller 2.8-foot x 1.4-foot antenna for this purpose rather than use the
large 30-foot diameter antenna. There are several reasons for not using
the larger reflector, First, the half-power beamwidth at 12 GHz would

be approximately 0,2 degrees and the pointing accuracy of the ATS-6 is
only on the order of +0.05 to 10.1 degrees. Second, the ATS-6 large
reflector is made oyt of a fine mesh of metal impregnated cloth, which
would begin to lose its reflection properties at 14 GHz. Since the prime
Purpose of selecting additiona] satellites was to study the effect of

high satellite EIRP on the earth statjon requirements and operational

problems, a viable alternate is the Communication Technology Satellite
(CTS)z | :

CTS] is a joint program between Canada, Unijted States and the European
Space Research Organization (ESRO) to develop and launch a high EIRP,
three-axis stabilized, 12/14 gp; communications satellite. The satel-
Tite will be launched in 1975 into geostationary orbit by means of a
Delta 2914 launch vehicle, and is intended to Operate at longjtude
116°W for two years. The principal objectives of the program are to
1) demonstrate TV transmission at 12 GHz *from a satellite to ldw-cost
ground terminals, 2) demonstrate uplink TV transmission at 14 GHz from
transportable terminals, and 3) develop and flight test spacecraft

than 50% at a saturated power output of 200 w at a frequency of 12 GHz.
Once the CTS is operational its use for experimental purposes will be
shared equally by Canada and the United States. * |, - x

The transponder has two gimballed 28-inch-diameter antennas with paraboloid
reflectors., Each antenna provides a single 2.5 degree beam of circular

1. C. Franklin and E. Davison, "A High-Powepr Communications Technology
Satellite for the 12- and 14-GHz Bands," Paper No. 72-580, AIAA 4th
Communications Satellite Systems Conference, April 24-26, 1972.
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cross section for the simultaneous transmission and reception of o?thoi
gonal linearly polarized signals. Isolation between the two polarizations
is expected to be at Teast 25 ¢B. The electrical boresight of each
antenna can be positioned anywhere within a 14.5 degree cone about the
normal to the satellite forward deck. Transmit and receive gains.ar?
approximately equal with minimum transmission values of 33.2 dB w1tth
the beams and 36.2 dB along the electrical axes. First and second side
Tobe levels are expected to be -14 dB and -25 dB, respectively. The
overall boresight pointing accuracy is +0.2 degrees. Figure 2-5 shows
typical pattern contours projected on to the Northern part of the
Western Hemisphere.
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(Inner 1ine of each pattern shows reduction in coverage
due to spacecraft pointing errors.)
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-is on the order of 0.9 degrees which corres

The high value of 60 dBw‘EIRP comes from the use of a 200 watt TWT high
power amplifier. These TWT's employ an adva

nced multistage depressed col-
lector and are expected to obtain an efficie

ncy in excess of 50 percent.

The communications subsystem consists basically of two steerable antennas,
a high-power TWT and power conditioner, driver TWTs, and a high-sensitivity
high-gain receiver. The transponder has four 85-MHz passbands, two for
transmitting in the 11.7-72.2 GHz band, and two for receiving in the 14.0-
14.3 GHz band. In the primary mode, one of two 20-W THUT's is used as an
amplifier for the 200-W§ TWT which drives antenna No, 2. The transponder
can simultaneously receive 14 GHz signals via antenna No. 2, amplify and
frequency translate to 12 GHz, and them amplify with the 20-W TWT and re-
radiate the television signals through antenna No. 1. Backup modes permit
interchange of the 20-W TWT's or replacement of the 200-W with a 20-W TWT.
Redundant preamplifiers consisting of three germanium tunnel diode ampli-
fiers in series provides an overall transponder noise temperature of less
than 2000°K. Table 2-6 shows the assumed transponder characteristics ax-

cept for the nonlinear characteristics which are assumed to be the same as
for WESTAR.

2.1.6 ATS-6 Type 2.5/6 GHz

The ATS-6 satellite is equipped with a two-channe] TV transmit capability

in the 2.5 GHz to 2.69 GHz band for experiments using ITV broadcast to
$mall community terminals.

