NASA CR 135224

, N79-12273
[NASA-CR-135221) couHUNICATio§ng§%T§gs .
PECHNOLOGY ASSESSMENT STUDY. 2:
Unclas

PESULTS Final Report (Fairgt;iéigFSEgE:
%2 B HC- ¢sCL 17B 63/32 39417

Flectronics Co.}

\ S e —

g, e e e

COMMUNICATIONS SYSTEMS

TECHNOLOGY ASSESSMENT STUDY,
VOLUME Il RESULTS

by R. L. Kelley, R. K. Khatri, J. D. Kiesling and J. A. Weiss

FAIRCHILD SPACE AND ELECTRONICS COMPANY
GERMANTOWN, MARYLAND

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

REPRODUGED BY :'.

NATIONAL TECHNICAL |
INFORMATION SERVICE |

U. 3. DEPARTMENT OF COMMERCE i
_. _SPRINGFIELD VA2261 |

NASA LEWIS RESEARCH CENTER
Contract NAS 3-20364




NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED:
FROM THE BEST COPY FURNISHED US BY
THE SPONSORING AGENCY., ALTHOUGH IT
IS RECOGNIZED THAT CERTAIN PORTIONS
ARE ILLEGIBLE, IT IS BEING RELEASED:
IN THE INTEREST OF MAKING AVAILABLE

AS MUCH INFORMATION AS POSSIBLE.



NASA CR 135224

COMMUNICATIONS SYSTEMS
TECHNOLOGY ASSESSMENT STUDY,
VOLUME H RESULTS

by R. L. Kelley, R. K. Khatri, J. D Kiesling and J. A. Weiss

FAIRCHILD SPACE AND ELECTRONICS COMPANY
GERMANTOWN, MARYLAND

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA LEWIS RESEARCH CENTER
Contract NAS 3-20384



1 Report No 2 Government Accession No 3 Recipient's Catalog No
CR 135224

4 Title and Subtitie
COMMUNICATIONS SYSTEMS TECHNOLOGY

ASSESSMENT STUDY, VOLUME II RESULTS

& HReport Dage
Qctoper 1977

6 Perforrmung Orgamzaton Code

7 Author(s} 8 Performung Organizauon Repart No

R.L. KEL1EY, R.K KHATHI, J D KIESLING ANDJ A WEISS

10 Work Umit No

9 Pertorming Organizanion Name and Address
Farchild 8pace and Electronics Company

Century Boulevayd IlT Q(éogt:e)c::éaog;jrzn: Mo
Germantown, Maryland 20767 B =

13 Type of Report and Penad Coversd

12 Sponsoring Agency Name and Address Contractor Report
National Aeronaufics and Space Admmastration P

Lew:s Research Center
Cleveland, Ohio 44135

14 Soonsaring Agency Code

15 Supplementary Notes
Project Manager, David I.. Wright, Head, Apphecations Sysiems Sechion,
NASA Tewis Regearch Center, Cleveland, Ohio

1§ Abstract
Thig study examines the cost and technology characterishics for providing special sareilite services at

UHF, 2.5 GHz, ard 14/12 GHz. The services are primarily health, educational, ipformational and emergency/
diagter type services ‘The total cost of each configuration including space segment, earth stabion, installation,
operafion and maintenance 13 ophimized to reduce the uger's toral annual ecost and establisn the preferred equip-
ment performance parameters Technology expected to be available between now and 1985 13 1dentified and
coinparisons made between selected alternahves. A key element of the study 15 a survey of earth station eguup-
ment updating past work 1n the field, providing new insight 1nto technology, and evaluating produchion ard test
methods that can reduce costs 1n large production runs, Varocus gatelhte configurations are examined. The
cost impact of rain attenuation at Ku-band 13 evaluated. The factors affecting the ulfimate capacify achievzble
with the available orbital are and available bandwidth are analyzed. Volume I1s an Executive Summary,
Volume I provides overview of Results and Volume IOI contains Appendices gaving detarled analyses and dara.

17 Key Words {Suggested by Author(s)) 18 Cistribution Statement
Space, Commumecations, Techuology, Cosis,
Benefits, Public Service, Teleconfererneing, Uneclassified ~ Unhruted

Edueational TV, Small Aperture Earth Stations

21 No of Pages 22 °nce”
350

9 Secunty Classif {ot this report) 20 Security Classif (of this page)
Tnclassified Unclagsified

" For sale by ifie Nztional Technecal Intermation Service Springfield Vweginia 22161

NASA-C-168 (Rev 10-75)



FORWARD

The information provided herein benefited from the coniributions of a considerable
group of people within the Fairchild Space and Electronics Company. In particular,
the authors would like to acknowledge the RF technolog‘y survey by J. Feinstein,

the modem/baseband technology survey by C. Conabee, the Ku-~-band propagation

analysis by F. El-Mokadem, programming by F. Gorsen and program exercising/

data analysis by D. Walton.

1ii



SECTION 1

SECTION 2

.

PNNNNNNM
Q0 =3 v U = 00 bD g

SECTION 3

@ 0 0 00 0 0 0o
~1 O Ul O DD

SECTION 4

tP-lP-:F-
LW o 4

SECTION &

W N o=

TABLE OF CONTENTS

TITLE

Introduction and Summary

Introduction
Methodology
Summary of Resulfs
Observations
Report Organization

Service Definition

Introduction

Capabilities of the Fixed Services

Broadecast Services Capabilities

Land Mobile Service Capabilities

Fixed Services Configuration/Characteristics _
Broadcast Services Configuration/Characteristics
The Land Mobile Satellite Service

Propagation Effects

Tradeciis, Interactive Services

Introduction

Average Annual Cost vs Percent Ku-Band Link Outage
System Performance/Cost Tradeoffs

Ku-Band System Optimization Algerithm

Earth Station Tradeoffs/Optimization Algorithm
Earth Station Characterigtics Summary

Satellife Characteristics

Tradeoffs, Broadeast Services

Introduction
Average Annual Cost Vs, Percent Ku~band Link Outage
System Performance/Cost Tradeoffs

Orbit Capacity Considerations
Tntroduction

General Considerations
Results and Tradeoffs

IS

PAGE

. A

15
7

19

is
20
22
23
24
32
42
66

71
79
86
156
169
179
138

260
211
216

274
295
279



SECTICN 6

RO m
He G0 DD

TABLE OF CONTENTS (Cont'd)

TITLE

Technology Impact (to 1985)

Introduction

Earth Station Technology
Satellite Technology
System Technology

‘I’

PAGE

327
327
332
335



FIGURE
Section 1

Section 2

l?ﬁi\')ll\')l.\b

i
00 =1 G O = Lo D)

l

NL?DL\D

LIST OF FIGURES

TITLE

Introduction and Summary
Service Definition

Transmit/Receive Terminal (Interactive Point-to-Point TV)
Interactive Compressed TV

Interactive Audio/Facsimile Teleconferencing

Interactive (Two-Way) Multiplexer Voice and Data

Receive Terminal (Broadcast Slow Motion TV for Local User)
Broadecast TV Direct to User

TV Receiver Audio/Video VHF Remodulation Block Diagram
Receiver Terminal (Broadeast FM Voice/Music for Local
Retransmission

Receive Terminal (Broadcast Slow Motion TV for Local Use)
Recewve Terminal (Broadcast Radio (Voice/Music)(Director Use)
Multi-~Access Mobile Radio System

Block Diagram of the Terrestrial Mobile Radio Communication
System

Signaling Sequence for Exchange-Originated Calls

Signaling Sequence for User Originated Calls

Input Vs. Ouiput Power and Input Power Vs. Ouitput Carrier to
Intermodulation Noise Power for a Typical Telecommunications
TWT (Minimum and Maximum Values over a 36 Mz Band)
Communication Re-routing Terminal for the Land Mobile
Satellite System

Tradeoffs, Interactive Services

Annual Cost Vg, Ku-band Link Outage (1 Beam Safellite,

36 MHz Bandwidth, 100 Terminals){Compressed Bandwidth
TV /Facsimile)

Annual Cost Vs. Ku-band Link Qutage (¢ Beam Satellite,

36 MHz Bandwidth, 100 Termunals) (Compressed Bandwidth
TV /Facsimile)

Average Annual Cost Vs. Ku~band Link Oufage (1 Beam, 10
Terminal, 15.68 MHz Bandwidth) (Voice/Facsimile)
Satellite Power and Capacity Requirements (4 Beam, Ku-band
Satellite, 0.25% Link Outage) (Point-to-Point TV)

Maximum Satellite Power Levels without Co-ordination
{Ku-bhand)

Annual Cost Vs. Network Size (4 Beam Ku-band Satellite,
0.20% Outaze) (Point-to~-Poiat TV)

3

vi

PAGE

27
29
31
33
35
36
38

39
41
43
44
46

47
53

56

81

32

33
89

91



Figure

3-10
3=-11

3-12

3-13
3-14

3-15
3-16

3=-17
3-18
3-19
3-20
3-21

3~22
3-23
3-24
3-25
326
3-27
3-28
3~29
3-30
3-31
3~-32

LIST OF FIGURES (cont'd)

Title

Satellite Power and Capacity Requirements (Ku-Band,

1 Beam, 0.20% Link Outage, 36 MHz) (Canpressed Bandwidth
TV/Facsimile)

Annual Cost V8. Network Size (1 Beam Ku-Band Satellite,

36 MHz Bandwidth) (Compressed Bandwidth TV/Facsimile)
Satellite Power and Capacity Requirements (Ku-Band, 1 Beam,
0.20% Link Outage, 15,68 MHz)

Average Annual Cost/Terminal vs. Network Size (Ku-Band,

1 Beam Satellite, 15.68 MHz, 0.20% Link Qutage)

Satellite Power and Capacity Requirements (Ku-Band, 4 Beam,
0.20% Link Qutage, 27,2 MHz) (Multichannel Voice/Dafa)
Average Anmal Cost/Terminal vs. Number of Terminals Served
(Ku-Band, 4 Beam, Satellite, 27,2 MHz Bandwidth, 0,20% Link
Qutage) (Multichannel Vorce/Data)

Satellite Power and Capacity Requirements (Ku-Band, 4 Beam,
0.20% Link Outage, 40.12 Mbps)

Average Annual Cost/Terminal vs. Network Size (Ku-Band, 40.12
Mbps Burst Rate, 0.20% Liok Qutage)

Mobile Radio Receiver PLus Antenna Cost vs. Mobile Radio G/T
Ground Termnnal Cost Vs, G/T Vs, EIRP Eg) (Ku-Band, Non-
Redundant, 100 Units Procured)

Ground Terminal Cost Vs, EIRP (Eg) (Ku-Band Redundant, 100
units Procured)

Ground Terminal Cost vs, G/T vs. EIRP (Eg) (Ku-Band, Non-
Redundant, 10° Unmits Procured)

Ku~-Band Receiver System Cost (1976) vs. Receive System Noisa
Temperature

S~Band Receiver System Cost {19768) Vs, Receiver System Noise
Temperature

UHF Band Receiver System Cost {(1976) vs, Receive System Noise
Temperature

Ku-Band Power Amplifier Sysiem Cost {(1976) vs, Output Power
Ku-Band Anferma System Cost (1976) vs. System Diameter
S-Band Antenna ystem Cost (1976) Vs, Antenna Diameter

UHF Band Antenng ystem Cost (1976) vs, Antenna Diameter
Present Technology Broadcast Transponder Arrangemert
Satellite Channel Cost Vs. Power (Ku-Band, 1 Beam, Broadcast
Satellite Channel Vs, Power (Ku-Band, 4 Be ams, Broadcast)
Satellite Channel Cost Vs, Power (S-Band, 1 Beam, Broadcast)
Satellite Channel Cost Vs. Power (3-Band, 4 Beams, Broadcast)
Satellite Channel Cost Vs, Power (UHF, 1 Beam, Broadcasf)
Satellite Channel Cost Vs, Power (UHF, 4 Beam, Broadcsgst)

vii

101

103

111

113

122

130

131

142
171

172

173

181

182

183

184
185
188
187
189
184
195
196
197
198
199



TABLE

LIST OF FIGURES

TITLE

SECTION 4 - Tradeoffs, Broadecast Servicas

4-1

4-18
4-19

4-20

Arnnual Cost Versus Ku-Band Link Cufage (1 Beam Satellite)
(TV for Refransmission)

Annual Cost vs, Ku-Band Link Outage (4 Beam Satellite) (TV for
Retransmission)

Average Annual Cost vs Ku~Band Link Outage {1 Beam Satellite)
{Compressed Bandwidth TV)

Average Anmual Cost/Terminal vs. Probability of Downlink Outage

(Ku-Band, 1 Beam Satellite) (FM Voice/Music Direct to User)
Satellite Power and Capacity Requirements (Ku-Band, 4 Beam
Satellite .1% Outage) (TV Distribution)

Anmal Cost vs. Network Size & Frequency Band (Shuttle A/C,
4 Beam Satellite) (TV Distribution)

Ground Terminal Requirements (Ku~Band, ,1% Link Outage, 4 Beam

Shuttle A/C) (TV _Distribution) ___ _
Satellite Power and Capacity Requirements (4 Beam Ku-band
Satellite, 0.1% Link Outage) (TV Broadecast)
Annual Cost Vs. Network Size and Frequency Band
(¢ Beam Satellite) (TV Broadcast)
Ground Terminal Requirements (S-band; 4 Beam Satellite)
(TV Broadecast)
Satellite Power and Capacity Requrements (Ku~band, 4 Beam,

1% Tank Outage) (Radio Distribution)
Average Annual Cost/Terminal Vs. Network Size and Frequency
Band {4 Beam Satellite)
Ground Terminal Requirements (Ku-Band, 4 Beam, .1% Link
Cutage) (Radio Distribution)
Satellite Power and Capacity Requirements (Ku-Band, 4 Beams,
1% Link Outage) (Compressed TV Distribution)
Power Density Spectrum for 6 Msps Signal
Average Annual Cost Versus Network Size and Frequency Band
(4 Beam Satellife) (Compressed TV Distribution)
Ground Terminal Requirements (Ku-Band, 4 Beam Satellite,

1% Link Outage) (Compressed TV Distribution)

Satelhte Power and Capacity Recuirements (Ku-Band, 4 Beams,
+1% Link Outage, 2 MHz) (Radio Broadeast)
Average Annual Cost/Terminal vs. Number of Terminals Served
(4 Beam Satellite, 2 MHz) (Radio Broadcast)
Ground Terminal Requirements vs., Number of Terminals Served

(Ku-Band, 4 Beam, 0.1% IankOutage, 2 MHz Sat, Chan. BW)
(Radioc Broadecast)

vii

PAGE

212



Table

LIST OF FIGURES (Cont'd)

Title

SECTION 5 ~ Orbit Capacity Considerations

[
ol sl

c.lncnc[nmcn
joi =t jet
Mo

Cl“ w
|
Ll
=

o
1
|-t
[92]

[
i
ity
o

K-Band Broadcast Voice Capacity (Conus) Sidelobe Model #1 and
#3, Satellite EIRP = 57.5 dBw

K-Band Broadcast Voice Capacity {Conus) Sidelobe Model Case =2,
Satellite EIRP = 57.5 dBw

K-Band Broadcast TV Capacity SAT EIRP = 57.5 dBw

K-Band Data Capacity, Conus SAT: EIRP = 57.5 dBw

Comparative Voice Capacifty with FCC and CCIR Sidelcbes Band-K;
SAT EIRP = 47,5 dBw

Comparative FM~TV Canpaciry with FCC and CCIR Sidelobes; Band-X;
SAT EIRP = 47,5 dBw

Comparative Data Capacity with FCC and CCIR Sidelobes; Band-X;
SAT FIRP =47.5 dBw

SS~TDMA Capacity for Various Receive Antennas

Orbit Spectrum Utilization (Voice), Rec: Dia. = %.1m

Orbit - Spectrum Utilization (FM-TV) Rec: Dig. =9.1m

Orbit - Specirum Utilization (Voice) Rec: Dia. = 4.6m

Orbit -~ Spectrum Utilization (FM-TV) Rec: Dia, = 4.6m
Orbit-Spectrum Uiilization

Effect of Fading/Power Control in Interference Environment on
Voice Capacity - (Up and Deownlink Fading)

Effect of Fading/Power Control in Interference Environment on
FM-TV Capacity (Up and Downlink Fading)

Effect of Fading/Power Control in Interferernce Environment on
Data Capacity - (Up and Downlink Fading)

Effect of Fading/Power Control in Inferference Environment on
Voice Capacity ~ (Uplink Fading)

Effect of Fading/Power Control in Interference Environment on
FM TV Capacity (Uplink Fading)

Effect of Fading/Power Control in Interference Environment on
Data Capacity ~ (Uplink Fading)
Effect of Fading/Power Control in Interference Environment on

. Voice Capacity - (Downlink Fading)

Effect of Fading/Power Control in Interference Environment on
FM TV Capacity (Downlink Fading)
Effect of Fading/Power Control in Interference Environment on
Data Capacity ~ (Downlink Fading)

SECTION 8 - Technology Impact (to 1985)

6-1

Block Diagram of SCPC Digital Channel Unit

ix

282
233
28+

285

299

300

301

co
]
<@



Table

VOLUME I

SECTION 2

2-1

2-3
SECTION 3
3-1
3~2

3-3

3-4

3-10

3-11

3-12

3-13

3-14

LIST OF TABLES

Title

The Capacity of the Land Mobtile Satellite Communication
Service for the Various Satellite Antenna Alternatives
Counsidered in this Study

The Required Number of Voice Channels (or trunks) for
the Land mobile Satellite System Satellite Antenna
Alternatives

Typical Rain Attenuation Effects

Summary Optimized System Annual Cost/Configuration

Potential Cost Reducing Factors/Innovations

Basic Ku-Band System Options Subjected to Satellite/

Ground Complex Tradeoffs,

Average Annual Cost/Terminal vs. Number Beams/

Satellite (Ku-Band 10 Terminals) (Point~to~Point TV)

Eounds on Ground Terminal Parameters (Ku-Band,

4 Beam Satellite, 0.20% Outage) 10> Terminals) (Point-to-Point TV)
Breakdown of Total Average Annual Cost/Terminal (Ku-band,

4 Beam Satellite, 0.20% Outage, 10° Terminals) (Point-to-Point TV)
Average Annual Cost vs. Satellite Transponder Bandwidth
(Ku-Band, 0.20% Outage) (Compressed Bandwidth TV/Facsimile)
Average Annual Cost Per Terminal Vs. Number of Beams

Per Satellite (Ku-Band Satellite, 102 Terminals, 36 MHz
Bandwidth) (Compressed Bandwidth TV/Facsimile)

Bounds on Ground Terminal Parameters (Ku-Band, 1 Beam
Satellite, 0.20% Outage, 102 Terminals, 36 MHz Bandwidth)
(Compressed Bandwidth/TV Facsimile)

Breakdown of Total Average Annual Cost/Terminal (Ku-band
System, 1 Beam Satellite, 102 Terminals, 36 MHz Bandwidth
(Compressed Bandwidth/TV Facsimilej

Average Annual Cost Per Terminal Vs. Satellite Transponder
Bandwidth (Ku-Band Satellite, 0.20% Link Qutage) (Voice/Facsimile)
Average Annual Cost Per Terminal vs. Number of Beams

Per Satellite, (Ku~-Band Satellite, 0,20% Link Outage,

15.68 MHz Bandwidth) (Voice/Facsimile)

Bound on Ground Terminal Parameters (Ku-Band, 1 Beam

Sat., 0.20% Outage, 15,68 MHz Beamwidth} (Voice/Facsimile)
Breakdown of Total Average Annual Cost/Terminal (Ku~Band

1 Beam Satellite 0.20% Link O tage, 15.68 MHz Bandw:dth)
(Audio/Fax Teleconferencing Voice/Facsimile)

52

70

72
75

T

87

94

95

98

100

104

106

108

1310

114

116



3-18

3-19

3-20

[
D

;
W R o

La

]
]

L GO Lo WL Lo W
i

1
[l
GO B D W o~

do
-

3
3

1 1
Lo oo
o241 ]

w
1
[
=]

1
= 00 L2
O W0 o

¢ o o Ca
1

1
i
[y

LIST OF TABLES (cont'd)

Titie

Average Amnual Cost/Terminal Vs. Satellite Transponder

Bandwidth (Ku-Band, 0.20% Link Outage) (Multichannel Voice/Data)

Average Annual Cost/Terminal vs, Number of Beams/Satellite

{(Ku-band, 10% Terminal, 27.2 MHz) (Multichannel Voice/Data)

Bounds on Ground Terminal Parameters (Ku~Band, < Beam
Satellite, 0.20% Outage, 10 Terminals, 27.2 MHz)
(Multichannel Voice/Data)

Breakdown of Total Average Annual Cost/Terminal (Ku-Band
4 Beam Satellite, 0. 20% Link Outage, 10° Term, 27.2 MHz)
{(Multichannel Voice/Data)

Average Apnual Cost per Terminal vs, Satellite Transponder
Burst Rate (Ku-Band, 0.20% Outage) (Multichannel Votce/Data)
Average Annual Cost per Terminal Vs, Number of Bea ms per
Satellite (Ku-Band Satellite, 40.12 Mbps Burst Rate)
(Vorce/Facsimile, TDMA)

Bounds on Ground, Terminal Parameters (Ku-Band, Shuttle A/C,

Page

118

118

129

133

0. 20% Outage, 10~ Termunals, 40.12 Mbps) (Voice/Facsimile, TDMA)

Breakdown of Total Average Annual Cost/Terminal (Ku-Band
Shuttle A/C, 0.20% Tink Outage, 40.12 Mbps Burst Rate, 10%
Terminals) (Voice/Facsimile, TDMA) .

Useful Spacecraft EIRP/CH

Mobile Radio G/T Required to Provide 1¢ dB Downlink C/N
Required Mobile Radio EIRPs for Compatibility with
Spacecraft Antenna Options

Cost/Dominating Characteristics of the Mobile Radio
Antennas

Cost of the Mobile Radios

Mobile Radio Costs/Year (In Dollars)

Mobile Radie Costs/Year (In Dollars)

Annual Ku-Band Terminal Costs vs. Number of System Users
Useful UHF Power for Land Mobile Service

Anmual Space Segment Cost/User vs. Number of Users
Anmual Operating Cost Associated with the Land Mobile
Satellite System

Annual Land Mobile Operating Cost Per User vs. the
Number of System Users

The Anmual Terreserial Tail Cost Per User in the System
Anmual Cost/User of the Land Mobile Satellite System vs.
the Number of System Users

Annual Cost/User vs. No. of System Users (A-22dB/°K

G/T Mobile Radio is used)

Service Related Performance/Cost Parameter Selections
Satelite Antenna Gains { Xu-DBand)

Link Margin My)) vs. Outage for 14 GHz Uplink

Link Margins (M ) vs. Ouiage for 12 GHz Downlink

X1

135

136
137
139

=t
H=
Lol

138
113
144
16
147
118
119

150

152
153

(]
cAa
[W]]

el
o
IO ]

[
Gy o>
T



Table

3-42
3-43

344
3—45
3-46
3-47
3-48
SECTION <

4-1
4-2

LIST OF TABLES (cont'd)

Title

Ground Complex/Satellite Channel Access Pairing

Optimum Ground Terminal Configuration vs, Performance
{Ku-~Band, Nonredundant Transmit/Receive, 10 Terminals)
Variation in Ground Terminal Configuration with Redundancy
(Ku-Band, Eg = 68,3 dBW, 10 Terminals)

Variation in Ground Terminal Configurations with Increased
Production (Ku-Band, Nonredundant Transmit/Receive, Eg =
68.3 dBW)

Launch Vehicle and Satellite Cost Data

Annual Space Segment Costs

Useful UHF Power for Land Mobile Service

Summary Optimized Systems Annual Cost and Configurations

Minimum Ku-Band Terminal Configurations

S-Band System Parameters at Flux Density Limit

Basic System Options Subjected to Satellite/Ground Complex
Tradeoffs

Performance Bounds on Component Curves Used to Generate
G/T vs Cost Curve

Service Related Performance Cost Parameter Selections

S-Band and UHF Marg:m Requirements

S-Band and UHF Satellite Downlink Antenna Gain

Ground Complex and Satellite Channel Access Pairing

Average Annual Cost/Terminal vs Number of Beams/Satellite
(Ku~Band Satellite) (T'V Distribution

Bounds on Ground Terminal G/T, Receiver Temperature and
Antenna Diameter (¢ Beam Satellite) (TV Distribution)

Breakdown of Total Average Annual Cost/Terminal (4 Beam
Satellite) {TV Distribution)

Average Annual Cost (Terminal vs Number Beams/Satellite)
(Ku-Band System) (TV Broadcast)

Ku~-Band/S-Band Cost Comparison with Flux Density Limits
Imposed

Bounds on Ground Termunal Receiver Temperature and
Antenna Diameter (TV Broadecast)

Breakdown of Total Average Annual Cost/Terminal

(TV Broadcast)

Average Annual Cost Vs. Bandwidth (Ku-band, 1 & 4 Beam

Satellites, 0.1% Link Qutage) (Radio Distribution)

Bandwidth Selections for FM Voice/Music for Retransmission

Average Annual Cost/Termina Vs. Number of Beams/

Satellite (Ku-band Satellite)(Radio Distribution)

Ku-band/S-band Cost Comparison with Flux Density Limits

Page

163
174

176
177
191

192
192

201
203
204
207
208
202
210
210
210
217
224
226
228

231

236
228

239
240



LIST OF TABLES (Cont'd)

Table Title
i-21 Bounds on Ground Termunal G/T, Receiver Temperature, and

Anfenna Diameter (4 Beam Satellit } (Radio Distribution

1-22 Breakdown of Total Average Annual Cost/Terminal (4 Beam
Satellite) (Racho Distribution)
4-23 Average Annual Cost/Terminal vs Bandwidth (Ku-~Band
Satellite, .1% Link Outage) (Compressed TV Distribution)
4-24 Bandwidth Selections for Compressed Bandwidth TV
4-25 Average Annmual Cost/Terminal vs Number of Beams/Satellite
. (Ku-Band Satellite) (Compressed TV Distribution)
4-26 Bounds on Ground Termina G/T, Receiver Temperature,
and Antenna Diameter (¢ Beam Satellite (Compressed TV
Distribution)
4-27 Total Average Annual Cost Per Terminal (+ Beam Satellite)
(Compressed TV Distribution)
4-2 Average Annual Cost vs Bandwidth (Ku-Band Satellite, 1%
Link Outage) (Radio Broadcast)
1-29 Average Annual Cost/Terminal vs Number of Beams/Satelliie
(Ku-Band Satellite) (Compressed TV Distribution)
130 Ku-Band/S-Band Cost Comparison with Flux Densitfy Limits
Imposed (Radic Broadecast)
1-21 Breakdown of Total Average Annual Cost/Terminal

{Radio Broadcast)

5-1 Cases Represeniing Antennz Sidelobe Models Used for Ground
Termunzl and Satellite Antennas

Capacity Desceriptors

RF Band, Polarizationad Satellite Arrangements

RF Band/Polarization Arrangement

E-Band Broadcast Communication Capacity

K-Band Broadcast Communication Capacity

K-Band Broadcast Communication Capacity

K-PBand Broadeast Communication Capacity

S-Band Broadcast Communication Capacity

S~Band Broadcast Communication Capacity

8-Band Broadcast Commumication Capacity

w
)

A
[>T S YIRY PO J1. T - I ]

a0
TE

1
oo

U1clnr.ncl.nmu:cncn
7o) -1

|
ey
jour)

5-11 K-Band Fixed Service Communication Capacity
5-12 K-Band Fixed Service Communication Capacity
5-13 K-Band Fixed Service Communication Capacity
5-14 S-Band Fixed Service Communication Capacity
5-15 S-Band Fixed Service Communication Camcity
5-16 S-Band Fixed Service Communication Capacity
53-17 Multicarrier Fixed Service Communications Capacity
5-18 Multicarrier Fixed Service Communications Capacity
2~19 Multicarrier Fixed Service Communications Capacity

xlii

N

© =

(o)
o

GO GO LY LD L LI
urgr i St
TR S R

V]

et
[=7]



SECTION I

INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

A, OBJECTIVES

The Communications Satellite Technology Assessment Study 18 an examina-
tion of cost and technology characteristics involved in the provision of special satellite ser~
vices 1n the UHF, 2,5 (GHz and 14/12 GHz frequency band, These services are intended to
expand U.S, communication satellite activities which presently emphasize long haul carrier
type services (leased lines for various data, TV and audio distribution, and high speed pre-
assigned data) to service more in the public interest. Consequently, emphasis in this study
15 on services to users in both thinly populated rural areas and urban areas, both lacking
access fo cost effective flexable communpication facilifies., These communicarions services
relate to health, educational, and informational services and to expanded emergency and
disaster services, These services are either services not now provided by the satellite
carriers or are services which are not prevalent in existing carrier systems for one rea-
son or ancther, Concommitantly various new system configurarions and technology are
examined with the intention of minimizing potential costs and improving utility and cost
effectiveness.

