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Summary

The geostationary orbit is a valuable and limited resource for the

‘positioning of communication satellites. The orbital slots in the sector of

the orbit visible to the United States are being filled rapidly with satellites
in the Fixed-Satellite Service (FSS)vand soon they will start being filled with
satellites in the Broadcasting-Satellite Service (BSS). This study treats one
aspect of the attempt to. increase orbit utilization efficiency, namely the
impact of modulation choice upon satellite spacing. The types of modulation
considered arefFH. a traditiqnal analog technique, and QPSK, a digital
technique with good interference tolerance characteristics. This study
conside}s systems which are in the FSS and BSS and which operate in the 14/11
GHz band. The;sgrvice area is assumed to be the United States and the tyga of

traffic considered includes voice and TV.

The study proceeds by carefully defining the system models. The bandwidth

expansion factor for the systems is chosen subject to fidelity and signal to

noise ratio considerations. Link budgets are prepared using standard

techniques and the effect of rain on the system operating points is determined.

The satellite spacing_is'ca]culated by means of an expression which relates
spacing to all of the link and geometrical parameters of the victim and
interfering systems. Acceptable levels of performance are based on CCIR

criteria.



To illustrate the cost penalties associated with efficient modulation, a
satellite cost model developed by the U,S. Air Force was used to relate
satellite cost to satellite power. Satellites representative of both the FSS

and BSS are consic :red.
It is concluded that:

{1) In telephony systems, digital modulation reduces satellite spacing
requirements by a factor of at least three relative to analog
modulation 'systems unless uplink fading occurs, in which case the

digital approach shows no 3dvantage relative to the analog approach.

(2) In TV systems, digital modulation reduces satellite spacing
requirements by a factor of from two to five relative to analog -

modulation.

viii



.band spacing from 3° to 2°.

1.0 Introduction

The geostationary orbit is a valuable and limited resource for the
positioning of communication satellites. The orbital slots in the sector of
the orbit visible to theVUnited étates are being filled rapidly witﬁ ;atellites
in the Fixed—Sateilite Service (FSS) and soon they will start peing filled with

satellites in the Broadcasting-Satellite Service (BSS). As of September 1981

.approximaiely one half of the FSS slots in the 6/4 GHz band in the U.S;

visibility sector were filled and two satellites were operating in.the 14/11

GHz band. By 1984 it is expected that the 6/4 GHz band will be full and the

14/11 GHz band about half full.

One approach to increase the efficiency with which this resource is
utilized iS to space the satellites more closely. Indeed, the FCC has recently

proposed to decrease the 6/4 GHz band spacing from 4° to 2° and the 14/11 GHz

This.stddy treats one aspéct of the attempt to increase orbit.utilization
efficiency, namely the impact of modulation choice upon satellite spacing. The
types of modulation considered are FM, a traditional analcg technique, and

QPSK, a digital technique with good interference tolerance characteristics.

The study considers systems which are in the FSS and BSS and which
operate in the 14/11 GHz band. The service area is assumed to be the United

States and the type of traffic considered includes voice and TV.

Chapter Two of this report establishes the models used in the subsequent
analysis: the bandwidth expansion used by both modulation formats is selected,
the baseline systems are described, and the effect of rain on communication

1-1



satellite operating point is reviewed. In Chapter Three the baseline system
models are subjected to a detailed spacing and efficiency analysis: a general
expression for spacing as a function of sinale entry and multiple entry
interfe;ence levels is developed and the spacing requirements are caléulated
for both the FSS and 8SS systems. In Chapter Four a cost analysis is performed
which determines the relationship batween satelljte power and satellite cést:
both recurring and non-recurring costs are considered. Overall conclusions of
the study are contained in Chapter Five. Appendices A and 8 p?ovide. as
reference, the relevant ITU regulations and existing and planned systems,

respectively,



2.0 Baseline Systems

The term baseline systems, as used here, refers to specified satellites and
earth stations, either hypothetical or real, which function together in a
manner reﬁresentative of the fixed-satellite service (FSS), or of the broad-
casting-satellite service (BSS), and which have technical parameters and
operating characteristics chosen in a way that will permit valid comparisons of
system capacity. §ystem capacity has been analyzed in terms of the number of‘
channels per unit of satgllite spacing in the geostationary orbit per unit of
spectrum, The compariﬁons of interest are between systems serving the same
function but employiqg different modulation techniques (viz., analog and
digital). Analog systems were assumed to use frequency modulation for
television (TV/FM) and frequency modulation with frequency division
multiplexing (Fbé/FH) for voice. Digital systems were postulated using
quadriphase shift keying (QPSK) for tglevision and QPSK with time division

multiplexing (TDM) for voice.

This chapter discusses the choice of RF bandwidths, the selection of

baseline FSS and BSS systems, and the determination of system operating points.

2.1 Bandwidth Expansion Factor

Tﬁe bandwidth expansion factor is defined:

BEF = __ ‘Bandwidth of modulated signal

Bandwtdth of the baseband signal (3.1 kHz-voice, 4.2 MHz-television)




The selection of bandwidth expansion factors for analog and digital,systems
took into account parameters representative of existing or planned systems,
Furthermore, to fulfill the contract requirements the digital>satellite system

was constrained to:

(1) Utilize QPSK modulation

-(2) COperate at a data rate for voice such that the bandwidth of the QPSK
specfrum for digitized, coded, time muitiplexed voice was the same,

per channel, as the per channel bandwidth of FDM/FM Voice’channuls.

(3) Operate at a data rate for video such that the bandwidth of the QPSK
spectrum for digitized, coded video was the same as the bandwidth of
an FM video channel.

2.1.1 Relation of Circuit Quality, C/N Ratio, and RF Bandwidth for Voice
Systems

For FDM/FM voice systems, the circuit quality is dependent upon the post-
detection signal-to-noise ratio (S/N). The S/N, the predetection carrier—to-
noise ratio (C/N), and the RF bandwidth of the modulated signal are related as

follows:L11s £2]

o 3,2 :

S/IN = (C/%) x ;3—?—;§ x Boe xpx W : (2-1)
2 7N
or

) (Fch)z .

S/N = (C/N) x — x (By./b) x p x W (2-2)
2 b '
(F)° + 17

2=2



where
S/N = the ratio of test-tone power {1 mW at the point of zero relative
level) to the psophometrically-weighted noise power in the
highest telephone channel;

C/H = the ratio of carrier power to noise power within the radio
frequency bandwidth, Bgpp.

Bpe = the radio—~frequency bandwidth (Hz).

fo = the upper frequency bound of the passband of the highest
baseband channel (Hz). .

fl = the lower frequency bound of the passband of the highest
_baseband channel (Hz).

fm.'.(fz + f1)/2 = the mid-frequency (arithmetic mean) of the highest
baseband channel {Hz).

b= (fy = 7y) = the bandwidth o  the telephone channel (Hz).
Fch ' the rms test-tone déviation per channel (Hz}.

p = the pre-emphasis improvement factor,
= L.0 dB

W = the psophometric weighting factor.

%2.5.d8. | C e

The preceding eﬁpression for the FM signal-to-noise ratio can be replaced

with negligibie error, by the approximation
S/N 2 (C/N) x (Fep/fm)2 x (Bge/b) x p x W (2-3)

provided that the value of f, is greater than four fimes the value of b...Tnis
condition is usually met in multichannel systems; the value of b is typically
3100 Hz and the value of fy is in hundreds of kilohertzl1]s [21, rhe ratio or
the radio freqbéncy bandwidth to the baseband width, Bgpe/b, is the bandwidth

expansion factor.

R W T e T e i ke S . . . - e el e o e e 4




In planning an FOM~FM system, all the parameters in equaticn (2-3) are

usually fixed by design goals except BRr and Fop. For example, the desired $/N

is set by circuit quality criteria;: the minimum carrier-to-noise ratio, C/N,

must usual v

exceed some threshold determined by the FH demodulator- the

telephone channel bandwidth, b, is an industry standard as are the factors p

and W; f is
[2]. (33,
To solve

variahles is

rule, i.e.,

Err

where

Af =

usually taken to be 4.2 kHz times the number of voice channelsl!J,

+

-for Fen and Bgr. one additional relatlonsh:p between these tvo

requlred. This additional relationship is provided by Carsan's
« 2(aF + f,) " (2-4))

the multi-channel peak deviation =Fch xgxL

pe;k Eo rms factor as & numerical ratio

10(-15 + 10 log nj/20 - n.> 240 chaﬁne.ls
10(=1 + 4 log n)/20 n < 240 channels

numper of telephone channels.

Early systems assumed a neak-to-rms factor of 4.47 while more recently a valuye

of 3.16 has been useql1]. [2], [3],

These relationships are used in subsequent sections to determine required

carrier-to-noise. ratios.
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Circuit quality in digital systems generally depends upon the system

bit-error-rate (BER), which depends on the predetection czarrier-to-noise ratio

"C/N or Ep/Ny ratio. In contrast to analog systems, this ratio is independent

of the system bit rate or bandwidth expansion factor. For this report, the
statement of work specified a 10~® BER to define the circuit quality,
corresponding to an Ep/Ny of 10.5 dB. (This value corresponds to current CCIR

criteria for digital voice circuits),

2.1.2 Choice of Bandwidth Expansioﬁ F.ctor For Voice Signal Systems

The bandwidth expansion factor'for digital voice signals will depend upon
the bit rate associated with a single voice channel. For FDM/FM, the
dependence is moré complex. In order to determine a single value of.bandyidth
expansion facgar.;pplicable to both FDM/FM and digital modulation it is useful

to begin by surveying some existing and proposed digital systems.

R .

The cciTTL4] specifies a particular pulse code modulation (PCM) format to
be used in international connections of voice signals, resuiting in a total bit

rate of 64 kbit/s per speech channel.

Another PCM standard used in the INTELSAT single-channel-per carrier system
also resulted in a gross bit rate of 64 kbit/sl1]) 21, The same reportﬁ also
discuss adaptive differential pulse code modulation (ADPCM) that can bevused
for speech as well as for television signal coding. Extensiye measurements
have indicated using ADPCM a telephone signal can be transmitted at a rate of

32 kbit/s with the same subjective quality achieved by a standard PCM signal at

~the rate of 64 kbit/s.
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Other schemes such as delta modulation and differential pulse code
modulation allow bit rates in the range of 32 kbit/s to 64 kbit/s for toll or
better quality. Bandwidth-per-voice channel and bandwidth expansion factors

for this range of values are listed in Table 2-1,

For comparison, Table 2-2 lists‘published INTELSAT IV transmission
parameters for FDM/FM systems for a wide range of number-of-voice channels-per-
carrier. Occupied bapdwidth-per—voice channel values were computed for each
case and listed fp? comparison with digital values previously listed. Computed
S/N ratios indica;g that all FDM/FM cases meet cdrrent CCIR circuit quality

criteria (51 dB).

C A

The avqrége of the occupied bandwidth-per-channel! values computed friom the
INTELSAT data is abou: 29 kHz. From Table 2-1, the corresponding values in a
digital system required a data rate of about 48 kbit/s per voice channel, The

'resblfant bandwidth eXpansion factor would be 9.3.

Table 2-3 was prepared to examine the effect of bandwidth expansion factor
upon predetection carrier-to-noise ratio for FDM/FM systems for comparison with
digital requirements. It is evident that bandwidth expansion ratios less’ than

about 10 require substantially higher C/N ratios.

The digital system must operate at an E,/Ng value of about 10.5 dB for a

bit error rate of 10~'6, The resultant value of C/N may then be determined as:

(C/N):= (Eb/No) + N+ R = 10 log (noise bandwidth) (Z-Sf

2-6



Table 2-1

e e ——

Bandwidth Expansion Factor Computations

Bit Rate Bandwidth _ _Bandwidth
Per ST Upep T T T Expansion

Channel Channel Factor

(kbit/s) : (kHz)

32 . . 19.2 TT6.2
34 20.4 6.6
36 : 21.6 7.0.
4o . 24.0 7.7
k2 25.2 8.1
44 26.4 8.5
46 27.6 8.9
48 28.8 9.3
50 30.0 9.7
§2 . 31.2 10.1
54 .. 32.4 10.5
56 33.6 10.8
58 ’ 34.8 11.2
60 36.0 11.6
62 . 37.2 12.0

S -V O S : -38.4 12.4

NC.(E: Assumed bandwidth for QPSK = 1.2 (8it Rate)/2

Bandwidth Expansion Factor = Bandwidth/(3.1 kHz)
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Table 2~2
Spot-beam INTELSAT IV Transmission Parameters (8000 PWP)

For Standard and Expanded Carriers From COMSAT Technical
Review Volume 2, #2, Fall 1972

Occupied

Top RMS Multi- = Bandwidth
# of Baseband . Occupied Carrier ‘Computed Per.
Channels Frequency Bandwidth Deviation ¢/N S/N Channel
(kHZ) (MHZ) _ (kHz)  (dB) (d8) (kHz)
60 262 2.25 - 276 21.1 50.9 37.5
72 300 2.25 261 23.4 50.9 31.3
132 - 552 - 4.k0 529 20.7 50.7 33.3
192 804 4.50 45g 26.8 50.9 23.4
192 - 804 6.40 758 19.9 50.9 33.3
252 - 1,052 6.75 733 23.2 51.0 26.8
262 1,052 8.50 1,009 19.4 50.9 33.7
312 1,300 9.00 1,005 22.0 51.0 28.8
432 1,796 13.00 1,479 21.2 0.9 30.1
612 2,540 - 17.80 1.996 S21.9 51.1 29.1
.792 - 3,284 T 18.00. 1,784 . 26.2 51.2 - . 22..7 -
792 3,284 ’ 22.40 2,494 22.3 ° .51.0 28.3
972 . 4,028 . 22.50 2,274 25.7 51.0 23.1
6 19,2

1,872 8,120 36.00 . 3,181 29.5  50.