The uplink signals are received at 6 GHz and
translated to S-Band.

The half-power beamwidth of the downlink transmissions
ponds to a diameter of approxi-

The 30-foot diameter antenna is driven
for a net peak EIRP of 54 dBy. Table
stics assumed for the study. The non-

tput power is of no concern in ‘the
case under consideration because only one signal will be Present. Further, solid

solid state S-Band power amplifiers can be built with a flat saturated output
over a wide range of input levels. By operating the amplifiers well into satyr-
ation, any downlink perturbation caused by variations in the uplink due
antenna pointing errors, etc., will be eliminated.

mately 400 miles. Refer to figure 2-6.
by a 12-watt solid state power amplifier
2-7 summarizes the transponder cha;acteri
linear characteristics of input versus ou

to rain,
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Table 2-6. Baseline CTS 12/14 GHz Transponder Characteristics.

UpTink Frequency Baﬁd
Downlink Frequency Band
UpTlink Half Power Beamwidth
Downlink Half Power Beamwidth

On-Axis Receive Flux Density
for Transponder Saturation

Receive G/T

EIRP (Single carrier
saturatedg

Bandwidth

Maximum Group Delay
over Passband

Input Filter Group Delay
Ripple Period

Gain Variation Across ,
Bandwidth

Gain STope Across Bandwidth
Input Filter Gain Slope
-6 to +6 MHz

14.0 to 14.5.GHZ
11.7 t0 12.2 GHz
2.5° (two steerable)
2.5° (two steerab]e)
-91.5 dBw/m?

Peak 6.2-dB/°K

Maximum 60 dBw

36 MHz

62 Nanoseconds at iJS MHz
12 MHz
0.25 dB

0.01 dB/MHz

0.04 dB/MHz

16 to +12 MHz 0.07 dB/MHz
+12 to +18 MHz 0.5 dB/MHz
Single Carrier AM/PM Conversa- 3.3 deg/dB .
tion Coefficient at -10 dB Input
Output Filter Gain Slope
-18 to -12 MHz 0.05 dB/MHz
-12 to +12 MHz 0.01 dB/MHz
+12 to +18 MHz 0.07 dB/MHz A
L 2-18
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Figure 2-6. Typical S-Band Coverage Contours for ATS-6.
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Table 2-7.

Transmit Frequencies

Channel A
Channel B

Receive Frequencies

Channel A
Channel B

Uplink Beamwidth
Downlink Beamwidth

On-Axis Receive Flux Density
for Transponder Saturation

Receive G/T

EIRP (Single Carrier
Saturated)

Bandwidth

Maximum Group Delay
over Passband

B
Input Filter Group Delay \\
Ripple Period =

Gain Variation Across
Bandwidth

Gain Slope Across Bandwidth
Input Filter Gain Slope

-6 to +6 MHz

16 to +12 MHz

+12 to +18 MHz

Single Carrier AM/PM Conversa-
tion Coefficient at -10 dB Input

Output Filter Gain Slope
-18 to -12 MHz

=12 to +12 MHz
+12 to +18 MHz

N

Baseline ATS-6 Type 2.6/6 GHz TV Transponder Characteristics.

2569.2 MHz
2670.0 MHz

6350.0 MHz
6149.2 MHz

0.4°
0.9°

2
~91 dBw/m

Peak 13.5 dB/°K
Peak 53 dBw

36 MHz

62 Nanoseconds at +18 MHz.
12 MHz
0.25 dB

0.01 dB/MHz

0.04 dB/MHz
0.07 dB/MHz
0.5 dB/MHz !

3.3 deg/dB

0.0
0.01 dB/MHz
0
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2.2 GENERAL ANALYSIS APPROACH
2.2.1 Introduction

This section presents the general analysis apprq@ch for satellite communi-
cation Tinks. It also defines the terms and assﬁmptions employed in the

- performance analysis in’sections 3.0 and 4.0. 1In addition to signal-to-

noise analysis, this section also includes a brief discussion of the analy-
sis approach and assumptions employed in the availability and redundancy
investigations given in section 4.1.6.