The services are divided into three generic categories: The first category
is satellite broadcasting, consisting of TV broadcasting (¢, 2MHz video baseband) and 63Ibps
compressed video, radio broadcasting ( 8 KHz baseband), TV distribution (or rediffusion)
and radio distribution (or rediffusion). All have receive-only earth stations. A second cate-
gory of services having both receive and transmit capability involve teleconferencing using
TV (4.2 MHz baseband), or compressed TV (6Mbps), or combined audio/facsimile and multi~
channel voice and data for point to point service, Teleconferencing is not limited to commer-
cial application but also has applications in education (interactive educational seminars) and
medicine (interactive diagnostic services). The multichannel voice/data service is a thin-
route telephone and data service intended for so-called unattended ""roof top! installations.
A third generic service is a satellite-based land mohile service (e.g., commumcations be-
tween moving vehicles such as cars, trucks, buses and trains and fixed earth stations,)
Applications involve emergency, disaster and security services as well as communications
with private or public vehicles,

The total service cost of each user configuration including space segment,
earth station, installation, operation and mainienance cosis is optimized to reduce the user’s
total annual cost and otherwise to optimize service performance, Technology, expecied to
be available between now and 1985 is identified for the various user service configurations
and comparisons made of selected aliernatives. The net result is an imphcit statement of



the utility of each service measured by a representative total annual cost each user will

have to pay. While costs are minimized based on desired performance, available technology,
and optimal system configurations further reductions are also possible through the innovative
application of advanced technology. Consequently, the study is a logical extension of the ATS
series of experimental satellites and U.S./Canadian sponsored CTS experimental satellite
in which technical feasibility has been demonstrated and useful operational characteristics
wdentified. With the total user cost identified, it is now possible to assess both the value and
cost of each sexrvice potential users.,

A key element of the study consists of a survey of earth station equipment
at UHF (620~-790 MHz), S-Band (2500 MHz), and Ku-Band (14/12 GHz), updating past work
i the field, providing new insight into the available earth station technology through 1285,
and evaluating production, including large scale integration, (LSI), and test methods that
can reduce costs 1n large production runs. The latter is a key element in providing low
cost services. Various saiellite configurations based on six launch vehiecles ranging from
the Delta 2914 to a Dedicated Shuttle launch are examined with regard to spacecraft and
communications configurations in order to minimize service costs, identify optimal satellite
characteristics (such as transponder power and the utility of various antenna coverage patterns)
and indicate the benefits of the "economy of scale''. Satellite costs are based on the agsumption
of a carrier-owned system in which the total space segment charges depreciate all capital,
reco er all expenses and provide a fair return on investment, Thus, these charges should be
similar to those actually charged in the future for satellite services. Various system arrange-
ments are examined to reduce cost or optimize performance. For example, comparisons
are made between frequency division multiple access, (FDMA) and time division multiple
access (TDMA), for a teleconferencing configuration, and between U.S. coverage and time
zone coverage satellite antenna beams.

Propagation at Ku-Band is attenuated by heavy rain which affects service
availability, This study updates previous work in this area, and predicts attenuation
characteristics for various locations within the continental U, S. and selected locations in
Alaska and Hawaii, The satellite location chosen to provide Alaska communications re-
duces earth station antenna elevation on the eastern seaboard with resultant degradation
in system availability, Nevertheless high quality, cost effective service 1s still feasible,
particularly if the signal characteristics are well designed,

It turns out that the three frequency bands (UHF, S-Band and Ku-Band)
each have their unique properties with regard to each of he ser ices and to the various
technical alternatives such as single or multibeam anvennas, wideband or narrow band
transmission, satellite transponder power, earth station G/T and modulation and multiple
access techniques., Some services favor one frequency band, other services another,
Much has been previously reported on this issue. This study attempts to evaluate the
service requirements in terms of the peculiar or unique characteristics of each frequency
band. While cost and performance are important 1n these evaluations other factors also
appear, Regulations Limit satellite flux density and antenna sidelobe levels and in some
cases, orbital positions. No UHF allocation is presently available so that even if services
are attractive, considerable uncertainty concerning ultimate feasibility must be extant
pending resolution of regulation matters. In the study, performance is determined inde-
pendent of the regulation limits, however, where applicable these limifs are identified so
the reader may evaluate the impact of a regulation on a potential service.



Some of the services do not now exist so that this study cannot be complete
without recommendations concerning the utility of each service, the research and tech-
nology needed, and general system configuration and user population necessary to achieve
Javorable cost characteristics, Once these factors are undersiood potential users can
plan their operational systems in order to attain the desirable cost and performance goals.
For example TV broadcasting for entertainment purposes {assuming for the moment it is
found to be a desirable service) is not practical unless millions of users can be identified
and a method found io finance a large and expensive satellite,

This study also includes an examination of the factors affecting the ultimate
capacity achievable with the available orbital arc and available bandwidth. Techmcal char-
acteristies involve satellite and earth station antenna sidelobe characteristics, various
signals including single carrier per transponder FDM~FM and FM-TV for both broadesst
and distribution, single carrier per fransponder PSK and muliiple earriers per transpoander.
In addition, Ku-Band systems experiencing fading either on the uplink or downlink are eval-
uated, Various methods are considered to reduce the efiect of fading due to precipitation
attenuation and these methods are evaluated with regard to umpact on orbit utilization.

Firally, to determine potential areas where cost and performance improve-
ments can have a significant tmpact, various sensitivity analyses are carried out, Both
satellite and ground terminal cost and performance are changed nominally ~ 10dB and
system costs and optumum configurations are then reevaluated, Areas demonstrating cost

sensitivity help identify potential innovations which can improve service and cost effective-
ness,

B. BACKGROUND

Extenzive evaluations of diverse services and techuology are beitng carried
cut 1a the ATS (at UHF, S-Band and C-Band) programs and Ln the joint U.S./Canadian CTS
programs {at Ku-Band), These programs have provided valuable insight and background
into non-carrier type services which are of keen interest to many users and nser communities.
Many demonstrations of one way and two way TV and voice and teleconferencing for interactive
exchanges and computer-computer interaction give evidence of great tnterest 1n services of
this type and the general technical and performance characteristics needed. Previous studies,
particularly the Stanford University study () dated QOctober 1972, provided much valuahle data
on earth station equipment and cost characteristics which served as a starting point for simi-
lar inquiries in thi1s study. Also a Voice from Space (2, previous study on radio broad-
casting, provided measured data on UHF man-made noise and on the characteristics of UHY
transmitters. Previous siudies, together with the results of this study, provide a clear
picture of technical and cost characteristics so that potential users can evaluate the utility
and cost effectiveness of services of interest and express these interests to system planners,
Hopefully sufficient knowledge and understanding is now available so that the planners can move
forward toward operational systems of the proper characteristics so that the desired services
may be economically provided in the public interest,




C. LIMITATIONS

The methods used herein to define service characteristics, (sighal-to-
noise, bandwidth, availability, etc.), equipment ¢osts, including space segment charges
and predictions of technology out of 1985 can only be regarded as approximate and tentative ,
- A1l costs are in terms of 1976 dollars to rémo¥e the uncertainties of inflation. However,
earth terminal technology changes and more important, industry production costs depend
critically on demands for equipment and fo a lesser extent on production technology. The
same 1s true with regard to the space segment. While space segment charges used in the
study appear reasonable by current practices and the \mpact of the shuttle has been taken
into account, space charges can vary widely. In fact this study shows a broad range of
total system costs depending on separate aggregate traffic supported by the satellite. Tn

short, while every reasonable attempt has been made to develop representative costs and per-
formance and anticipate technological impact, the fact remains that we do not know who

will build future earth stations or satellites, and when and under what competitive cir-
cumstances and with what political or regulatory limitations. Some uncertainties must

be recognized and accepted. We do contend that the cost and performance methods chosen
here are mutually consistent and representative on an absolute scale.

1,2 METHODOLOGY

A, FORMULA TION

The starting point for this study is a definition of specific user services
listed in the foregoing introduction. They consist of:

Two Way Services

. TV (4.2 MHz baseband) Teleconferencing
. Compressed TV (6NMbps) Teleconferencing
° Audio/Facsimile Teleconferencing

® Multiplexed Data anl Voice

e Land Mobile Service

One Way Services

] TV broadcasting (4. 2 MHz baseb_and} diregct to user

. Radio broadcasting ( 8 KHz baseband) direct to user

[ TV distribution (4.2 MHz baseband) - e.g. rediffusion
® TV distribution (compressed 6Mbps) - e.g. rediffusion

) Radio distribution (15 KHz baseband) - e.g. rediffusion



B. APPROACH

For each of these services a comvendwum of performence 15 listed 1dentifying
signal format, multiplexing, signal quality (carrier to noise density ratio), bandwidth, bit
rate. mimmum acceptable faded value, ete., in other words. all of the characteristics
that define gquality of service. For each service a detailed earth station block cdiagram 1s
developed which identifies critical earth station equipment such as antenna, receivers,
frequency converters, etc. and interface equpment which includes {as needed). MODEMS.
CODECS. alarm and monitoring equipiment. control equipment, power supplies, environ-
mental control equipment, TV cameras, image projectors, loudspeakers, facsunile
transceivers, ete.. 1n other words, all the equipment the user needs to obtain his particular
service. Interface equpment 1s often a dominant part of the total earth station cost.

Having defined user services, performance characteristics and earth station
requirements the next step is to identify earth station equpment costs. For critical com-
ponents such as antennas, transmatters, and receivers. costs must be ascertained as a fune-
tion of both production quantity and performance. For these major components, specifica~
tions of salient technicel characteristics and specific lists of questions are prepared. The
questions concern the cost affects of production, production methods, supplier's present volume.
industry volume, etc. Both the specification and questionnaire are sent to selected suppliers
followed 1n most cases by a visit 1n which details are ironed out and supphier's facilities and
production and test methods are examined., Compilation of data is performed parametrically
For example antemna costs versus antenna diameter {or antenna gain) are plotted with purchase
quanfity as a parameter, The antenna system consists of all of the components and devices
needed to make it work., Small UHF antennas consist only of a reflector, feed. supporting
structure and receiver housing. Larger more sophisticated antennas may include tracking,
feed deicing. waveguide pressurization. etc. Similarly, receiver system cost versus noise
temperature and transmitier cost versus power are compiled. all with quantity "buy" as
a parameter, This dafa is entered into a computer, A computer program, using satellite
radiated flux density as a dependent variable and taking into account the propagation path and
signal quahify required for each service, selects the required antenna gain. receiver noise
temperature and transmitter power (if required) such that the earth station and satellite
annual costs are mimmized,

Interface equipment costs are added to the optimized earth station cost. Inter-
face equipment costs are not dependent on earth station or satellite performance but are
dependent on both service requirements and quantity "buy', just like antennas, receivers,
ete. Since interface equipment costs are important, accurate cost estunates are necessary.
However, the interface equipment, devices and components are so diverse and numerous 1t
1s not feasible to prepare specifications and questionnaires for each particular item. Con-
sequently except for a few selected critical components such as video cameras, TDMA, systems,
MODEMS, TV dafa compressors, etc, these costs are ascertained by comparing them to other
devices and components of similar construction {not necessarily of similar function) and
then taking into account special situations such as incorporation of large scale mtegration
(LST), and influence of large quantity ''buys'". Learmng curves also are found to be of
value 1n predicting costs of most components.



The space segment represents a significant and sometimes dominant cost.
The satellife transponder power density is varied over a substantial range. The satellite
is also required to provide a single US coverage beam or four US time zone beams.
Sometimes eclipse operation is desired, somefimes north south stationkeeping 1s not.
Three frequéencies and six launch vehicles are evaluated. It is not practical or necessary
to design and cost each particular version (there are thousands of them). Alternatively,
the communications satellite performance and cost are modelled parametrically and the
program stored in a compuier, In the computation the computer starts by selecting a
satellite with a single and consequently high powered (and redundant) {ransponder. Through
the link requirements discussed previously for a specific service, this results in a unique
defimtion of the earth station G/T and EIRP, The computer notés and prints the earth
station and space segment annual cost. Then the computer selects two satellite transponders
for computation which lowers the transponder power, identifies a new earth station G/T and
EIRP, ete. However the satellite cost 1s now (nominally) half the value it was in the previcus
step because the specific user is using ounly one of two available transponders, The computer
then selects three transponders, four transponders, etc. until the whole useful range of
satellife EIRP is encompassed. This data then serves as an input to the overall system
optimization resulting in computer print outs of the minimal cost case thereby identfying
the optimum earth station parameters such as antenna diameter, transmitter power, and
receiver noise temperature and the satellite transponder power, Parametric evaluation
of the space segment in this fashion provides valuable insight into the important satellite
characteristics for each service.

In some cases, the satellife characteristies (fransponder power, antenna field
of view, eclipse and stationkeeping requirements) are similar to existing or planned carrier
satellifes m which case carrier systems can in principle provide these specific services
economically. In other cases, the satellite characteristics differ widely from those of
existing or planned carrier satellites indicating that a new approach must be {aken to
satellite design if the minimum costs are to be achieved. This new approach may be crucial
to the successful implementation of the service itself and is discussed in more detail in the
following sections.

Ku band propagation with its severe fading 1n heavy rain poses a special
problem. Muach research has heen performed on the nature of Ku-Band precipitation
attenuation in order to characterize Ku hand links, While the theory 1s well understood,
acceptable data on local climatology, particularly that part characterized by thunder-
storms, is lacking. Conseguently theoretical predictions of Ku band attenuation are based
on theory and weather bureau average rain fall data. This is shown to be roughly corro-
borated by ATS and CTS propagation data. Fading effects are minimized by adopting approaches
taken and standardized in radio relay practice in which the baseband signal-to-noise is -
allowed to fade approximately 7 dB from the nominal or "clear sky" value and still be
acceptable. The carrier-to-noise ratio, (where applicable) 1s required to be at threshold
at this time.

Finally, the land mobile service is found to differ significantly from the
other services. Since it is desired to identify service cost versus number of users, the
satellite model must provide a varymg service bandwidth. This is accomplished by defining



a range of antenna diameters providing a mosaic of antenna beams covering the Conltinental
U. 8. (with spot beams for Hawaii and Alaska), Frequency reuse (and hence more

effective bandwidth utilazation) 1s achieved with spot beams. The larger the antennas, the
narrower the spots and the more freguency reuse and hence bandwidth. Also as the
antenna diameter (and weight) increases the available satellite prume power {and weight)
decreases. The land mobile user also has antenna choices ranging from simple "whips"

to sophisticated antenna arrays. These satellite and earth terminal characieristics are
also examined parametrically to i1dentify the regions of mimmum cost

.3 SUMMARY OF RESULTS
A, GENERAL

This section presents an overview of the study results. i ghlighting aspects
of the study,1.e., costs, technology and system configurations believed to be of interest io
the reader. The particular values used to describe general resulis are a consequence of
a detailed data perusal by the authors. Hopefully, a majority of readers will agree with
observations; however, sufficient detailed data 1s presented 1n the two volumes to enable
an interested reader to erther confirm them, modify them with a new point of view, or
find beses for additional conclusions.

B. SERVICE VIABILITY

The computer search for mimmum service costs results in a defined annual
mimmum cost for each service together with a listing of sigmficant system characterisiics
Each defined. generic service may have many apphications and while it 1s diufficult to value
a particular application some discussion of the mtrinsic "worth” versus cost of each service
18 believed appropmate. The reader should recall that each service includes space segment
charges, earth station installation, operation and maintenance costs as well as the annualizad
cost of earth station equipment and inferface equipment. Inclusion of the space segment
charges in particular has a sigmficant iwnfluence on the system parameters

1. Two Way Services

a, Point-to-Point TV (4.2 MHz baseband) at Ku-Band per a typical total
network of 100 earth stations time sharing the same safellite trans-
ponder, results in a total anmal cost of 851, 600 per terminal of which
the dominpant cost is fer t]ge satellite, The earth station consists of a
9,9 meter antenna, a 100 K (paramp type) receiver and a 25 watt high
power amplifier, The earth siation includes TV cameras, monitors
and video/audio diplexers and modulators. Each user has his own ded-
icated earth station. Increasing the network to 1000 earth stations has
little impact on annual costs, Further, the earth station and satellite
parameters remain the same, Ii 18 clear that Point-to-Point TV is an
expensive service; in {act one of the most expensive in the sfudy.
However, cornmercial teleconferencing, hospital to hospital diagnostics
and hmgher educaiional seminars may be economically feastble. TUse
for elementary schools 1s not attracuve because of the high cost. It

=1



should be noted that TV is not well suited to the transmission of graphics
data (because of poor resolution) unless the graphics (diagrams, tabu-
lations, texts, photographs) are specially prepared. Satellite require-
ments are not demanding because of the small number of earth stations
assumed per transponder (25), and may be provided by common carrier
satellites presently envisioned.

Point-to~-Point (compressed) TV (6 Mbps) has applications similar to
those for the uncompressed 4.2 MHz TV, In this case, the trans-
mission rate and transmission cost is reduced by removing redund-
ancy in video piciure elements but at the expense of higher cost in
high speed digital processors, The earth station equipment is not
normally on the user’s premises but is brought to the user on demand
by an operating earrier, This results in higher duty factors and fewer
users per carrier as compared to the Pointto-Point TV service.

The earth station and TV camera studio equipment is assembled on
the user premises for each particular prearranged teleconierence,

If 100 total users and 4 users per carrier are considered, the mini-
mum cost earth station characteristics are similar to the previous
case, 2.8., 2 9.9 meter antenna, 100 K paramp and a 15 watt trans-
mitter. Satellite transponder power is 2.5 watts and the anmual cost
is $141K per year per user including operators, setup time and frans-
portation. This breaks down to $395 per user per call which could be
attractive for commercial and government {eleconferencing, and educa-
tional semimars but is too expensive for public school education and
probzble not suitable for health diagnostics.

Compressed TV resolution is the same as for uncompressed TV.
However, the service has been augmented with a high resolution facsimile
compatibilily. Compressed TV can handle scenes with considerable acti-
vily, however camera "zooming"' and similar actions may cause tamp-
orary picture degradation.

Voice/Facsimile Teleconferencing 1s a low cost teleconferencing system
which omits the "presence factor'" of the human image. High quality
audio 1s assumed and graphics data fransmission 1s rapidly provided
(or 1nteractively provided) with high resolution capable of wall pro-
jection. Consequenily, this teleconferencing method 1s suitable for well
organized meetings with high data transfer requirements

(diagrams, tabulations, text, etc.) A total network of

10, 000 earth stations, with 17 earth stations sharing each carmer
results 1n annual costs per terminal of $9. 5K or $90 per user per

call based on an Atlas Centaur sized satellite and Ku Band operation.
Optimized earth station parameters consist of 4. 4 meter antenna,
260°K recerver (transistor type) and a 2 watt transmitter. The

satellite transponder power is 75 watts, requiring a special satellite
design, However, satellite cost is only 18% of the total anmal cost



because this 1s a narrow bandwidth service based on frequency division
multiple access (FDMA), An alternate method was examined for pro-
viding this service based on time division multiple access (TDMA),

In this case all earth stations operate in the "burst' mode (e. g time
share) at a common, high bit rate. No satellite transponder backoff

18 required, The resultmc' earth station parameters consist of a

3.5 meter antenna. 450°K recerver(iransistor type) and a 1 watt trans-
mafter. The satellite transponder power 1s 60 watts., However. the
annual cost per terminal more than doubles to 322. 5K compared to
FDMA, of which 88% 1s for interface (e. g., TDMA) equipment. The
FDMA service cost can be attractive to all potential teleconferencing
users 1neluding pubiic schools (for mnteractive educational seminars)
previded a "medium' without the human 1mage 1s acceptable. It is
interesting to note that a comparison with the Digital Data Service
terrestrial network 1ndicates a break even distance of approximately
40 miles e. g., if two terminals are separated by more than 40 miles

it 15 more economical to use satellites.

Multichannel Voice/Data Service 1s a dedicated (12 equivalent voice
channel thin route voice and data) service between two points operating
24 hours a day. In a 100 earth station total network at Ku band, based
on a Dedicated Shuttle sized satellite. the optimum earth station para-
meters are a 7 meter antenna. 265 K receiver (transistor type) and a

2 watt transmatter. The satellite transponder power 1s only 1.8 watls
and can be provided by a carrier type satellite. The annual cost per
terminal is 838, 8K of which 50% 1s the satellite charge. Break even
distance with the terrestrial Digital Data Service 1s approximately 60
miles and hence 1s an atiractive satellite servize provided the aggregate
bit rate can be supported.

Land Mobile Radio Service provides UHF communications between mobile
terminals such as cars. trucks, buses and {rains and fixed Ku band
terminals which are connected into the terrestral dial-up network. For
100. 000 total users, 30 sharing each channel frequency and a Dedicated
Shuttle sized ==atelhte the user termﬁnal consists of a simple crossed
dipole/folded monopole antenma. a 300 °x recewver (transistor type) and
a 2 watt transmitter. The U. S, 1s covered by si1x contiguous satellite
antenna beams with 1. 8 kW per beam, e.g., the satellite 1s large,

has a large antenna ard high power. The user total annual cost is$1. 1K,
acceptable for many commercial and governmental applications,

This service appears techmcally and economically attractive and 1s a
service not available in the U. 8, except in urban areas.
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One Way Services

a.

TV (4.2 MHz) Distribution can be provided at S-Band or Ku~Band

for exther distribution of network programming or as an information/
distribution service, (for example to universities or to doctors).

The annual cost-for 500 tsers is $14.3K per user at Ku~Band

and $11.8 K at S bhand. For 100, 000 users the annual cost at Ku band

is approximately $2.1K and $1.1 K at S band, however, in this case
flux density limits are exceeded. Earth station characteristics at Ku
band are 7 mefer antenna, 400°K receiver for 500 terminals. and a 3.7
meter antenna and 600 K receiver for 100, 000 terminalz, Earth station
characteristics at S-band are a 3. 6 meters antenna, 200°K receiver for
500 termanals and a 2, 2 meter antenna, 410°K receiver for 100, 000
terminals. Ku band satelliie transponder powers for 500 and 100, 000
terminals are 15 watts and 78 watts respectively. S-band satellite trans-
ponder powers for 500 and 100, 000 term:nals are 10 watts and 42 watts
respectively. The S-Band satellite transponder power for 100, 000 ter-
minals exceeds the power flux density limitations.

TV (4. 2 MHz) Broadcast-direct to the user can be provided at Ku-band,
S-band and UHF for entertainment or informational purposes. Service
applicability relates to the number of users and to the size of the satellite.
Considering the Dedicated Shuttle-sized satellite the following annual
costs are computed.