2-8
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Table 2-3

FDM/FM, C/N Required

Bandwidth For For For
Expansion 12 60 240
Ratio _ Channels Channels Channels
- - (dB) (dB) (dB)
4.0 47.4 43.2 39.9
6.0 37.6 33.4 30.0
8.0 32.2 Co 28.0 24.7
10.0 28.4 24.2 20.9
12.0 25.5 21.3 18.0
14.0 23.2 _ 19.0 15.6
16.0 21.2 : 17.0 13.6
18.0 N 19.4 15.2 11.9
20.0

17.9 13.7 10.4

2-9



where: N = 10 log (number of channels)

R = 10 log (bit rate-per—channel)

Assuming the noise bandwidth to be equal to the-occupied bandwidth.and assuming _
that the occupied bandwidth of a QPSK signal is 1.2 times the numeric value of

the symbol rate:
BN = 10 log (1.2 * N+ R/2) = 2.2 + N + R o (2-6) "
and substituting Eq. (2-6) into £q. (2-5): o

(C/N) = (Ey/Ng) + N +R + 2.2 =N =R
(C/N) = (Ex/Ng) + 2.2 (2-7)

.

Thus, for an Ep/Ny of 10.5 dB and an 0.8 dB implementation loss. the
digital system will require a 13.5 dB C/N, independent of the bit rate per
voice channei ({add ‘bandwidth expansion ratio) .as well .as the number of o

channels. In contrast, from Table 2-3 for the FDM/FM system, the required C/N-

ratio is:
(1) Dependent upon the bandwidth expansion factor (ratio),

(2) For less than 240 channels-per—carrier, dependent upon the number.of

voice channels,

(3) Only as small as the 13.5 dB value required by the digital system for
greater than 240 voice channe!s and a bandwidth expansion factor -in

excess of about 16.



oS

‘A bandwidth expansion factor of 16 would require that:

16(3.1 x 103) = 1.2 (Bit Rate)/2

and: Bit Rate = 82.7 kbit/s per voice channel

This is clearly an excessive value for voice transmission. It is now evident

“that practical analog and digital systems meesting current CCIR circuit quality

criteria and exhibiting the same RF bandwidth per voice channel cannot operate

at identical C/N ratios.

The analog system must operate at a higher value of C/N than the digital
system, placing the analog system at a considerable disadvantage for inter-
satellite spacing and capacity comparisons., With this observation in mind, and

considering the data of Tables 2-1 through 2-3, four candidate cases were

selected for further examination, and are presented in Table 2-4.

The 32 kbit/s case was rejected since the equivdlenc FﬁH/FNts§steﬁ ?equiEés.
a 30 dB C/N, some 20 dB greater than the digital system. The 64 kbit/s case
was also rejected, since the C/N for the pqdivalent FDM/FM system (18 dB) is

Jess than current FDM/FM practice.

The remaining cases differ little in the constraints placed upon the FOM/FM
system., The 53.3 kbit/s system was finally chosen somewhat arbitrarily to

result in a 32 kHz required bandwidth-per-channel,



Table 2-4

Candidate Cases Examined

Bandwidth Bandwidth ) Approximate C/N

Digital System Expansion Per Required for FDM/FM
Bit Rate/Channetl Factor Channel System
(kbit/s) o (kHZ) (dB)
32 : 6.2 . 19.2 . 30
48 : 9.3 } 28.8 22
54 10.5 32.4 . 21
64 12.4 38.4 . 18

This implies a bandwidth expansion factor of 10.32; parameters for the
resultant systems are then as fol]ows:

Digital System -

Bit Rate/Voice Channel = 53,3 kbit/s

Occupied Bandwidth (QPSK) = 1.2 (Bit Rate)/2 = 32 kHz/channel
FDM/FM System -
Bandwidth‘E;pﬁnsion Factor - 10.32

See Table 2-5 for computed parameters as a function of number .of

channels/carrier.
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Table 2-5

FDM FM Parameters for BEF of 10.32

» "~ Computed =
Top Computed RMS Multi-
2 of Baseband Occupied Carrier Computed
Channels Frequency Bandwidth Deviation C/N
(kHz) (kHz) (kHz) {d8)
12 50 384 Ls . 28
24 - 101 768 90 26
36 - 151 1,152 134 25
60 262 1.920 224 - 24
72 302 2,304 269 23
96 Lo3 3.072 358 22
132 554 4,224 L93 22
192 806 6. 144 77 21
252. - 1,058 8,064 941 20
31277 1,310 9,984 1,165 20
432 1.814 13,824 1.613 20
T 612 2,570 19,584 2,285 20
792 3.326 25,344 2,957 20
o -972° 4,082 31,104 3,630 20
1.092 ~ 4,586 34,944 4,078 20
1,125. 4,725 36,000 4,201 20

For S/N = 51 dB, occupied bandwidth/channel = 32 kHz

Peak-to-RMS factor = 10 dB



2.1,3 Choice of Bandwidth Expansion Factor For Television Signal Systems

The majority of FSS satellite televisibn systems in use, proposed, or
studied utilize a nominal 36 MHz wide frequency-modulated signal to transmit
the video portion of the program. The provisions for transmission of the apdio
portion of the program, in comparison, occupy a negligible bandwidth and will

not- be considered further.

For an allocated bandwidth of 1.1 times the noise-bandwidth and a top .

baseband frequency of 4.2 MHZ. from Carson's Rule:
36/1.1 = dpep + 2 X 4.2
A peak-td—peﬁk deviation of 24.3 MHz would result.

For the FSS, a 53 dB post detection S/N {weighted) is required. Taking.
into account a 13.8-d8 wgfghting-factor and the 25.8 dB 'FM ihpioveﬁebt faéibf
resulting from 'a 24 MHz p-p deviation, a 13.4 dB predetection C/N aéulq be
required. Th}s‘va[ue is almost identical to the 13.5 dB value needed for's

digital QPSK system (10‘6 BER). The bandwidth expansion factor is then:
(24 + 2 x b.2)/4.2 = 7.71
and the required information bit rate, R, for an equivalent digital system:

24 + 2 x 4,2 = 1.2 R/2

R = 54 Mbit/s

comfortably within the range of the present state—of-the-art.
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Present BSS planning indicates TV/FM systems utilizing 12 MHz p-p deviation
and requiring a 14 dB predetection C/N ratio. This value is also almost

identical to the 13.5 dB value needed for digital QPSK system (10’6 BER).
The resulting bandwidth expansion factor is then:
(124 2 x b.2)/4.2 = 8.86
and the requircd inforjatjon bit rate, R. for an equivalent digital system:

12 + 2 x 4.2 = 1.2 R/2

R = 34 Mbit/s

2.2 System Descriptioﬁ§

The purpose of this report is £o determine the relative efficiencies of
analog and digital modula;jpn in bti\izing orbit and spectrum space. The
pa}tfcﬁlér vaiu;slcbtainéd will Aepend to some extent onn thé éatellité'iiﬁk'
moael emp]oYed féf_the analysis. This section will Jdescribe the satelliie link

models used for the analysis and list the signa! characteristics that will be

assumed.

The satellite link models are based upon available data for systems b1anned
for the 12/14 GHz bands in the United States. The signal performance require-

ments are based upon applicable CCIR recommendations.

2.2.1 Link Modal for the Fixed Satellite Service

The baseline link model for the fixed satellite service has been taken from

characteristics.for the Satellité Bisiness Systems (SBS) USASAT 6A. The model
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assumes 5 meter diameter earth stations for both the up and down paths and
relatively broad satellite antenna beams. A sample link budget computation is

shown on Table 2-6 to define the model parameters and to show power levels

needed for a pérticular Fbﬁ/fﬁiéfénéifgﬁa'its digitai equivalent; This model
sets the reciprocal of the link C/N squal to the sum of the reciprocals of the
uplink C/N and the downlink C/N. Appropriate uplink and downlink margins will

be inserted later in this réport to account for rain attenuation.

2.2.1.1 Signal Characteristics for FSS Analog Voice

The FOM/FM signal characteristics to be used in this report have been
listed on Table 2-5. They exhibit a3 constant bandwidth expansion factor

(occupied bandwidth is 32 kHz times the number of voice channels.) = .~

The performance criteria that will be employed are taken from CCIR Rec.

353-2.. The noise power shall not exceed:

10,000 pWOp for more than 20% of any month,
50,000 pW0Op for more than 0.3% of any month, or
1,000,000 pWO (unweighted) for more than 0.01% of any month

(562,300 PWOp, assuming a 2.5 dB weighting factor.)

2.2.1.2 Signal Characteristics for FSS Digital Voice

Digital voice signal chérécteristics assume QPSK modulation, occupying a
bandwidth of 32 kHz times the number of voice channels. Time-division-multi-
plex at a nominal bit rste of S4 kbit/s times the number of vaoice chantiels will
require 3 bandwidth equal to that an equivalent FOM/FM signal (digital overhead

for multiplexing is assumed small enough to neglew:z).
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Table 2-6

Link Budget for 972 Voice Channels

Uplink Computation @ 1.425 x 1010

Transmitter power

Earth station antenna gain

Uplink margin

Basic transmission loss (35 858 «m)
Spacecraft antenna gain

Signal power @ receiver

Effective noise temperature {1000 K)
Bo!tznann's constant

Reference bandwidth (31.104 x 106 Hz)
Effective noise power @ receiver
Uplink C/N

Downlink Computation @ 1.200 x 1010 Hz

Transmitlier power

Space station antenna Gain

Downlink margin

‘Basic transmission. loss (35 853 «m)
Earth station antenna gain

Signal power 2 receiver

Effective noise temperature (225 K)
Boltzmann's constant

Reference bandwidth (31.104 x 100 Hz)
Effcctive receiver noise power
Downlink C/N

~ Link C/N

‘ |
&L
NNNOWUWMO

FOM/FM

(8000 PwOP)

OVNOONTO 0O OO N

e
. + & o o

~N

rmwow\nwmo
N

-139 2
211
20.1

d8
dB
d8
d8
ds
d8
d8
dB8
dB
d8
d8

d8
d8
d8

(W)
(i)

(i)
(W)
(k)
(3/K)
(HZ)
(W)

dB

48
dB8
d8
d8
dB
d8
d8
dB

("
(W)
(K)
(J/K)
(Hz)
(W)

QPSK

107° BER

d8
d8

d8
d8
d8
-228.6 d8

74.9 dB
-123.7 d8

20.3 d8

5.7
5.5
3.0
6.6 dB
5.0
3.4
n.0

48
d8
d8

d8
d8
dB
~228.6 d8
74.9 dt
-130.2 4t
14.5 dB
13.5 dB

ds

5
0
0
1 d8,. .
3
7
5

(W)
(i)

(i)
(W)
(x)
{31/x)
(Hz)
(W)

(i)

W)

(k)

(1/K)

{HZz)
d)
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The performance criteria required are taken from CCIR Rec. 522. 'Thé BER

shall not exceed:

1076 for more than 20% of -any MONELH - e L
10~% for more than 0.3% of any month, or

10~3 for more than G.01% of any manth.

2.2.1.3 Signal Characteristics for FSS Television

FrequenéYimodulation from a system M (525 line, NTSC) baseband signif. 24
MHz peak-to-peak deviation, is assumed, using standard CCIR pre—emphasis and

de—emphasis (13.8 dB weighting factor).

The pérformance criteria are taken from CCIR Rec. 567. The S/N éﬁa)l not
fall below:
53 dB (weighted) for more than 1% of any month, L
(corresponds to 39.2 dB unweighted)., nor fall below
45 dB (weighted) for more than 0.1% of any month
" (corresponds to 31.2 dB unweighted).
An FM improvement factor of 25.8 dB {unweighted) resuits in required C/N
ratios of 13.4 dB and 5.4 dB respectively, Since the latter is below a‘
practical FM demoduiator threshold, required C/N values of 13.4 aB and 10 d8

will be assumed for the 1% and 0..% time percentages respectively.

For digital television, QPSK modulation is assumed at a bit rate of 54
mbit/s, resulting in an occupied bandwidth identical to that of the anatlog

frequency-modulated signal. The Statement of Work specified a 10~6 BER.



In order to make the analog vs. digital comparison as realistic as
possible, the following performance criteria were assumed. The BER shall not
exceed:

106 for more than 1% of any month
(corresponding to a C/N = 13.5 dB) nor exceed
105 for more than 0.1% of any month

(corresponding to a C/N = 12.8 d8B).

2.2.2 Link Model for the Broadcasting Satellite Service

In selecting the link model for the broadcasting satellite service,
applications recently received by the FCC were reviewed. These applications
are summarized fn Appendix B, The system proposed by the Satellite Teleyision
Corporation (SfC) exhibited characteristics that generally fell within the
mid-range of the 14 applications, as well as being in general accord with BSS

planning criteria.-

An 0.75 meter diameter receiving earth station antenna exhibiting a gain of
36.83 dB(i), a S45 K link noise temperature, and 1.8 degree 3 dB beamwidth are

assumed.

2.2.2.1 Signal Characteristics for BS Analog Television.

The STC system proposes a 10 MHz peak-to-peak FM deviation and occupies a
bandwidth of 16 MHz {less %han Carson's Rule value). A 14 dB C/N for 99% of
the worst month is specified, along with a clear-air C/N value of 5.9 dB over a

10 d8 demodulator threshold (15.9 db total) to allow for down path rain”fading.
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It was decided to modify some of these characteristics to more closely
reflect BSS planning criteria. but to maintain the fading margin to reflect a
realistic case (BSS planning criteria specifies performance only for 99% of the
time)., Accordingly the following signal characteristics and performance

criteria are assumed:

{(a) - 12 MHz p-p deviation
(b) 20.4 MHz Carson's Rule bandwidth
(c) C/N shall.not fall below 14 dB for more than 1% of any month

(d) C/N shall not fali below 10 dB for more than 0.1% of any month, (5.9
d8 fading margin assumed).