For the transmission studies three measures of sjgna] quality are used

a. for analog video signals the quality is defined as signal-to-noise

. = peak-to-peak Tuminance
ratio (S/N) weighted rms noise

b. for audio sound or telephone channels the quality is defined as output

test-tone-to-nojise ratio = UL test tone

N weighted rms noise

c. for digital signals the quality is defined in terms of bit error

BER = humber of errors ’
total number of bits °

rate =

Where digital signals are used to convey analog information such as analog
video or analog sound, it is very difficult to equate BER with S/N or
TT/N. This is because the subjective effect of impulse noise caused by
bit errors and the quasi-continuous noise of analog transmission systems
are quite different. No rigorous attempts to determine this equivalency
is made in this study. In all cases the transmission studies assume that
the signals put into the transmission system are noise-free,

In the transmission studies the performance analysis relates the signal
quality 'to a signal energy-to-noise energy type of ratio as shown above
for the analog cases. 1In the case of digital transmissions the ratio

: émp1oyed is Eb/No where Ep is the energy per bit and No is the noigéxx

N
energy per‘Hertz. In transmission the signal qdality is degraded by differ-

ent types of noise, which may be classified as thermal noise, impulse noise, and

L\l
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waveform distortion caused by non-linearity and interference. In satellite
1inks the thermal noise dominates which explains why satellite 1inks provide
excellent data transmission links compared to terrestrial telephone links
which are dominated by impulse noise. Generally the available bandwidths
on satellites are wide enough that waveform distortion due to bandpass
characteristics can be minimized. The principal form of non-linearity .
is in the power amplifiers of the earth stations and the satellite trans-
ponders. The motivation for operating in the non-linear mode is to maxi-
mize the signal Tevel for the least cost. However, when operating in such
a mode with more than one signal present in the amplifier, intermodulation
interference can occur. The balance of these different noises to provide
the required signal-to-noise ratios by earth station and satellite trans-
ponder parameter selection is the object of a transmission study. Satel-
lite Tinks are also subject to external interference signals which is a
function of the specific interference environment of the earth station
location. This subject is not as amenable to general analysis as the
effects of the other types of noises. In the transmission studies in
section 3.0 outside interference is assumed to be absent. Outside inter-
ference is treated in general as a separate topic under sections dealing
with earth station Jocation and jamming in section 4.0. In general,
interference analyses proceed by making assumptions regarding the level

of thermal noisg required to produce an "equ1va1ent“ degradation to that

produced by the interference. i

|
In the following subsections basic relationships between the sate]]%te communi -
cation link parameters including modulation and multiple access technfques are
presented. Also presented are the formulas uswad for computing the relation-
ship between predetection signal-to-noise ratio C/N and output signal-to-noise

SNR. These basic formulas are presented without derivation or proof although

they may be in a slightly different form than the'reader is accustomed. Also -

given are tables of assumed parameters, curves and formuias for estimating:
intermodulation and adjacent channel interference. The exact modulation and
1ink parameters, weight factor assumptions, operating points and margins for
the different transmission cases are given in section 3.0.
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The boundaries of any space communication problem may be defined in terms of the

overall communication requirements and several figures-of-merit that are identified
as follows:

a. EIRP - effective radiated power relative to isotropic

b. Q, -~ effective receiver/detection processing gaiﬁ

c. G/T - generalized receive sensitivity factor for
earth stations referred to as "G over T".

d. Q; - ratio of external noise/interference to earth
station thermal noise.

Specifically, in the following subsections it will be shown that a solution to a
satellite communications problem depends upon the satisfaction of the following
expression:

Q, SNR  k p

Big (140;) Pa Ly T

v
@D

where
.SNR_is the required output signa]-to4ndise ratio in the channel base-
band at the receive earth station

k is Boltzman's constant

Py is the down-Tink EIRP of the satellite allocated to the channel
of interest

Lq is the clear-weather down-Tlink loss between the satellite and
the receiving earth station

Bijs is the predetection bandwidth.