K Amual Cost ()
No. of Terminals Ku Band S Band THF
1,000 5400 3300 1700
10,000,000 : 155 95 70

Thus, a consumer-type satellife service is definitely feasible from a
technical and economic point of view with the UHF the lowest cost.

The question of feasibility for this service rests ultimately on finding

an application which 1s complementary to the available and well
developed terrestrial broadcast services which provide a diversified
(publicly and privately) sponsored program with localized programming
capability. One application possibility is as an instructional education
TV broadcast service either publically or privately sponsored.

This service could be improved by providing one-way TV broadcast
capability with a narrowband voice only interactive capability n

the reverse direction. However, the latter was not considered in

this study. Even a network of 1000 terminals appears economically
attractive for university, professional or trade group education.

The satellite transponder power at Ku band 1s approximately 10 watts
and 1050 watts for 1000 and 10, 000, 000 terminals respectively.

Satellite transponder power (4 beam satellite) at S band is approximately
10 watts and 1050 watts for 1000 and 10, 000, 000 terminals respectively
with 20 watts at the flux density himits. Satellite transponder power (¢
beam satellite) at UHF is approximately 10 watts and 1400 watts for 1000



and 10. 000. 000 terminals respectively, Earth terminal optimum
antenna diameters for 10, 000, 000 terminals are less than 2. 5 melers
at Ku-band, and less than 0.7 meters at S band and UHF, Over the

range from 1000 to 10, 000, 000 terminals transistor-iype recervers are
generaily favored,

TV (6 Mbps) Distribution in a compressed TV format for educational
and informational services can be supplied at Ku band and S band.
Considering an Atlas Centaur sized satellite the following annual costs
are computed:

Annual Cost (3)
No. of Terminals

Ku-Band S-Band
100 21,300 21,500
10,000 7,000 6,700 i

Satellite transponder powers are less than 20 watts at both Ku band
and S band. Over the range from 100 {o 10. 000 terminals the Ku band
anterna diameter decreases from 4.5 meters to 2 mefers and at S
band from 2. 5 meters to 1.8 meters, Over this same range iransistor
t¥pe recewvers are the opnumum cholce,

Radio (15kHz) Distribution providing all forms of audio programming
for music and voice can be provided at Ku band and S band, Service
applicability relates to the number of users and to the size of the
satellite. Considering an Atlas Centaur sized satellite the following
ammual costs are computed:

% Annual Cost (S) |
: No. of Terminals Ku-Band [ S-Band i
! (¢ beam) ! {4 beam) ,
i 100 4,700 i 2,900 ,
| 10,000 ' 1,400 | 900 !

Ku-band satellite fransponder powers are approximately 20 watts

and 120 watts for 100 and 10 000 terminals respectively. S band
satellite transponder powers are approximately 25 watts and 125 watts
for 100 and 10, 000 terminals respectively Over the range from 100
to 10, 000 terminals Ku band earth station antenna diameters range
from 4 metfers to 2 meters and at S-Band from under 2.5 meters

to over 1.5 meters. Over this same range the Ku-Band and S-Band
recervers change from transistor types to diode mixer tvpes.
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e. Radio (8 kHz) Broadcasting direct to the user ¢an provide entertain-
ment, educational or instructional service at Ku-Band, S~-Band and

UHF. Considering an Atlas Centaur sized satellite, the following
arnual costs are computed: o oL

, Annual Cost (3)
No. of Terminals Ku-Band S-Band UHTF
10,000 630 365 260
10, 000, 000 210 100 80

For the range of terminals from 10, 000 to 1, 000, 000 Ku band satellite
power varies from approximately 70 watts to over 180 watts, at 5

hand from approximately 100 watis to 350 watts, and at UHY from
approximately 30 watis to 550 watts, Over this same range antenna
diameters range between 1 to 2 meters at Ku band and between . 6 to

.3 meters at S band and UH¥, and all receivers use diode mixers.

For large number of terminals, say & miilion or more, satellite costs
(and hence transmission costs) are inconsequental, The most domin-
ant tradeoff in this region is the effect of quantity buying.

C. COMPARISON OF FREQUENCIES FOR BROADCAST SERVICES

For similar services with satellite anienna beams constrained to illuminate
similar areas, a direct measure of earth station performance is its aperture area divided
by system noise temperature. For the same aperture area, lower frequency antennas
cost less because of relaxed mechanical and electrical tolerance, In addition, lower
frequency antennas may not require tracking, de-icing, or waveguide pressurization while
their higher frequency counterparis may. Inaddition, lower frequency receivers canachieve
lower noise temperatures for the same cost, and do not require precipitation margins.
Even for the land mobile service, simple antennas like whips and folded monopoles have
relatively large apertures. consequently lower frequencies result in lower earth station costs.
There were no exceptions to this rule in the study. On the other hand, the lower frequency
satellifes are penalized substantially by the larger satellite antennas necessary to illumi-



nate the coverage area, This low frequency problem is accentuated as the satellife antenna
beam is narrowed and is only partially compensated by added propagation margins and
transmission line losses incurred by the Ku-Band Satellites, Finally, for this study,
multi-frequnency multi-service satellites are assumed, in ovder to explore the economy

of scale offered by larger "multipurpose" satellites, Satellite size therefore is not
constrained by the allocated bandwidth of a single frequency band or single service, Under
these circumstances, the services at lower frequencies are lower in cost almost without
exception, However, the differences in system annual costs due to use of different frequency

bands while significant, is not as significant as the economy of scale achieved through
large numbers of users per service.

D. IMPACT OF REGULATIONS

Operation in S-Band is subject to the flux density limitation of (-152 + 8/15)
dbw/4KHz/M" where 6 is the earth station elevation angle in degrees. Observance of this
restricts satellite power particularly for services like broadeasting which involve large
populations (the minimum cost parameters inveolve large satellite transponder powers).

I the satellite power is fixed at the regulatory limit, service costs will increase, In most
cases where this impact was evaluated, the increased service cost at S-Band remained
below those of the corresponding Ku-Band system. Further, terminal antenna diameters
remained, in general, less than those required at Ku-Band., There are essentially no flux
density limits at Ku~-Band, only reguirements to coordinate with owners of adjacent satellites 1f
satellite separations are less than prescribed. Additionally, broadcast satellites should be
designed to provide peak powers below 63 dBw in order to comply with constraints on over-
lapping radiation at the edge of national boundries. There are no restrictions placed on UHF

satellife services hecause these services are not permaitied by existing regulations.
E. EARTH STATION PARAMETERS —

The optimizaton process which achieves a minimum system cost is not
particularly sensitive with regard to earth station (or satellite) parameters. Typically a
2:1 variation in a performance parameter such as an anfenna or receiver (or satellife
power) results in a 10 fo 20 percent change in system cost, Transmitier power and cost,
while important factors in the earth terminal optunization, are not major factors in the
overall system optimization. In general, low-cost transistor type or diode mixer type
receivers are the optimum choices for most services over most of the range in earth
terminal numbers of interest., However, optimnum Ku-Band antenna diameters selected
tended to be larger than those in current usage. One reason for this, of course, is consi-
deration of satellite charges (for operational systems) as contrasted to the present experi-
mental demonstrations for which there are no satellite charges, A second reason is the
10-year anienna depreciation assumed in the cost annualizing factor which reduces the
"impaect" of the larger antennas {o the user, For example, if a 3-year depreciation
schedule had been assumed instead, the optimum antenna size would have been reduced,

Interface equipment 15 often a dominant cost in the earth station. For those
1tems which are basically digital in nature, substantial reductiong in cost ean be achieved
by the use of large scaled integration (IST) particularly the new I'L (1on injected logic)

technology, ISI 1s having a revolutionary effect on the cost and performance of digital
equipment.
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Unfortunately most of the earth station subsystems are not composed of digital logie.
Except for L3I and the new GaAs FET low noise receivers, earth station technology is
relatively mature,

F. SATELLITE PARAMETERS

The range of antenna sizes and transponder powers required for good service
performance and economy are within present experience if the NASA experimental satellite
experience 18 included. UHF antennas are large, particularly for time zone coverage.
TWT efficiency at S-Band and Ku~-Band is high and comparable. Since earth station
HPA power is not a sensitive item, the satellite G/T also is not critical. Existing tech-
nology with the exception of that required for the Land Mobile Satellite is sufficient to
achieve good performance and cost, However, significant improvemenis in cost and
performance can be achieved with certain spacecraft improvements, for example, ion
engines and fuel cells, but there are no plans to conduct the necessary in-orbit demonstira-
tions. Use of Shutile has a significant and favorable impact on system costs because of
the lower launch costs and the higher reliability (which reduces launch insurance costs).

In addition, the Shuifle short mrn-around fime in emergency situations may encourage
satellite operators to keep spare saiellites on the ground; this can decrease operatfing costs,
Finally, a substantial economy of scale is predicted for larger, multipurposes, multiservice,
multifrequency band satellites. In general, high frequency satellites with time zone antennas
instead of U. S. coverage antennas result in lower system costs. However, at lower fre-
dquencies, there is no substantial difference in operating costs due to different satellite
antenna coverage areas, Further, in many non-mobile narrow hand-service cases there

is no substantial cost difference-at any frequency. Consequently, the use of multiple spot
beams fo reduce costs may be restricted to the wideband services. Note, however, that

use of multiple beams may be important for increasing bandwidth through frequency reuse.

G. PROPAGATION

Ku-Band propagation is difficult to characterize for each location in the U, S.
because experimental data still ig lacking (CTS data is not yet available). Satellite designs
considered in this study focused more energy toward the Gulf of Mexico-~Florida area (where
substaniial atienuation ig experienced becanse of precipitation) than elsewhere in order fo
achieve a more uniform ''outage' characteristics across the U.8. Excess cosgts due to pre-
cipitation attenuation (by the cost of added "link" margin) are insignificant for outages as low
as 0. 2% but costs increase rapidly for lower outages. For outages of .01%, the services to
the Guif of Mexico~-Florida region are not economical for single antenna earth stations with
fixed marging; more complex satellites and earth stationg configurations are needed. Satel-
lite location is an important consideration for Ku-Band systems because of the added path
length through thundgrstorms encountered at low elevationangles, For this study, a satel-
lite longitude of 124" W is chosen in order to provide service to Alaska. This substantially
reduces earth station elevation angles on the eastern seaboard further exacerbating the pre-
cipitation atienuation problem. Propagation at S-Band is nearly ideal. At UHF, however,
circularly polarized antennas are needed tc overcome the effects of Faraday rotation, Pro-
pagation through trees, buildings and-other structures, and multipath from nearby water
and land c¢an be troublesome to mobile terminals having low gain antennas., Manmade noise,
characterisiics of large cities and caused primarily by automobile igmition gystems is signifi-



cant {(as is "showing' by large buildings), so that a land mobile UHF, satellite service

for cities will be expensive or have poor performance or both. Suburban and rural areas
are better suited for a satellite mobile service,

H, ECONOMY OF SCALE

Mo st services achieve practical cosis only if sufficient numbers of earth
stations can be procured. Earth stations and related equipment all cost substantially
less if purchased in large enough quantities. Satellite costs are borne by all the users
supporting that satellite or fraction thereof. Finally, the optimum earth station and
satellite performance are critically dependent on the size of the earth station network
and, of course, on the nature of the service (e.g. bandwidth, modulation, ete.) What
results is a "chicken and egg”’ issue relating to how the system costs are to be suppozted
as the network grows, perhaps over many years, to its final, ophimum configuration,
Compounding this problem are the uncertainties with regard to the user community as
a viable market, the limited resources per user (the aggregate resources, however,
can be enormous), and the problems of billing the users and marketing user services.
These problems suggest that some form of government-sponsored or supported program
may be necessary during the "infant" years of service in which properly designed satel-
lite services can be made available and earth station equupment, meeting proper specifi-
cations and perhaps produced in himited quantities fo achieve lower prices alsc can be
made available,

I, OR BITAL CAPACITY

The orbikal capacily :s dependent on the satellite and earth station antznna
sidelcbe characteristics, modulation parameters, access techmaques, the earth stabion
aperture diameter, frequency, satellite gspacing, the mix of services experienceing mutual
interference, uplink and downlink fadin g characteristics, and many other parameters, It
1s apparent that improvements in antenna sidelobe characteristics can have signifieant
benefits, In the case of Ku-band link fading, link power control and antenns diversity can be
effectively used to inerease orbital capacity. Ku-Band link fading is due to rain attenuation
resulting in reduced signal level relative fo interference and thermal noise and increased
receive system thermal noise level. Application of interference rejection fechniques such
as multibeam sateliite antennas, spread spectrum modulation, active interference cancellation,
dual polarization, efc. can also increase orbital capacity. In the absence of any fading
compensation or interference rejection technmiques, Ku-Band satellite spacings as low as 1°
to 27 appear acceptable for either broadcast or fixed services, if these services are isolaled
to different parts of the orbit (as was agreed at the 1877 WARC), Consequently, the orbital
capacity for teleoo mmunications at Ku~Band is substantially larger than at C~-Band, S-Band
satellite spacingg of 2-3° also appear feasible.

1.4 OBSERVATIONS

A, The generic services eonsidered herein, e.g., TV and radio broadeasting,
TV and radio distmbution, teleconferencing, thin route voice and data, and land mobile
are atiraciive satellife commumication services with regard to cost and application, Some
of these, namely TV and radio distribution and thin route voice and daia are already pro-
vided by existing satellite and terrestrial carriers for commercial applicaiions. However,
many attraciive applications also exaist which are not being provided by existing carriers,
because the satellite characterstics are not optimum and result therefore in excessive
system costs (e. g. large satellite powers are needed for broadeasting) or the correct
frequency band is not available or the low cost earth stafion equipment 1s not available

{(in production quantities), or the user market is not developed or 1s uncertam - or a com-
bination of these,

15
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B. Economy of scale 13 the most dominant cost controlling mechanism. This
relates particularly to the earth station network size,

C. Operating frequency hand, while important ( in general the lower the frequency
the lower the cost) is not significant compared to the economics realized from -achieving the
proper earth station population and a properly sized space segment.

D. Flux density limitations limit satellite power of some services (S~Band broad-
casting) to lower-than-optimum valyes. These Iimitations increase system costs but for
reasonable sized systems (e.g. (10 receive only stations) do not increase them substantially.
At the flux density limit, the satellite power density and earth station G/T are fixed. As the
network grows from this point, the satellite costs are still being prorated over a broader com-~
munity, thus reducing the gatellite cost per uger. The user ig alsc obtaining lower cost
terminals because of larger production 'buys. ! For example, increasing the earth station
network size by an crder of magnitude past the point at which satellite flux density is limited
reduces the space segment user cost by a factor of 10. I learning curves apply, the earth
gtation cost, by virtue of larger "buys™ also is reduced by approximately 30%, so that consid-
erable economies gtill apply. If the gatellite power could be increased past the flux density
limit so that earth station G/T also could be reduced, further savings of approximately 10~
20% result,

E. Proven satellite and earth station technology is available for the low risk
implementation of all the generic services except for the Land Mobile Service. The latter
requires R&D for:

@ Low cost, mulitple channel mebile transceivers,

e Tighiweight satellite transponder development

e DMobile antenna development and test under operational conditions
e Large aperture, multiple beam, deployable satellite antennas

e Linearized UHF satellite transmitters

¥. Precipitation attenuation at Ku-Band does not have a serious impact on cost
unless outages of less than 0, 2% are envisioned. A gatellite location chosen to accomplish
gatellite service to Alaska has a significant impact on Ku-Band precipitation characteristics
for the northeast. City ignition noigse multipath fading and building shadowing limits the ef-
fectiveness of the UHF L.and Mobile Service in urban areas. Even in suburban or rural areas
shadowing (by trees ete.) and multipath still may be major problems.

G. Orbit capacity is affected by antenna sidelobes, the ability to make use of orth-
ogonal polarization to permit frequency reuse, and the earth siation aperture size, Modulation
parameters, signal bandwidth, fading due to precipitation attenuation, have lesser impaef. Mix-
tures of earth stations with different antenna sizes, e.g. intermixed broadcast and fixed service
gatellites also may have an important impact on orbit capacity. However, this issue Wasonot
evaluated in the study. It appears that satellite spacing at Ku-Band can be as little as 17, and
ag little as 2-3° gt S~-Band. Much additional R&D, particularly with small antennas fo improve
sidelobe and polarization, can greatly enhance the orbit utilization.



g While significant, industry-sponsored R&D 18 performed 1n satellite com-
munications compenents such as antennas, TWTs, lightweight transponder filters, and

low noise (GaAs FET) recewvers little additional progress is being accomphished on com-
ponents requiring orbital test flights, such as ion engines, fuel cells, magnetic bearings,
ultra hightweight solar cells for synchronous orbit and more complicated access systems
such as satellite switched TDMA (SS-TDMA). Development of these components to oper-
ational readiness can reduce space sysiem costs and ought to be accomplished by on-going
experiments in communication satellite programs. The UHF land mob:ile satellite 1s such
a radical departure from the state—~of-the-art that its development can only be accomplished
by a major R&D ground and flight test program. An example of the impact of R&D on re-

ducing communications satellite system costs 1s described herein with regard to the Shuttle
development.

I The dominant earth station performance parameier 1s the so-called figure

of ment G/T. This, 1n conjunction with the satellite EIRP and cost form the dominant
tradeoffs. It 1s found that for services requiring uplinks, the optimum arrangement

of G/T and EIRP 1s normally near the value determined if only the downlink 1s considered.
That 1s, while the transmitter costs can be high, transmitter performance has only a small
impact on optimum earth station G/T.

1.3 REPORT ORGANIZATION

This report has been divided into three volumes in order to assisi the reader

in s task of assimalation., Volume 115 an executive summary giving major study objeciives,
conclusions. and mmplications to the future of special user satellite commumeations services,
Volume 2 contains the essence of this study wath the analytical and computational aspecis
omitted except for brief summaries. Readers interested 1n essential characteristicg~-

cost, performance. and general characterstics - can obtain these from Volume 2, Detailed

Anzlyses and data tabulafions are confined to Volume 3, where they may he consulted
if desired,

Volume 2. Section 2, defines the generic services and lists the service per-
formance charactemshcs, and general system considerations. An earth station block
dragram is defined for each service. In addifion, each generic service has examples
of potential applications to aid the reader in 1dentifying service possibilities. Section 3
describes the tradeoffs for the receive/transmit services leading to a definifion of ser-
vice costs and the optimum earth station and satellite characteristics for each particular
service. The earth stahon model (G/T and EIRP vs, cost) and satelhte model (iransponder
power vs., cost) are briefly described. Section 4 describes similar tradeoifs for the receive
only services, again leading to a definition of service cost and the optimuam earth station
and satellife characteristics for each service, Section 5 describes factors influencing the
ortal capacity considering both broadcast and so-called fixed services. Section 6 de-
scribes significant technology for earth stations, satellites and the overall system (through
1985) which appear to have a high impact on service costs and performance.

17
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Volume 3, Appendix 1, containg the details of the earih station equipment
survey leading to the fomulahon of the earth station G/T and EIRP vs. cost, with pro-
duction "buy" - as & parameter, ~E4Tth statlon technology and technology trends and the
methods used for conducting the supplier surveys also are discussed, A list of contacted
suppliers is given. Appendix 2 develops the satellite models for the three frequency
bands and six launch vehicles leading to the formulation of the transponder cost versus
power, with six launch vehicles as parameters. Appendix 3 summarizes the research
into Ku-band progagation and gives the detailed Ku~band outage characteristics ve, margins
used in the tradeoifs for the different areas of the country. References also are listed,
Appendices 4 and 5 present the complete results of the transmit/receive service tradeoff
evaluations and cerfain detailed analyses better treated separately. The tradeoff results
are provided in graphical and fabular form. Appendix 6 lists the detailed methodology
for the orbit capacity computation. Appendix 7 presents the complete resuits of the
broadcast service tradeoff evaluations. The results are again in graphical and tzbular
form,
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The capabilities of the fixed , broadeasting, and land mobile services
are discussed in the following paragraphs,

2.2 CAPABILITIES OF THE FIXED SERVICES

A, INTERACTIVE TV TELECONFERENCING

Interactive Point-to-Point TV service has the capability to yimprove the
quality and availability of educational and health care services to all sections of the
population, and provide effective means for information exechange. In the past few
decades 1t has become apparent that medical training requires up-to-date course material
and information in order to acquaint both the practitioner and the student with the rapidly
expanding body of scientific knowledge. Interactive Point-to-Point TV service can ful-
fill this demand in an economical and efficient way. The vital role that interactive
Point-to-Point TV service provides in extending educational and medical services
to the thinly settled non-urban areas has been demonstrated by the ATS-6 experiments
in Alaska, the Rocky Mountain states and Appalachia,

The evolving medical and professional courses, adult education programs,
open university classes, and corporate training programs are all evidence of a trend

requiring non-traditional {outside the classical classroom setting) type of programs. This
trend is caused by

o Escalating energy and travel costs.
8 The increasing cost of new traditional educational facitilies.

¢ The demands of work or household duties being such that many
students can afford to study only at their own pace and convenience,

¢  The fact that many students cannct afford the cost of conventional
education,

®  Many geographical areas being s¢ remote from the traditional learning

centers that the student finds it extremely difficult to reach the nearest
learning factility,

The feasibility of higher education and information exchange (on a nation-~
wide basis) is presently being demonstrated by the various CTS experiments. For example,
the CTS digital Video Curriculum Sharing experiment is designed to demonstrate the re-
mote clagsroom principle by classes conducted between Stanford University (in Stanford
USA) and Carlton University {Ottawa, Canada).

The emergence of organizations like the Public Service Satellite Consortium
(PS8C), or the Public Interest Satellite Association demonstrate a growing general national
commitment to improvements in health and education.
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SECTION 2

SERVICE DEFINITION

2.1 INTRODUCTION

The purpose of this section is to identify the generic services evaluated
in this study, define service operating characteristics, indicate examples of applications,
provide system block diagrams, and summarize service performance characteristics,
Each service requires characteristic interface equpment, e.g. the equipment between
the earth station IF and the user. The cost of this equipment is significant. It is added
to the basic earth station and space segment cost to obtain the total annual cost of the
service, Service characteristics in terms of equipment redundancy, test equipment
and miscellaneous items such as alarm and control equinment can also affect the earth
station cost. The hasic services are defined as:

Audio Teleconferencing (interactive)

TV and Radio Distribution (for retransmission)
Video Teleconferencing (interactive)

TV and Radio Broadcasting, {(direct to user)
Multiplexed Data and Voice (point to point)
Land Mobile

These services may be regarded as generic services: First each consists
of a basic capability for which many user applications may be found, for example TV and
radio distribution may be for commercial or private networks or for educational, in-
structional or medical purposes. Second, some of these generic services can he sub-
divided into other service categories; for example, TV may be broken into 4. 2 MHz
video and compressed video.

An important objective of this study, therefore, is to determine the cost
and technology of each of the generic services in order to provide a measure of utility or
worth. It is hoped that these analyses will prove of value in evaluating various methods

by which the most cost effective and useful services may be developed into operational
services for the public benefit,

It should be noted that in defining the serviees and service characteristic
emphasis 1s placed on quality characteristics which favor educational, instructional, med-
ical and entertainment type applications and not the existing common carrier services.

Of course, it may turn out that some of these services will be provided by the existing

carrier services. Others will not be economic unless new satellite facilities with different
technical characteristics are created,
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B. INTERACTIVE COMPRESSED TV, TELECONFERENCING

One of the most important applications of this service is teleconferencing.
A conference in general can be defined as: a meeting of two or more persons who 1nter-
actively participate in an exchange of ideas and express their opinions on subjects that
are of common interesit. When face-to~-face communications or ingtantaneous picture
transmission of two dimensionzal moving objects is required, {e.g. patient monitoring
or medical diagnosis) then the teleconfergncing process must iovolve both video and
audio communications,

Teleconferencing has the advantage of reducing the'costs involved in
business travelling. Normally, a two to three day trip is reqguired coast to coast for a
one or two hour conference. Another advaniage is employee participation. For example,
an entire project team cannot attend a conference that includes three days travel for each

project team member. With a teleconferencing capability, all of the involved personnel
can actively participate,

If a video conferencing service requires only a limited amount of time per
week, then the same service channel can also be used for company (or organizational)
traimng, for transmission of data. for remote job entry terminals (for computer
applications), or simply for voice or facsimile services. Alternatively, many users may
share the same channel, gaining access to it on an "on demand” basis: and in this case,
the users will share the space segment charges. This service potentialiy provides econ-
omical alternatives to some of the interactive full bandwidth TV services., Some examples

of these services are:
@ Education (for example curriculum sharing)

9 Law enforcement activities

o  Patient momtoring
C. INTERACTIVE VOICE/FACSTMILE TELECONFERENCING

This service can provide an economical and effective means for telecon-
ferencing, It can supply a rapid facsimile service along with voice ox data traffic, The
faesimile service permits the rapid (several seconds) transmission of graphics data, such as
Yvugraph' material, photographs, contract wording, business plans, lecture notes, efc.
in a secure form (if needed) and can provide wall projection with excellent resolution.

If the teleconferencing service requires only a limited amount of time
per week, then the same channel can be used for other purposes such as voice or
facsimile traffic, or it can be used by other users.

D. INTERACTIVE MULTI-CHANNEL VOICE/DATA

This service is applicable to library exchange, consumer services. business
data, electromic mail, and telephone. This service is presently emphasized in the
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satellite carriers and the service is available commercially. An objective in this study
is to examine the service for applicability to noncommercial purposes, for example,
computer and library data exchange between universities or hospitals.

2,3 BROADCAST SERVICE CAPABILITIES

A, TV DISTRIBUTION FOR LOCAL RETRANSMISSION

This service is of interest to both the private and public segment of the
country. The Public Broadcasting Service (PBS) has recently acquired three video
channels from the Western Union Satellite service to broadcast video services to some
160 earth stations. I is expected that the needs of PBS (and of government agencies both
in the federal and the local levels for similar applications) will increase at least by an
order of magnitude in the decade starting with 1980.