MY

2.2.2.2 Signal Characteristics for BSS Digital Television

The highest baseband frequency for color TV siénal is ;n the order of §
.MHz.. ]f,a.digitél system usesia IOAbft quantization the resulting bit rate is
"5 x 100 x 2 x yO = 100 MHz. Even with QPSK modulation the reéufred R;-. o
bandw}dth.forisudh 3 system without the use‘of s}gnal compression techniques,
would be SO-HHZ or more; bTherg is 3 current research and development effart
directed at techniques which can produce an appreciable rnductfon in thé
required bit‘éaﬁes by removing some of the redundant video information scan.
Haskell and Steele have discussed a number of digital signal ccmpression.
techniques, most of which have been successfully demonstrated. There is a
tradeéffAbegyéen.receiver compléxit9 (cost) and the required bit rate
(bandwidth)fsji' If a digital broadcasting-satellice were to be propoécdﬂitﬁc
likelihoodvis_high that some sért of compression technique would be employed. .-
Consequently, for the purpose of this study is is nacessary to make ar estimate

of the minimum bit rate sufficient to transmit quality video..
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Burkhardt and Wasser, at Standard Elektrik Lorenz AG (SEL) in the Federal
Republic of Genﬁany. have demonstrated the feasibility of transmitting
digitized still video frames with a bit rate of 34.368 Mbit/second using

differential pulse codefmbdulétfoh[6]?w"Tﬁigﬂﬁé}i}édié?'Sffw}éié is of spécfél,

interest since it is already a third order European ctandard for'recording bCH.
The necessary RF bandwidth for a 34 Mbit/s bit rate is approximately 21 to 22

MHz. This appears to bs a reasonable bandwidth to assume for digital BSS use

since the feasibility has been demonstrated by.laboratory tests and it is

consistent with existing standards and current analog TV planning, i.e., 16 to

20 MHz.

Therefore, a 34 Mbit/s QPSK signal occupying the same 20.4 MHz bandwidth as

the analog TV/FM system is assumed.

The Statement of Work specified a 10'6 BER. In order to allow a realistic

comparison of dnalog vs. digital modulation, the following performance criteria

were assumed. The BER shall not exceed: -

1076 for more than 1% of any month
(corresponding to a C/N = 13,5 dB) nor exceed
IO'Svfor more than 0.1% of any month
-(corresponding to a C/N = 12.8 dB).

2.3 Effect of Rain Attenuation on System Operating Points

Rain attenuation values in the 12/14 GHz bands are significant and could
effect the ba;eline satellite system operating points to a degree that would

influence the results of an analog vs. digital modulation comparison.
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In this section, valués of expected attenuation are listed for those time
percentages pertinent to signals in the fixgd satellite service and in the
broadcasting satellite service. Then, using the satellite link models of the
previous section, the degradation in link C/N caused by rain attcnuatfon is
" computed. Finally, the performance of voice and television signals is examined
~in the presence of rain fading to determine whether rain attenuation is a

significant factor in judging the analog vs. digital modulation comparison.

Table 2—7‘f{sﬁs rain attgnuation values and earth station noise temperature
increases computed for a number of -geographic areas within the continental
United States (data from and methods of CCIR Reports 563-1 (MOD 1), S64-1, and
721 (MO0 1)), . Thé two regions labled "0" and "E' in the Table represent areas

comprising the majority of the land area in the U.S. and the area of highékt

rain attenuation, respectively.

valucs from éhege two rcpreséntative areas wéfe thé6 inséried inio tﬁé:
sate]lite Iink model of Table 2-6 to determine the 1ink C/N‘degradation_that
wou)d>resu|t f}om aither ub-path or down;path fédiné. The resultant values are
listed in Table 2-8. These values may now be used in conjunction-with the
.appropriate performancc'crigeria and detector transfer characteristics‘to 

evaluate rain fade effects upon satellite system operating points,

Figure 2-1 shows the theoretical FM detector transfer characteristics (S/N
vs. C/N) for several types of analog voice signals. Required values of post
detection S/N to meet CCIR performance criteria are also shown (Rec. 353L;'and

_assuming link thermal noise allowance = total allowance - 2000 pWOp). One may
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TABLE 2-7

B e e e T

Values of Rain Attenuation and Earth Station

Noise Temperature Increase {15 Deg. Elev. Angle.)

"% OF ’ EARTH STATION NOISE
TIME UPLINK (14 GHz) DOWNL INK (12 GHz) TEMPERATURE INCREASE
(da8) (d8) (K)
¢ F B8 E o ¢ Ff B8 E D C F B
0.01 17.9 13.0 9.1 7.7 7.5 13.4 9.5 6.5 5.6 4.9 277 257 225 210 196
0.1 15.2 5.7 3.2 2.4 2.4 10.h 3.7 1.9 1.b 1.4 264 165 103 80 80
0.3 5.7 3.2 1.8 0.8 0.8 3.7 2.0 1.1 0.6 0.6 166 107 65 37 37
1.0 2.8 1.3 0.8 0.0 0.5 1.7 0.8 0.6 0.0 0.3 94 49 37-.0 19
NOTE: E FLORIDA & GULF GOAST.
D = EAST COAST & CENTRAL U.S.
C R 'PA.CIFIC NORTH WEST
| F PACIFIC SOUTH WEST
8 CENTRAL NORTH WEST



% OF TIME

0.01
0.1
0-3

1.0

TABLE 2-8

-Link C/N Values Relative to Clear Air C/N

FLORIDA & GULF COAST EAST COAST & CENTRAL US

UPL INK DOWNLINK UPL INK DOWNL INK -
=17.9 dB  =15.9 dB -13.0 48 <i1.9 dB
~15.2 dB =12.8 dB -5.7dB = 5.4 dB
=~ 5.7d8 = 5.4 dB - 3.2 d8 - 3.1 4B
- 2.8d8 -2.7d8 - 1.3 d8 - 1.4 dB
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Figure 2-1. C/N Determination For More Than 240 Channels/Carrier.
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determine the link C/N needed to satisfy each S/N requirement by extending each
S/N value to the appropriate detector transfer curve, as shown. For example,
the tink C/N needed to satisfy the 0.01% performance criteria is about 5.5 dB.
From Table 2-8, uplink rain attenuation in the Florida and Gulf Regions for
this time percentage will reduce the link C/N by 17.9 dB. Therefore, the
sétellite s?stem muﬁt be designed to provide a 5.5 + ‘7f9 = 23.4 dB C/N in

clear air in qrder'to meet the 0.01% performance criteria.
Examining all three time percentages, the clear air C/N must be:

To meet 20% criteria, 20.1 + 0 = 20.1 dB
To meet 0.3% criteria, 12.2 + 5.7 = 17.9 d8

To meet 0.01% criteria, 5.5 + 17.9 = 23.4 d8

and the largest value is then controlling. The satellite system must operate
at a clear air. C/N value of 23.4 dB to guarantee that performance criteria will
be met under all specified fading conditions. A fading maygin of 23.4 - 20.1 =

3.3 dB is therefore required for this case. . .

The results of the process just described may be illustrated graphicélly as
shown on Figure 2-1. The resulting values of C/N for the three time
,percéntages a?e ﬁhown as black dots. A modest fading margin is required for
the Florida and Gulf Coast Region. No fading margin is needed for the East

Coast and central region of the U.S. for FDM/FM signals.



In contrast, Figure 2-2 indicates that a fading margin is always required

for TV/FM using 24 MHz p-p deviation. Note, that the 0.1% S/N value intersects

the detector transfer characteristic well below threshold. Below threshold,

the output noise spectrum of an FM detecfor changes to effectively reduce the
television noise weighting factor from about 13.8 d8 to perhaps 2 dB. As a
result, operation below detector threshold (about 10 dB C/N) is not feasible

for TV/FM,

1

For example; ghould 12 MHZz p-p deviation be used? The 0.1% horizéntgf.1%he
would intersect the detector characteristic well above tﬁe 10 dB C/N threshold.
The 31 dB unweighted S/N would then result in a weighted S/N of 31 + 13.8 =
43.8 d8 which onld represent satisfactory picture quality for this time,:'
percentage. Héwe;ér. for 24 MHz p-p deviation case, operating below thréshéld.
the weighted.S/N would increase by only about 2 dB to a value of 33 dB,
representing én~uﬁsatisfac:ory picture quality. -This limited investigation . -
into the effect qf rain attenuation upon the required satellite s&stem.
operating point hés shown that these effects may well inferncé analog vs. i

digital modulation comparisons. These effects will therefore be considered in

greater detail later in this report.
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3.0 Spacing and Efficiency in the FSS and BSS

Based upon the bandwidth expansion factor selected and the baseline system
descriptions presented in Chapter 2 the trade-off analysis of digital and
analog modulation formats may be peffarmed. In thfs chapter the relationship
of multiple entry to single entry interference levels and the satellite
spacings and efficfgncies for the FSS and BSS baseline systems are derived and
discussed.

3.1 Satellite Spacing as a Function of (nterference Levels ig»Homogeneous.
Systems

The 1/C ratio at a satellite earth station due to a single adjacent

unwanted satellite system at an orbital spacing, 8, is given for homogeneous

systems by:
' ' R ' ¢ '
i P ai(e)ly g2 a%g3 Ty 9y + ey 91 Ty 9 2 93 Ly aule) Gy
— . (3=1 .
c Py 97 1y 92 3 93 Ig 9y :
where: Py = earth station trancmit power

gq(8) = earth station transmit antenna gain at angle 6 from axis
g1 = g4(0)

lu = uplink transmission path gain

g; = satellite receive antenna gain

a = satellite transponder power gain

g3 = satellite tranimit antenna gain
.‘d" downlink transmission path gain

gL(O)ZQ-Farth statian receive antenna gain at angle 2 from axis’
gy = 9,(0)

primed quantities (') pertain the the unwanted signals, those not primed, to

the wanted signa\s.
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For homogeneous systems, the expression for i/c reduces to:

i gq1(8) gn(@)

-- + - I power ratio
¢ 91 a4
Given the standard CCIR sidelobe envelope of 32 - 25 log (3) then:
g(8) = 1585 872.5 power ratio (3-3)
and (3-2)vmay_then be written: . 4 Co : .
i = 1585 (1/gy + 1/gy) 672-5 power ratio (3-4)
c

for a single ?nterfercnce entry.

Now, given the usual case where homogeneous satellite systems are equally

spaced (see Figure 3-1), the sum of the multiple entries is:

a2« 1535 kl)g, + /g )(3)72:5 + (26)72:5 + ... + [K8)"2:5]
c . . -, )
= 2 x 1585 (1/gy + 1/gy) 872:5 [1=2:5 4 272.5 4+ .., k=2:5]
) X ' .
= 2 x 1585 (1/gy + 1/g,) 8=2-5 Y p=2:5 : (3-5)
1
and:
- _ .
i/c (multiple entry) . 2% p=2.5 . a(k) : ' (3-%)
1

i/c (singte entry)

Thus, for the case of equi-spaced homogeneous unwanted satellite systems,

the total interference may be computed by:

1. Computing the largest single interference entry and,

2. Hult?ﬁlying by the factor a(K) from Table 3-1,
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Figure 3-1. Geometrv. Homogeneous E£qui-spaced Satellite Systems
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Table 3-1

Ratio Of Aggregate Interference Power to the Largest Single Entry
(Equi-spaced, Homogeneous Systems)

Number of Unwanted Ratio of Total Interference Power

Sa;ellite Pairs To Largest Single Entry
K : a(K) A(K)
: : ' ' Ratio (dB)
1 C 2.00 3.0 s
2 235 37 |
3 . 2.48 : 4.0
4 _ 2.54 bt :
5 2.58. , bt -
10 - 2.64 4.2

100 - . 268 3
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hlterna;iveiy. from £q. (3-5) and (3-6), the aggregate i/c ratio is then:
i/? = a(K) 1585 (1/gy + 1/g,) 8725 - power ratio (3-7)
Now, by solving (3-7) for the intersatellite spacing:
9= [(c/i) a(K) 1585 (1/gq + 1/g,)10-% degrees (3;8)

and the number of satellites that may occupy a given orbit arc is proportional
to the alloygd interference level raised to the 0.4 power (see Table 3-2).
Thus, if tﬁc-interfercnce‘allowance can be increased'by.S dB, the numbéi of

satellites occupying a given orbit arc may be doubled.

Table 3-2

Orbit Utilization'as Allowed Interference level Increases

Allowed Increase in » Relative Number of Satellite Systems.

Interference.level ' _ That May -Occupy-a Given Orbit Arg. .

0a8 . . . 1.00

2 d8 . 1.20

3 d8 - . 1.32

4 a8 ' 1.4

5 d8 1.58

6 d8 ' 1.74

7d8 1.91 .
8 d8 2.09

9 d8 2.29

1043 - ' : 2.51

3-5



+ o ST e A Y

[N Y

e e mapg i e e e YA P e e & ToMY ST TR wO T WAy

e e s e A S RS AN W T L

3.2 Spacing and Efficiency in FSS Systems

If all other factors are held constant, the maximum orbit spectrum

utilization efficiency is achieved by minimizing the intersatellite spacing.

This section dévélops the ratation between C/I and C/N when the grade of
service is held constant. The resultant effect upon requi?ed intersatellite
spécing is tsen investigated. Systcﬁs transmitt}ng telephony and television
signals are evaluatea to compare the.efficiency of analog versus digital

modulation methods In utilizing the orbit spectrum resource,

3.2.1 Link C/! vs. C/N Ratio for a Specified Grade of Service

For a specified grade of service, there may usually be a trade-off between
link C/1 and C/N. In general, if one quantity is decreased, the other must be
increéased. For many analog systems a linear relationship may be assumed. For

digital systems, the relation is generally non-linear.

3.2.1.1 C/1 vs. C/N Ratio for FDM/FM Telephony

For the large post-detection signal-to-noise (S/N) ratios needed for FOM/FM

systems( 7. 81,

{1) The ratio of interference to noise is assumed to be the same before

and after-detection.

{2) Interference is additive on 3 power basis. The effective interference -
power due to multiple unwarted signals is the sum of the unwanted

signal- powers,
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The susceptibility of an FDM/FM signal to identical, FDM/FM, cochannel
unwanted signals is about 3 dB worse than that due to an equal amount

of thermal noise power. For the case considered in this report where

the signal 6c5§§iéﬁ Séﬁdw}&th is 32 kHz per voice channel, the
computed interference 'peaking' factor is a power ratio of 2.19 or 3.4

dB. (Method of CCIR Report 388-3, paragraph 2.1.2.4.)

The combined thermal and interference link noise values conforming to CCIR

Rec. 353-2 on-voice channel noise performance will be allocated a§ follows:

A.