Note that in general, the required clear-weather SNRg will be greater than required
to satisfy the end user's communications requirements; ie, the clear-weather SNR,

will include a margin for rain attenuation, equipment degradat1ons, and degradations
for terrestrial interconnection links with the earth station.

Certain baseline systems/methods considered in this study convert the analog sig-
nals to a digital form for transmission and reception over the satellite tink. In
such cases, the overall recejved signal quality is more conveniently determined by
the bit error rate (BER). The relationship between the BER and the required signal-
to-noise ratio (SNRO) after detection is dependent upon three fagtors:
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a. The type of message modulation employed
b. The nature of the noise/interference
c. The characteristics of the modem,

The relationship between BER and Eb/N0 (ratio of signal energy to noise power
spectral density) under the assumption of Gaussian additive nojse and jdeal
modems, has been presented in the literature for many different types of modu-
lation.'*2 Under the assumption of Gaussian additive noise, the only differ-
ence between E/N0 and SNR0 is the information bandwidth, Bch’ i.e.,

SNR_ = 5
Bch 0
where E = total power
N, = kT,
k= 1.37 X 10723 watts/Kelvin/Hertz

Te is the system noise temperature in Kelvins.

The relationship between BER and Eb/No-can be altered through the use of various
coding techniques. The achievable BER for a given SNR0 will depend upon the
particular modulation/demodulation processing equipment, its operating point, and
nature of the total noise/interference.

Signal-to-noise ratio after detection is related to the predetection signal-to-
noise or called the channel carrier-to-noise prior to detection in an ideal

optimum detgctor simply by the ratio of the predetection bandwidth, Bif’ to the
postdetection bandwidth, Bch’ .i.e{,

B. .
SNR, = ‘WEIE' C/N = {wB;c) /N
ch
where ¢ = 1/Bgh.

-

/\,il‘

1. A. D. Walen, Detection of Signals in Noise, Academic Press, 1971;;
2. Handbook of Telemetry and Remote Control, McGraw-Hi11, 1967. ’

2-24

— re——

V: O g w ya g i
LWL I T M e e T o vy e ey L ag: i ) b St 200 e J Yoy i L ) MR L i G ) : N
; . ke Rl .- At - . b

The time-bandwidth product, < Bif’ is a fundamental concept in detection theory
and is sometimes referred to as the modulation/demodulation processing gain.

In practice, even under the assumption of Gaussian additive'noise, perfect
hardware for matched filter detection is not achieved so that

SNRo = (nd TBif) SNRi

Qm SNRi

where
ndg 1s a hardware degradation or implementation factor, and has a
value less than unity

Qm is the demodulation/detection quality factor of figuré-of-merit.
2.2.2 Link Equations

The ?eceived.signa1 level from the satellite to noise density ratio at the earth
station receiver prior to detection is given by the expression;:

c i} PaLdBy -
KT T
k. + Ny
"3
if
where
Pd s the available satellite on-axis down-Tink EIRP, under the
operating conditions
Ld is the downlink signal path loss due to all causes including
antenna off-boresight losses
G is the earth station receive antenna on-axis gain referred
to the input of the low-noise preamplifier .
Tr . is the earth station receive thermal noise temperature referred
to the input of the low-noise preamplifier '
Ni is all other thermal noise, nonthermal noise/interference

power, etc. received in the predetection bandwidth, Bif‘
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where ,
Ad is the downlink radio wavelength

Rd 15 the downlink ray path distance between the satellite and
earth station

Ty is the downlink signal loss caused by absorption and scattep-
ing along the ray path )

is the downlink signal loss caused by antenna off-boresight
pointing; i.e., the satellite antenna beam and earth station
antennas not pointing directly at each other.

€d

The factor Ni accounts for the fact that even in satellite communications all
of the noise presented to the detector is not 100 percent pure thermal Gaussian
additive noise. Further, all of the thermal Gaussian additive noise presented
to the detector does not originate at the receiving terminal itself. Rather,
in satellite communications, a certain amount of thermal noise presented to the
detector originates within the satellite transponder and a small, but finite
amount originates in the uplink transmitter of the earth'station which originates
the message signals. In addition, various nonlinearities and mismatches in the
communication link cause equivalent colored noise-jike distortions such as
group/echo delay, intermodulation, and AM-to-PM conversion. Further, there

is potential interference from other satellite earth stations, nearby radar
systems, and nearby terrestrial radio relay communication systems.