The private broadcasting networks such as, ABC, CBS and NBC need
a real-time nationwide sports broadcasting network, that includes programming from
any point to any point/points in the nation. A nationwide on-the-spot emergency or
disaster broadeasting service presently depends on the broadcasters’ ingenuity; and
often this type of coverage is lacking. Due to financial limitations, many points in the
nation are not covered by the three major networks.

Thus, it can be seen that both private and public broadcasting companies

can greatly benefit from a media that provides easy and economical nationwide TV
broadcasting coverage.

B. BROADCAST TV DIRECT TO USER

TV broadcasting instead of TV distribution with retransmission can be
atiractive in thinly settled areas of the country. In this case, it can be regarded as an
alternative to conventional broadcasting or a complement to it. In addition fo its national
entertainment function broadcast TV may be used for:

¢ Thinly settled areas not accessible to conventional broadcasting service.

@ The dissemination of Governmental information

9 Communication services for law enforcement purposes

» Educational services (fhis case is similar to an educational service

using TV and voice or voice and fax one way and voice the other way

for interactive applications).

@ Weather and emergency information services,



c, FM VOICE/MUSIC DISTRIBUTION FOR LOCAL RETRANSMISSION

FM Voice /Music Distribution for local retransmission can provide several
categories of services, for example:

# Music service for commercial use (hotels, motels, factories, efe.)
@ Music for the general population (commercial networking)
@ Federal and local governmental use for

- emergency and warning information

- law enforcement information

- information distribution

D. BROADCAST COMPRESSED TV DIRECT TO USER

This service is similar to TV (4. 2 MHz) broadeast direet to user, however,
it requires additional hardware expendifure fo provide the desired compression level along
with the required broadcasting quality. It can be used to disseminate local emergency,
weather and agricultural information. It can also provide a broadcasting capability for
local educational and health care facilities, Local governments and public services can
use it for employment services, consumer information and family planning.

E. BROADCAST VOICE /MUSIC DIRECT TO USER

This service can complement broadecast facilities and can provide enter-
tainment, information and education services direct fo the user.

2.4 LAND MOBILE SERVICE CAPABITITIES

The land mobile satellite service can provide communication services
between a moving terminal such as a truck, train, plane, bus or car, and a fixed terminal
which connects the call into the telephone network, Example of nses are:

@ Emergency communications for ambulances, police, fire, rescue
vehicles and security forces.

o Communication services to trucking and railroad industries in their
efforis to optimize their routing.

® Communications beiween travelling personnel and headguarters fo

coordinate routes and provide information while in transit, (e.g. a
salesman).
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@ Communication services to various transportation industries (for
example taxis, busing and inner city train services).

¢ Communication services to private organizations in their marketing
and sales efforts for accessing customer files, and pricing and in- -

ventory information.

¢ Communication services to all public and government employees while
enroute in thinly settled non-urban areas.

FIXED SERVICES CbNFIGURATION/ CHARACTERISTICS

!,\J
%)

s

INTERACTIVE TV, TELECONFERENCING

This system is configured to occupy a single satellite transponder; however,
the transponder can be time-shared with other users and made available on an "on~
demand' basis. A TV cameara system with appropriate user interface system is provided
with this configuration. The configuration is based on a studio operation since the operating
mode is primarily teleconferencing. Earth stations for this service are unattended, non-
redundant receivedransmit earth stations; and they access the satellite on a demand
assigned basis. Figure 2-~1 is a typical block diagram of the interactive point~to-point TV
earth station. In some applications, a switching system could route 2 number of microphones
into a common audio system.

Normally, both the video receive and transmit capabilities are desirable.
However, there are a number of applications where only video receive with audio talk-back
capability is desired. For example, in our educational or instructional application, only
the instructor is required to be televised. The students (or the audience) needs can be
satisfied by a talk-back capability. Thus, the complexity of this earth station is governed
by the selection of specific user types and their particular commumcation needs.

Signal Characteristics

The TV picture is generated by a 528-line TV signal whose frame rate is
30 frames/sec. Modulation eharacteristics for this service are derived in Appendix 5.1
and are summarized in Table 5-1. These characteristics are:

a. Maximum audio frequency; fm = 15 KHz

b, Maximum video frequency; ¥ = 4.2 MHz

e. Audio subecarrier frequency; fsc = 6.5 MHz

d. Threshold video carrier-to-noise-ratio

C
[(N)V}Threshold =12dB
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e. Threshold audio carrier-to~noise ratio

. -
[(N)J a Threshold 12dB

f. Audio subcaf¥iér bandwidth, Bs;. = 245 KHz
g. TV signal predetection bandwidth, Bn = 22 MHz

h, The video peak-to-peak signal-to-rms weighted noise ratio,
Spp/Nw = 40. 16 dB which is a minimum requirement. With a
7 dB carrier-to-noise ratio margin the Spp/Nw is between 40.17 dB
and 47.17 dB.

i. The audio test-tone signal to weighted noise ratio, S/N , = 43dB.

This 8/N is a minimum performance criteria, and with a 7dB
margin the S/N is between 43dB and 50dB.

I.  Pesk carrier deviation due to the video signal, AFp, = 4.8 MHz

k.  Peak carrier deviation due to the audio signal, Afc, = 1.1 MHz

1.  Audio modulation index, Mz = 7.186
B. INTERACTIVE COMPRESSED TV

In this configuration, multiple TV signals per transponder are fime shared
by the users 1n an FDMA system. Each link 1s asgsumed to have a full duplex TV receive
and transmit capability. The earth stations of the interactive compressed TV service are
non-redundant receive/transmit earth stations and access the satellite channel on a de-
mand assigned basis. Transportable stations are provided allowing users-to pay for the
total service on a per call bagis. Service personnel erect the stations and operate the
video equipment during conferences. Figure 2-2 is a typical block diagram of the inter-
active compressed TV earth station. The RF, IF and user interface equipments are the
same as in the full bandwidth TV service, except for the digital compression/expansion
which is accomplished by the NTSC/TDM (or TDM/NTSC) converter and the interframe
codec (coder/decoder). At the transmission end the picture camera is directly connected
via the NTSC video amplifier to the NTSC/TDM converter, which converts the incoming
NTSC color television signal (which has a 4,2 MHz baseband bandwidth) into 2 TDM (Time
Division Multiplexed) signal composed of a time compressed chrominance signal and lum-
inance signal. Subsequently, the TDM signal ig encoded by an interframe coder at the rate
of 6.3 Mbps. The interframe coding works on the basis of frame-to-frame differential
coding and conditional replenishment principles. The frame rate is 30 frames/second,
The interframe coder uses a 0,176 Mbps bit rate per frame. Thus, changed elements
are delivered with a 5.28 Mbps bit rate, A bit rate of 0.5 Mbps 18 used for the fixed
background transmigsion and 0.52 Mbps for an error correcting code with a rate 11/12
coding, Thus, the transmission rate is (5.28 + 0.5 + 0.52) Mbps = 6. 3 Mbps. During
reception the reverse of the above processing takes place,



|
|
|
l
|

i‘-_-—-—--—-,—_—.'—

150

TIvAd Wo0d JO0

AL

ol §HVd TVNID

- -]
I RECEIVER
THANSMLL - I
Rulue tor {(No Dalcyy) »| REJEC § - i . > “““N‘ . - I
| L ER BUPAME CONCFIIER AMD I
Traud Horn I
plug Ortho=-
motds Trans-
ducor (No l
Dutca) l_ l
LNVIRONMENT G VOLTAGE
»| DIPLEXEN it A ) LOW VOETS
I CONTROL POWEN SUPPLY AGE POWEDN l
] ) ro SURPLY
Mount | * I
| 'V' up POWER HIGH T LVEI F’ LOW TEVLI up IF |
PRESSUNE- " G e - ‘
| ZaTioN I vierer[™ monrron {4 PO O pan, aae., T ewr, ane converren|{™] ampe I
L_ ANEENNY LTE CLIONICY !
et een nomae  covarta  romtmrs St s oot —
r HIGH POW ER6 AMPLIFIER | M,
o
NISC AMP
. d Inarearn
VIIEO NISCATDM INGLECILANE N Qish
signarf ™ converr gn ["lcoorn DO B BT 1
QLI ! LOLER
CoMMNER | Mixenfs] BLF
AULO HA'LE 1/% I
X g Q!
o .,D.."* { SIGNAL | A/D Joel ::rxlgom:n - CONV, ] ;Il(fl‘:‘ TUNABLE
I . GLRN COGDLI ! L.
CARRIER
| RECOVENY
NISC UATTE 1/2
VIBEO VIDLO PIIMARE B INLd ML DA b IBhK
o Imonron 1 sGRA L GNY preanti  [1EO%Y Memon e
PROC ESSENG DLUOBER
“Hurnmren fedssenef 1
. — - AMPLY
RA L1 L1/2 I
= AUDIG TRy ¢ QPEK
ﬁ < enocLsson 4] Y R pecon [ EONY e bemon]™® - LUNABLE
NLCODLI 1.0.
A
EVTITRTI nsr |
neeoviin b LQUIBMENYT

Tiguce 2-2 + ) intemctive Compresaod TV



http:viSCbo.4g

It has been observed that for scenes where general motion seldom occurs,
(e.g. camera zooming z;ulc‘l3 panning) a 6.3 Mbps interframe encoded video signal gives an
acceptable picture quality . Thus, this system is readily (and economically) adaptable
to most informational, educational, and instructional, conferencing applications. I is
appropriate to note that in the instructional and educational applications a number of
microphones may bé used.

Signal Characteristics

The TV picture is generated by a 525 line TV signal whose frame rate is
30 frames/sec. Modulation characteristics for this service are derived in Appendix 5.1
and are shown in Table 5-L. These characteristics are:

a. The video interframe encoded bit rate is 6. 3 Mbps.

b. The interframe encoded video baseband is rate 1/2 convolutionally
coded; and the resulting bit rate is 12.6 Mbps.

c. The digital video baseband is QPSK modulated onto a video subecarrier.
The modulated video carrier bandwidth is 7.56 MHz.

d. The audio signal is 64 Kbps PCM.

e. The PCM audio signal is rate 1/2 convolutional coded, and has
a coded bit rate of 128 Xbps.

f. The audio digital baseband is @PSK modulated onto an audio subcarrier.
The modulated audio subcarrier noise bandwidth is 74. 4 KHz.

g. A 12 MHz TV channel bandwidth is allocated for the combined audio
and video signals.

h., The minimum performance objective is a BER of 10“4, C/N=9.1db.

i, Witha 4 dB C/N margin the BER will be about 10” for 99% or more
of the time.

C. INTERACTIVE/FACSIMILE TELECONFER ENCING

In this configuration & multiple carrier satellite trangponder is time
shared by the users in a FDMA system. Fach link is assumed to have a full duplex
voicefacsimile or data receivetransmit capability. The earth stations of the interactive
voice/facsimile teleconferencing service are unattended non-redundant receiveAransmit
earth stations and they access the satellite on a demand assigned basis, Figure 2-3
is a typical block diagram of the interactive voice/facsimile teleconferencing earth
stafion.
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Signal Characteristicg

Modulation parameters for this service are derived in Appendix 3.1, and

are as follows:

a. The information bit rate for the voice, data and facsimile services
is 128 Kbps. - )

b. The digital baseband is QPSK modulated onto an IF carrier, with
a noise bandwidth of 76.8 KHz.

c. A 140 KHz satellite channel bandwidth is considered for this service.

d. The minimum performance objective is a BER of 10-4, with a C/N
of 9,1 dB.

e, Witha4dB C/N margin it is expected that the BER will be about
10”7 for 89% or more of the time.

D. INTERACTIVE MULTICHANNEL VOICEMNATA

In this configuration multiple carriers per transponder are shared by
users in an FDMA system. For each voice/data link , a separate ground terminal is
assumed. The earth stations for this service are locally maintained, redundant,
receivedransmit earth stations, and they possess a limited test capability. Figure
2-4 is a typical block diagram representation of the Interactive Multichamnel Data

Service.

Signal Characteristics

Modulation parameters of this service are derived in Appendix 5.1, and

are as follows:

a.

The information bit rate for the interactive multichannel voice/data
is 768 Kbps.

The information baseband is rate 1/2 convolutional encoded to a
1, 536 Mbps transmissgion bit rate,

The QPSK modulated carrier noise bandwidth is 921. 6 KHz.
A 1.7 MHz satellite channel bandwidth is considered for this service.
A

The minimum performance objective is 2 BER of 10 .

With a 4 dB C/N margin a BER of 10™" is expected for 99% or more
of the time.
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2.6 BROADCAST SERVICFES CONFIGURATION/CHARACTERISTICS

A, BROADCAST TV FOR LOCAL RETRANSMISSION

The system is configured to have a large number of receive only earth
stations. The earth stations are locally maintained, unmanned, redundant, receive only
earth stations, and they each have a limited test and control capability. Figure 2-5 is a
typical block diagram of the broadeast TV for local retransmission earth station.

Signal Characteristics

The TV picture is generated by a 525 line TV signal whose frame rate is
30 frames/seconds. The modulation parameters are derived in Appendix 5.1; and are
shown in Table 5-1. These characteristics are:

a. Maximum audio frequency; fm =15 KHz
b. Maximam video frequency; F = 4. 2 MHz
c. Audio subearrier frequency; isc = 6.5 MHz

d. Thrashold video carrier-toc-noise-ratio

c\ | =12 dB
N/ v|Threshold

e. Threshold audio earrier-to-noise ratio

C =12 dB
N J a | Threshoid

f. Audio subcarrier bandwidth, Bsc = 245 KHz

g. TV signal predetection bandwidth, Bn = 32 MHz

h. The video peak-to-peak signal-to-rms weighted noise ratio,
Spp/Nw = 50.6 dB. This Spp/Nw is a minimum requirement;
and with a 7 dB carrier-to-noise ratio margin the Spp/Nw is
about 57 dB for most of the time.

i. The audio test tone signal-to-weighted noise ratio, S/N =43 dB
This S/N is a minimum performance criteria, and witha 7 dB
C/N margin the S/N is between 43 dB and 50 dB.

j. Peak video deviation due to the video, AFp =13.3 MHz

k. Peak video deviation due to the audio, AFe = 0.9 MHz

1. Audio modulation index, Mz = 7.166
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B. BROADCAST TV DIRECT TO USER

In this systam, 2 large number of receive only terminals are utilized. The

earth stations are unattended, non-redundant receive only termimals. Figure 2-6 is a

_ block diagram of the hroadcast TV direct-to user earth station. Figure 2-7-is a-block
diagram of the remodulation system needed for compatibility with a home receiver.

Signal Characteristics

The TV picture is generated by a 525 line TV signal whose frame rate is
30 frames/sec. Modulation parameters are derived in Appendix 5.1, and are shown in
Table 5-1. These characteristics are:

a, Maximuom audio frequency, fm =15 KHz

b. Maximum video frequency, F = 4.2 MHz

¢. Audio subcarrier frequency, fse = 6.5 MHz

d. Threshold video carrier-to~noise-ratio

/c =12 dB
\N v Threshold

e. Threshold audio carrier~fo-noise ratio

c =12 dB
M /la Thredhold

f. Audio subecarrier bandwidth Bsc = 245 KHz

)
g. TV - signal predetection bhndwidth, Bn = 22 MHz

h. The video peak-to-peak signal to rms weighted noise ratio,
Spp/Nw = 40.17 dB This Spp/Nw is a2 minimum requirement, and
with a 7 dB carrier-to~noise ratio margin the Spp/Nw is 47,17
dB for most of the time.

i. The audio test-tone signal to weighted noise ratio, S/N =43 dB
This S/N is a2 minimum performance criteria, and witha 7 dB
C/N margin the S/N is 50 dB for most of the time.
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C. BROADCAST FM VOICE/MUSIC FOR LOCAL DISTRIBUTION

In this configuration a multiple carrier satellite transponder is shared
by the users in an FDMA system. A large number of receive only ground ferminals are
utilized. The earth stations of the broadcast voice/music for local distribution service
are locally maintained, vnmanned, redundant, receive only earth stations. TFigure 2-8
is a typical block diagram of the broadcast FM voice/music for local retransmission
earth station,

Signal Characteristics

The modulation parameters of this service are derived in Appendix 5.1
and shown in Table 5-2. These parameters are:

a. Maximum baseband frequency; fm = 15 KHz

b. An FMFZB threshold extension demodulation is used. The
threshold carrier-to-ncise ratio is 7 dB.

¢. The modulation index M is 5.7

d. ‘The channel bandwidth is 240 KHz

e. The test-tone signal-to-weighted noise ratio is at least 46 d3B.

f.  Witha 7 dB C/N margin a 53 dB S/ is provided for most of the time.
D. BROADCAST COMPRESSED TV

The system is configured to have multiple carrier satellife {ransponders
which are time shared by the users in an FDMA system. A limited number of receive
only ground terminals are utilized. The earth stations are locally maintained, unmanned,
non-redundant, receive only earth stations. Figure 2-9 1s a block diagram of the

broadeast compressed TV terminal,

Signal Characteristics

The TV picture is generated by a 525 line TV signal whose frame rate is
30 frames/second. Modulation characteristics for this service are derived in Appendix 5.1

37
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and are shown in Table 5-2. These characieristics are:
a. Video interframe encoded bit rate is 6.3 Mbps.

b. Interframe encoded video baseband is rate 1@ convolutional coded; .
- -~ and-the resulting bit Fite is 12, 6 I—VIBDS.

¢. Digital video baseband is QPSK modulated on a video subcarrier.
The modulated video subecarriers bandwidth is 7. 56 MHz.

d. The uncoded audio signal is a 64 Kbps PCM signal.

e. ‘The PCM audio signal is rate 12 convolutional coded to a bit rate of
128 Kbps.

f. The audio digital baseband is QPSK modulated onto an audio sub-
carrier. The modulated audio subcarrier noise bandwidth is 74. 4
KHz.

g. A 12 MHz TV channel bandwidth is considered for the combined
audio and video signals.

h. The minimum performance objective is a BER of 10'-4 with a C/AN of
9.1 4dB.

i. Witha 4 dB C/N margin the expected BER is 10 " for most of the
time.

E. BROADCAST FM VOICE/MUSIC DIRECT TO USER I

In this configuration a single satellite transporder is shared by the users
in an FDMA system. A large number of receive only earth stations are being utilized.
The earth stations are unattended, locally maintained, non-redundant receive only
terminals. Figure 2-10 is a typical block diagram of the Broadcast FM Voice/Music
Direct to user service,

Signal Characteristics

Modulation parameters for this service ars derived in Appendix 5.1 and are
shown in Table 5-2. These parameters are:

a. Maximum baseband frequency fm = 8 KHz

b. An FMTFB threshold extension demodulator is used. The threshold
carrier to noise.ratio is 7 dB

¢. The modulation index M is 3. 9.
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d. The channel handwidth is 100 KHz.
e. The test-tone signal-to-weighted noise ratio is at least 40 dB.

f. Witha 7 dB C/N margin a 47 dB S/N is provided for most of the

time.
2.7 THE LAND MOBILE SATELLITE SERVICE
AL THE PRESENT LAND MOBILE RADIO SYSTEM

Terrestrial fwo way mobile radio systems have been in operation for several
decades. In the last few years high performance state of the art mobile radios have been
provided by the mobile radio industry. In order to handle this, terrestrial mobile com-
munication traffic, repeaters, base stations and central office control, e, g., Mobile
Telecommunication Systems (MTSs) have been built.

Presently a High Capacity Mobile Telecommunication System (HCMTS)
is being developed to accommodate the growing urban and inner city needs. In order to
improve the mobile telephone service, new mobile telephone service, new mobile telephone
control terminals are being provided for the Tmproved Mobile Telephone System (IMTS).
The present day land mobile radic equipment is discussed in Appendix 1, Section F.

The Operational Concept of the Present Mobile Radio System

The present land mobile radio system is a multi-access system. Inthis
system, a number of users are being serviced through the shared use of a few base radios.
Figure 2-11 shows the block diagram of a multi-access mobile radio system. In this system,
the user's radio is equipped with zll the usual telephone signalling modes. For example, if
a radio channel (of a frunk) is busy, the user's own radio will furnish a "busy" tone. A
maximum of 8 to 12 radio channels per user’s radio are used. Initially the mobile radios
had less than 8 radio channels, however, expansion to 8 or 12 channels is possible by the
addition of "plug in' crystal oscillators.

The base station serves as a relay between the mobile radio user and the
telephone exchange terminal. A block diagram of the exchange terminal is shown in
Figure 2~12. The exchange terminal is equipped with Line Termination Modules and
Channel Link Modules. There is a Line Termination Module for each line (or trunk) in
the system. Each Line Termination Module is extended by a radio. For each base radio
in the system there is a Channel Link Module. The Line Termination Modules and the
Channel Link Modules are housed in the Line Termination Card Cage and in the Channel
Link Card Cage respeciively.

Each Line Termination Card Cage accommodates Line Termination Modules
for 10 user line circuits. For example, if a user line (or a trunk) is shared by 7 users;
then each line termination module handles 1 line of 7 users, and each Line Termination
Card Cage can accommeodate up to 10 Line Termination Modules of 70 users, Each Line
Termination Card Cage is also supplied with one Master Distribution Module. The Master
Distribution Module is used to interface with the telephone network. To accommedate an
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increase in the number of mobile radic users an addifional Line Termination Card Cage
is added for each additional 10 user lines. The Channel Link Card Cage contains a
Chaunnel Link Module, which interconnects each base radio in the system.

2. The Sicnaling Arrangement of the Present Multi-access Mobile
Radio System

The system automatically selects a free channel and it provides signaling
only to the desired customer. For example, a four-digit code is assigned to each user
radio and to its associated line termination unit. (it is appropriate to note here that
mobile radios with up to 7 digit codes are available), These codes are transmitted on the
"gignaling tones", which can be arranged in the following manner:

TONE CODE FREQUENCY TONE CODE FREQUENCY
R 487 6 1387
1 837 7 1537
2 787 8 16387
3 937 9 1837
4 1087 0 1987
5 1237 c 2137

Each tone is used to identify one digit out of the user's identification code
{(or mobile radio phone number). Both the users radio and the line termination module
at the exchange are programmed with the same identification code. The "R" and "C" tones
provide the supervisory and control functions. The signaling sequence for placing a
call between the exchange to the user and from the user to the exchange are shown in
Figures 2-13 and 2~14, respeciively. The tones are used sequentially, and they are used
only during signaling ard supervision intervals.

When the user's radio is not in use the receiver logic continually steps the
local oscillator from frequency to frequency. When an RF carrier is received in one of
the scanned frequencies, the recestver logic determines whether or not it is the user's
identification code. If it is not identified as the user's code, then the receiver continues to
scan. When the correct code is received, the receiver stops scan and the transmitter is
turned on. The user's radio automatically sends its code back to the exchange. This
"handshaking' or round trip test is accomplished while the user's set is still idle (dr
"on~hook'). At the time of the call initiation, the exchange is placing a ringing signal
on the selected user's RF frequency. After the "handshaking' takes place the ringing
signal is heard by the user. This ringing signal is generated by the "R" and "C" {ones
{See Figure 2~13). When the user acknowledges the call (lifts off the handset) "R" and
"C" fones are generated by the user's radio. The exchange upon reception of the "R"
and #'C'" tones connects the calling party to the user's mobile radio set, and a call is
established.

When the user initiates a call, he lifts the handset from the hook, and with
this he turns on his transmitter. The idle voice channel for transmission has previously
been selected by the receiver logic which has been continuously scanning in search of an
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idle channel., At the instant when the user's radio has turned on, it transmits the user's
identification code. When the exchange recognizes the user's call attempt, it sends back
the users identification code, and again a '"handshaking" procedure takes place. After
"handshaking the user's logic sends a "connect” signal utilizing the "R" and "C" tones.
The exchange generates an audible-tone-which indicatesthe use? is ready to dial. The
user dials the same way as he would a regular telephone set. After dialing there is a
"ring back! signal sent from the exchange, and subsequently the parties are connected
for their call. When one of the users "hang up" a disconnect signal is sent by means of
the "R and "C' tones. Thus all signaling, ringing, supervisory, and control functions
are the same as in a regular telephone set.

3. Performance Characteristies of the Present Mobile Radios

a. Witha 12 dB SINAD ratio the sensitivity is 0. 25 uV to 0. 35 uV; and
with a receiver preamplifier a sensitivity of 0. 175 uV is available
(See Appendix 1, Section F, for apecification of present day mobile
radios). The term SINAD ratio is defined in the EIA standards, and
its definition is given ag: The SINAD ratio is "A measure expressed
in decibels of the ratio (1) the signal plus noise plus distortion to
(2) noise plus distortion produced at the output of a receiver that is the
result of a modulated signal input." The SINAD sensitivity is "the
minimum standard modulated carrier signal input required to produce
a specified sinad ratio af the receiver cuiput.” The 12 dB SINAD is
equivalent to a 3 dB IF carrier to noise ratio, C/N.

b. The channel spacing at the UHF frequencies is 25 KHz, The signal
noise bandwidth is at most 20 KHz.

c. Audio distortion is 2% to 5%.
d. RF output impedance is 50 ohms.
e. The modulation deviation is +5 KHz to =7KHz.
f. Frequency stability is at least +0. 0005%.
An omnidirectional antenna with a gain of about 0 dB to 5 dB is used.
h. Transmitter powers of 10 watts to 65 watts are available.

i. The mobile radio noise temperature can be estimated from the
expression, (in decibels)

C
T=C N K-B
Where 1:(;“=Sl’1\L45!\D -9 dB
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T =  Mobile Radios Noise Temperature (OK)

C = Carrier signal power at the receiver's input

K =  Boltzman Constant = -228, 6 dB/vatts/degree/Hz
B = Receiver noise bandwidth = 20 KHz

C = (Modulated Carrier Sisnal Input (in uV)2

Tnput Impedance where the input

Impedance = 50 ohms.