For more than 20% of any month:
9,000 pWCp thermal + interference noise

1,000 pWOp earth station equipment noise R

10,000 pWOp total

"Post detection S/{N+I) = 50,46 dB8

L . . . .. . L

For more thén 0.3% of any month:

49.060 pQOp thermal + interfcrenée noise
1,000 pWOp earth station equipment noise

50,000 pWOp total

Post detection S/(N+1) = 43.10 d8

For more than 0.01% of any month:

561,000 pWOp thermal + interference noise
1,000 pWOp earth station equipment noise

562,000 pWOp total (1,000,000 PWO unweighted)

Post detection S/(N+1) = 32,61 dB.

3=7
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The required predetection C/(N+i) ratios corresponding to the above
" operating conditions may be determined from the FM detector transfer curves

given in Section 2.2. For convenience, values are listed in Table 3-3 for the

20% time value. :

Table 3-3

FM Improvement Factor Above Threshold and C/(N+1)

Number of Voice - Required M ' Effective
Channels per . S/(N+1) Improvement : C/(N+1) Needed -
Carrier ) Factor 202 of Month
(dB) (dB) (dB) (Power Ratio)
240 < 50.46 30.85 19.61 91.41
60 50.46 27.52 22.94 196.8
12 50.46 23.33 . 27.13 516.4

' Taking into account the "“peaking'* factor associated with 'unwanted FOM/FM
signals, the aggredate interference power allowed for a specified grade of

sgrQice (C/(N+1) may the be deternmined from: S

2.19 i/c + n/c = (n+i)/c | effective power ratio . {3-91}
and solving for the allowed aggregate interfefencc-to—carrier ratio:

ilc = (1/2.19)[(n+i)/F - n/¢)] power ratio ) (3-!0)

In this section, lower case variables, such as i/c., represent numerical -

”

values: upper case. such as 1/C, represent dB values.
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3.2.1.2 C/!' vs. C/N Ratio for Frequency-Modulated Television (TV/FM)

For the Fixed Satellite Service, where further distribution of the
television signal would be required, CCIR Rec. 567 specifies the following

peak-to—peak luminance to RMS noise S/N ratios:

A. For more than 1% of any month:
. S/N = 53 dB (weighted): corresponds to 39.2 dB unwenghted
(13. 8 dB weighting factor)
B. for more than 0.1% of any months

S/N = 45 dB (weighted): corresponds to 31.2 dB unweighted.

A 24 MHZ peak-to-peak deviation will be assuﬁed for the transmitted signal,
resulting in -an FM improvement factor of 25.8 dB and 3 32.4 MHz occupied
bandwidth. The required value of predetection C/N for more than 1% of any

month will then be 13.4 dB.

For video te1eponferencing. a high-quality service approximately eéua['to
that pro;ided'b; the broadcasting satellite ﬁervice will be assumed (12 MHz P-P
deviation and at least a 14 dB C/N rétio at the earth station receiver fof 99%
of the worst month, B8SS planning yalues). Considering that the FM improveﬁent
facﬁOr for a 124MHz deviation signal is about 17.7 dB, a post-detection S/N

ratio of 31.7 dB (unweighted) results.

From the data of CCIR Rep, h34~1, subjective measurements indicate that-the
protection raiioﬁ,(C/l) required for TV/FM appear to be independent of the

svstem C/N ratio. A few observations even indicate that the effects of a given

3-9
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level of interference may become more noticable as the C/N ratio is increased.

Accordingly, it must be assumed that no trade—off between C/1 and C/N is

possible for TV/FM,

. Allowed values for C/I assumed for this report are taken from 3SS planning
values given in Appendix 30 of the Radio Regulations for a P-P deviation of 12

MHz and ad justed according to the relation given there:

.

C/1 = R:= 20 log (D/12) dB o o (3-n)

wheres R = protection ratio for a 12 MHz P-P deviation

D = deviation of the wanted signal in MHz

Planning values given in Appendix 30, Annex 9. (R.R.) allow the following

values of C/1I:

&. - For the'Broadcasting Satellite Service (12 MMz P-P): SRR
(Assume in this report for the FSS teleconferencing also)
35 d8 for any single entry

50 d8 aggregate

8. For the Fixed Satellite Service (12 MHz P-P):
37 dB for any single entry (31 48 for 24 MHz P-P)

32 dB agqgregate (26 48 for 24 MHz P-P)

3-10
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3.2.1.3 C/1 vs. C/N Ratio for Digital Signals

For the case of digital interference to a wanted digital signal[9' 10],

(1) When the C/! ratio is large compared to the C/N ratio, the effect of
interference is approximately the same as an equal level of thermal

noise power,

(2) When the C/! ratio is in the order of (or smaller than) the C/N ratio,
the effect of interference is less severe - than an equal level bf

thermal noise power,

(3) For a given total C/! ratio, the degradation increases with the number

io_f.qn_wanted signals.

As a result, a rather complex computer program is necessary to study the
effect of intgrfgrenceifor each specific case -of interest. 'ln;ersatef1}té
interfercnqe,prob!emsApresent a par}icular computational éhallenge._ Given a
constant ingc%satcllitc spacing, the spectrum qf,unwanted signals éons}gts of
equal anplitude bairs. decreasing.iﬁ anplitude according to the earth station

antenna sidelobe characteristics.

Reference 10 presents curves of error rate forlu—phase CPSK (QPSk) as a
function of the link C/N ratio for a range of intersatellite spacings. The
particular case treated considered § pairs of satellites flanking the uSnth,v
sateilite sys;ém. Earth station antenna gains and assumed sidelobe chiracter-
istics were givc&. With this information, it was possible to compute'the
aggregate C/I ratio associated with each value of intersatellite spacing.
Several values~qf'C/l versus C/N were then obtained for the-symbol eérorirates

listed in Table 3-4.
3-11
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Table 3-4

Values of C/N vs. C/1 From Figure 3 of Reference 10

Values of C/N (dB) for the Listed Symbol Error Rate

Aggregate

/i

(dB) 10-7 1076 10-5 10~4 © 1073
22.7 TR w2 13.3 12.2 10.5
20.7 15;5. 4.5 13.7 12.3 10:7
18.3 16.1 15.1 wa o 12.8 .2
15.2 17.9 6.8 15.6 .o 12.0
13.2 204 \ 18.7 7.1 15.4 13.0
1.8 - 21.8 19.5 17.1 14.0

Regression
Coefficients -

A = 0.0184264 0.0187101 0.020002 0.0210269  0.232826

B.=  --1.95873.  '=1.78287 -1.73433 ~1.55326 -1.36675

RZ = .999 1,999 . .998 997 99U
For N> 13 . .
C/(N+1) = - 14.4 aB © 13.5 d8 12.8 d8 11.7 g8 '10.2 d¢8



In order to facilitate later computations, a regression énalysis was
performed on the listed data in an effort to obtain a mathematical expression

" describing the data with reasonable accuracy. An expression of the form:

(1/c)1-8 = a + B (N/C)!-8 ¢B ratios ‘ o (3-12)

was succesz ul where the coefficients A and B are listed on Table 3-4 along

with the computed coefficients of determination, R2,

As noted at ‘the beginning of this section, when the c/i ratio is Iaégé'
compared to the c/n ratio, the effect of interference is approximately the same
as an equal level of thermal noise power. As a result, for large values of

c/i, the relation of ¢/i and ¢/n are take. to be:

i/c = {n+i}/c. - n/c power ratio . (3-13)

where c/(n+i) is the c/n ratio needed to support a given. symbol error rate_ in
the absence of interference. c/(n+i) values adjusted to obtain a best fit.

between equations (3-12) and (3-13) are also listed at the bottom of Table 3-4,

Figure 3-2 shows C/1 versus C/N curves computed from equation (3-~12) for
four values of constant symbol error rate (solid lines). Also shown are lines

of constant N/! ratio.

The dotted iinsr plotted on Figure 3-2 show computed values from equation
(3-13) which assume the effect of interference to be equal to that produced by
the same leve) of thermal noise. Note that the thermal noise approximation is

within 1 dB of the exact solution for n/i values greater than unity.
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Several sources in the 1itefature have notea that, for a given C/1 ratio,
the symbol error rate may be reduced indefinitely by increasing the C/N ratio.
This is true, provided that the C/} ratio exceeds a computable lower bound.
For binary PSK, the sum of the magnitudes of the individual unwanted signal
voltage vectors must not exceed the wanted carrier voltage. For the case of
QPSK with § pafrs'of unwanted signals, the limiting value of C/! is 7.77 dB.

As may be seen from Figure 3-2, astronomical values of C/N would be needed to

'allow required C/! values to apprbach this limit, making this property of

academic interest only,

CCIR Rec. 522 specifies the following bit error rates for voice systems in

the FSS: N

A. For more than 20% of any month:

10-6 BER

8. For more than 0.3% of any month:

1074 BER : v .

C. For more than 0.1% of ény month:

10~3 BER

Also, the statement of work specifies that a bit error probability of 10-6
with QPSK modulation shall be assumed for the digital systems in this study.
%h}s }eqéi}es a quaternary s?mboi error probability of approximatel} 2 x 10-6
since a dQSQernary symbol error typically results in oné, rather tﬁaé'zuo. bit
errors. prever. the differential coding normally employed to resolve

ambiquity in QPSK systems doubles the raw quaternary symbol error probability

3-15



before the conversion into binary symbols takes place. Therefore, a raw
quaternary symbol! error probability of 10-€ is assumed in this study

corresponding to curve D in Figure 3-2.

Now that all the necessary relations between C/1, C/N, and intersatellite
separation are complete, curves of separation versus C/N may be generated. The
transmitting earth station antenna gain was set equal to 55.5 dB and receiving

earth station antenna gains to 53.9 dB (corresponding to 5 meter antenna

diameters).

For FDM/FM, equation (3-10) was used to compute allowed values of aggregate
C/} versus C/N, assuming a total interference plus noise allowance of 9,000

pWOp in a baseband voice channel. Curves are plotted on Figure 3-3 for 12, 40,

and 240 or more voice channels per carrier.

‘For-digita$ signals, it was remembered that the C/I versus C/N EeJatYSd is
dependent upoq'tha number of unwanted s?gnals. Considering.that both up énd
down path intééference is considered in this study, there was some questgon at
this point as to whether the>interference spectrum model at the wanted sysfem
earth station receiver- should consist of § pairs or 10 pair; of unwanted’
signals. However, since data given in Ref. 10 indicates a maximum difference
in C/N for a given C/1I of 0.1 dB for the two éases.-s pairs were assumed. The
up and down path contributions were added on a power 5asis. For a 10~ symbol
arror rate, values of (/1 were coﬁputéd from equation (3-12) for substitution
into equation (3-8). Values of required intersatellite separation thus

obtained were plotted as the solid curve on Figure 3-3.
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The dashed portion of the digital curve is the result of assuming digital
interference to have the same effect as an equal level of thermal noise power,

Values of C/| were computed using equation (3~13) and a 13.5 d8 C/(N+1) ratio.

Note that the error incurred by adopting the simplifying assumption that
interference to a digital signal may be treated like thermal noise is smail
unless the aggregate interference power significantly exceeds the thermal noise

power in the system,

As diséussed above, the error rate for a digital signal may be reduged
indefinitely by increasing the C/N, provided that the C/I ratio i3 ab.wve tha
minimum threshold (7.8 dB8 for the case here, corresponding to a lower bYound on

intersatellite separation of C.49 degrees). The trenu of the digital curve on

Figure 3-3 toward this lower bound is evident.

The values for TV/FM in the FSS and for teleconferencing plotted on Figure
3-3 used the aggregate C/1 planning values of 26 dB and 30 dB respectively and

minimum recommended C/N values given in ‘section 3.2.1.2. Note that the .

:required C/! {(and intersatellite separation) is independent of increased C/N as

discussed in the same section. It is also nuted that the two TV/FM poinAS
plotted on Figure 3-3 lie essentially on the QPSK digital curve. Thus, for the
relatively hiéh N/! ratios required for TV/fM. this method of modulatioﬁ would
appear to offer a spectrum utilization efficiency egual to that of digital
transmission. Digital modulation for television, however, 6ffers a C/t versus

C/N tradé.off:not available to TV/FM,
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In o?der to aid coﬁparisons. lines of constant N/1 are also plotted on
Figure 3-3. Common FDM/FM operating practice is to allocate 8,000 pWOp to link
thermal noise and 1,000 pWOp to interference, corresponding to a post detection
N/1 ratio of 9 dB. Since the effect of FDM/FM interference is about 3.4 dB
worse than an equal level of thermal noise power (see section 1.1}, the
predetection N/I operating point is then 12,4 d8. From Figure 3-3 for a Zﬁp
channel FDM/FM system.'th{s condition requires an intersatellite spacing of
about 4.5 degrees. Intersatellite'spacing coufd be reduced by a factor of
about 2 to i:3Adegrees by assigning equal noise and interference allowan;Es

{and 4.5 dB increase in carrier power).

A change from FDM/FM to digital modulation at 3 fixed !/N ratio aftords a3
spacing reduction factor of at least 2 and a reduction in required carrier

power of about 5 dB8.

A digital! system opérating 3t the same carrier power as needed for current
240 channel or greater FDM/FM practice allows intersatellite spacing to be
reduced from about 4.5 degrees to 0.75 degrees {a factor of 6). Note, also

that un!ike FOM/FM, the intersatellite spacing required for digital modulation

"is independent of the number of voice channels per carrier,

3.2.2 Orbit Spectrum Utilization Efficiency in FSS Systems

A figure of merit, the orbit/spectrum utilization efficiency is defined as:

UE = : {Number of channels) .
{Oegrees of orbit occupied) (MHZ of bandwidth occupied) (3-14)




For this report, signals carrying telephony have been designed to occupy a

necessary bandwidth of 32 kHz for each voice channel. The total bandwidth

occupied by 3 signal is assumed to be 1.1 times the necessary bandwidth to

allow for guard bands between adjacent signals. Therefore {3-14) may be

written:

. N - 28.41
Bx 1.1 x32x103 xN . 9

UE =

where N is the number of channels,

For 24 MHz P-P deviation TV/FM or equivalent digital Tv:
MY
UE = R - .028
gx 1.1 x 32.4 K]

For 12 MHz P-P deviation TV/FM or equivalent digital Tv:

UE = 1 o 045
Bx T)1 x 20.4 8

(3-35)

(3-16)

(3-17)

The utilization efficiencies for the cases shown in Figure 3-3 3re shown in

Figures 3-4% and 3-5 for voice and TV systems, respectively.