Rearrangement of the above equation leads to

P.L
d-d G
e KTFo) <T )e
where . N{
Q =
. i kTr Bif
A
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The output signal-to-nojise ratio, SNRO, is given as

noise and interference. In general, when the analog té]ephony signals have

been converted to digital signals, ali nonthermal noise and interference will
be treated as equivalent thermal noise. :

In the case where SNR0 is specified, the satellite to receive earth station
geometry is specified (i.e., Lq)s the satellite EIRP per channel is speci-
fied, then the required SNRy 1is achieved if, and only if,

Qm SNR0 k
e (1) 2

constitutes a major portion of the analytical portion of this study,

Since sate]]jte links are typically thermal noise limited, it is‘of interest
to know the total signal power to thermal noise™that is avaiiable in the
satellite link. To determine this Qi is replaced with the uplink thermal

noise referenced to the output of the transponder and the link equations are
rearranged, g

For example

B 2 [ ()]

avail Te + Tu
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where: ;i
Cd = EIRPSLdGe | |
EIRPg = effective satellite radiated power in direction of receive station,
and Tu = GdeGeGsth

where G* s the transponder electronic gain
G, is the receiving earth station antenna gain
e

G £ is the satellite antenna transmit gain in the direction of the
s .
receiving earth station.

~ _ Cd
Now EIRPS = CnyG = [Ehe » thus

st
.
GsztLdGe T
Cu
and . . 1 . . _]
C = A
T - T
(1->avai1 Te S
Redefining
c A c. ¢
d C u _ (6
= = |F and = =
e (), e - (d)

‘The carrier to thermal noise temperature ratio available from the satellite

link is the combination of up- and down-Tink components as given by
; = {Cm + @m dBH/Kelvin)
My = {E@M] G (

where the indicated calculation is performed using numerical ratios, not
the dB values.

The equation used in section 3.0 to compute the

to effective thermal noise temperatgre is
max. (C/T)u =¥+ Ai - BOi + (G/T)s

maximum total uplink carrier
S :

(dBW/Kelvin)
by

where : ‘
(é/T)s = maximum satellqjte receive system gain to effective thermal
noise temperature ratio (dBi/Kelvin)
y = flux density required at the satellite receijve antenna to
saturate the output amplifier (dBW/m2)
Ai = A2/4y = capture area of an isotropic antenna at the uplink
frequency (dB-m2)
A = wavelength corresponding to uplink frequency (dB-m)
BOi‘“ = Backoff of transponder input power relative to the leve]

required to saturate the output amp]ifier’(dB).
Both ¥ and (G/T)s are funstions of the satellite antenna uplink patterns.
Thus to achieve the max (C/Tu) requires that the yp]ink Farth stations be
lTocated at the point on the satellite uplink beam where (G/T)s is maximum.
If the total uplink signal power is the sum of a number of earth stations
at different locations in the beam, then the effective (G/T)s will be a
weighted sum of the (G/T)S va]ugs;gorresponding'to‘the earth station locg-
tions within the uplink beam. ' o

For a single earth station transmftting EIRPe'the resd]ting input backoff-is
Boi =y +'Ai + Lﬁ - EIRPe

where Lu s the uplink losses in dB,

UpTink losses, Lu’ include free Space Toss, rain margin, operating margin,
Toss due to pointing errors in earth station o satellite antennas, and

antenna polarization mismatch losses.