With a receiver preamplifier the modulated carrier signal input is 0.176 uV. Thus, the
carrier power can be approximated as:
2
(0.175 x 10~y

¢ = 50 = 6.125 x 10716 Watts (i.e. C = -152.13 dBw)

The mobile radio noise temperature T is given by:
T = -(152.13+ 3 +43) - 228.6 =30.47dB 'K

Thus, if we assume a correction factor of 2.5 dBYK, then the mobile radio noise tempera-
ture ig 2000°K. In this gtudy it is assumed that the mobile radios (with a receiver preamplifier)
have a noise temperature of 2000°K.

j»  The output signal-to~noise ratic is given by: (See Appendix 5. 1)

s_3 (LN (B (o)
N~ 2 |\f fm/ 'N

Where fm = Voice Channel baseband bandwidth = 3.1 KHz
B = Noise bandwidth = 20 KHz
C
= =1
N 2dB
1 = Total Improvement (I consists of pre~emphasis plus weighting plus

companding improvements) (1.e. 16.5 dB)

f = Peak frequency deviation = +5 KHz
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The output test-fone signal to weighted noise ratio S/AV is 42.5 dB.
It is appropriate to note here that according fo CCIR Rec. 533-2 the

S/N requirement is 43 dB for at least 99. 7% of the time, and for at least 80% of the
time a S/AV of 50 dB is required.

B, THE SATELLITE LAND MOBILE RADIO SYSTEM

1, Svstem Concept

The UHF land mobile satellite service is assumed to be provided in the
620 MHz o 790 MHz frequency band. The uplink frequency band will occupy the band
from 709, 5 MHz to 790 MHz,

Since this service will be mainly used in areas outside urban centers,
the communication-traffic is between a mobile user and a fixed location having acecess
to the nationwide telephone network. The overwhelming majority of traffic requirements
from mobile user to mobile user are within a relatively small geographical area. This
type of traffic is already handled (or planned fo be handled) by other means, for example,
by the '""cellular mobile radioc '' concept, by the CB radio concept, or by the lacal tele~
phone networks.

The UHF land mobile radic can be connected to the pationwide telephone
network via several larger Communication Routing Terminals (CRT's). The CRT's "
use Ku-band and wiil be situated across the couniry. Cajls from the UHF mobile radio
are received by the satellite in the UHF uplink band, translated to the 12 GHgz downlirk
band for relay to a CRT. The CRT connects the calls to the nationwide telephone net-
work, The return path is from the nationwide telephone network to the CRT and thence
to the sateliite via the 14 GHz uplink frequency band. In the satellite the eall is trans-
lated to the UHF downlink frequency for broadeast to the mobile ugser. For conversa-
tion between mobile users, both having UHF sets, the number of passes through the
satellite is doubled, However, it is expected that the mobile to mobile user ealls will
be at a2 minimum.

The overall advantages of the above configuration are:

®  All signal processing is performed on the ground so that the satellite
transponder weight is reduced,

@ Provisions can be made to update signal processing methods during
the life of the satellite.

8 Since, a Ku-band CRT has a relatively high earth station sensitinty
figure of merit (G/T), the downlink Ku-band portion of the satellite
transponder can operate with substantially less power than the UHF
downlink,



¢ The Ku-band antennas can be "rooftop!! size allowing mounting on
buildings within urban areas.

®  With frequency coordination and additional antenna mounting, the Ku-
band terminals also can be used as commumecation rerouting centers,
e.g. CRT's,

® The Ku-band portion of the link can provide six times as much usable
frequency band as the UHTF portion. Thus, Xu-band can be
advantageously adapted to provide a nationwide comnectivity for the UHF
land mobile user, For example, a 4 beam Ku-band antenna can provide
about the same coverage as a 25 beam (120') UHF antenna,

@ Billing, control and system modifications are relatively easy to accom-
plish,

2, The Capacitv of the Land Mobile Satellite Service

The land mohile satellite service system capacities for the four distinet

satellite antenna alternatives considered in this study are shown in Table
2-1. The system capacities of the table are maximum system capacities and
are derived in Appendix 3, 4.

3. Access In The Land Mohile Satellite Communication Svstem

The satellite land mobile system is a single channel per carrier (SCFC) de-
mand assigned multiple access (DAMA) system, Inthis SCPC-DAMA system , the users
are being served by the shared use of the satellite and the Ku band earth stations. The
user has complete privacy. TFor example, when a channel is busy the user will receive a
"busy "' tone. Figure 2-13 shows the block diagram of the communication paths of the
SCPC-DAMA land mobile satellite communication system. These paths are: 1) the path
from the UHF mobile user to the fixed user or the urban mobile user, 2) the path from
the fixed user or the urban mobile user to the UHF mobile user, and &) the szath from
the UZT mobile user to the UHF mobile user, In this sysiem {just likze in the terrestrial
mobile redio system) the user's radio is equipped with all the usual EUDSrVIEOry and ~on-
trol telephone signalllng modes., The satellife serves as a relay hetween the UFT mohile
radio user and the Ku band earth station. The Ku band earth station 1s used as an 1-ter-
face between the telephone exchange (or other terrestral systems) and the satellite.

4, The Communication Rercuting Terminal {CRT)

The Communication Rerouting Terminals (CRTg) operate in the 11,7
to 12, 2 GHz downlink and the 14, 0 to 14, 5 GHz uplink bands, In Table 2-1 it 1s shown
that the minmmum capacity land mobile satellite system can accommodate up to 160, 000
users. Tor each 160,000 users 3200 satellite channels (distinct frequency or trunks are
used,
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Table 2-1. The Capacity of the Land Mobile Satellite Commumcation Service for
the Various Satellite Antenna Alternatives Consgidered in This Study.

B (MHz) Number of Users
In the System
Number of
Contiguous
Satellite Beams
Antenna {2.5% 6% 15°]  Single Dual Single Dual
Diameteri Sguare Polarization Polarization Polarization | Polarization
210 77 2066 3009 4,106,334 6,159,502
201 25 671 1006 1,333,664 1,589,502
60’ 6 161 242 320,000 480, 000
300 2 80.5 181 160, 000 320, 000
Note: 1. The probability of loss or blocking of calls
(P) is computed from the Poisson equation
(P=e7Y E (yn/ n :) ; n = number of frequency slotsor frunks and
n=1
v =traffic offered in erlangs).
2. P =0.01 (or the grade of service is 1 in 100)
3. n =48 frequency slots per user.
4, For a bandwidth B = 25 KHz per frequency slot, there are at least
3200 frequency slots per each 80,5 MHz UHF bandwidth.
5. No. of Users = 2x {UC) where UC = Unit Calls,
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* For capacities greater than 160, 000 users, the number of satellite channels
{or trunks) are given by:

The Received Number of = (No. of Users) X(
Trunks of A Given Configuration)

3200 lmmes )

160,.000 users.

The multiple beam antenna alternatives (of this study) provide an mmcrease
in the effective UHF sateliite bandwidth. The number of users and their corresponding
mmber of satellite channels (or trunks) are linearly related to the available effective
UHF gatellite bandwidth (See Table 2-1), It is desired that the terrestrial iail be limited
to an average 100 mile long land line, If the U, 8, is covered by 100 CRTs, then the Ku
band earth stations are about 200 miles apart thus providing an average tail length of 100
miles.

For the minimum capacily system 3200 satellite channels {(trunks or
frecuency slots) are used (See Table 2-1 and Appendix 5,4). With 100 CRTs, each having
on the average a 100 channel capacity, it is expected that at least a 2 to 1 redundancy in
the channel availability of an individual CRT can be achieved., When the capacity of the
system (and the number of satellite channels) is increased; the number of channels per
CRT is increased by a factor of the ratio of the number of users to 160,000 users, That
is the average mumber of channels of a CRT for a given satellite antenna alternative is

g@iven by:

N
The Number of lines = 100 x ( umber of users )
per Earih Station 160, 000 users

The average number of lines per CRT for the different satellite antenna
alternatives of this study are given in Table 2-2. A more accurate channel number
allocation for each CRT will depend upon the iraffic dengities of the individual CRT
locations,

The Ku band CRT is shown on Figure 2-16. The earth stations of this
service are fully redundant with receive and transmit capabilities (note, the CRT
redundancy is not shown on Figure 2-16). The received signal 1s preamplified and down-~
converted to a 70 MHz IF carrier. The up and down converters are controlled by the
pilot reference frequency which 1s sent by the master station, the Communication Manage-
ment Facility (CMF), The CMF communicates with each CRT in the TDMA mode through
each one of the individual CRT system computers. The CMF also sends a status check on
the current pilot frequency. The CRT's system computer in conjunction with the pilot
reference generator checks the sfatus of the received pilot frequency. Furthermore,
the CRT's system compuier also sends a periodic status report to the CMF; and the
gent report also includes the received pilot frequency status, If the received pilot frequency
is unaccepiable then the CRT's system computer immediately relays this information fo the
CMF,
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Table 2-2,

The Required Number of Voice Channels (or {runks) for
The Land Mobile Satellile Sysiem Satellite Antenna Allernatives

Number No. of Satellite No. of Uml Calls (UC's) | Average No. of Voice
of Conli~ B (MlHz) Voice Channel (or irunks] per busy hour (or ihe Channels (or trunks)
Salellile guous Beam% number of users) Per CRT
Antenna | 2.5°x6%=15 Single Dual Single Dual Single Dual Single Dual
Diameter Square Polarization]| Polarzation [Polarization| Polarization] Polarization jPolarization] Polanmzalion| Polarization
210 77 20066 3099 82,127 123,191 4,106,334 |6, 159,502 2, 567 3, 850
120 25 671 1006 26, 674 39,991 1,333,669 1,999,502 834 1, 250
60’ 6 161 242 G, 400 9, 600 320, 000 480, 000 200 300
30 2 80, 5 161 3, 200 6,400 160, 000 320, 000 100 200
Nole: 1, The Number of users are based on Table 2-1 and Appendix 5,
2, 100 CRTs are considered,
3, 50 users per satellite volce chamnel {(or frequency slot) are considered.
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On the receive side the 70 MHz IF carrer signal 15 amplified, then passed
to a splitter and to the AGC circmt. The AGC signal 15 used as the control input to the
Eu band antenna step tracker, (the anienna step tracker operation is described 1n Appendix
5.2) In the splitter the IF signal 1s divided among several demodulators. The demodulator
frequency is set by the frequency synthesizer which confinuously seans (both at the modulator
and ai the demodulator) an average number of 32 frequencies (per voice channel). The
control signals to the frequency synthesizer are sent by the channel adapter's logic, which
iterfaces with the CRT system computer. When a signal 1s present on one of the scanned
frequencies. the channel adapter (along with the frequency synthesizer) stops the scanming
for that voice chammel. The modulator frequency 1s synchronous with the demodulator
frequency. Thus, when a frequency (or satellite channel) 1s seized on the receiving side,
the corresponding transmission frequency also is assigned. Similarly, when an outgoing
frequency has been assigned. then the corresponding incoming frequency is alse automatically
assigned.

With adaptive delta moduiation (ADM) and 4 @PSK the cutput of the GPSK
demodulator is applied to the rate 3/4 Viterbi convolutional decoder, then to the ADM codec
(The ADM Codec's operafion 1s described in Appendix 5. 5). The output of the ADM codec 1s
expanded, amphfied, and passed fo the channel adapter, which roufes the signal to the
designated terrestrial interface. When companded FM 1s used the discriminator's output 1s
deemphasized, expanded, amplified and passed to the channel adapter. The channel adapter
routes the signal to the designated terrestrial interface.

During transmission the channel adapter receives the signal from the incoming
terrestrial interface and routes the signal to the designated voice channel for transmission.
The voice channel 1s then selected by the frequency synthesizer., The ouiput of the channel
adapter 18 amplified and compressed. When FM companding 15 used, then the compressor's
output is pre-emphasized and frequency modulated.

When ADM 15 used, the compressor's output 1s passed to the ADM codec
and thence to a rate 3/4 Viterbi convolutional encoder. The IF signals of all the CRT
channels are combined, amplified, up converted. amplified and transmitied to the satellite

The channel adapter provides an interface between the telephone exchange
and the satellite. The channel adapters can respond to the following instructions:

Satellite channel ({runk) seizure

Satellite channel {trunk) release

Terrestrial channel (frunk) seizure

Terrestrial channel (trunk) release

Supervisory signals

Control signals

Test signals

User's 1dentification codes (user's phone numbers)
System computer commands for the frequency synthesizer
System computer status conirols

B e DR
Vv;vvvvvvv
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The channel adapters can provide the following functions:

a.) Dial tone
b.) Busy tone
c.) On recognition of a user's identification code the "handshaking "

function can be provided.

d.) Termination of calls, when either party on the lme decides to
"hang up'.

e.) With the aid of the system computer the proper frequency for
transmission and reception is selected.

When a call is addressed to a terrestrial (telephone) exchange, the channel
adapter looks for an idle terrestrial trunk. When an idle terrestrial telephone trunk 1s
found the channel adapter routes the call from the calling party fo the ferrestrial telephone
exchange. If all the trunks are ""busy " the channel adapter imtiates a "busy" tone to the

calling party.

5. The Communication Management Facility

The Commumnication Management Facility (CMF) can perform the same
operations as the CRT; however, 1n addition fo its regular operations it also performs the
required commumeation management functions for the enfire system.

In order to provide a redundant CMTF operation, it 15 assumed that there will
he two CMYF earth stations for the land mohile satellite communication system.

Each CMF will have a master computer to coordinate all the system super-
vision conirol and testing functions. In addition, the CMTF will also perform the required
bookkeeping and billing for the entire system. The CMF, in conjunction with the individual
CRT system computers, periodically checks the status of each CRT. Each and every
function of 2 CRT is tested by the CM¥, Upon detection of a failure the corresponding re-
dundant CRT equipment is turned on. Also when a failure is detected by the CMF, a service
crew is dispatched to repair the particular failure of a given CRT,

Each and every CRT system computer will have an Automatic Message
Accounting System (AMAS), The AMAS provides records for billing and accounting
purposes, and also provides traffic statistics records, which allow the CMF to evaluate
the performance of each and every CRT in the system. The records of each AMAS is
recorded on magnetic tape, which are periodically sent to the CMF, The CMF upon
inspection of these magnetic tape contents can generate two kinds of information these

are:

a, Preparation of the users' bill. The hilling procedure also accounts
for the usage of the terrestrial system, (the users’ bill, for example, can be automatically

prepared on computer cards).
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b. The imfiation of an expansion action for a congested CRT. (this pro-

cedure takes place when congestion 1s indicated by the analysis of an individual CRT's
.trafiic statistics).

g, The Mobile Radiog of the Land Mobile Sgtellite Commumeaticn Svstem

The mobile radios of the 1and mobile satellite service will possess all of
the assets of the present day mobile radios. When frequency synthesizers are used
operation in more than one frequency band is possible, For example operation in both
the 800 MHz band and the 620 to 790 MHz band can be provided. The use of the 450 fo
512 MHz and the 1700 to 1900 MHz bands can also be accomodated 1n the same fashion.
The economic break-even point for the use of a ‘requency synthesizer verzus the nge
of individual crystals for carrier frequency generation seems to be in the region of 8
to 12 frequencies at the present ime, In fact, it has been indicated that the manufac~-
turing plan for the new 1978 800 MHz band moble radios inciude provisions for hun~-
dreds of carrer frequencies. Projected cost of these new mobile radios will be about
the same as the cost of present day mobile radios {which possess only an 8 ko 12 carrier
frequency capability). This study assumes that the mobile radios of the land mobile
sarellite system will have a minimum of 48 distinct carrier frequencies, (the require-
ment for the 48 distinct frequency capabiliiy 1s derived 1n Appendix 5. £.)

The mobile radios of the satellite land mobile system zlso include a module
to process a pilot reference, This provides a reference frequency for the synthesizer and
its levelalso adjusts the transmitter power so that the satellite or transponder receives the
correct power, Thus. except for changes in the frequency synthesizer applheation, the
addition of a pilot reference module, and the possible wntroduction of 2 new modulation
technique {such as QPSK-ADM) the radio system configuration of the satellite service is the
same as that of the present day mobile radios, The pertinent specifications and perform-

ance features of the present day mcbhile radios also are appheable to the radios of the land
mobile satellite service

A block diagram of the mobile radio for the land mohile satellite services
is shown in Figure 2-17. The received signal is preamplified and down converted. The
up and down converters' LO frequencies are controlled by the Pilot Reference System which
receives the pilot signal from the Pilot Reference Generator/Processor. The pilot reference
s1gnal is transmitted by the CMF via the satellite to all the CRT's and to all the mobile
radio users. The downconverter output is an IF carrier signal; when a steerable anfenna
15 used. then the first IF amplifier also provides the AGC signal for the antenna aziymuth
step tracking equipment, (the step tracker's operation 1s deseribed in Append:ix 5. 2],
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The signal from the first IF amplifier also 1s applied to the voice signal
demeodulator, {the demodulaior receives a reference carrier from the frequency synthesizer),
The frequency synthesizer in conjunction with the microprocessor logic continuously scans
at leasat 48 frequencies. When an incoming speech signal 1s detected by the systems logie,
the scanmng stops and both the modulator and the demodulator are set to corresponding
frequencies When transmission 15 requested by the user, the frequency synthesizer (n
conjunction with the system logic) sets both the modulator and the demodulator at the first
1dle frequéncy pair found during the frequency scanmng,

If the modulation 15 QPSK-ADM type, then a QPSK demodulator 1s used,
followed by a rate 3/4 Viterb1 convolutional decoder, and by an ADM coder, which provides
the input to the expansion umt., The expansion umf's output 1s apphied to an audio amplifier,
and subsequently to a speaker, If the modulation 1s companded FM, then a discriminalor
1¢ used followed by a de-emphasis circmit, thence amplified and routed to the speaker.

At the transmit end the microphone audio 1s amplified and compressed. If
an FM-compander 1s used, the compressor's output 1s applied to a pre-emphasis eircut.
and subsequently to a frequency modulator. If QPSK-ADM modulation 1s used the signal
from the compressor 1s passed to the ADM coder and thence to the rate 3/4 Viterbi con~
volutional encoder. The output 15 @PSK modulated onto an IF carrier, up converted,
amplified. filtered and transmaitted via the antenna.

1. The Sienalling Arrangement of the Land Mobile Satellite Communication
Service

The signalling arrangement of the Land VMobile Satellife Communication
Service 15 similar to the signalling arrangement of the Present Multi Access Mohle radio
System, In the satellite land mobile system, a free channel is automatically seized and
signalling provided only to the destination user.

A seven digat code with area codes and the mobile radic user's a designation
code 18 used., The codes {or phone numbers) are transmitied on the "signalling tones"
which can be arranged in the following way-

TONE CODE FREQUENCY (Hz) TONE CODE FREQUENCY (Hz)
R 487 7 1537
1 637 8 1687
2 787 9 1837
3 937 10 1987
4 1087 C 2137
5 1287 a1 2287
6 1387 M2 2437
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The M1 and M2 tone codes are used for differentiating a mobile user
from a fixed user (These are the mobile radio user's designation codes.) Each tone is
used to identify one digit of the mobile radio user's ""phone number’. Both the user
radio and the CRT system computer are programmed with the same 1dentification code.
The "R" and the "C'" tones provide supervisory and control functions. The signalling from
the CRT to the mohile radio user and frofm the mobile radio user to the CRT are similar
to the signalling sequences depicted in Figures 2-13 and 2-14 respectively. Infact, the
only difference between the signalling sequences of the satellite land mobile system and
the signalling sequences shown in Figures 2-13 and 2- 141s that 1n the satellife land
mobile system a 9 digit tone (7 identification code tones plus 2 user designation tones)
are used; wale in the signalling schemes of Figure 214 and 2-15 only 4 signalling tones
are ugsed. Due to this difference, the signalling time is also extended by about 40 milli-
seconds.

The signalling tones are sequential and are used only during sigralling and
supervision or control intervals. The speech signal is passed between the CRT and the
mobile radio only after the signalling 18 completed.

When the user radio 1s not in use, the frequency synthesizer, along with
the system logic, continuously scans the assigned radio frequency siocts. When an RF
carrier is received system logic determines whether or not the user identification code is
present, If the user code is not identified, then the mobile radios frequency synthesizer
continues to scan, When the user code is identified, the frequency synthesizer stops scan
and both the transmitter and receiver are set fo corresponding frequencies. The mobile
radio automatically sends its code back to the CRT. This "handshaking'"is accomplished
while the user get is still "idie". At the time of call initiation the CRT is placing a ringing
signal on the user frequency. The ringing signals are generated by the "R'" and ""C" tones.
When the user set goes "off hook" (e, g. acknowledges the call) a set of "R' and "C" tones
are generated by the user radio back to the CRT which connects the calling party to the
user mobile radio set and a call is established,

‘When the mobile radio user initiates a call, he lifis the handset from the hook;
and thereby turns his transmifter on. An idle voice channel for transmisgion hag
previously been selected by the frequency synthesizer. When the user radio 1s turned on,
it transmits the user's identification code( and the mobile radio designation code), When
the CRT receives the user's call aftempt, it sends back the users identification code,



completing the "handshaking procedure’. The user radio then sends a "connect’ signal,
which 15 accomplished by the use of the "R" and " C" tones. When the CRT receives the
user's "R" and ' C" tones, it generates an audible tone, which indicates to the user that he
is ready to dial. The user dials the same way as he would a regular telephone set. The
dialing tones are generated by the microprocessor and the dialing tone generator (See
Figure 2-17). After dialing, a "ring back' signal is sent from the CRT and subsequently
the parties are connected for their call. When one of the users hangs up a “disconnect"
signal 15 sent by means of the "R" and " C" tones. Thus, the signalling operation of the land
mobile satellite commumcation system is wholly compatible with the signalling operation

of the present izlephone sysiem,

8, Sional Characterishics

The modulation characteristics of the FM companded system and the 32 kbps
ADM system are drived in Appendix 5, 1.

The Modulation Characteristics of the FM Companded Svstem

Voice channel baseband bandwidth fm = 3.1 kHz.

The peak frequency deviation Af = 7,316 kHz.

The allocated satellite channel noise bandwidth, Bn = 25 kHz,
The threshold carrierto-noise ratio 1s 10 dB.

Companding improvement of 8 dB is considered.

The pre-emphasis improvement is 6 dB, and the weighting
umprovement ig 2. 5 dB.

The mimimum audio test-tone signal to weighted noise ratio,
S/N = 44 dB, and with a 6 dB C/N margn the /N is 50 dB
for at least 80% of the time.

h. The peak modulation index, M = 2. 36,

S N

ta

The Modulation Characteristics_of the 32 kbps (information bit rate)
QPSK-ADM Svstem

a. The required uncoded bandwidth 1s 19, 2 kHz.

b. The requred Viterb: rate 3/4 convolutionally coded noise bandwidth
15 25, 6 kHz, For this mode of operation a 28 kEz bandwidth is
assumed,

c. The required rate 7/8 SCPC forward-error corrected coded noise
bandwidth 1s 21,95 kHz, In this study a 25 kHz noise bandwidth is
used,

d. The C/N_ requirement for the uncoded case 1s 54 dB, The C/¥N used
in this sgudy is 13.2 dB, which includes equipment degradation.
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The rate 3/4 Viterbi convolutionally coded C/N is about 50 dB;

while the required C/N is 9.2 dB.

When the rate 7/8 SCPC channel type FEC 1s used, then the C /\T

is about 52 dB;while the required C/N is 11.2 dB,

The expected performances of all three cases resulis in a articulation
index (A1) of 0.65, which corresponds to a 98% speech intelligibility,

Applications of Microprocessors and Digital Codecs

In the past few years, the microprocessor and the digital codec technology
has advanced considerably due to the introduction of LSI, '

a.

Microprocessors

The IEEE Spectrum of the March 1977 issue provides an elaborate
survey of microprocessor applications. The examples to follow are
from this survey. Microprocessors assist the complicated hand-
shaking procedures required to make a mobile radio call, 1In the
Radyx Incorporated radiotelephone system base-station equipment
mieroprocessors handle many of the required switching functions. In
one of the Motorola (Schaumberg Il1, ) mohile radio terminals, a micro-
processor controls the terminal and displays several lines of alpha-
numeric information. In the ESL, Incorporated (Sunnyvale, California)
maobile station the handshaking also is accomplished by a microprocessor.
The Martin Maretta (Orlando, Florida) mobile telephone commumea-
tion systems microprocessor controls the communications with the
nationwide telephone network, including handshaking and decoding of all
tones and markers from the base station., The microprocessor based
GTE Automatic Eleetric (Northlake, Illinois) GTD-120 PABX (private
automatic branch exchange) can serve up to 120 lines from 28 trunks.
The Wescon Incorporated (Downers Grove, Illinois) 580 DSS can serve
up to 2400 lines from 600 trunks, The DAMA (demand assigned multi-
ple access) microprocessor based system of Motorola, Incorporated
{Scotisdale, Arizona) can take data at 75 to 4800 bps and time division
multiplex this data into a satellite communication channel at modulation
rates of 9600 to 32, 000 bps. Another microprocessor in this system
provides buffer storage to absorb clock timing differences, and adds
synchromzation codes to the error correcting encoder circuits, Micro-
processors also are used fo perform the error correcting algorithms,
Signal processing also can be conveniently performed by microprocessors.
Digital filtering associated with A/D and D/A conversions also caun he
performed by microprocessors.