3.2.3 Effect of'Rain Fading Upon Spacing in FSS Systems

Up to this point, the effect of the C/N versus C/! tradeoff on intersatel-—

lite spacing has- assumed idedl propagation conditions. Particularly in the

higher frequancy bands now being developed, rain fading can have 4 significant

effect upon the results of a digital versus analog modul ation comparison.

fade margins and their effect upon the reguired satellite system operating

points are discussed in Section 2.3.

Rain
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Table 3-5 lists tﬁe rain fading considerations snd performance criteria
needed to determine th effect of fading upon intersatellite spacing. Ffor
voice, the performance criteria for FDM/FM and digital signals follow CCIR Rec.
353-3 and 522. Required values of C/N to meet the three performance criteria

are listed for FM and digital QPSK systems.

For TV)FH the ;cquircc C/N value for 0.13% of the time was below the
demodulator thrcshbld. Threshold operation at a 10 d8 C/N ;as therefore
assumed. (Although ;he'BSS CCIR planning criteria does not specify performance
requirements for time percentages less than 13, systems planned for the U&ilcd
States include a 5.9'd8 fade margin. Since this value was close to the S.4 dB
value computed for 0.1% of thc.time fdr fast Coast and central U.S. locations,
a0.13 criteniéh was added for 8$S TV.) No performance criterion was found in
the literature for digital TV for time percentages less than 13X, For purposes

of this report, a 10°5 bjt-error-raté Qas assigned.

Table 3-5 also lists the reduction in link C/N that may be expected in tﬁe
12/14 GHz bangs'due to rain f%ding for the three time percentages. Uppatg and
downpath values bf fad}ng margin are listed separately. The fcqqircd clear air
C/N for each condition is then the required C/N plus the magnitude of the

fading margin.

Consider, for -example the right—hand column of Table 3-5. For digital QPSK
subject to downpath fading, a 13.5 dB C/N would meet performance criteria for
03 or more of ‘the time. However, 0.35% of the time, Jdownpath fading could'bc

expected to reduce the link C/N by 3.1 d8, leaving a link C/N of 13.5 - 3.1 =

10.4 dB: less that the required value of 11,7 dB8, Thus, ty insure that the
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specified performancc-critcria are met for both 203 and 0.3% of the time, the
required clear air C/N must be increased from 13.5 dB to the 14.8 dB value

listed in the right-hand colunmn,

In the same manner, to insure that the specified performagnce criteria are
met for all three time percentages (20%, 0.3%, and 0.01%)., the required clear

air C/N must be increased from 13.5 dB to 22.1 d8.

As a result, the largest of the values tabulated in a particular column
(marked #) .is the controlling value needed to insure that performance criteria

are met for all specified time percentages.

An examination of the 4 right-most colunns of Table 3-5 reveals that all
the signal t}pés listed require a fading margin wi . h the exception of FOM/FM
voice. Using the required clear 3ir C/N values marked ¥, we may now

investigate the effects of fading upon spacing in the fixed satellite scyQige

as well as the digital! versus analog modulation comparison, '

Figure 3;6'ijlustratcs the regults for- voice-signals. .Since FOM/FM needs
no-fading margin, the curves are idc&tical to those shown previously on Figure
3-3. The digital QPSK curve marked 'A" (no fade marqgin, no fading) is repeated
for comparison. The curve marked "B shows the increased cledr air C/Q needed
to accommodate downpath f#ding. It is assumed that both the wanted aﬁd

unwanted signals are reduced equally by the fade.

The curve ﬁafkcd “C" shows the increased clear air C/N and increased
spacing values nceded to accommodate an uppath fade. It is assumed that the

wanted signal only is reduced by the fade. A linsar transponder is also
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assumed to illustrate the worst case. For a saturated transgonder (wnere q3
reduction in uppath received signal level causes no reduction in downpath
EIRP)}, the resultant performance curve on Figu'e 3-4 would be approximately

midway between curves '8'" and 'C', . e R

For voice signals then, a comparison of digital versus analog modulation

from Figure 3-6 shows that:

(1) Considerable reductions in intersateilite spacing using either type of
modulation may be obtained by increasing the link C/N (sateflitel-:

power)s a factor of adbout 2.

(2) For frequency bands or geographical areas where rain fading is not
significant: R
a) Digital systems require less satellite power,
b) Digital mcdulation allows the intersatellite spacing to be

.. reduced by a factor of at least 3 compared to the equivalent .
FOM/FH system.

(3) For frequency bands and geographical areas where rain fading is

significant:

a) For small C/N ratios (power limited satellite}, FOM/FM can of fer
smaller intersateliite spacings than digital systems. ’

b) For downpath fading alone, digital systems with increased link
C/N (satellite power) can operate with intersatellite spacings of
about 1/3 those of a comparablie FOM/FM system,

¢} ~ wWhere uppath fading must be considered, the performance of

~digital signals may offer no improvement over equivalent FDM/FM
systems, .
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Figure -3-7 -illustrates the effect of rain fading considerations upon
television system performance in the fixed satellite service (12/14 GHz band).
‘Curve "A'" and the point marked "A''' are repeated from Figure 3-3 for

comparison.

In order to accommodate cownnath fading, the operating conditions must be
moved to curve "8 and point "B'* for digital and FM signals respectively. To
accommodate uppath fadiné. éurvc “C" and point "C''* apply. AA; can be seca.
frequency modu{{tfon requires lower values of C/N than does digital mod&lat}on.
However, for }héreasinq'values of link C/N (satellite 50-0'}. the use of
diqitai modulation offers a Spacingircduction of avbout a factor of 2 or more,
primarily due to the f@ct that the present form of TV/FM does not allow a C/M

versus C/1 trade aff. _ . ol

3.3 Spacing and Efficiency in BSS Systenmsg

.

The minimun ;}bikal scéaratiod angle Fequired for éaiistctSry-§5crat}oa of
homogeneous, Cp;qhanﬁcl broadcasting sitellites can be estimated ver} simﬁ[y as -’
folloQSs It will be assumed that adjaccnﬁ gcostét}oﬁary bdroadcasting
sateilites have the same service. Aan individual receiver would therefore have

only its antenna sidelobe discrimination to reject unwanted signals,

For the BSS reference pattern given in the ITL Radio Requlations, Appendgix

30, Annex 8, the sidelobe discriminaticn is given dy:
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Intersatellite Spacing (Degrees)

Link C/% {cB)
(Clear Air)

Figure 3-7. Effect of Rain Fading on FSS TV Systerms
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4G, = O 0= < €£0.257%,

ie (4 2,2 L

4G, (3) = =12 Q;—) 0.25385< = £ 0.707

o
=5
36, (2) = = (9.0 + 20-log-(z=) ] - 70735 5 % V265,
v 3 . _ i
26g (3) = - [8.5 + 25 log ()] - 1,265 < =+ 215, Tl
o

26, (7)) = - 38 d8B > 15,100,

where
LG, (ff}- the relative antenna gain at angle 3 of f-axis, adi R

and

3o = the half-power beanwidth, degrees.

Using Eéuagion 3-18 with 3, = 1.8 degrees (Section 2.2.2): : j:i
L/t » =86, (2) = 3.5 + 25 log (=/1.3) (3-19)
and khé éar;{cr‘té interference ratio is then: = | - Ce
c/ ;:z.xé + 25 log : ) o o !3—50)

for a single interference cnsry., The correction factor, A{K), rela%ing the
aggreqgate interference from X pairs of unwanted satellites to the single-entry

value w3s given previgusly in Table 3-1., The aqgregate C/! ratio is then:

C/1 = 2.12 = A(K) + 15 log = a8 _ (31-21)

or:

L ¥Y)
U
[
[
—

c/i = 1.63 :2:5/a(K) {

and solving for the intersatellite spacing:

.t
(o)
~—

2= {c/i alx) 0.61430%  deqrees {3~
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For TV/FM in the Broadcasting Satellite Service, the single-entry protection
ratio of 35 dB is controlling (Radio Regulations, Appendix 30. Annex 9). This
"and other protection criteria are discussaed in Appendix A of this report.
Substitutiﬁg the 35 d8 C/! value into equation (3~20) results in a required
separation of 20.7 degrees. This vaiue is plotted on Figure 3-3, point "A'ﬁ.
at the 14 dB C/N value required should no downpath fading margin be required.
Tne points marked "B'" and "C'* reflect the increased clear air C/N values

required to accommodate downpath fading in the 12 GHz band (from Table 3-5).

Although fﬁé'CClR performance ob jectives require o;ly that a 14 d8 C/ﬂ-
ratio'be maintained for at least 99% of the worst month, systems proposed for
the United States propose a fad’rg margin for 0.1% fading values. Thus. point
Y on Fig&re13+8 is probably representative of the typical operating paint to

be used.

For digital'telcyisionﬂ it was assumed hat dit-error-rates of 10~ any-
1075 must be maiﬁtaich during 1% and Q.lz down path fades, ;éspcctfvely.~
tquation 3-12'~p£ used to compute tﬁc /N versus C(l trade off. Resultaﬁf.C/l
values were then substituted into Equaiion 3-23 to determine tne separation
values platted on Figure 3-8, The correction factor a(K) was taken to be 2758
(fro.. Table 3-1), assuming 5 pairs of ‘nterfaring satellites, since the C/k'
versus C/! relation of Equaticon 3-12 is valid oniy for thi- curve. from Uhe
resulting separation values plotted on Figure 3-3, the assumntion 6( S pairs of
uivanted satellites may be excessive far the larger separation values.

However , Soth the change in correction factor, a(K), and the error incur{gq:in
_ Equation 3-12 is relativelv small for lesser number of unwanted satclli°e_

sairs. The assumption is ther~fore valid for practical purposes.

=3
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An examination of Figure 3-8 points out that:

(1) The primary advantage of digital modulation over TV/FM is the fact that a

C/N versus C/1 trade—off is possible for digital TV but not TV/FM,
(2) For geographical areas where down path fading is not significant:

(a) For small values of C/N (satellite power limited). digital modulation

offers no separation advantage over FM,

{b). Separation may be reduced from 20° to 4° or less by adopting digital

modulation and increasing 1ink C/N (satellite power) by 6 dB or more.
(3) For geographical areas where down-path fading is a significant factor: .

As in case (2). intersatellite separation values may be reduced from 20° to
4% or less by adopting digital modulation and increasing the link C/N

(satellite power) by 6 dB or more over values needed to support TV/FM.

It should be noted that any reduction in C/N'values due to uppath fading
will severely impact these reduced separation values {see figure 3~7, FSS TV

system performance).



4.0 Cost Analysis

4.1 Introduction

Chapter Three has presented the satellite spacings and efficiencies for FSS
and BSS systems as furctions of the carrier to noise ratio. These results
indicate the proper choice of modulation type and power leve! to support a
specified satellite_spacing. Were efficiency the only criterion for system
design these results would suffice for -making the modulation and power level
~hoices. However, powér level has 3 significant impact on system cost and this

is always a consideration in any practical system.

This Chapter presents the results of a cost analysis in which the costs
associated uithfincreasing or decreasing the satellite EIRP are examined.:.[t
is assumed that all chanses in EIﬁP are accomplished by changing the satellite
power only. The cost ana!yses treat 31l satellite subsystea osts plus the

l;hnch‘vehiclé costs. These results are expressed in 1980 COn:iant dollars.

4.2 Models and Assumptions

In suscort of this cost anal?sis numerous individual!s and combanies in.the
cost analysis and communication satellite business were contacted. The general
consensus is that the SAMSO and RCA PRICE cost models are the best availab{e
models. However, in order to use the RCA PRICE model it is necessary to have
considerable training and to understand very well the internal operation of the
company which bﬁylds the hardware. Thus, the RCA PRICE mode! was not deeméd:
appropriate for.tﬁis contract. The SAMSO model was used; the Fifth Edi:ioé.

dated June 1381, which is the latest available version was employed.



ranged between 15% and 22% of total spacecraft weight.

To use the SAMSO cost model it is necessary to have the weight and'po?er
requirements of each part of the spacecraft. Ford Aerospace and Communications

Corporation has a computer program that calculates these based on various

spacecraft parameters. The cost analysis uses a modified version-of this '~ . - -

program which estimates the weight and cost of 3~axis stabilized broadcasting
satellites. It was prepared by NASA Headgquarters for inclusion with the United
States submission to !nterim Working Party Plenary/3 of the 1TU for publication
in the Special Rgport on Possible Broadcasting Sgtellite System; and their’
Relative AcceptiSility. . .i':'
When the Ford program was exercised the estimate of spacecraft structure
weight seemed low. In order to be consistent with the structure weight
estimated by COMSAT for its broadcasting satellite an¢ with quidelines fkém.
other sources, the Ford estimates for structure ueiéh: were multiplied by the

factor 2.5. As. a result of this correction the estimates of structure weight

LS

Other assumptions which were mide are:.
(1) all spacecraft are 3-axis stabilized:

{2) four units of a given design will be developed and, therefore, the
cost per unit can be expressed as the recurring cost plus one fourth

of the non-recurring cost;
(3) there is no eclipse operation, i.e., there are no batteries:

(4) weights of the high powered TWT's and klystrons were extrapolated

from known tute weights as a linear function of power;

BT



(5) for total satellite powers in excess of 3250 Watts power system
complexity factors were eitrapolated but recurring power system costs

were limited to 2/3 of non-recurring power system costs:

{6) program management costs of 363 were added to the basic costs of the
spacecraft and the apogee and perigee motors: a fee of 15% was added
to the cost estimgtes for the spacecraft bus and communications

payload.

Informatiééiconcerning the apogee mctor, pcrigee'motor. and the Space’
Transportation System (57S) paraméters and costs were cbtained from Thiokol
Corporation, McDonald Douglas Corporation, and NASA, respectively. Table 4-1
shows information concerning the STAR family of solid fuel rocket motors -
m-nufactured by Thiokol. These are assumed in this studvy to serve as the
apogee kick mator to circularize the satellite orbit at geostationary al;itudg.
Table 4=1 listgxtﬁe model; motor weight, maximmn.satei)}te ;e{ght;.-and. .
recurring costs .(in ‘1930 dollars)._?bn~re¢urring costs are typically neé[ible.

according to “hiokol.