The eéﬁétion used in section 3.0 to compute the downlink carrier to effective

"thermal nofise temperature ratio is given by,

(C/T) = EIRP, - L, + (8/T) = B0, (dBH/Kelvin)
where .
) - EIRP. = Equivalent fsptropical]y radiated power from the satellite (dBW)
Ld = Down]ink~1osses (dB)
(G/T)e = Earth statjon receive system gain to effective thermal noise
temperature ratio (dBi/Kelvin) _
BO0 = Backoff of transponder output amplifier power below the satur-

ated Tevel (dB).
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2.2.3 Determination of Sateliite Capacity

2.2.3.1 General

The term satellite capacity in this report refers to the number of channels

or the maximum data rate which can pass simultaneously through the satellite
and satisfy the required baseband channel output signal-to-noise ratio at

each of the user earth stations. In general, the satellite capacity depends
upon the earth station characteristics, the desired output signal-to-noise
ratio, and the satellite characteristics as well as the modulation
characteristics/parameters. In general, the system capacity of a satellite
communication system is referred to as being either bandwidth-Timited or
power~limited (meaning downlink power limited). Rarely, but sometimes, the
capacity can be uplink limited, such as when there is excessive noise in

the earth station transmission, or the G/T of the satellite transponder is

too low. ‘

Basically, the determination of the satellite capacity is solving the funda-
mental inequality presented at the beginning of this section. The first step
is the determination/specification of the signals to be transmitted .and the
required transmission quality. The second step is tc select a modulation/de-
modulation technique. If a number of signals are to share the satellite trans-
ponder then a satellite accessing technique must be selected which is compatible
with the modulation/demodulation technique or vice-versa. The next step is

to determine the minimum required prédetec%ion carrier-to-total-noise C/N
ratio which is required to achieve the desired signal quality. To this is
added a reasonable implementation margin or safety factor to account for
unanticipated or unknown degradation factors which could reasonably occur

over the operational 1ife of the equipments, The result is (C/N) operational .

Thé ﬁext stepy{éiio baiance all of the thermal and non-thermal noises by
earth station and satellite transponder parameter selection to provide the
required (C/N) operational for the maximum number of channels or bits.

To compute capacity of a communication satellite it is simplest to assume
that all the earth stations and paths are identical, In practice the
- computation can be reduced to a single transmit earth station with the
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average or standard characteristics, 5ﬁ*ap1ink-batH—W7tHM3Ve¥5§e or worst
case characteristics depending upon the desired safety factor, a satellite
transponder with the maximum, average, or worst case performance expected,

and an average or worst case downlink path and earth station characteristics.

For this 1ink the maximum (E/T) available is computed, Then the other noise

factors applicable to the channels according to their rf bandwidth and.location
in the frequency spectrum are compyted. ~For capacity determiﬁatiéﬁ;'efther '
the average or worst case channel can be ysed according to the amount of

margin desired with respect to minimum guaranteed performance.

In terms of the initial generalized formulas

Q.

L L L O

k Bi Te

f
where

Niy is the equivalent intermodulation noise due to the

nonlinearities in the satellite, and earth statio
amplifiers

AC s the equivalent adjacent channel interference noise

Iy 1S the equivalent interference noise from other sources

Nu s the uplink thermal noise.

pr—— Py—

The term equivalent noise refers to a thermal noise Tevel in'the predetection
bawa1dth Bif which produces the same equivalent leve! of degradation in the
output of the demodulated signal. For sound ‘and video the determination of

the equivalent noise level is highly subjective. In this study equivalency
was considered to correspond to equal energy levels .in the B.f ‘
.“, 1 B

Q. can be ex résse ] i i ] ]
j p d.in tems of channel carrier-to-noise ratios, i.e.,

-1 -1 - -
Q5 = M)+ (M) e v (omg)T
' (C/Ny)"]
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Substituting

L, P
£-d 'd %
kB, ¢ (1+ Qj)
where r is the fractional part of the downlink power devoted
to a channel,

2 (C/N)operational

The terms on the left-hand side, Ld’ Pd’ Qi and (G/T)e must be selected or

evaluated until equality is achieved. The number of channels, or the maximum
data rate corresponding to equality is the satellite capacity.