Dheatal Codecs

In the February 1977 issue of the IEEE Spectrum (" Clipping 1n
Digital Telephone'’) a number of available digital codecs are
described . The sigmificant codec applications from this 1ssue

are discussed in this section. Presently the DAC 76 from
Precision Monolithics {Santa Clara, California) can perform a

¢ 255 law companding D/A conversion, (the p 255 law companding
1s used in the Umted States, Canada, Japan and some Latin American
Countries ). The u 255 compresses the input signal according to

a precewise-linear approximation of a logarithmic relationship,

the u 1s a coefficient in the logarithmic expression), This chipis
sold for $19, 00 1n quantities of 100 to 999. Signetics expects to
have its ST-100 PCM codec (coder/decoder) available by the first
half of 1977, National Semiconductor also plans to have a3 PCM
codec on the market in the near future. Both of these codecs will
cost about $1G, 00 1n quantity. The additional filiers required at
the input and output of the PCM codec will cost about 310. 00 in
guantities, Motorola also expects to introduce a PCM codec early
this year. Harms Semiconductor has announced its HC-35516 and
HC-55532 (for 16 and 32 kbps operation) Adaptive Delta Modulation
{ADM) codecs. (These codec operations are described in Appendix
5.5) Motorola is also developing 1ts MC3418 ADM codec, which
wi1ll be aimed at commereial applications. National Semiconductor
offers two fifth order elliptic filters for use with their PCM codec.
these are the AF130 and the AF131, The cost of these filters in
large quantities are about 34, 00 to 35. 00.

Thus, 1n the near future beginmng with 1978 or 1979) a significant

drop 1in the cost of design, development and manufacturing of switching
equpments, SCPC earth stations, mobile radios, and telephone

routing systems can be expected through the use of the miceroprocessors
and digital codecs.



2.8 PROPAGATION EFFECTS

A, PROPAGATION EFFECTS AT UHF AND S BANDS

In the UHF frequency range, the atmospheric and tropospheric
effects are negligible. Rain attenuation and depolarization effects due fo rain also are
negligible. Faraday effect, although present, can be compensated by the use of circular
polarization. 8 band 18 virtually immune to propagation effects.

The propagation effects of significance in the UHF frequency range are

9 Man made noise
° Multipath

Man made noigse (which is primarily automobile ignition noise) 18 encountered
in urban and suburban environments and the net effect of this on both analog and digital
modulation schemes is that larger carrier power has to be provided. To counteract fypical
guburban noise about 2 to 3 dB of additional margin is considered o provide adequate pro-
tection. Operation within an urban environment is not considered in this study.

The multipath phenomenon at UHF has been examined by adequaiely repre-
genting it by a multigcatterer model of reflecting surfaceds. Such a model has been struc-
tured and variability of resultant received signal has been estimated. The variability is
based upon the assumption that the reflected power 1s 1% of the direct power. Moreover, due
to the Jow gain mobile antenna, no diserimination to multipath signals has been asgsumed.

In a multipath environment, the received signal consists of the direct-path
signal and the multipath signal. Due to the environment, the multipath signal is not a
single signal but a mulfiplicity of signals. The case which is muech more represeniative
of actual multipath in an urban environment involves a multiplicity of multipath signals
along with the direct path signal incident on the same receiving antenna.

The multipath fading behavior can be appropriately modeled by consider-
ing the direct path signal as a constant phasor and each of the large multipath signals as
a phasor with uniformly distributed random phase. The multipath signals are allowed
unequal ampliftnde with the resultani vector sum having a rms amplitudek" which is
related to the reflection coefficient. The resultant of the multipath signals will have a
Rayleigh distribution and the total signal consisting of the direct signal and various muliti-
path components will be the vector sum of the direct signal and the Rayleigh distributed

multipath signal.

The cumulative probability distribution function of the resultant signal
R as modeled above has been derived by Rice? and is given by the expression
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and Ris a particular value of R. * o

The amplitude variability as a function of the cumulative probability
with k = 0.1 has been plotted 1n Figure 2-18. In the multipath model if the various multi-
path signals have the rms amplitudes
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3
then kéJmI“Tmz --------- M 2
3 1 I 2 n

From the plot of the probability distribution function it can be seen that
995 of the time the amplitude variability due to multipath effect 1s less than 1.5dB
when k = 0.1. TUnder these conditions, a margin of 6 dB should be very adequate to protect
against man made noise and multipath propagation effects. For larger values of k which will
hold in areas that are more reflective, the fades will be deeper. Under such conditions
larger margins will be required.
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B. K-BAND PROPAGATION EFFECTS

The RY attenuation statisties at Ku band due to rain have been included
m the study. Rain i1s the only climatic condition which has a significant effect. * Since
the climatic conditions and the ram activity varies significantly within the geographical
boundries of the U. 8., local attenuation statistics must be considered. Models which
consist of the cumulative distribution functions of rain induced RF attenuation have been
constructed for NE, SE, Central and Western regions of U. S, which are described in
Appendix 3, Volume 2. Since the RF attenuation depends upon rain rate, the cumulative
distribution functions of attenuation are developed using average rain rate data and
techmques for converting this data to RF attenuation. Significant factors which mnfluence
the conversion and the methodology of conversion are explained in Appendix 3; the ramn
rate data has also been given there, Furthermore, in Appendix-3 it is demonstrated that
these models are supported by data collected from experiments conducted by NASA and
Comsat on ATS-6. The models constructed for the four geographical divisions of U. S.
coupled with NASA measurements data for other selected geographical regions such as

Alaska, Hawaii ete. are used 1n the study. Typical results derived from this data and
models are given 1 Table 2-3,

In the study, margin 1s provided 1n the links to rake care of rain attenuation
such that outage does not exceed 0.1%. Additionally, 1n the case of the inferactive ser-
vices, the margin has been sized to include the nénpact of rain induced 1ncreases in re-
celve sygfem noise femperature, A nominal 200 K clear sky receive system fermperature
has been used in deriving these margin increases. In the case of the broadeast services,
the receive system noise temperatures are much higher. Consequently, rain induced
noise 18 of minor importance and the link margins are sized to reflect atfenuation alone,
Where the margin necessary to mest the outage requirement is large, methods have been
discussed to amehorate the impact and such methods have been used where necesgary
in the study. TFor example, rain attenuation in the Gulf of Mexico and Florida regions
is gh, and in the study the satellite models direct more energy io these regions. Other
possible methods are discussed in Appendix.3., Attenuation margin as a function of outage
is also given in Appendix 3.

*Depolarization due to rain is 1gnored because dual polarized Ku band systems are not
considered in the services.
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Table 2-3, Typical Rain Atfenuation Effects

Rain Attenuation and Equivalent Sky Noise
for 0.1% outage 2t GHz

Geographical
Region . . . . (1)
Rain Attenuation EqmvalentOSky Noise

{dB) (Tsky) K
NE 4 164
SE 10 246
Central 4 164
West 1 56
Alaska 8 230

Note: (1) Tsky = <=l 2730K, where ¢ = attenuation
o




30 TRADEQFFS, INTERACTIVE SERVICES

3.1 INTRODUCTION
A, OVERVIEW QF RESULTS

Five spemal'transmit/recewe communications services, four operating
at Ku-band and one at UHF, have been subjected to tradeoif evaluaiions, as a function
of a wide variety of system options, to develop optimized satellite/ground terminal
configurations and annual cost to the user. The services are special in that they are
not presently being supplied on a major scale by the communications carriers. They
are also somewhat unique in that small earth terminal technology is employed to pro-
vide direct, flexible, long distance user to user intercomnections. The five services
and representative samples of the tradeoff resulis are depicted in Table 3-1. The
mobtle radio service is the one operating at UHF. '

The table’s results are based on the specific operating scenarios
associated with each service. The ""Point-to-Point (i.e. two way) TV service has heen
configured to supply medical diagnostic interconnections between multiple rural hospi-
tals-medical technicians and urban-university spectalist. The "Compressed Bandwidth
TV/Facsimile’ service provides teleconferencing to the government, industry, the
medical professions, and educators. A transportable terminal brings the facilities to
the customer's location and charges are levied on a per call basis. The "Voice/
Facsimile' service gives another level of teleconferencing capabilify at a far lower
cost. The user owns or leases his own terminal which can handle independent voice,
facsimile and data transmissions as well as teleconferencing. Both FDMA and TDMA
approaches to system implementation are considersd. All other services are configured
in an FDMA mode alone. The "Multi-channel Voice/Data’ service supplies dedicated
thin route trunking between users. Eleven voice chanrels plus a 64 Kbps data capab:ility
1s provided. The "Mobile Radio'" service provides telephone service to mobile users
(e. g. frucks, frawns, cars, law enforcement vehicles, ete.). Both mobile/mobile and
mobile/fixed interactions can be handled. Connections to fixed users are made by
accessing the conventional telephone system.

The basic system configurations, displayed in Table 3-1, were chosen
to be representative of the small terminal networks that might reasonably be implemented
before 1985. The satellite and earth station configurations and costs for a wider range of
networks sizes and launch vehicles are displayed tn Section 3.3. As shown by the table,
it is expected that the requirements for terminals supplying wideband services will be in
the hundreds while the need for narrowband service terminals may be in the ten to one
hundred thousands range.

The average number of terminals/sustzlite signal "'slot' 1s a major factor
in defermining the annual ecosts per user and the most cost effective tradeoff between
satellite and earth terminal requirements, A large number of terminals/slot reduces the
cost allocation for satellite power and reduces the annual cost per ' ser. It also allows
a cost effective increase in satellite power and corresponding deer 1se in earth terminal
requirements, The values for this parameter, indizated in Table 3-1, are fixed for all
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Table 3-1 Summary Optimized System Annual Cost/Counfiguraiion

System Conlig. Gn'd Term Qonfig, Sat. Config. Average System Cost/Term (2)
Service Potal | No. Term/| Launch | Ant Recvr. [Xmit- | No, Pwr/ |No. Sigs.| Total [Per % Due lo
ferm [ Sal. Sig. | Vehicle| Dia. Temp.| er | Beams|Trans-} Trans- [Annual |Call [Sat. [Term| Fixed
Slot Pwr. ponder| ponder ‘
Pomi-lo 102 25 Shutile | 9.9 100 25 4 2.2 1 $51L,K  |$360 44 27 29
Poml TV A/C (meters)] (°K) {walls) {watts)
Com- 102 4 Shuttle § 9.9 100 15 1 2.5 3 $141,2K [ §495 34 11 55
pressed A/C (meters)| (°K) |[(walts) {watts)
BW TV/ |
PAX '
Voice/ 104 11 Shuttle | 4.4 260 5 1 15 112 $9.5IK |$90 18 40 42
FAX A/C (meters)| (°K) | (watts) (watts) |
{FDMA) :
!
Multichan 102 2 Ded- |7.0 265 |2 4 1.8 16 $388C [$3 59 | 26 | 15
nel Voice icated | (meters) (OK) (watts)| (waits)
Data Shuttle
Voice/FAX 104 17 Shuttle { 3.5 - | 450 |1 4 oo 295 $22,5K |$215 | 2.5] 9.5] 88
(TDMA) A/C (meters)} (°K) | (watls) {watls)
Moble  [16° | 50 Ded- | Crossed| 300 |2 6 11.8 1065 $1.1€ {323 Jas | 40 | 35
Radio icated | Dipole/ | (°K) [(walts)| (kilo-
Shut- Folded watts)
tle (1) | Mono-
pole

Notes: (1) A 60 tool anlenna 18 used on the satelhile
{2) Cost for one lerminal and one satellite access This {s the lotal cost of lhe Point~to-Polnt TV service where
many rural terminals mleract with one central lerminal in a half duplex mode. In all other casea, il Is half of the
total since full duplex one-to-one inleractions are supplied.
(3} Cosl hased on each lerminal handling an average of 2 calls per day, live days per week. See Seclion 3-8 for the
baslg of Lhe othey per call cost estimates



system options evaluated. They range from one terminal per slot, for a fixed trunking
service, to 17 to 50 terminals per slot for low duty eycle terminals owned or leased by
the individual user. An intermediate value of about 4 or 5 is applicable to high duty
eycle terminals made available to a number of users (e.g. by employing transportable
terminals),

Typical launch vehicles, for the satellites serving networks of the size
indicated in the table, will be in the Atlas Centaur and Dedicated Shuttle classes. Big
satellites give an economy of scale that reduces the annual costs per user. Further,
the magnitude of the total load depicted is compatible with the big satellites. The mobile
radio service alone requires the total capability of a Dedicated Shuttle size satellite,

The other services individually require from 8% to 40% of the total RF power available
on an Atlas Centaur satellite and the composite load of the four is about 70%. Ha
Dedicated Shuttle is employed, the loading is about half as large (i.e. less than 35%
composite lpad) and a considerable capability remains.

The ground ferminals, displayed in the table, provide Ku-band antennas
having diameters ranging from about 3. 5 meters fo 9.9 meters. Antennas up io 4.5
meters have a manual steering capability while larger antennas are autoiracked. Ku-
band receivers range from cryogenically cocled paramps (i.e. 30°K to 120°K devices)
to Gads FET lownotse recewvers {i.e. 300°K to 950°K devices). At inter-
mediate device temperatures (i.e. 120°K to 3}00°K), uncooled paramps are used. These
recewve system temperatures are clear sky values. Rain increases Ku-band system
noise temperatures Sufficient margin has been provided to insure Iink outages due to
rain of =0, 20% The UHT receiver is a bipclar transistor. Transmitters are all at
relatively low powers ranging from about 1 to 2 wati solid state GaAs FET devices up
to 25 watt TWTAs. The UHT transmitter is a transistor amplifier. The Ku-band
requirements can be reduced somewhat by allowing a modest increase-in system costs.
G/T reductions of 2 5 dB to 4. 5 dB result in cost inereases of only 10%. This resulis
in antenna diameters ranging from 3 meters to 9 meters, receiver temperatures ranging
from 230°K to 745°K, and transmitter powers ranging from 1.5 watts to 45 watts. Some
further reduction in both terminal G/T and EIRP can be realized if the satellite antenna
is not configured to provide exira gain into the high rain outage areas (i. e. the South-
eastern United States) at the expense of reduced gain info other areas of the country
{See Section 3.3.A.4). This gain reduction amounts to about 3.5 dB for 4 beam satel-
lites and is negligible for one beam satellites. Thus, the maximum requirements, for
four beam sateliite terminals, can be reduced to a 7 meter antenna and a GaAs FET
(i. e. 350°K) receiver. With or without this last reduction, the results show that the use
of a mulfibeam satellite antenna results in reduced ground terminal requirements.

The Ku~band satellifes, displayed in the table, provide either one beam
U. 8. coverage or four beam time zone coverage antemmas together with modesi trans-
ponder RF power reguirements. The UHTF satellite is another story. Multiple beams
are needed to increase the available bandwidth, through frequency reuse, and increase
satellite EIRP to low performance UHYF mobile receivers., The latiter also requires
high transponder power. The satellite, configured to meet these requirements, employs
a solar array having a higher sunlight to DC power conversion efficiency than those pro-
vided on current spacecraift.



The Ku-band results indicate that time zone antennas can be effectively
used to reduce system costs in selected applications. These being FDMA systems where
the traffic requirements are regionalized and TDMA systems involving high levels of
traffic volume per terminal {(e.g. > 1 Mbps). In an FDMA system designed for U.S.
wide interactions, the beam to beam cross sirapping channelization required increases
the routing filters as the square of the number of beams. Further, the inflexibility of
the channelization means that it must be oversized to effectively handle demand assign-
ment traffic. Consequently, the four beam approach has been considered applicable
only to cases where the user inferconnectivity requirements can be regionalized (i.e.
Point-to-Point TV), or the user requirements are semi-regionalized and fixed and pre~
dictable in advance (i.e. Multichannel Voice/Data). Note that TDMA has the potential
of overcoming all the disadvantages of an FDMA approach to multibeam systems. How-
ever, the high cost of TDMA modems makes such a system cost effective only when the
data rate per terminal is high.

The optimum transponder power level is found to be an important para-
meter in the opiimum cost per user. Power levels below about 10 watts represent
inefficient satellite designs which inflate user cosis. At these power levels, the weight
of channelization hardware exceeds that of the RF power amplifier. As seen in the
table, the results for the Point-to-Point TV, Compressed Bandwidth TV/Facsimile,
and Multichannel Voice/Data all fall info this category. The most effective means for
increasing transponder power is to increase the number of signals sharing an individual
transponder. This implies widening the satellite transponder bandwidth. Variations
in the bandwidth are used in this study as a means for varying the number of signals
sharing a trapsponder. A 36 MHz upper bound, consistent with present INTEISAT and
DOMSAT channelizations was assumed. Further, even when narrower band channeli-
zations are considered, the use of the 36 MHz fransponders is not precluded. However,
the trends indicate bandwidths wider than 36 MHz should be considered for at least the
three services listed above.

The costs, displayed in Table 3-~1, appear to be reasonable except for
those associated with the "Compressed Bandwidth TV/Facsimile™ and ""Voice/Facsimile!
(TDMA ) services. These amount to $990 for a full duplex 1~1/2 hour video conference
and $430 for a full duplex 1 hour audio conference. Teleconferencing must be compared
with typical U, S, Business expenses of about $300 fo $500 per person for a face to face
conference. As indicated by the table, the high costs are primarily the result of the
fixed performance items (e.g. IF/baseband equipment, control/test equipment, packaging,
shelters, environmental control equipment, operating expense, etc. ). In the case of the
video service, it is operator cosis associated with the cameras and transportable terminal
that are unreasonable. In the case of the audio service, it is the TDMA modems that
drive the overall costs out of reach. In the other services, satellile costs dominate if a
wideband capability (i. e. 700 Kbps) is needed while ground ferminal cosis dominate the
narrowband (i. e. 150 Kbps) configurations. Various innovations and revisions, to the
Ku-band service configurations modeled herein, which may decrease costs, are summa-
rized in Table 3-2.
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Table 3-2 Potential Cost Reducing Factors/Innovations

SERVICE

Point-to-
Pomt TV

Compressed
Bandwidth
TV/Facsimile

Voice/Facsimile
(FDMA)

dMultichannel
Voice/Data

i

FACTORS/INNOVATIONS

(1) Multibeam (e. g. 8-16) FDMA sat., (2) Longer life/
higher reliab:lity sat., (3} Shuttle optimized saf.,

(4) Improved sat. technology (i.e. higher efficiency
solar arrays, ion jets, ete.,) {5) Video camera per-
formance/cost trade-offs, (6) Audio only return hnk

to remote hospitals, and, (7) More sigs, /sat. chan,

(i. e. wider bandwidth transponders).

(1) Multibeam synchronized TDMA* sat, system, (2)
Items (2), (3) and (4) above, (3) Conferences durations
reduced o an average of an hour, (4) Lower data rate

TV (e.g. 1.5 Mbps), (5) Combined teleconferencing/fax./
data services with terminals owned by individual users
and (6) More sigs. /sat. chan. (i.e. wider bandwidth)

(1} Error correction coding/decoding, (2) Lower operat-
mg frequency (e.g. C-band or S-band), and (3) High volume
procurement/implementation (e. g. 10° units)

(1} Items (2), (3) and (4) under Point-to-Poitt TV,
(2) Multibeam FDMA or synchromzed TDMA sat.

(3) High volume procurement/implementation,
(4) Delta modulation for voice channel A/D, and (5)
More sigs./sat. chan. (i.e. wider bandwidth)

= Beam switching in the satellite 1s synchronized to the TDMA
frame format.



The variation of average annual cost per user as a function of the link
outage requirement is examined for all Ku-band services with identical results. An
almost negligible cost increase occurs as the acceptable link outage decreases from
1% to about 0.25%. Cost increases become significant at an outage of about 0. 075%.
Costs are totally unreasonable at an outage of 0. 01%.

The means for handling the differences in Ku-band rain atienuafions across
the country also are examined. It is concluded that an equal distribution of antenna gains
and identical ground terminals can be used across the country for link outages>0.5%.

As outage requirements are reduced further to about 0. 075%, unequal satellife antenna
gains can be effectively employed. At still lower outages, the satellite antenna gain
offsets need to be compensated by variations in the ground terminal performance
requirements. Finally, to provide a system outage of 0. 01%, it may be necessary to
accept a slightly poorer outage in the Southeastern U. 8.

B. SCOPE OF THE SYSTEM OPTIMIZATIONS COMPLETED

The basic system opiions, considered in the tradeoff, are the satellite,
launch vehicle, the probability of link outage, the number of users in a nationwide U. S.
network, the number of beams on the satellite and the number of user signals accessing
a satellite channel. The range of variation for each parameter is defined in Table 3-3
for the Ku-band services. All possible permutations of the listed parameters are selected
and satellite and ground terminal optimizations completed to determine the minimum cost
and corresponding satellite fransmitier and ground antenna, receiver, and fransmitter
requirements. This amounted to thousands of system optimizations requiring the use of
a computer.

In the case of the land mobile gervice, the range of options is more limited
and manual fradeoffs could be performed. Link outage is not a consideration (i. e. a fixed
link margin is provided) and the number of user signals per satellite transponder is a
dependent variable determined by the selection of the launch vehicle, number of beams per
satellite, and the number of user terminals in the network. The Shuttle A/C launch
vehicle together with 2, 6, and 25 beam antennas pius the Dedicated Shuttle with 2, 8,

25 and 77 beam antennas are considered. In each option, the user network is allowed
to vary in small increments from 10, 000 to the maximum supportable. UHF bhand-
width 1s the constraining item determining the maximum number of users supportable.
It 1s increased through greater frequency reuse as the number of satellite antenna
beams become larger; use of dual polarization also increases the bandwidth. Up to
320, 000 users can be efficiently served by two beam satellites, 480, 000 by six beam
satellites, 2,000, 000 by 25 beam satellites, and 6, 000, 000 by the 77 beam satellifes,
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Table 3-3 Basic Ku-Band System Options Subjected to Satellite/Ground
Complex Tradeoffs

Options Considered
Launch Link Number of Number of No. of User
Service Vehicle Cutage Terminals Sat. Beams Sigs/Sat Chan.
Point-to- Delta 2914 1%
Point TV Delta 3914 0.25%
Atlas Centauxi ) 0.1% 10 1 1
Shuttle 3914 ' 0.075% 102 4
Shuttle A/c @ | 0.05% 103
Dedicated Shut. 0.025%
0.019%
Compressed Band | Same as above Same Same Same as 1
width TV/Fac- as as above 2
simile above above 3
Voice/TFacsimile Same as above Same 104 Same as 14
(FDMA) as 10° above 56
above 10‘% 112
109 224
Voice Facsimile Same as above Same 10% Same as 295
(TDMA) as 10° ahove 442
above 104
Multichannel Same as above Same 10 9 Same as ;
Voice/Data as 10 above
3 8
above 10 16

Notes: (1) A Delfa 3914 equivalent payload launched on a shuttle vehicle.

(2) An Atlas centaur equivalent payload launched on a shuttle vehicle.
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C. OPTIMIZATION APPROACH AND SECTION ORGANIZATION

The Ku-Band system optimizations are accomplished m a series of three
wajor compiiterized routines. These aFe: (1) the satellite cost/Aransponder versus
power/transponder (2) the ground terminal cost versus EIRP and G/T, and (3) the
average annual cost per user versus satellite and ground terminal performance. Affer
the system options are selected, the oufput curves from the first two routines are read
mto the last to allow the satellite vs ground terminal tradeoffs to be completed. This
routine employs uplink and downlink performance equations to relate the capabilities of
the space and ground segments to the system requirements and options selected. While
these equations are being satisfied, the allocated satellite cost per user and the average
ground terminal cosis are totaled. A systematic search, over a reasonable range of
satellite and earth terminal capabilities, 1s conducted and the lowest cost system con-
figuration selected as opfimum, The routine handles variations in ground termmal re-
quirements over four major sectors of the couniry (i.e. the Northeast, Southeast, West
and Midwest), Its outputs for the optimum configuration include: average annual cost
per user, satellite power, number of satellite transponders required, percent of satellite
consumed, and earth terminal BIRP, G/T, receiver, transmitter and antenna required
in each area of the country. Fixed item costs are manually added fo satellite and ground
terminal costs. The routine is explained in detail in Section 3. 4.

The Ku-band earth terminal routine employs the antenna, fransmaitter and
receiver costs versus performance curves, described in Section 3.6, fo generate the
optimized ground terminal cost versus performance curves. The cost of antenna, re-
ceiver and transmitter combinations satisfying EIRP and G/T requirements are totaled.
A systemafic search, over a reasonable range of subsystem capabilities is conducted
and the lowest cost combination selected as the optimum. This routine can provide
optimizations for both redundant and nonredundant versions of the transmitter and re-
ceiver, and is described in detail in Section 3.5.

The Ku-band satellite routine provides a method for subdividing spacecraff
RF power capabilify and cost such that a cost/performance curve can be generated, It
1s not an optimization since nothing is traded off. A communications payload capability
is allocated (nominally 40%) from the total available geosynchronous orbit payload capability
of a given launch vehicle. A channelized communications transponder model is adopted.
The weight of the antenna, various transponder components (e.g. receiver, frequency
converter, channelization filter, and transmitter), and the transponder prime power
source is developed. The annual cost of the total space segment ig established, including
an active satellite, an in orbit spare, a ground spare, two launch vehicles, launch/orbit
msurance, and various other operating costs. The computer starts with one transponder
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and increments the number of transponders to vary transponder power downward, At each
merement, the transmitter weight and power compatible with the available weight allo-
caiion 1s determined and the space segment costs are suballocated to each transponder,
This process proceeds from a single transponder maximum power configuration until

the power per transponder is less than one watt. TUp to six different launch vehicles are
handled in the model. Both one beam and four beam satellites can be configured. The
model 1s explamned in greater detail in Section 3.7.

The UHF Mobile Radio optimizations are similar to those indicated ahove
but can be performed manually since the range of the system parameters and cptions
are less. A limited range of ground antennas (i.e. 7 antennas having gams ranging from
-5 dB to 17 dB) and a fixed transmitter simplify the ground terminal tradeoifs. Several
satellite configurations are considered but the power and cost per channel are not varied.
The entire capacity of the satellife 1s consumed m a2ll cases. The tradeoff with the ground
complex 1s accomplished by varying the bandwidth provided by each satellite. Decreasing
the bandwidth from the maximum feasible decreases the number of users possible. This
increases the satellite power per user and allocated user cost in a linear fashion and affords a trade-
off with the mobile receiver's G/T and cost. In this service, overall operating and fixed
equipment costs inerease modestly as the size of the network mcreases. These costs
are also computed manually and added on to the satellite and grcund complex costs. They
are a signmficant portion of the overall costs. They decrease on a per user basis as the size
of the network mereases. As a result, they are a strong factor in making large networks
cost effective.