In Table 4-2 the parameters and costs associated with the PAM-D and PAM-A

per igee motors as determined from McMonald Douglas are shown,

In 1986 the user cost of STS launches is expected %o increase. This study
assumes the pre=1986 STS prices apply and uses the following relationship ts

calculate STS launch cosis in 1880 constant dollars: ) .



STAR
Model
Designation

26
27
308
.}]XF
37X

Table 4-1 Apogee Motor Parameters and Costs

“Max imum
Satellite
Weight,
Pounds
600
350
1450
2200

2750

4

Motor

Pounas

580
8oo
1380
2106

2520

Recurring
Costs.,

1680 $

265K
284K
340K
473K

510K



Table 4=2 Perigee Motor Parameters and Costs S

Maximum Weight Weight of :
of Satellite Plus Perigee Motor Recurring - Hon-Recurring

Apagee Motor, Plus Cradle, Costs, Costs,
Model Pounds v o - Pounds o—-—— 1980 .6 ____ . 1080 &
PAM=D 2320 " 9,082 ’ 3639K 329K
PAN-D, 2750 10,068 3910K 329k
Augmented o
PAM-A 4400 17.396 5656K 829Kk -



User Cost = Vg [tg (Cg + Cy) + Cyl

where,
US -
Uc -
]

lp =
g =
CB -
C‘ -
Cu -

Thus,

518 M4

Wele
total weight of satellite, apogee motor, perigee motor} and
cradle, in pounas

payload capacity of STS

65,000 pounds

.loading factor

.75

inflation factor: converts 1975 dollars to 1980 dollars

1,515

baseline cost for maximum payload

- reflight insurance

50,271 M SR

use fee

§4.298 K (rcal year dgollars)

User Cost = (.6560} Wg. thousands of 1980 dollars

b



4.3 Effects of Power Levels on Costs

The costs for a series of fdentical satellites can be broken into non-recur-
ring and recurring costs. In this study it is assumed that a total of four
satellites of a given design will be purchased and that the non-recurring costs
will be divided =2qually among them. Ffive and ten tube satellites. represent-
ative of FSS applica:ions. and three tube satellites, representative of B8SS
applications, were aﬁ;lyzed. Program management costs of 36% were added to the
basic costs of the spacecraft and the apogee and perigee motors. In accordance
with the design of thg éAHSO model, a fee of 153 was added to the cost esti-
mates for the soacecr;ft bus and communications payload. The composite (rec;r-
ring plus one fourth of the non-rgcurring) costs per satellite are shown in
Figure 4-1 for three, five, and ten tube satellites as functions of RF power
and the correspéAding values of C/N {1ink parameters from Chapter Three are

used.)

_.The.m$£{mdn ;5lues reached by.the points in Figure 4=1 are governed By:thg'
capacity of the P}H—A perigee motor. -Larger spacecraft could be analyzed
assuming the -use of the Inertial Upper Stage (1US) but the power levels sho;ﬁ
in Figure b=1 cover the ranges detcrmiﬁed to be useful in Chapter Three. The

values shown in Figure -1 are tabulated in Table 4-3.

Each set of pbints in ‘igbrc 4-1 shows a pronounced jump in cost at power
lcvcls'corrgspondiné to the transition from PAM-D to PAM-A perigee motor
assemblies. This transition occur; bcguecn the 20 Watt and 100 Watt Ieveis for
the 10 tube ca;c;:bctwccn the 150 Watt and 200 Watt levels for the S'tubé c}&c.

and between the 270 Watt and LS50 Watt levels fo the three tube case.

An examplie.of. how the cost is calculated for one point on Figqure L=1, the

100 Watt, 10 tubé point, is shown in Table 4=k,
-
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Table 4-3. Recurring Costs Plus One Fourth of Non-Recurring
Costs per Satellite, Including Launch Costs:

Millions of 1980 Dollars

** Requires Inertial Upper Stage

RF
Qutput
8SsS FSS Power
- /N, C/N, per 8SS FSS FSS
d8 d8 Tube (3 Tube Case) (5 Tube Case) (10 tube case)
-1.3' 13.6 1.7 Matts 36.0 37.8 4.1
8.9 24.3 .. 20 37.4 40.0 u6.7
15.9  31.3 100 42.5 48.4 67.5
17.7 33.1 150 45,9 52.1 74.9
18.9 34,3 200 L7.4 62.1 A%
20.2 35.6 270 . 52.1 70.3 :
22.4 37.8 45C 70.0 %



Table 4=4 Sample Calculation of Cast
for 100 wWatt, 10 Tube Satellite

Weight per tube (not extfapolated): 15 pounds
Input power at 33% efficiency: 3000 watts

Power for receivers and drivers: 22 watts

Total power for communications system: 3022 watts

Weight of receivers, drivers, multiplexers, switches, filter, feeds, antenna,
power spliter, isolator, test couplers, waveguides, and coax: 1438 pounds

Total weight of communicalions system (no redundancy): 298 pounds
Solar array weight = contingency x-BOL/EOL x 1/solar array mass density x
(communications system power + other spacecraft power) = 1,05 x 1.37 x

1/17.5 watts/pounds x {3022 + 2180) = 280 pounds

Other spacecraft power = 0.2 x (RF Power - 200) + 220 = 0.2 x (1000-200) + 220
= 380 watts .

Weight of -power processing equipment = 7.5/1000 x DC power required + 20.3 =
7.5/1000 x 3402 + 20.8 = 46.3 pounds

Electrical power system weight = 280 + 46.3 = 326 pounds

Structure weight = 2. 5 x larger of 0.367 x-comm. sys. or 0.288 x elec. sys. =
2.5 x 109 = 273 pounds

Thermal welght = 0.07 x (Comm. sys; + elec. sys ) = 0.07 x 624 = bh pounds
TT&C wenght = 50 pounds

Attitude control system ueiéht = 187 pounds

Electrical ingegration weight. = 0.136 x comm. sys. = 0.136 x 298 = 41 ibs.
Structurai'intégra:ion weight = 0,215 x structure = 0,215 x 273 = 59 lﬁs.
Sum of above weights: 1278 pounds

Fuel (ﬁydfaiinc) required for J-year station keeping: 0.212 x Weight = 0.212 x
1278 =- 271 pounds )

PrOpulSEOn'hgrdware = 0.1 x fuel = 27 pounds

Dry weight of spacecraft: 1305 pounds

wat weight of spacecraft: . 1576 pounds

wéign: off%éacecraft bus without payload = 1305 - ZQé =.1607 pounds~f

4-10



Apogee motor required: STAR 37aF

Total weight into transfer orbit = 1576 + 2106
' = 3682 pounds

Perigee motor required: PAM=A

Weight of Perigee motor and cradle = 17,39 pounds

Total weight imposed on STS = 3632 « 17,396
= 21,078

Hon-recurring spacecraft bus cost = 74l
"+ 22.5 x [spacecraft bus weight]
= 7414 + 22.5 x 1007

30,172 k (1979 dollars)

1.094 x 1.15 x 30,172

37,959 k (1980 dollars, including fee)
Non-recurri&g é&nnunication subsystem cost
= 1.094 x 1.15 x 13,482
= 16,962 k {1980 dollars, including fee): -
Non-recurring motor costs (qugee and Pe?igcc)
. 829 k (1980 dollars)
Non-recurring STS costs = O

Total non-recurrring cost

= Program cost x (non-recurring spacecraft ¢ non-recurring motor costs)

+ non-recurring 5TS costs
= 1.3568 x (37,959 ¢ 16,362 + 323) + 9

= 75,642 K (1980 doilars)



Recurring spacecraft pusvcos:

= 1,99 x 1.15 x 9510

= 11,365 k (1980 dollars, Including fee)
:ecurriﬁq communication subsysiem cost

- 1,084 « 1,15 x 5393

= 7540 x {1930 dollar§. including fee)
fecurring motar costs = 5555 + 473

= 5129 x (1380 dollars) _
Qecurring STS- costs & ,55% x 21,078

' = 13,327 « {1380 dollars)

Total recurring cost

= Program costs x {recurring spacecraft + recurring motar costs)
* recurring STS costs

= 1.3663 (11,965 & 75L0 + $5123) « 13,827
48,507 « (1930 aollfrs)
" deighted total coit .
- Yotal'churrinq cost & 1/4 total ~on-recurring cost
Ce 33,5077 e 1/4 (75.682) .

= 57,513 (1330 gollars)

=12



_in Figure 3-8. Nota that these rarjes in C/N span the ra-.es of operating

L. 4 tmpact of Cost on Modulation Choice and Operating Point

In order to apply the results of the cost analysis to the results of the

orbit/spectrum efficiency analysis it is necessary to express the relationship

between the link carriér to néégé-?atfo. C/N, and the RF output power pérvtube.
Using the link parameéers assumed' in Chapter Three this ralationship for the
FSS case is:

C/N = Pg + 11.3, dB
and for the BSS;case.

C/N = Pg = 4.1, dB
where Pg is the satellite output power per tube.

Thus thé 1.7 Watt to 270 Watt range of power for the FS5 cases sho}hiin
Figure 4~1 and Table 4-3 corresponds to a range from 13.6 dB to 35.6 4B in C/N
on Figures 3-6 and 3-7. The corresponding 8SS range is trom -1.3 dB to 22.4 d8

points which are likely to be of interest..

Referring to the curves of satellite spacing in voice systems in Figure 3-6
labeled FDM/FM, n > 240, and Digital QPSK, "C", it can be seen that the digital
and analoy app}oaches'offer approximately tﬁe same minimem ﬁate}litc spacing;
about 2°, and that this spacing is achieved at the same power level and cost.
For Iarger_and less efficient spacing the anaiog spproach requires approxi-
mately ° dév:e;s_C/N. Specifically, for 8 5° spacing, the ar.alog and dig{tal
approe -' .-~ C/N values of 20 dB and 23 dB, respectively, corresponding

to 20over e} ’.4 Watts and 14,8 Watts, respectively. Referring to the



cost analysis'results in Figﬁre 4-1 it can be seen that both approaches would
require the use of a 20 Wstt tube. Taking a more theoretical approach,
assuming that the points in Figure 4-1 aré samples of continuous relationship
between cost and power, the reduction of pow?r from 14,8 Watts to 7.4 Watts
still represents a savings in cost of only about 4.43 fof the 10 tube case or

1.5% for the 5 tube case.

The FSS-TV situation is slightly different as shown in Figu(e 3-7, point C*
and curve C. .For a satellite spacing of 4.5° the analog system requires 3 dB
less power than does the diéital.. This, however, again represents a neqligible

cost savings.

The spac?ng resuIts for BSS are shown in figure 3-8, point C' and curve C.
For a spacing of 20° the analog approach requires 2 d8 less power than the

digital approach resulting in an 8.7% cost savings.

A somewhag more intéres:ing application of the cost Analyses i's to examine
the cost impact“of Qecreasing the'satéllife spacing uhen'usfnq digitgi'
modulation. fhe curves labelled "C" in Figures 3-6, 3-7. and 3-8 corresponding
to the worst case fading will be used and interpolation is again applied to the
cost results 1n Figure ﬁ—l. Assuming a reference spgcing of 3° for FSS (?he
spacing currently used by the FCC) and 20° for BSS the cost increase associated
with decreases in the spacing are shown in Table 4-5. <Josts are.shown for
decreases in satellite spacing from 3 to 2.5% or 2° for FSS-vcice, from 3° to
2° or i° for Féé-fv. and from 20° to 10° or 5° for 8SS-TV, '« te that due .to
the intially steep slope of the curves in Figures 3-5, 3-7. and 3-3 small
" decreases in satellite-spa.ing are proportionately less “sive than larger

decreases.



‘Table 4-5. Cost Impact of Decreased Satellite Spacing;
: : ~wsigital Modulation with Worst Case Fading
REFERENCE © ~ REDICED _
SERVICE : __SPACING SPACING .- COST_INCREASE

FSS-Voice A 3° | 2.se : © 3.5 (5 tube), 7.6 % (10 tube)'
FSS-Volce 3° 2° 18.1% (5 tube), 38.2% (10 tube)
FSS-TV 3° A o 0.5% {5 tube), 0.9% {10 tube)
FSS-TV 3° e . 24.5% (5 tube), 55.2% (10 tube)
BSS-TY | 20° . " 10° 1.3% (3 tube) '
BSS-TV 20° SRS 52,73 (3 tube)
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5.0 Conclusions

Conclusions based on the results of Chapter Three ‘and Four can be

summarized as follows:

For telephony systems in :he.FSS:

(1) {Considerable reductions in intersatellite spacing using either type of

modulation may be obtained by increasing the link C/N (sate’'lite power).

(2) For frequéﬁcy bands or geographic areas where ra{n'?ading is not ..

significant:

(a) Digital systems require less satellite power.

.
.

{b) Digital modulation allows the intersatellite spacing to be reduced
bv a3 factor of at least three compared to the equivalent FOM/FM

. system. . . - o Ce e S

(3) For frequency bands and geographical areas where rain fading is

significant:

(a) For small C/N ratios (power limited satellite), FOM/FM can offer

smaller intersatellite spacings than digital systems,

{b) For downpath fading alone, digital systems with link C/N greater
:han'zs dB can operate with intersatellite spacings of about 1/3

those of a comparable FDM/FM system.



(c)

(d)

For

When uppath fading must be considered, the performance of digital
systems offers little or no improvement over equivalent FDM/FM
systems. The 3 dB red.ction in C/N for FDM/FM relative to digital
modulation under power limited conditions represents ; less than 5%

saving in satellite cost,

If digital modulation is used when uppath fading must be considered,

a reduction in satellite spacing from 3° to 2.5° increases power

'fréquirements by 2 dB and increases costs by as much as 3%: reduction

from 3° to 2° increases power requirements by o d8 and increases
costs by as much as 38%. This is representative of the tendency of
small spacing reductions to be proportionately less expensive than

larger reductions.

'TV'systemsl present frequency modulation methods do not allow a C/N

‘'versus (/1 trade-off to reduce satellite spacing. {Changing to_digi{al

modulation offers significant reductions in intersatellite spacing.