2.2.3.2 Threshold Carrier-to-Noise Ratios.

A number of modulation processes trade increased occupied bandwidth at rf

for reduced predetection signal-to~noijse at the input to demodulator. This
permits a reduction of the overall transmission gain and permits reduction

of the satellite downlink power or, alternatively, a reduction in the earth .
station antenna gains. Optionally, if the total available satellite power is
fixed, the reduced satellite power requirements per channel permit an increase
in the number of channels provided some other constraint Timit such as the
Timit on interchannel interference has not been reached. ‘

For digital modulation techniques, the threshold carrier-to-noise power
ratio in decibels is given by

(/M rpreshord = (Ey/Ng) = 6+ Ry = Boo + M (dB)

where .
(Eb/NO) = Ratio of energy per information (uncoded) bit to noise
" power density for the required error probability (db-Hz-
sac/bit)

G, = Coding gain (dB)

R, = Information.(uncoded) bit rate (dB-bit/sec)
Bif = Predetection noise bandwidth (dB-Hz)

M = Modem impﬂ!méntation margin (dB),

For the purposes of this study, the following rertionship is assumed relating -

RS and B:
Bif = 1,2 Rs.
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This a commonly assumed relationship and severai operational digital
satellite communication systems (e.g,,the SPADE system) follow this
relation,(and therefore measured values are available for the implementa-
tion margin. In}genera], required implementation margin increases with
increasing bit rate and decreasing error probability. Where possible,
implementation margins will be broken down into a modem margin (back-to-
~back modems at if) and a degradation margin due (primarily) to bandwidth

- limitations, lack of equalization, and non-linearities in the satellite

transponder. Under this assumed relationship between Rs and B, the threshold
carrier-to-noise expression becomes | '

(C/N)Threshold = (Eb/No) - Gc + 2.2 + 10 log Rco + M (dB).
where

RCo = Coding rate = information bit rate/channel bit rate
Gc = Coding gain

it

M Modem implementation margin dB.

The required theoretical Eb/N0 for the required BER is available in many
textbooks and tutorial papers,l,2

The waveform of a sinusoidal rf carrier frequency modulated by a sinusoidal
signal may be expressed as

A cos (mot +D sin g t)

where

A =\peak amp1itude

o = 2r fo’ fo being the frequency of the rf carrijer

‘%n = 27 fh,'fh being the frequency of the modulating sinusoidal,.
D = frequency modulation index,

1. Walen, A.D., Detection of Signals in Noise, Academfc Press, 1971
2. Han#dbook of Telemetry and Remote Control, McGraw-HfI], 1967
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The output signal-to-noise ratio for an idea] ‘FM receiver for a sinusoidal
modulating signal and a high input carrier-to-noise ratio and rectangular
filters is:

0.3 2 ¢ (Bif)
N04 2 N fm '
where ,
So = mean-square of output sinusoida] signal voltage
NO = Mmean-square of outpyt noise voltage in the output
bandwidth of ¢ |

m 2
C = mean-square of carprjer voltage; ¢ = é
N = total predetection noise in if bandwidth of B].f
fm = frequency of the modulating sinusoid
D = frequency modulation index; D = %ﬁ

m

Af = peak frequency deviatjion,

Neither an audig signal or a video signal represents g sinusoidal waveform,
However, audio circuits are set up and tested by using a psophometric
weighted 1000 Nz test tone. Performance in this study is derived ¢n the basis
of test-tone~to~weighted-noise ratios for the audio signais in which case
the, above equations apply. Video signals have very 1ittle energy at the

high frequencies of the baseband, with most of the energy occurring at

the Tow end at the Tine and frame frequencies., There is a choice in ex-
Pressing the videg signal-to-noise in terms of deyiation of the low fre-
quency portion or-the high frequency portijon, In this report the latter
approach will be taken. '

The‘CCIR recommends that the signal-to-noise ratio for TV signals be expressed
in terms of the ratio:
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Peak-to-Peak Luminance Signai .
Weighted rms Noise

is eight, and since the peak-to-peak value of the Tuminance component is

0.707 of the peak-to-peak value of the composite video signal, the above
mentioned (power) ratio must be halved, Sinusoidal So/No formulas:must be myl-
tiplied by a factor of 4 to agree with the CCIR definitigp‘of S/N for TV,
yielding

Peak-to-peak Luminance Signal - SQ-E

Average Noise Power v

emphasis network 