The output of these opfimizafions 1s summarized and analyzed at length in
Sections 3.2 and 3.3, Section 3.2 examines cost variations as a function of Ku-bhand link
outage. The results are quite similarfor all services eliminating the need for a de-
tarled service by service evaluation. The remaining results are evaluated service by
service in Section 3.3. The format, for Ku-band services, invelves considering in order:
(1) annual cost versus satellite transponder handwidth; (2) annual cost versus number of
beams per satellite. (3) satellite requirements, {4) satellife and ground termimal cost
versus network size, (5) ground terminal requirements, and (6) total system cost breakdown.
In the "Point-toPoint TV'" service, cost versus satellite transponder bandwidth i1s not a con-
sideration. In the UHF "Mobile Radio" service, the format is unique since the approach to
the tradeoifs and evaluations is unique.

3.2 AVERAGE ANNUAL COST VS PERCENT Ku-BAND LINK OUTAGE

A, RESULTS

After examining a wide variety of transmit/receive services, the major
conclusions are-

° The trend 1n system cost as a function of link outage
18 quite similar regardiess of the system configuration.



o Average annual satellite/ground terminal costs experience a negligi-
ble increase as the link outage requirement decreases from 1% to
about 0. 25% and tncreases do not become important until the ontage
is reduced to less than 0.1%.

? Cost increases become unreasonabie at a link outage of 0. 01%.

The full set of link outage versus cost curves are displayed in Appendix 4.
Representative examples are shown in Figures 3-1, -2 and -3, Asg illustrated, there 1s
a sharp threshold in the cost trend at a link outage of about 0.1% Average annual cost, as
used above and in the figures, represents the annual cost per terminal for the satellite
plus one fourth of the sum of the annual cost of the ground terminals needed in the South-
east, Northeast, Ceniral and West sections of the U, S, Thaus, it is ground terminal costs
that are averaged based on an eqgual distribution of ground terminals across the country.
The system design has been structured to equalize the outages per area even though the
Tain attenmations and renuired margins differ markedly. This is accomplished by providing
7 dB of extra satellite antenna gain 1n the direction of the Southeast and by choosing ground
terminals of differing EIRP and G/T performance capabilities per area.

B. BACKGROUND OF COST VERSUS LINK OQUTAGE RESULTS

Factors having an impact on the cost as a function of link outage include:

s The rain attenuation data employed to develop link margin versus
outage requirements.

. Minimum margins established to ensure adequate clear sky per-
formance, ’

] Differences in minimum margins between digifal and analog services,

Py Impact of rain attenuation on receiver noise temperature.

@ Margmm variations from one area of the country to another.

- The approach to allocating the overall outage requirement between

the uplink and downlink,

The Ku-~Band rain attenuation data employed is summarized in Section
2.5 and discussed in depth in Appendix 3. Separate attenuation curves are defined for
each area of the country at 14 GHz and 12 GHz. The data is generated by 2 link model
based on recent data collected by NASA in an ATS-6 experiment. A model was nec-
essary since actual data is not available for all areas and ground antenna elevation angles
of interest. The model uses U. S, Weather Bureau rain rate data to make attenuation
predictions. The model is confirmed by actual link attenuation measurements made
on a satellite located at about 95° west longitude. This location gives relatively high
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elevationangles for terminals inthe eastern U. S. However, the satellite location assumed in
this study 15 124° west longiiude giving low elevation angles for terminals in the eastern

U 8 These elevation angles plus high rain rates made the attenuations for the northeast
and southeast-quite high. -As a-result, the average cost obtained for 16w outages 15 high.
The attenuations in the east are fairly high in almost all projections currently being made
Consequently, it is believed the conclusions stated above are valid even though the exact
magnitude of the average costs for low link outages is a matter of conjecture

The specific margins, used in the computerized system optimizations, are
displayed in Section 3.4.D, These margins are given as a function of link outage. They
include a minimum margin as well as the margin required to combat rain attenuation. The
minimum margin ensures high performance during clear sky conditions. The rain margin
ensures a minimum acceptable performance level in situations where propagation atfenuation
is a factor. The rationale employed in developing the minimum margins is explained in
detail in Section 3.4.D, These marging are a major contributcr to the flatness of the cost
curves as the link outage varies from 1% to 0.25%. Degraded equipment performance due to
failures, aging, changing temperatures and frequency instabiulities are also included in
the link margin.

As indicated in Seection 3. 4. D, different mmmum margins are applied fo
digital and analog services because the difference between minimum performance and high
performance is less in the case of the digital services. It should also be noted that the
C/N values stated for the digital services include 2.5 dB of modem loss relative to theoretical
perfgrmance. Thus, while the minimum listed margins are 7 dB for the analog services and
4 dB for digital services, the total effective minimums for the two are 7 dB and 6.5 dB. A
comparison of the average cost versus outage data for digital and analog services reveals
no major differences in the cost trend.

Rain attenuation also produces changes in the effective receive system
noise temperature. This change 1s addifive. Therefore, its impact is a function of the
clear sky receive system noise temperaturs. The resulis presented in this study have
been adjusted to account for the noise temperature increases in a 250°K recetve system.
When link outages less than 0. 25% and recewvers of a differing performance are con-
sidered modest adjustments in the data are appropriate. At link outages of 0. 25% or
greater the minimum margins are sufficient to equalize the resulits.

The average annual cost data encompasses a considerable variation in
costs per user from one area of the country to the other. This is due to propagation
variations and the added satellite antenna gain to the Southeast. At oufages <0.1%, the
Southeast is the highest cost area followed by the Northeast, West and Cenfral arezs.
This trend is a direct result of the propagation phenomena. For outages between 0.1%
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and 0. 25% there s Little cost deviation from area to area In this range, the extra
satellite gain compensates for the high propagation degradation into the Southeast.
For outages greater than 0.25%, the Sontheast was the lowest cost area while the
other areas were equal in cost, In this case, fhe mmmimum margin is being applied

in all areas and the extra satellife antenna gain into the Southeast preduces low cost
ground stafions

Finally, the average anmual cost data presented 1s based on providing
equal outages and corresponding margins on both the satellite uplink and downlink. Itis
given in terms of the outage experienced on either of these links, An upper bound on the
total link outage, P’I‘ o can be obtained from:

PTO<[1 - (1~ Pu) {1 - Pd)]
where:

* Pu 15 the probability of uplink outage, and
e P q is the probability of downlink outage

a lower bound is approximated by:

F* B - =
PTO > Pl}.‘d (1 Pu) Pd Pd

since the uplink causes only a munor degradation in overall link performance 1n all cases
(see Section 8.3). As a result, at a link outage 0f 0,1%, as shown in Figures 3-1, -2 and -3,
the overall link outage is between 0,1% and 0, 2%. A calculation of the exact outage requires
a precise knowledge of the margin and atienuation probahlity distribufions on both the

uplink and downlink,

The precise allocation of margn and outage requirements between the
uplink and downlink is a matter that bears further consideration. Ii isnot expected that
major cost improvements {over those developed here based on equal allocations) will be
found. However, it is cost-effective to overdesign fhe uplink when the marging are eqgual
(s2e Section 3.3). If may also be of some henefit to overdesign the uplink margm and outage -
allocation.
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3.3 SYSTEM PERFORMANCE/COST TRADEOQFFS
A, POINT-TO-POINT TV

1. ziveracre Annual Cost Versus Number of Beams Per Satellite

The potential advantage of time zone coverage (i.e., four beam)
versus U.S, coverage lies in the additional antenna gain provided. The extent to which
this can be turned into a cost-advantage for the Point~to-Point TV service is depicted in
Table 3-4. As shown, the cost improvement ranges from about 6% for a Delta 2914
launched satellite to 31% for a Dedicated Shuttle launched satellite., The reduced improve-
ment for the Delfa 2914 satellite occurs because of the inefficiencies introduced into the
satellite design by the four-beam approach, e.g. three additional wideband receivers and
antenna feeds making a total of four. The resultant weight penalty 1s much more severe
on small satellites,

The indicated cost improvements demonstrate the attractiveness of multi-
beam designs implemented at the higher frequencies (e.g., Ku-Band)., The antenna
weight penalty is sufficiently small so that it becomes reasonable to oversize the reflector
and use multiple feeds to confour composite beams to fit the coverage desired. For ex~
ample, the approach used in desigmng the above four-beam antenna, is to oversize the

reflector such that eight beams are needed to give U.S. coverage. The eight feeds are then
summed in pairs to give four beams., The resultant gain improvement, relative to a U, S.
coverage beam, 1s about 5.5 dB. In addition this gives the flexibilily to provide an unequal
distribution of gain, If a circular antenna has been used, sized to provide only four beams,
the gain advantage would have been only about 3 dB,

One assumption mnportant to the results shown in Table 3-4, 1s that the
user-to-user intercommectiviiy requirements are regionalized by considering a medical

diagnostic service with 2 number of remote rural hospitals/health care units (e.g., 24)
interacting with a team of highly knowledgeable specialists at a big city or umversity
affiliated hospital. Such nets can easily be structured on a time zone basis, If this were
structured as a teleconferencing service, where low duty cycle connections are required
all across the country. four-beam FDMA operation would not be nearly so attractive.

For example, consider 2 network of 100 {eleconferencing terminals
interconnected nationwide. Further, assume that an average of 25 termunals can be handled
by each transponder in the satellite. If U, S, coverage is considered four satellite channels
are adequate and all terminals have ready access to all satellite channels. On the other
hand, in a four-beam design, 16 channels are required. Each of the four wideband satellite
receivers must be cross—-connected to all four satellite transmit beams. This represents
a 6 dB satellite power and bandwidth penalty which more than offsets the advantage of
increased antenna gain. In addition, there is a satellite weight penalty due to all the
channelization hardware required The satellite power penalty can be reduced if satellite )
transmitters having a linear DC input to RF output transfer function can be provided. In such
cases, the DC power required by an inactive channel is zero and the spacecraft prime
power capability doesn't need to be oversized, The power and bandwidth penalty 1s
further reduced as the size of the ground network and the miniumum number of satellite
channels required increases. Even so, the multibeam FDMA approach does not look
attractive.
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TABLE 3-4, AVERAGE ANNUAL COST/TERMINAL VS NUMBER BEANMS/

SATELLITE (Ku-BAND 10% TERMINALS)

(POINT-TO-POINT TV)

SATELLITE LAUNCH VEHICLE 0.20% OUTAGE 0.1% OUTAGE
BEAMS

Exp. 2914 85,780 92,165
Exp. 3914 75,105 81,105
Shuttle 3914 84,705 70,210

1 Exp. A/C | 56,450 61,810
Shuttle A/C 49,480 54,445 |
Ded. Shuitle 39,865 44, 245 E
Exp. 2914 80,590 85,220 ;
Exp. 3914 64,400 68,735 i
Shuttle 3914 54,390 58,710 '

i Exp:s A/C 42,895 46, 440 '
Shuttle A/C 36,830 40, 230 !
Ded. Shuttle 27,650 30,705 |
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Satellife Requirements

Satellife requirements for this service, are depicted in Figure 3-4. As
shown, the number of required channels varies from 1-to-4-to-40 as the number of terminals
11 thé nationwide network increases from 10-to-100-to-1000 respectively. This is based on an
average of 25 terminals per satellite signal in all cases except that 1nvolving 10 terminals,

The required satellite power per channel is shown to be guite modest (i.e.,
less than 4 watts) even though the link carrier-to-noise density (i.e., C/No) requirement
is high. Modest channel powers are typical of transmit/receive services since there is a
limited number of terminals associated with each satellife signal. As a result, safellite
costs can't be widely distributed over the ground complex and channel powers must remain
low, It also reflects the relatively low cost of modern Ku~band earth terminals (e.g.,3100K),
and in this case, the use of a four-beam antenna. The increase in the power per channel, as
the number of terminals goes from 10 to 100 o¢curs because the number of terminals per
satellite channel increases from 10 to 25, This increase repesents a decrease in the
satellite cost per terminal and allows the use of more satellife power. The decrease in the
power per channel, as the number of terminals increases from 100 to 1000, results because
the per unit ground terminal cost decreases modesily as the size of the "buy' increases,
allowing the use of higher performance ground terminals. The increase in the power per
channel, when bigger satellites are used, is a result of the corresponding decrease in the
cost of providing satellite power.

The percentage of the satellite consumed in handling this service is shown
to be quite modest until the number of terminals served reaches 103, At this point, 40
satellite TV channels are assumed to be required and the size of the demand has become
unrealistic, A 100-terminal network is more representative of a possible requirement.
As might be expected, the percentage of the satellite consumed increases as the size of
the satellite decreases. A 100-terminal network can =sasily be served by a Shuttle 3814
or a Shuttle Atlas-Centaur sized payload.

The 3 watt power per channel limit marked on Figure 3~4, defines the
maximum sallowable power, without coordipnation, If the satellite-to-satellite separations
are 4, 5°. Higher power levels are permissible if wider separations are accepted. Con-
versely, the levels must be lower if the separations are less., This is not a flux density
limit. It merely means the two systems have to do frequency planning, employ cross—
polarization, tailor their satellite antenna patterns, ete. such as fo ensure tolerable levels
of system~to-~system interference. The basic CCIR requirement applicable to the U, S.

(i. e., Region 2} states that coordination is required if the flux densities at the earth's
surface exceed:

° ~147 dBW/M‘?‘ in any 27 MHz bandwidth and the satellite-to~
satellite separations are < 0.44°,
o -138 + 251log @ dBW/M? in any 27 MHz bandwidth where «
represents the satellite-to-satellite separation and 0.44° < « < 19 1°.
s -106 dBW/M2 in any 27 MHz bandwidth and the satellite-to-satellite

separations are > 19,1°.
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The equation -138 + 25 log ¢ defines the transition curve bhefween the
upper and lower flux density founds., Its implications in terms of power per satellite
channel are as follows:

EIRP (dBW).+ 10 log, | (1/ 4« R%) - 10 log, (B/27x10% = ~138+25 log, , ¥

where:
) EIRP is the radiated satellite power per channel 7
[ R is the distance from the satellite to the earth and is 3. 88507x10
meters at & nominal slant range in the U, S. correspnding o a 25°
elevation angle.
) B is the band center to band center frequency separation of the
satellite channels,
Furthermore:
EIRP (dBW) = P +G ~L-Mp,
where:
e Py is the output power of the satellite transmitfer when operated

at saturation.

o Gg is the peak on axis gain of the satellite antenna pointed at the
U.S. Gg is about 36 dB for a 4-beam Ku-~band satellite. This does
not consider any gain enhancement irfo a particular portion of the
country, Gg is about 30 dB for a I-beam satellite with no gain
enhancement for the Southeast,

o Ls is the loss between the satellite transmitter and the antenna
feed, Ifis 1 4B for a Ku-band satellite,
8 Mpq is the amount of output backoff from satellite transmitter

saturation needed to ensure quasilinear operation.

If no backoff is used (L. e., Mpn=0) and the band center to band center
separation of satellife channels is 27 MHz, the coordination power limits for 1-beam and
4-beam Ku-band satellifes are as shown in Figure 3-5. In the case of the "Point-to-Point
TV" service, the 4-beam curve shown can be applied directly.

There is one additional Ku-band flux density constraint that should be mentioned
It sintes that another admimstration (e.g., Canada or Mexico) experiencing flux densities
exceeding; 9 -
o -105 dBW/M~ for broadcast reception 99% of the worst month or
a -111 dBW/szor community reception 55% of the worst month can
claim interference., Applying these limits results in allowable flux densities so far above
the levels here that they wtll not be considered further. See Section 4. 3. B for a further
definition of the broadcast limit.

3. Satellite/Ground Terminal Cost Versus Network Size

Representative average annual costs/per terminal for this service, are shown
in Figure 3-6. The figure dramatizes the cost reductions available in going to larger satellites.
The modest cost decrease as the number of network terminals increases from 10 to 100 occurs
because the mumber of terminals/per satellite channel increases from 10 fo 25. The resulting
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reduction in satellite cost/per terminal produces a lower system cost. As the size of the
network increases from 100 to 1000, the only factor causing cost reductions is the increased
size of the terminal buy. The cost reduactions are almostnegligible. This is because: 1) the
ground terminal cost reduction was not large (e.g., 25%) and 2) the satellite 15 the
dominating element in system costs (see Section 3. 3. A, 5),

Cost/per terminal for a neiwork of 100 termunals serviced by a four beam,
Shuttle Atlas~-Centaur satellite 1s shown to be about S38K per year. This does not include
the cost of the fixed performance equipment (e,g. modems, power supplies, TV cameras
and TV momnitors), This amounts to $3.17K per month or about 3244 per diagnosis. The
latter is based on a rural terminal making an average of about three calls per week. It also
assumes that the cost of the terminal at the urban medical center is negligible, The latter
1S a reasonable approzimation since terminal costs are substantially less than satellite costs
and the urban termu:nal 1s shared by 24 rural terminals. The operating scenario associated
with this service 1s described in defail 1n Section 3. 4. D.

1. Ground Terminal Requirements

Curves depicting the trends in ground terminal G/T, EIRP, antenna
diameter, receive system temperature, and transmitter power a s a function of the
number of terminals in the network are presented 1n Appendix 4. The G/T and EIRP
trends track those seen in the satellite power per channel data (See Figure 3-4) except
the variation is in the opposite direction (i.e., when satellite power increases the terminal
EIRP and G/T rewquirements decrease). In summary, basic trends are:

2 Terminal EIRP and G/T decrease as the size of the satellite
increases and the number of terminals in the neitwork varies
from 10 to 100,

a Terminal EIRP and G/T experience an almost negligible increase
as the size of the network increases from 100 tc 1000,

It is not surprising that terminal EIRP and G/T react in the same manner.
The system optimization algorithm does a three way tradeocff between terminal EIRP,
satellite EIRP and terminal G/T. {See Section 3.4,A.) The earth terminal performance
variations are accomplished primarily by varying the size of the anterna, A non-redundant
transmitter and receiver is employed and a large antemna (e.g., 10 meters diameter)is involved

For a network of 100 termunals, operating through a four beam Shutile
Atlas-Centaur satellite, the optimum ground terminalparameters are: 1) G/T=37.5 dB/°K,
2) EIRP=75.3 dBw, 3) antenna diameter=9.9 meters, 4) receiver noise termperature:lOOOK
and 3) transmitter power=25 warts, This is a Cassegrain auto tracked antenna, & gooled
paramp low noise amplifier, and 2 TWTA {ransmitfer. Representative deviations, in terminal
parameters, that increase system costs by no more than 10% are depicted in Table 3-5.
The 1ndicated parameter bounds are observed from the system optimization curves displayed
indAppendix 4 A s shown, the point of 10% cost increase 1s reached by varsing
etther the ground terminal EIRP with G/T constant or vice versa. Allowing the terminal
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Table 3-5.

Bounds on Ground Terminal Parameters

(K%-Band, 4 Beam Satellite, 0,20% Outage)
107 Termtnals) (Point~to-Point TV)

L.aunch Terminal Bound Reached By Bound Reached By
Vehicle Parameter G/T Reduction EIRP Reductioni G/T Increase | EIRP Increase
: p
Shuttle | G/T (@B/°K) 34,5 39 @ 39t ¢ 39 @
3914 @) @) .
EIRP (dBW) 76.3 74,3 76.3 j 88,3
Antenna Dia. 8.0 11,0 11.0 11.5
(meters)
Receiver Temp. 200 110 110 130
°K)
Transmitter 50 15 25 280
Power (watts)
a/T (dB/°K) 33.5 37,5 39 37,5
Shuitle EIRP (dBW) 75, 3(2) 73.3 75, 3(2) 82.3
;
a/c Antenna Dia., ! 7.5 10,5 11.0 10.0
(meters ) : ;
Receiver Temp ; 230 130 110 150
0] i
{K)
Transmitter 45 15 20 160
Power (watts)
Ded. G/T @B/°K) 32,5 36. 5% 39 36.5%
Shuttl ' 2 .
e EmP @BW) ; 74,3 71.3 74,39 82.3
1 .! i
Antenna Dia. ; 7.5 9.5 11.0 , 10.90
(meters) f H
I . H
Receiver Temp. | 280 130 ; 110 190
€K :
Transmitter i 35 10 15 160
Power (watts) '
NOTES: (1) Corresponds to maximum G/T corsidered in the study
(2) Corresponds to optimum value.
®
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G/T to decrease appears to be the most attractive option. It gives antenna size
reductions in an application where large antennas are inconvenient. When a reduced G/T
terminal 1s operafed with a Shuttle Atlag-Centaur sateilite, the ground terminal
parameters hecome: 1) G/T = 33 5 dB/°K, 3) EIRP =75, 3 dBw, 3) antenna

diameter = 7, 5 meters, 4) receive noise temperature =230 K. and 3) transmitter

power = 43 watts, This 1s still a Cassegrain autotracked antenna with a TWTA
transmitter., However, the antenna size has been reduced to less than 25 feet

and an uncooled paramp or possibly GaAsFet recewver can he émployed.

The ground terminal results indicated above are for a terminal located in
the Northeastern U.S, and reflect the provision of an extra 7 dB antenna gain into the South-
east by the satellite model, Providing this extra capability causes a reduction in the
antenna gain available in the Northeast. The gain available at the edge of the pattern (i.e.,
3 dB down point) is 30,5 dB. 1If no distortion is applied to the eastern beam, the four beam
satellite antenna gain in the Northeast can he expected to be about 33 dB. With this gain
improvement taken intc account, the above terminal parameters become: 1) G/T 31.0 dB/ °K,
2) EIRP=72. 8 dBw, 3) antenna diameter=5. 6 meters, 4) receiver noise temperature-—-SOSOK,
and 3) transmitter power=30 watts.

Finally, it should be noted that the ratio of uplink to downlink carrier-to-
noise (i.e. C/N) ratio for this serviee 1s low, about 3.6 (i.e. 5.6 dB) for the four beam
Shuttle Atlas-Centaur satellite with 102 terminals, The ratios are tabulated on the system
optimization curves in Appendix 4. It is shown that the ratio decreases as the satellite size
increases. This indicafes that the required uplink capahility is less as the cost/watt of
satellife power becomes less.

5. Total Svstem Cost Breskdown

Total system costs per terminal, including the fixed performance items,
are summarized in Table 3-6. Again taking the four beam Shuttle Atlas-Centaur satellite
and 102 terminals 2s a representative system, the annual cost per texminzal is shown to be
351,620. The total cost per diagnosis, CD (3), is then determined as follows:

Table 3-8, Breakdown of Total Average Anmual Cost/Terminal (Ku-band,
4 beam Satellite» 0,20% OQutage, 102 Termnals)

{Pomt-to-Point TV)

Launch Total Annual I Percent of Cost
Vehicle Cost ($) Satellite Ground Terminal Fixed
Shuttle
3014 69, 380 57 22 21
Shuttle
A/C 51,620 44 27 29
Dedicated
Shuttle I 42, 440 ; 36 29 35

. i
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(36,820 x 1,1 + 14,300) {1 + 1/24)=

CD(u) = 3x53

8369

This cost includes a 10% increase in costs to allow a lower G/T rural terminal. Also
included is the rural terminal's fixed equipment cost, (see below), the cost of the urban
terminal plus its share of the satellite cost as distributed over 24 rural users, and

an average rural terminal call rate of three times per week.’ These costs are high
enough that the service is applicable only to the more serious medical cases., How-
ever, they are not completely out of reason.

The fixed items, shown in Table 3-8, include equipment costs of $45,905,
based on a buy of 10 items/manufacturer/year, and operator costs for the video cameras.
{See Appendix 1 for a detailed breakdown of fixed equipment costs.) Operator costs are
based on part time use of a trained hospital or local TV service technician. If the terminal
operates 3 times per week, the terminal requires 1.5 hours of cperator time/transmission,
and the operator is paid $10/hour, and the overhead rate of the hospital or service company
providing the operator is 75%, the yearly cost of the operator is $4,095. Fixed equipment
tests can be anmualized by multiplying capital costs by a factor of 0,233, which provides for
capital recovery and maintenance cosis (See Section 3.5 for a detailed discussion). When
the equipment and operator costs are combined, a yearly cost of $14,800 results.

Table 3-8 shows that costs are evenly distributed among the satellite,
ground terminal and fixed items when a Shuttle Atlag~Centaur or larger satellite is used.
If any itemn can be considered dominant, it is the satellife. The indicated distribution of
satellite/ground terminal costs is further verified by the sensitivity analysis. Results of
this analysis are displayed in Appendix 4. The analysis involved 10 dB variations of
satellite and ground terminal costs with performance held constant. When a four beam
Shuttle Atlas~Centanr satellite is paired with 108 terminals, a 10 dB reduction of satellite
costs produces a’66% decrease in satellite/terminal costs. A corresponding reduction of
ground terminal costs produces a 34% decrease.,

These results suggest an FDMA satellite, providing higher gain beams,
could reduce system costs. For instance, 8 to 16 beams and a corresponding number of
channels might be applied in a regional coverage scenamo, Bigger satellites, longer
satellite lifetimes, shuttle optimized designs, more efficient solar arrays, 1on jets,
eic,, are all possible means of reducing costs further. Further investgation into
reasonable picture quality/video camera cost trade-offs could produce cost benefits,
A service reconfiguration also has cost reduction potential, For instance, video/audio
transmissions, from the urban terminal to the rural terminal might be replaced by audio only
transmissions,

B. COMPRESSED BANDWIDTH TV/FACSIMILE

1. Average Annual Cost versus Satellite Channel Bandwidth

Satellite channel bandwidth is varied in the system optimization runs for
gsome services in ordex to vary the number of user signals/channel. It also changes
satellite channel power and cost allocations. Channel bandwidths can be varied from at
least 10 MHz to 100 MHz without affecting the satellite transponder block diagram or weight
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allocations, Ii's variation, in this service, permitted an investigation of the impact of
eliminating the transponder back-off. As discussed in Section 3.4.D, the back-oif varies
from 0 dB to 1.6 dB to 5.1 dB as the number of signals/channel increases from 1to 2 to 3

or more. The corresponding satellite bandwidths are 12 MHz, 24 MH7 and 38 MHz, The
results of this mvestigation are summarized m Table 3-7T. As shown, there was no benefif
from saving the back-off. In fact, the trend 1s in the other direction; indicating bsndwidths
sven greater than 36 MHz sheuld be considered. Understanding this resulf requires some
insight into the satellite power per channel versus cost per channel curves.