For
(1) The
for
53,
(2) The

TV systems in the FSS:

FM system requires from ! to 3 dB less pcwer than the digital system

equivalent satellite spacing representing a cost saving of less than

use of digital modulation can reduce the spacing requirement by a

P—

factor of 2 or more, For exanple, if digital modulation is used when

uppath fading must be considered, 3 decrease in satellite spacing from
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3° to 2° wil) increase power requirements by 1 dB and increase
costs by as much as 13; spacing reductions from 3° to 1° will
increase power requirements by 12 dB and increase costs by as much

as 55%.
For TV systems in the BSS:
(1) - For geographical ireas where downpath fading is not significant:

(a) For small values of C/N, digizal modulation offers no

intersatellite separation advantage over fM,

(b) Intersateilite separation may be reduced from 2U°® to 4° or less by

[ adopting digital modulation and increasing link C/N by 6 dB. or

more.

(2) B _qu.qgégraphical areas where dowrpath fading is_signjficant digital
| modulqtion again allows a ;eduction in_intersatcllitc spacing. éor
‘ ;xam;le; if spacing is reauced from 20° to 10° the power requirement
fnereéses by 0.5 dB.and the cost is increased by about 1%; a reduction
from 20* to 5° increases the power rcquirement by 4.5 dB and increases

costs by about 53%.



APPENDIX A A Co
ITU REGULATIQNS AND PLANNING PARAMETERS



The aﬁendéd Radio Regulations resulting from the 1979 General World
Administrative Radio Conference (WARC) took effect internationally on January
1, 1982. WARC agreements, and thus the Radio Regulations, bear the status of
an international treaty upon ratification by the U.S. Senatei In addition,
amended U.5. national regulations correspbnding to the international
regulations are being developed by a joint effort of the National
Telecommunications Information AdministratiOn (NTIA) and the-Federal Communi-

cations Commission (FCC).

Specific ITU radio regdla:ions which are pertinent to this study are the
frequency allocations for the Broadcasting-Satellite Service (éSS). and for the
Fixed-Satellite .Services (FSS) near 12 GHz, space station power flux density
restrictions ¢ the surface of the earth, and BSS and FSS brotection criteria. .
in éddition. the criteria used as the basis for the_planniﬁg of the BSS down-

_links in Regions- 1 and 3:.provide baseline criteria for planning in Region -2,

This attachment discusses further the results of the 1979 WARC and.
provides information from CCIR Reports and Recommendations which is relevant to

this study.
Allocations

The allocations for the Broadcasting Satellite Service and the Fixed-
Satellite Service in and around K, band are relatively compiex. This has
resulted from:-the numerous compromises required to satisfy the various

conflicting interests already exploiting this segment of the spectrum. -



in Region 2, the frequency band !2;7 - 13.25 GHz has been allocated to the
Fixed-Satellite Service for Earth-to-space transmissions and the band 10.7 -
12.3 GHz has been allocated to the FSS for space-to-Earth transmissions. (The
upper limit for the FSS space-to-Earth band, 12.3 GHz, may be moved between

12.1 and 12,3 GHz at the 1983 WARC-8S according to the footnote 37878B.

The Region 2 allocation fof the Broadcasﬁing-Satellite Service in the
space-to~Earth direction is between 12.1 GHz and 12.7 SHz with the lower limit,
12,1 GHz, subject to chénée in 1983 accoyding to footnote 37878 in the same
manner as is the uppe;'limi: of the FSS bdand. P)anning for the BSS in Regioa 2
is the subject of thc.i983 Regional Administrative Radio Conference'(kARC).

The principle fegder links for the BSS iﬁ Region 2 are allocated within th;
‘band 17.3 = 18.1 GHz. The 14.0 ~ 14.8 GHz band is also available for BSS
feeder links in Region 2. All allocations mentioned for both the 8SS and FSS
are on a pr{mary'baﬁis and -have p;ioriéy‘over secondary_servicqs. Note ghat_ .
8SS féeder link allocations have been daqe by footnote withiﬁ the FSS bands,

since by ITU defiqit?on the FSS-includes 8SS feeder links, .

The 8SS may also broadcast (space-fo-Earth) within the FSS bﬁndvll.7 - 12;f
GHz (see FN 3787A), provided that the effective isotropic radiated power (eirp)
does not exceed 53dBW per TV ;hannél and provided that the interference ca;Sed
by, and the protection required for, the BSS satellite are no greater than that

which would be requirad for a fixed. satellite.



Power Flux Density Restrictions o S

In bands shared with terrestrial services, i.e. 10.7 to 11.7 GHz in all ITU

Reqions and 12.2 to 12.75 GHz in chlons 1 and 3. the !nternational

Telecommunications Union (ITU) has cstablcshed power flux dens:ty (pfd) limits
at the Earth's surface which are applicable to Fixed-Satellite emissions. From
the ITU Radio'Regu!ations (6067 through 6074.2), the pfd limits in the band

10.7 to 11.7 GHz in all ITU Reg}ons are:

"-150 d8B (V/mijﬁin any 4 kHz band f&r Sngles of arrival betucenio’ahdrs- 2
degrees above the horizontal plane; B
-150 + 0.6 ( 3 - 5) 48 (W/m?) in any L kHz band for angles of arrival 4
(in degrees) between 5 and 25 degrees above the horizontal plane;

=140 dB (U/ﬁif‘in any 4 kHz band for angles of arrival between 2§ and'é&'

degrees ébove the horizontal plane',

A}

Similarly, the pfd limits in the band 12.2 to 12.75 GHz (from ITU RR 6067 -

6074.2) in ITU Regions 1 and 3 are:

“-148 dB (W/m?) in any 4 kHz band for angles of arrival between 0 and §
degrees above the horizontal plane:

-148 + 0.5 (:9'-5) 58 (W/m2) in any 4 kHz band for angles of arrival - (in
degrees) between 5 and 25 deqrees above the horizqntal slane;

-138 48 (V/m;) in any 4 kHz band for angles of arrival between 25 and 30

degrees above the horizontal plane."

These ltimits apply for 'all conditions and for all methods of modulation”
to the earth exploration-satellite service (space-to-Earth), to the space
research service. {3pace-to-Earth), and to the fixed-satellite service

{space-to-Earth).

r‘i‘3



In the band 11.7 to 12.2 GHz, pfd limits are specified in Article 9 and
Annex 5 of new Apppendix 30 (old Appendix 29A) of the 1TU Radio Regulations to
protect terrestrial services in Regions -1 and 3 from interference from BSS

space stations in Region 2. Specifically, these limits are as follows:
#1) for all the territories of administrations in Regions 1 and 3:

-125 d8 (W/m/4 gHz) fér broadcasting-satellite. .
space stations using circular
_ polsrization:
-1Zé.d8 (W/m /4 kﬁz) . for broadcasting-satellite
| space stations using linear
polarization;

foé'aif angles of arrival; and

2) for territories of administrations in Region 3 and those in the .

‘western part'of Region 1, west of longitude 30’&:

-152 dé (Q/nz/s MHZ) 7‘ i N . V_fgtranglés'of arrivél Eétween
A | | 6‘ and 10° above the
] horizontal ptane;

-132 + 4.2 (Y.- 10) dB (W/m2/5 MHz) for angles ot arrival Y‘(}s
degrees) between 10° and 15°
above the horizontal plang;

~111 dB (W/m?/5 MHz) for angles of arrival between

. 15° and 90° above the s

hcrizontal plane.™



In addition, Article 10 of Aﬁpendix 30v(old Appendix 29A) of the ITY ﬁadio
Regulations provides for the protection of space services in Region 2 from
interference due to BSS space station transmitters in Regions 1 and 3, by
requiring that power flux densfties computed at a reference test point

(longitude 35°W, latitude 3°S), by the method specified in Annex 11, Appendix

" 30, not exceed the Qalues tabulated in Annex 11, and arranged according to

orbital position, IFR8 number and channel number. (see ITU Radio Regulations

Abpendix 30).

Furthermore.AArticle 7 and Annex L4 of Appendix 30, ITU Radio Regulations,
require coordinaféén of space stations in the FSS or the BSS of Region 2, in
accordance with the ‘procedures specified in Article 6. Appendix 30, whenever
their transmitters produce a pfd on the territory of an administrastion in

Region 1 or in Region 3 which exceeds the following values:

147" dB (W/m2/27 MHz) for O < @ < 0.44° -
. =138 + 25 log 8 dB (W/m2/27 MHz) for 0.44° <9 <19,1°

-106 dB kw/m2/27 MHZ) for 19.1° < @' "

6 = the difference in degrees between the longitude of the interfering
broadcasting-satellite or fixed-satellite space station in Regica’2 and
the longitude of the affected broadcasting-satellite space station in

Regions 1 and 3.

Techniques for Efficient Use of Spectrum/Orbit Resource

Annex 7 of new appendix 30 {old appendix 29A) of the ITU Radio Requlations

discusses ten techniques '...leading to a more efficient use of the spectrum/
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orbit resource..." and recommends that they "...be applied to the maximun-
extent technically and economically practicable consistent with the capability

of systems to fulfill the requirements for which they were desfgncd."

Clustering : ' T a B : RS
Cross-polarization

Crossed-bean geometry

Paired service areas

frequency interleaving

Minimun space station spacings

Space station antenna discrimination
Earth station antenna discrimination
Minimizing eirp differences :
Realistic quality and reliability objectives. ‘ : L.

WS OO 2V B -
N N

[« ¥
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Protection Criteria

Proteﬁgion criteria have been established for co-channel services shgring
the 12 GHz bé&d in Annex 9 of new Appendix 20 (old Appendix 29A4) of.tﬁ; H%U
Radio Regulatfons. Table A-1 was taken directly from Appendix 30 and lists tne
_appjigaplc.grosection rgquirements. for wanted se:vice;. fram those co-cﬁannel
services which could cause ‘nterference under specified reference conAi;igas.

When the.rcference conditions, i.e.

a) 12 MHz pcak-to—peak.frequency deviation of wanted signal

b) grade 4.5 service quality

¢) co-channel carriers,
are not fulfitied, the FM/TV protection ratfé can be dctermiﬁed frocy (1TU 2R
AP30, Annex 3):

R = 12.5 - 20 log (D,/12) - Q . 1.1Q2 (dB)

o, = nominal peak-r>~peak frequency deviation (MHz)

Q@ = impairment grade, concerning interference only.



TABLE A-1., PROTVECTION CRITER'A

: _ Protection Requiremenmts?
Wanted danted Interfering Interfering

Service! S§ignall Service! Signal! Total Acceptable’ Single Entry
85$ TV/FR BSS. FSS TV/FR C/t = 30 @847  ¢/1 = 35 gB%
FS. BS .

g3 FOM/FM  FSS TV/FM H o« 500 pWOnd M o= 300 p4Cn
Fss TV/FR 855, FSS TY/FM C/1 w312 aBS C/% = 17 ¢85
FsS 4 -PSK 855, FSS TV/FM ¢/t = 30 oB C/1 = 35 a8
£s3 FOM/EM  FSS FOM/EM " = 1000 puCp N = 400 puOp
Fs FOM/FM  BSS Tv/FM N = 1600 pNOp  -125 g8

_ (W/m</h4 kH2)©
8s TV/ys8  8ss Tu/emM £/1 '« 50 8. not applicable

Notés: | 85§

» Sroadcasting—satellite sarvice
FsS o fixed=sateilite service
8s e hroadcasting service
FS s fixed service
™. = television : o
FM - . - a frequency modulation co
FOM = frequency division mulZiplex
4 -PSK = four-level phase shift keving
vsB = vestigial sidebancg

2 These - limits idclude both up~link and ‘down=1link contribitions:’ They
are expressed: o : )
- in dB for carrier~to-.nterference ratio:

- in pWOp for noisey - - o
= in dB(W/m2/4 kHz) for power flux~densily in a 4 kHz band.

3 values in ¢B are protection ratios for the sum of interfering signals.
Values in oW0Op represent interference noise in the worst teiephone

channels caused by the sum of interfering signals,

4 For 855 satellites located at the interfaces of Regions 1/ anc
Region 2, the C/I ratios shouls be ' dB nigher.

5 see CCIR Recommendation 483.

6 This value may be suitably modified for tropical regions to take
account of rain attenuation. Allowance may also be made for ’
polarization discrimination,

7 C/1 = ratio of carrier-to-intarfering signal

8 N = noise power



BSS Constraints in Regions 1 and 3

The technical data used as a basis for developing the Broadcasting-—
Satellite Service Plan for ITU Regions 1 and 2 arevpublished in Annex 8 of the
new Appendix 30 (old Appendix 29A) of the Radio Regulations. Some of the
Vvalues assumed for critical or key parameters in Regions 1 and 3 may also be
applicable to Région>2. The BSS Plan for Region 2 will be developed at the
Region 2 Regiohal Administrative Radio Coﬁferen:e (RARCf in 1983. Constraining

values of technical parameters in Regions 1 and 3 are summarized as follows.

Propagation_]oss on the space-to—Earth link should be assumed to equal the
free space path loss plus the rainfall attenuation appropriate to the climatic
zone and the antenna elevation angle at the Earth's surface (see Section 2.,
An. 8, AP'SO ITU PR). The difference between clear weather attentuaéi;n and
the attenuation for 99% of the worst month should be limited to 2 dB or less by

.choice of elevation angle.

The sigﬁél-shoufd consist of a video signal and audio sub—carrier..both
frequency-modulating an RF carrier in thé 12 GHz band with pre—emphasis
characteristics as given in.Section 3 (An. 8, AP 30, ITU RR); Other'fypes of
modulation are permitted provided they do not cause greater interference than

the FM-TV systém described in An. 8, AP30, ITU RK.

According to the ITU, circular polarization should be used in Regions 1, 2
and 3, although the U.S. Administration has objected since the FSS in the U.S.
may employ- Vinear polarization, thereby precluding the use of crosspolarization

discrimination in BSS design if circular polarization is used.



The carrier—to-noise ratio should be assumed to be 14 dB for 99% of the
worst month. The reduction in downlink quality from uplink thermal noise is

assumed to be equivalent to a degradation in downlink carrier-to-noise ratio

not exceeding 0.5 dB'}bfﬂ99%.6f‘the worst month. The protection ratié for co-
channel signals is taken to-be =31 dB and for adjacent-channel signals is

-15 d8.

 The spacing between adjacent frequency channeis is 19,18 MHz. 'ln'kegion 1
the channel ‘assignments were made by attcmpging to gfoup an chénne};'%adiated
within a siﬁgle antenna beam, within a frequency range of 400 MHZ. Tge spacing
between two channels feeding a common antenna were assumed to be 40 MHz or

more, to simplify satellite transmitter output circuits.

The assumed fiqure-of-merit (G/T) of é rcceéving installat}on was taken as
6 dB/K.for individual reception and 14 dB/K for comaunity receptfon. The
ﬁihimUm.dFaéEter'Qf receiving antennas should be ;ucﬁ that ghc hélprb;ér beam—
width is Z“ffor-individual reception in Regions 1 and 3, 1.8° for'ind?yidual
" reception én Region 2 and 1° for community reception }n all Regions. The
receiving antenna reference radiation patterns should conform to the cufves

presented in Section 3.7, An. 8, AP30.

The necessary bandwidths are considered to be: 27 MHz for 625-line
systems, 27 MHz for Region 3 525-line systems, and 19 and 23 MHz for 525-line
systems in Region 2. Guardbands necessary to protect services in adjacent

frequency bands are listed in the following table.
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Guardband at the Guardband at the
lower edge of the upper edge of the
Region band (11,7 GHz) band {12.2/12.5 GHz)
1 14 MHz 11 MH2z
© 12 MHz 9 MHz
3 14 MHZ 11 MHz

These values assume a maximum beam center eirp of 67 dBW for Regions 1 and
-3 and 63 dBW for Region 2, based on individual reOption; "The filter rolloff is
assumed to be 2 dB/MHz. The guardbands can be reduced 0.5 MHz per dB decrease

in eirp. - -

The BSS plan for Regions 1 and 3 has generally assumed nominal orbital
positions spaced uniformly at 6° intervals. These positions are required to be
maintainedxwith an accuracy of + 0.1° in the N-S and E~W directions khé;imum'
excursion of + 0.14° from nominal position). Furthermore, the Regions 1 and 3 -
BSS plan hgs_assumed a minimum receiving antenna e}gvatiqn,ang[e_of,{Qq:to
minimuze thg reéuired satellite eirp, although elevat{ons less than 20° will
ggnerally:be:req;ired at latitudes.above 60°f »Hinimum elevationé of'30° were

used to select orbit slots for somé mountainous areas, and minimum elevations

of 40° were used in high precipitation service areas (climatic zone 1),

Transmitting antennas have been assumed to have elliptical or ci;cdfar
cross—sections with: S = 27,843 /ab
where: . G, = numeric gain
a and b are the angles in degrees,

subtended at the satellite by the major

and minor axes of the bean cross-section

A~10 -
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The transmitting antennas are assunea to have efficiencies of 55%. The
minimum practicable half—bower transmitting antenna beamwidth has been taken to
be 0.6°. Transmitting antenna radiation diagrams must conform tn the sidelobe
envelopes specified in Section 3.13.3, An. 8, AP 30, ITU Radio Regulations.
The sate[lite antenna axis must be capable of pointing in the intended |
direction within an accuracy of 3.1°., Angular rotation of the beam must not

exceed +2°,. except in the case of circular beams using circular polarization.

The output pawer of a broadcasting satellite must not rise by more than
.25 dB relative to its nominal value, The pfd at the edge of the coverage

area for 99% of the worst month must be less than:

-103 dB'(V/mz) for individual reception in Regions 1| and 3
-105 dB (W/m?) for individual reception in Region 2

-111 dB (W/m2) for community Feception in all Regions

-The . difference between the e.rp at the beam édge and at the beam axis is

assumed'to.be‘3 dB.

CCIR Reports and Recommendations

In the ‘absence of spgcific ITU radio regulations, the CCIR litef#ture
provides valuaple data peftinent to the efficient utilization of the orbit.
Many of the Reports in Study Group 4 and Study Group 10/11 vo|;nes (Eixéd—
Satelliteiservfce and Broadcasting Services, respectively) provide gener al
useful infdr&étion. of pafticular note, however, for thi; stud? is Report 559
(S.G. 4) on the effect of modulation characteristics on the efficient use of.

the geostationary orbit in the fixed-satellite service. This report discusses
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the interference immunity of a signal as affected by the ratio of the frequency

bandwidth to the information bandwidth for both digital and analogue transmi-

ssions. Another pertinent report in this regard is Study Group 4, 9 Rgport

388-3. )

Sharing criteria for the K, band between the FSS and the BSS is provided
and discussed in Reports 560-1, 561-1, and 809. Report  455-2 on frequency
sharing between networks of the Fixed-Satellite Service documents the }élation
between cérffer—to—interference power ratio and satellite separaiioniédgle.
Report 558-1 provides sateilité antenna patterns in-the Fixed-Satellite
Service. A discussion of modulation utilized for Broadcasting-Satellite
Service is:contained in $.G. 11 Report 632-1. Report 633-1 supports.?nd
elaborat;s ;6 the 1977 WARC BS plan parameters for Regions 1 and 3...ﬁéasured
carrie;-to—interference Protection Ratios for the B8SS are contained ianeport
thhl-ahd-tﬁe BSS reference -antenna patterns are presented in detail in Report

810.
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Fixed-Satellite Systems

At present there are only two 11/14 GHz domestic satellite systems in
geostationary orbit within the U.S. visibility sector (see Figure 8-~1). Both

of these are operated by Satellite Business Systems.

A substantial numbér of new domestic satellites are proposed for launch
during.the next L or 5 years. These satellites are inten&ed to expand the
capacity of systems:néw in operatioq. to replace earlier launched satellites on
the approach of eﬁd of life and to provide new types of service in the 1580'5.
Table B-1 provide#na brief summary of these satellites. It should be noted
that this table provides a éix of FDMA and TOMA systems with most of the 12 GHz

systems planhéng to employ TDMA techniques.

Western Union is in the process of developing two Advanced WESTAR
" satellites which will have the capability of supporting four-225 Mbps data’
streams in the 12/14 GHz bands using spot beams and cross polarization

techniques.

SatelliteABusiness Systems is now proposing to expand its.system at 12/14
GH; by the {Auhch of its ''on-the-ground'" spare satellite. GTE Satelritg'
Company is proposing its}bwn fwo in—orbit satellite systems with frequency
reuse via cross polarization in the 12/14 GHz band. Southern Pacific
Coémﬁni&atibﬁs Company is prop&siné a four in-orbit satellite system Qith
hybrid opefqifqns in both the 4/6 GHz and 12/14 GHz bands.’ Finally.'Caﬁéda is
presently operating ANIK 8-1 fn both the 4/6 and 12/14 GHz bands. Figure 8-2"

shows the systems planned to be in operation by 1984,
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Figure B-1, Orbital Slots in the U.S. Visibility Sector
: As of September 1981

B~2




Table B-1

PROPOSED DOMESTIC SATELLITES

# Transponders/Bandwidth

Satellite Orbital
Network Locations 4/6 GHz 12/14 GHz Notes

.Western Union

WESTAR i1 1 12-36MHz o= Launched during 1979,
WESTAR LV, V 2 24-36MHz -
"Advanced WESTAR 2 12-36 MHz 4-225MHz Shares spacecraft

structure with TDRSS.

RCA Americom

SATCOM 1=V - S . 24=36MHz - Includes replacement of
SATCOM | and Il launched
during 1975-1976.

ATET o 3 24-36MHz - Replacements for ‘COMSTAR
: B : - D=1 through D-4.. - ‘
SBS T - 3 - . 10-43MHz Launch of on-the-ground
: : : spare now being proposed.
GTE Satellite 2 - 16~54MHz  New system.
Hughes 3 2L-36MHz - New system.
Southern Pacific 4 12-72 MHz 12=-72MHz New system.
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Broadcasting~Satellite Systems

The Broadcasting—Satellfte Service (BSS) is, in reality, a new telecom—
munication service, even though it had been defined by the !TU at least as
early as the second World Administrative Radio Conference for Space Telecommuni-
cations, held in Geneva in 1963'. Furthermore, there are presently no fully
evolved broadcasting-satellites in service anywhere in the wor id, eveﬁAgﬁdugh
the techni;al.parameters. frequency channels, and orbit_slots were plaﬁped for
Regions 1 and 3 at the World Adminis;rative Radio Conference for_broad£asting—
satellites in 19772. Systems have been studied and proposed, but only three
experimental systems have resulted in hardwaré. and this has been developmental
in naturé,,ljﬁe U.S./Canadian Commurication Technology Satellite (CTSi,énd the
Japanese Broadcésting-Satellite Experiment.(BSE) have tested BSS design
concepts. P:eviously, the United States' Advanced Technology Satéllite Program
(ﬁfS-F) ﬁad also demonstrated the feasibility of direct satqllite.teléQTéion
broadcasting; but not at K,-band.

In ITU Region 2, numerdus systems are being planned but designs cannot be

finalized until after the 1983 FRegional Administrative Radio Conference (RARC)

to be held Specifically for planning the Region 2 B8SS.

In anticipation of the results of the 1983 RARC. the Satellite Television
Corporation (STC), a division of Communications Satellite Corporation (COMSAT),

filed an application to the Federal Communications Commission (FCC} to begin a

! 1976 Radio Regulations, ITU, Geneva 1976
2 Final Acts of the WARC-BS, ITU, Geneva 1977
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pational satellité-to-home subscription television service, perhaps as early as
1985 in the eastern time zone of the United States. In responding to COMSAT's

petition, the FCC issued a3 Notice of Proposed Policy Statement and Rulemaking,

promulgating basic policies and procedures, and inviting.éomnents and addi-

tional BSS proposals, for the United States, by July 16, 1981,

Thirteen additional proposals were received by the FCC, bringing-the total
number to fourteen, including that of STC. Table B-2 sunmarizes the opergtinq
characté??stics. where they have been specified, for the fourteen pfoposed u.s.
systems, now being considered by the FCC. Several of the petitions did not
initially specify operating parameters but promised-aetailed specifications at
a later date. '

Of the systems which have defined operating paraﬁeters. all specified
effective isotropi;ally radiated powers (eirp) between 53.7 dBW aqd 65 dBw,
with most unaer 60 dBw. The transmitting.anteéna'axial gaing rangéa setweén ﬁ?
and 3§ dB}; Qith most between épprokimately 32 and 35'dBi. The méjor
differéncesbbetween the systems describe&iééacerned numbers of satellites,
arrangment of service areas and type of service. Some of thé more important
(and controversial) differences with respect to type of service were: pay or

free TV, direct broadcast to home or terrestrial retransmission, and ordinary

or high definition TV.

The controversy over subscription (pay) TV has to do with the method cf
funding - i.e. by advertisers or by userz, That controversy centen}ng on
direct satellite broadcasting versus distribution to local stations and cable

systems is closely related to the question on subscription., Furthermore, the

B-6
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Ko. of Tota) Metght ' .
Ko. of Channels Channel Downl tnk _ Antenns Satellfte Of Sateliite Satelifte Orbitatl Slot
Satellites per Bandwidth Power Aztal Galp tirp Power In Orbit Design tife (Degrees West Type of
Applicant {Spares) Satellite {miz) {w / osw) {a84) . {98v) {matts) {ibs) {Years) Longdtude} Service
Advance, Inc. - - - - . . - - - - 1.2,
€8s, Inc. W) 3 tH} 400726 n-» ,60-65 4000- an ] - 1,.4,5,7,9,10
Direct Brusdcast )
Satellite Corp. 3{1) " 22.% 200/23 o £6 4¢00 298} 1 103,123,143 1,8,9,10
focus Brosdcast » )
Satellive Corp. 34,0r 8 - - . . . - - - - 1,2.3,4.5.6,7,9,10
Graffic Scanning
Corp. (1) 2 13 300/24.7 29-32 $3.7-56.7 2000+ . - 1.1 1.2,2,10
Home Broadcast '
Television Partners 1 - - 19.7/12.9 - - - . . 110 1
Nattons) Christisn .
Netwcrk, Inc, 4 - - - - - - - - -
RCA American .
Caemunications 442) 6 i) 230/2).6 e S8 a1 415 ! - 8,9
.Setelltt; Jevelopment
Trust 4{2) 3 - 150-250,21.8-2% . - - - - 115,135,155,178 8
Satellite Teteviston :
Corp. o 442) . ) 16 185/22.7 32.3-32.). $5-60 1100 1430 ! 115,135,155,17% 1.2,5,7.9,10
Unttod States Satellite
Brusdcasting Co. - .
{Huttarg Brasdcasting, lnc.) 2(1) 6 16 2)0/23.6° . LY 4000 2300 ? 115,135 ¢ 13,869
Unitel Corp. - - - . - . - - . 100 1"t
Video Satelltte Systemy, Inc. 2 2 18 150-190/21.8-22.8 32.2-3%.2 $4.%9 1000 1200 [} 115,138 1,1,4,5,8,9
16 100120 .68 £5.5.58 - s ) 69,100 8
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Table B8-2

- {Cont inued)

1 - Direct to home (or business) .

2 -- Pay Televfsion

3 - Advertiser supported

L ~ Terrestrial retrangmissidn by broadéasters
—;Terrestrial.retransmission by cable sygtems
~ Terrestrial retransmission by LPTV stations

Electronic text services

. .

i.Leased—channel system

9 - High definition Tv

10 -~ Additional audio services
11 = Un;pecified

1 orepared from information contained in “"Good News, Bad News in DBS
Spacerush", Broadcasting July 20, 1981, Vol. 101, No. 3 and

"Fourteen Seek Direct Broadcast Rights', Aviation Week and Space Technology,
August 1C, 1981, : .
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two uses also parallel the ITU's definitions §f individual and community
reception. Probably both types of service will be required to satisfy all the
vested interests, local broadcast stations, cable TV services, associations of
broadeasters. etc.; as well as to serve those homes which have no TV service

(or only one channel),

Many of the applicants have proposed experiments w{th high definition TV,
(HDTV), offering:highgr quality picturcs for very lérge screens. Probably some
type of HDTV will be provided evén though the RF bandwidth required ig
considerably hiéhcr. The optimum RF bandgidth for HDTV has not been determined
absolutely but could be as.high aS 72-100 MHz instead of the more normal 16

MHz.
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