The curves are generated by increasing the number of transmit channels,
thereby decreasing the power available per channel and decreasing the portion of spacecraft
cosgt allocated to each channel., This process continues with cost changes being almost
directly proportional to power changes (1.e. constant 2 cost/ A power) until the weight of
each transponder!s receiver, frequency converter, channel filter, and transmitter driver
begins to approach that of the transmitter. Note that the weight requirements of the prime
power source are part of this tradeoff. At this point decreases in the power per channel
no longer resuli in corresponding cost decreases. Rather. the cost trend begins to flatten
(i.e. decreased Acost/ Apower) since spacecrafi cost allocations per channel are made
on 2 weight basis, A mimimum transponder cost, independent of power 1s reached and
spacecraft costs dominate the svstem optimization. The threshold channel power level. below
which below which the cost declines become limited, occurs at about 19 watts. Widening the
channel bandwidth and 1ncreasing the number of signals/channel causes the system optimi-
zation to occur at higher chammel powers which represent more cost effective satelhite
designs.

This service is one where the system optimization should cccur at relatively
low power densities. The average number of terminals per signal accessing the satellite
1s only four (See Section 3, 4.D) making satellite power expensive. Further, the link carmer-
to-noise, C/N, requirement is only about 3 dB (See Section 3.4.D). As a result. increasing
the channel bandwidth allows these power densities to be realized 1n a more cost effective
manner, Infaect, the savings far outweigh those available from reducing or elimmnating the
output back-off. In addition, it appears that even wider bandwidths should be employed.
Section 3. 3. B, 3 shows that satellite channel power requirements are less than 5 watfs even
when a 36 MHz bandwidth 1s selected.

2. Averace Annual Cost Versus Number Beams Per Satellite

This service 1s a typical example of a situation where four beam FDMA service
15 not likely to be applicable, It 1s structired as a teleconferencing service where low
duty cycle comnections are required across the country. The disadvantages, of trymg to
provide such demand assigned interconnectivity 1n a four beam design, were discussed in
the description of "Point-to-Point TV' service results., In essence, there are two



Table 3-7,

Average Annual Cost vs. Satellite Transponder Bandwidth

(Ku-Band, 0.20% Outage)

{Compressed Bandwidth TV/Facsimile)

;

1

. 1 Beam 4 Beam {

Launch ) j

Vehicle Bandwidth 10 10° 10 10°

: 12 MHz 292,955. | 291,125, 383,595. 382,875,

« Expendable ,

2014 24 MHz 159,695. | 158, 685. 198, 375. 195, 245. !
; 36 MHz 122, 815. 119, 976. 137,790, 135,705,
f 12 MHz 92, 060, 90, 325. 87, 840. 86, 660.

Dedicated

Shuttle 24 MHz 55,275, 53, 455. 49, 245, 48,060, |

36 MHz 47, 070. 44, 645. 38, 610. 37,205,

I :
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problems, the extensive cross beam chamnelization requared and the stafistical averaging
that could occur if all the traffic requirements were lumped 1nfo one channel. As a

result of the latier, greater total satellite power and bandwidth 15 required to serve

the same number of users with the same probability of blockage. This extra canacity
requirement is not addressed in the results presented 1n Table 3-8. Even so

there are few instances where the four beam design produces lower system costs. This 1s
a result of the low satellite power densities associated with this service. In the low
power region of the satellite curves, the penalty of having to carry four receivers becomes
a burden The smaller the satellite the greater the burden. With all factors considered,
one beam configuration has been selected as preferable for the ""Compressed Bandwidth
TV/Facsimile' service.

3 Satellite Reguirements

The low satellite power densities indicated above are verified in Figure 3-7.
As shown, two to three watts of channel power 1s being spread over 36 MHz. The same
basic trends in the data, as discussed for the "Point-to-Point TV' service are observed.
The only exception 1s that the power requirements do not 1ncrease as the number of termainals
increases from 10 to 100 because the average number of terminals/signal accessing the
satellite stays constant at four, The overall power level per channel is also very smmilar to
that for the '""Point-to-Point TV service. There are compensating differences in the two
services. A lower C/N ratio, due to digital operation and the use of coding, plus a smaller
number of terminals/signal accessing the satellite tend to decrease the satellite power re-
auired. However, the use of a lower gain (1.e. one beam) satellite antenna and 3 wider
chamnel! bandwidth (1.e. 36 MHz rather than 33 MHz) inereases the power needed. Both
sets of power requirements are well mto the region where the satellite cost trend begins
to flatten (See Appendix 2). This indicates channel bandwidths up to 96 MHz or higher
need to be considered.

Figure 3-7 shows that the number of satellite channels required increases
from 1.3 to 8 to 83. 3 as the number of terminals in the network increases from 10 to 1T0to
1000. This 1s a result of placing three signals in each saiellite channel and having require—
ments for 4, 24 and 250 signal accesses. When there are four terminals/access. The
figure also shows that satellite capacity requrements are modest uniil a network size of 10
terminals 1s reached. A reasonable sized network 1s on the order of 100 terminals, In
this ease, Shuttle 3914 or Shuitle Atlas-Centaur satellites appear to be atiraciive chorces.

The satellite coordination limits displayed were hased on the one beam sateliite
curve shown in Figure 3-5. However, in this case, the satellite output power backoff
and 2 channel bandwidth wider than 27 MHz must be taken into account. Accordingly,

= -+ + 2,-
PCoord PCurve 5.1dB+10 Loglo (36/27)

=P + 6,4 dB
Curve
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Table 3-8

Table 3-8, Average Armual Cost Per Terminal Vs. Number of Beams Per Satellite
(Ku~Band Satellite, 10° Terminals, 36 MHz Bandwidth)

(Compressed Bandwidth TV/Facsimile)

Launch Vehicle 0, 20% Qutage 0.1% Outage
Expendable 122, 815. 138, 170.
2914
Expendable 105,185. 118,205.
3914
g Shuttle 38, 070, 98,805,
g 3914
jas]
- Expendable T5,285. 83,940,
A/C
i Shuttle 63, 505, 71,010,
j A/C
Dedicated 47, 070, 53, 320,
Shuttle
Expendable 137,790 143,975,
_ 2914
Expendable 110, 380. 114,775.
3914
Shuttle 90, 385. 94,780,
“E’ 3914
g .——
é Expendable 67,215 72, 065,
< A/C
i Shuttle 55,890 60,165,
I A/C
Dedicated 38,610 42,405,
Shuttle
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4, Satellite and Ground Terminal Cost Versus Network Size

Average annual cost per user terminal for the satellite and ground complex
is depicted in Figure 3-8. The cost decrease, observed for the "Roint-to-Poimnt TV"
service as the number of terminals 1nereases from 10 to 100, 1s not present because
the number of terminals per satellife access is constant. The same negligible
decrease in cost due to an ingrease in the size of the buy, as the number of network
terminals increases from 10 to 103, is observed. The cost per terminal for a network
of 100 served by a one beam Shuttle Atlas-Centaur satellite is shown to be about 363K
per year, This 1s exclusive of the cost of fixed performance ecuipment, It amounts
to about $220 per ferminal per call or a total of 3440 per call since a full duplex

capability is provided. The cost per terminal per call is seen to be about the same as
for the "Point-to-Point TV'"service. This is somewhat surprising in view of the lower
Imk C/N. However, in this case the average call duration 1s 1.5 hours rather than 0.5
hours. The cost per call 1s based on each terminal handling an average of 5.5 calls
per week (See Section 3.4.D).

5. Ground Terminal Requirements

Curves depicfing the trends mn ground terminal G/T, EIRP, antenna diameter,
receive system temperature, and transmaitter power as a function of the number of terminals
in the network are presented in Appendix 4, The G/T variations are in the opposite direction
to those observed in the satellite power/channel curves {See Figure 3-7). However, the
terminal EIRP 1s constant regardless of the number of terminals in the network, This
is not surprising since the G/T and satellite power per channel variations are modest
(1.e. 1dBto 1.5 dB). The G/T variations are all increases accomplished by employing
a larger diameter antenna. A larger anterna makes a modest reduction of transmitter

power possible,

For a network of 100 fermainals served by a one beam Shuttle Atlas~Centaur
satellite, the optimum terminal parameters are: (1) G/T = 37.5 dB/O K, (2) EIRP=173.3
dBW, (3) antenna diameter = 9, 9 meters, (4) receiver noise temperature = 100°K and
(5) transmitter power = 15 watts. These ares equivalent to a Cassegrain auntotracked
antenna, a cooled paramp low noise amplifier, and a2 TWTA transmitter and are very similar
to the terminal for the "Point-to-Point TV'gservice. Thus, the lower link C/N_require-
ment results in a lower satellite EIRP/link. The satellite power per channel i§ almost
the same., However, the antenna gain is lower and the channel power is split between three

gignals,

Variations 1n the terminal parameters that increase system costs by no more
than 10% are depicted in Table 3~9, The parameters are read from the system optimization -

curves in Appendix 4. The most effeciive way, for relieving the problems of a 10 meter
antenna and a cryogenmically cooled receiver, involves reducing the G/T by about 3.5 dB.

For a network of 100 terminals operating with a Shuitle Atlas-Centaur satellite, the terminal
parameters become: (1) G/T = 34,0 dB/oK, {2) EIRP = 73. 3 dBW, (3) antenna diameter =
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Bounds on Ground Terminal Parameters

(Ku-Band, 1 Beam Satellite, 0,20% Outage, 10”7 Terminals,
36 MHz Bandwidth (Compressed Bandwidth/TV Facsimile)

' Bound Reached By Bound Reached B
Launch | Torminal |-——£0ud Resched By | Bourd Reached By |
Vehicle | D . G/T ERP | G/T | ERP |
ehtele : Arameler | peduction Reduction | Increase | Increase |
i i f i
i 1);
'G/T (dB/°K)|  34.0 7.6 1 390 @ 1 gr5 W
I :
| EIRP (@Bw) 73.3 ) es.s | 733 " | &3
Shllttle :A £ Di \ !
A/C | Aatenna Lia. 8.0 0.6 | 110 I 10.5
| (meters) | !
l‘ "
| Receiver L] [ 12,5
t Temp. CK) 230 110 : 0 :
. ! :
Trapsmitter |, 50 | 12,6 | 445
Power (watis i i
i ! 1
G/TdB/°K) 33.5 37.0 &) 39.0 @) l 37.0 ( ),
1 ! 1
EIRP @Bw) | 72.3 | eas ' 723z P} 0z |
Antenna ' ' :
7.5 10, 11, ' 10. i
Dedicated !Dia. (meters 0 ! 0 ' 0.0
Shuttle 1 Receiver ! ' ;
ETemp. (K) 230 30 : 110 | 150, :
! s . ! !
i Transmitter 20. 0 5.0 ' 10,0 : 795 ;
, Power (watts : . .
{1} Corresponds to Optimum Value
(2) Corresponds to Mazimum G/T considered in the study
»
b B
oYv"%QoB a®
of
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8 meters, (4) recelver noise temperafure = ZBOOK, and (5) transmitter power = 25 wafts.
The antenna size has been reduced fo a little over 25 feet and an uncooled paramp or
possibly GaAsFet receiver can be employed.

Ag 1n the ecase for the four beam satellite antenna, some further improve-
ment can be realized if the 7 dB advaniage to the Southeast 15 eliminated. However, the
satellite antenna gain 1n the Northeast increases by only 1 dB mstead of 3.5 dB because
the Southeast advantage trades off against the gain in all areas of the country rather than
that 1n the Northeast alone. As a result, eliminating extra gain into the Southeast has a
negligible impact on one beam satellites,

The uphnk-to-downlink C/N ratios for this service are displayed on the system
optimization curves in Appendix 4. A valye of 12 (i,e, 10.8 dB) is shown for the one beam
Shuttie Atlas-Centaur satellite serving 10 terminals. This 1s considerably higher than the
corresponding ratio determined for the " Toint-to~-Point TV'" service. It again points to
the higher cost of satellite EIRP,

6. Total Svatem Cost Breakdown

Total system costs per terminal. including the fixed performance items,
are summarized in Table 3-10. The costs shown, when a Shuttle Atlas-Centaur satellite
is selected, are $141, 175 annually per terminal and $495 per call per terminal. The fixed
items 1nclude the fixed equipment costs, the price of a truck and trailer, and the salary of
an operating crew of two individuals. The fixed equipment capital cost 15 379, 270 based on
a buy of 10 items per manufacturer per year. (See Appendix 1 for a detailed breakdown
of fixed equipment costs,) This converts to an $18,470 annual cost when the 0,233 annu-
alizing factor is applied. The capital cost of the truck and trailer is estimated at $20, 000,
A 10% rate of return and five-year lifetime results in an annualizing factor of 0.2638.
Combining this with a 7% allowance for yearly operation and maintenance, the annual cost
for the vehicle becomes $6, 675, The operating crew is composed of one engineer earn-
ing 318,000 per year and one technician earning $12,000 per year. A 75% overhead rate
is assumed for the organization providing the service, This results in a yearly cost for
operators of 852,500, The total yearly cost for fixed items is then S77, 645,

L
The major cost items for this service are clearly the satellife and the

operators, Further, the operator and vehicle cost given are conservative in view of the
fact that the terminal antenna diameter is sbout 8 meters, The breakdown of costs
between the satellite and earth terminal is further verified by the sensitivity analysis.
Results of this analysis are displayed in Appendix 4. When a one-beam Shuttle 3914
satellite serves 10 terminals, a 10dB reduction of satellite costs results in a 77% de-
crease in overall costs. A corresponding reduction of ground terminal costs results
in a 20% decrease,

One potential means of making this a more cost-effective service involves
applying high burst rate (i.e., wide bandwidth) TDMA multibeam satellite technology.
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Table 3-10

Table 3-10.Breakdown of Total Average Annual Cost/Terminal
(Bu-Band System, 1 Beam Satellite, 102 Terminals, 36 MHz Bandwidth)
{Compressed Bandwidth/TV Facsimaile)

, - e s
| Total Cost Percent of Cost
Launch Average |per Terminal
Vehicle Amnpal per Call . Ground R
Cost (8) ) Satellite Terminal Fixed
|
Shuttle
. 495 . . .
A/C 141,175 } L 49 34 i1 55
!
Dedicated |
Shattle 124,745, 435 26. 12, 62.

(1) Cost/Terminal/Call = Total Cost/Terminal/Year
286 Calls/Year
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As previously discussed, an FDMA multibeam approach is not likely to be attractive due
to the satellite weight penalty for extensive channelization, The TDMA modem costs
will substantially increase the fixed equipment costs but will significantly reduce satel-
lite costs., Further, reducing the satellite output power backoff and employing higher
gain satellite aptennas will result in lower performance ground terminals, Ground an-
tenna sizes of less than 4.5 meters are necessary in order to make the existing assump-
tions on the vehicle and operating crew valid,

Additional improvements can come from the use of wider satellite channel
bandwidths, bigger satellites, longer life/ higher reliability satellites, shuttle optimized
designs, more efficient solar arrays, ion jets, ete, A further substantial improvement
results if conferences are structured to average no more than one hour in duration
rather than 1 1/2 hours, The alternative of providing this as a combined TV/ facsimile/
wideband data service with terminals sold to individual organizations should also be con-
sidered, This will result in higher satellite/ terminal and fixed equipment charges but
will substantially reduce the operator charges, The possibility of using even lower data
rate (e.g., 1.5 Mbps) compressed bandwidth TV should be evaluated to see if adequate
quality is available, )

C. VCICE/ FACSIMILE (FDMA)

i. Average Annual Cost Versus Satellite Channel Bandwidth

Satellite channel bandwidth variations were examined in the ""Voice/
Facsimile' service. In view of the results m the "Compressed Bandwidth TV/Facsimile"
service and the narrow bandwidth of this service, no attempt was made to eliminate
the satellite backoff. The lower bound of the search was extended no further than 2 MH=z,
The results are displayed in Table 3-11. Once again, increasmng the pandwidth i1s shown
to result i lower costs. However, the rate of cost decrease does seem to level cff at a
oandwidth of about 15 MHz. This can be expected since this service will optimize at a
lngher satellite power_density than the "Compressed Bandwidth TV/Facsimile’ service.
A relatively large average number of terminals are associated with each safellife access
(i.e.. 17). Consequently, satellite power is comparatively inexpensive. Further,_the
link C/N requirement is about 11 dB since a digital capability incorporating no error
correction coding/decoding 15 assumed. The bandwidth selected for all further trade-
offs was 15 MHz.

2. Average Annual Cost vs Number of Beams per Satellite

As in the T'V/facsimile service, a four-beam FDMA satellite cannot
be used advantageously. Low duty cycle demand assignment connechions are required
all across the country. However, the excess satellite capacity needed to ensure the
required probability of blockage may not be great. For mstance, at a network size of
10™ termmals, 588 satellite signal accesses must be available in a one-beam satellite
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Table 3~11. Average Annual Cost Per Terminal Vs. Satellite Transponder
Bandwidth (Ku-band Satellite, 0.20% Link Outage)}(Voice/Facsimile)

! : 5 4
| Launch ; BW ' L Beam 4 5 _________Be]ams
i Vehicle * (MHz) 102 Term, 10~ Term, 10” Term, i 104 Term.
. o |
1 I i
g | 1.96 § 10,925, 8, 810, 9,015, L 7,820,
i
! i
1 .
= | 7.84 8, 840, 6,625, 8,325, § 4, 555.
& |
R i
;B 15.68] 8,670, 6,430, 5,950, | 4,195,
c |
' 31.36] 8,665, 6, 400. 5,925. | 4. 040,
J
| |
, 1.96 © 9,025, 7,050, 6, 885, | 5,285,
| |
i i
g 7.84 1 7,730, 5, 680, 5, 335, 8,720,
o i i
B ; : i
Ei 15,68 7,600, 5, 545, 5, 170. . 3,505,
w . f )
[ F
t i
)
31.36¢ 17,570, 5,510, 5,150, 1 3,455,
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aesign. This results in an average ot 36.75 accesses required on each of the cross
connects of a four-beam design. The access blocks are large encugh that considerable
statistical averaging 1s available. Costs for the two sateilite design approaches are
.compared in Tahle 3-12 without considering the excess channelization requirements of
the four-beam case. When the latter are taken into account, it 1s expected thaf the ~
two approaches will be approximately equal in cost, Conseguently, m the interest |

of design simplicity, a one-beam approach is adopted for further evaluation of this
service.

3. Satellite Requirements

The high satellite power densities indicated above are verified in Figure

3-9. As shown, 20 to 90 waits of channel power is being spread over 15 MHz of band-
width, The basic trend of the power per channel curves is downward as the number of
terminals increases, This is because per unit terminal costs decrease as the size of

the ground terminal buy increases. However, occasional reversals of the basic trend are
observed. These are a result of modest changes in the slope (i.e., Acost/ Aperformance)
of the ground terminal data curves as the size of the buy increases., The exact balance
point between the satellite and the ground terminal 1s a function of the composite per-
formance required of the two and the slope of the two cost-performance curves, A
"flatter' G/ T curve causes a slightly higher G/ T and vice versa. Such reversals in

the basic trend are made possible by the "mildness™ of that trend.

Figure 3-9 shows that the number of required satellife channels increases
from 0,05 to 0,52 to 5,25 to 52,5 as the number of terminals in the network increases
from 102 to 10° to 104 to 10°, This 15 2 consequence of placing 112 signals in each sat-
ellite channel and employing a constant factor of 17 terminals/ signal accessing the
satellite (see Section 3.4.D for an operating scenario)., The figure also shows that the
satellite capacity requirements are reasonable until a network of 107 terminals is
reached, The more likely network size is in the range of 103 to 10% terminals, A
Shuttle Atlas-Centaur satellite appears an excellent choice for serving such a network,

It is interesting to note that at a network size of 10* terminals, the capacity requirements
for a~Shuttle 3914 satellife are greater than those for an Expendable 2914 satellite. This

is because of the unusually high power/ channel required on a Shuttle 3914 satellite at
this point,

The satellite coordination limits displayed are based on the one~beam
satellite curve shown in Figure 3-5, In this case, the satellite output power backoff
and a channel bandwidth of less than 27 MHz must be taken into account, A channel
center-to-channel center spacing of 18 MHz 18 reasonable for this service, accordingly:

= : 2
Coord = Furye T 5+ 1 dB +10 log, ,(18/27)

=P +3.3dB
Curve
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Table 3-12, Average Annual Cost Per Terminal Vs, Number of Beams
Per Satellite, (Ku-Band Satellite, 0.20% Link Outage,
15.68 MHz Bandwidth) (Voice/TFacsimaile)

1 Beam 4 Beams
Launch 2 4 9 . 4
Vehicle 10 10 10 10
Exp. 9, 895, 7,345, 6,810, 4,895,
2914
Exp. 9,265 8,960 8,305 4,420
3914 H - 3 ) * 2 - » .
Shuttle
3914 8,870, 6,430, 5,950, 4,125,
Exp. 8,080, 5, 960, 5,440, 3,715,
A/C
Shuitle
A/C 7,600, 5,545, 5,170, 3,505,
Ded.
Shuttls 6, 830, | 4,925, . 4,650. _ 3,110,
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4, Satellite and Ground Terminal Cost versus Network Size

Average annual cost per user terminal excluding fixed equipment is
depicted in Figure 3-10, A steady downward frend in the cost is observed as the size
of the network and the ground terminal buy increases. This is exactly as expected,

The average annual cost per terminal for a Shuttle Atlas-Centaur satellite sexrving a
network of 10™ terminals is about $5.5K, This amounts to about $54 per terminal per
call or about $108 total cost per call since a full duplex capability is provided. The
cost per call is based on each terminal handling an average of two calls per week,

Each call averages one hour in duration {see Section 3,4.D). The modest costs are as
expected based on the relatively low link performance requirements and an average call
duration of only one hour,

5. Ground Terminal Requirements

Curves depicting the trends in ground terminal G/ T, EIRP, antenna
diameter, receive system temperature, and transmitter power as a function of the
number of terminals in the network are presented in Appendix 4. The G/ T variations
are in the opposite direction to those observed in the satellite power per channel
curves (see Figure 3-9), So are the terminal EIRP variations when the Shuttle Atlas-
Centaur satellite is the choice, However, when the Shuttle 3914 satellite is chosen,
the terminal EIRP variations follow those of the satellite power per channel curves.

In the first case, all aspects of ground terminal performance trades off with satellite
performance. Inthe second, only the ground terminal G/ T does. The latter is be-
lieved to be a consequence of the higher cost/watt of satellite power when the Shuttle
3914 satallite is used. When the Shuttle Atlas-Centaur satellite 15 used, the terminal
performance variations are accomplished by changing transmitters and receivers while
the antenna diameter remains constant. The constant anfenna diameter is about 4.5
meters, which is just below a break point in the Ku-Band antenna performance and cost
curves. (See Section 3,6). When the Shuttle 3914 satellite is used, the terminal G/T
variations are accomplished primarily by changing antennas. The antenna size varies
between about 4.5 meters and 6 meters. In other words, it moves in large merements
across the break point in the Ku-Band antenna performance/cost curves. This results
m large swings in the terminal transmitter requirements (i.e., 2 watts to § watts)
since the EIRP variations are in the opposite direction from the G/T and antenna
variations.

When a one-beam Shuttle Atlas-Centaur satellite serves :i.{)4 terminals,
the optimum terminal parameters are: (1) G/ T =28 dB/°K, (2) EIRP = 61.3 dBW,
(3) antenna diameter = 4,4 meters, (4) receiver noise temperature = 260°X and {5)
transmitter power = 5 watts, This is a Cassegrain antenna with a manual steering
capability, an uncooled parametric amplifier, or possibly GaAsFet receiver, and a
GaAsFet solid-state transmitter. It is a terminal of modest requirements such as
might be expected for this service,

Deviations in the terminal parameters that increase system costs by no
more than 10% are depicted in Table 3-13, The bounding parameters are read from the



Average Annual Cost/'Termnal ¢b)

i G =3 N WO oW

(3]

[iTY

10

o =1 Wy

ol

13

b

10

R\\-‘\ Shuttle 3914

7 = Shurtle A/C
Dedicated Shuitle

-1 U D

&

<1

2 3 4 3
10 10 10 10
Number of Terminals Ser ved
Figure 3-10. Average smual Cost/Terminal vs, Network Size
(Ku-Band, 1 Beam Satellite, 15,68 MHz, 0. 20% Link Qutage)
(Volee/Tace mile) 113



Table 3-13,

Table 3-13

Bound on Ground Terminal Parametars

(Ku-Band, 1 Beam Sat., 0.20% Outage, 15.68 MHz Bandwidth)

(Voice/Facsimile)

Termianl Bound Reached by Bound Reached by
Parameter |G/T Reduction | FIRP Reduction] G/T Increase | EIRP norease |
G/T @B/°K){  25.5 25,0 1 31,0 28.0 %
S)
= EIRP {dBW) 63.3 4 55.3 63.3 @ 68.3
[+2]
@ Antenna
= |Dia. (Meters) 4.0 4.5 6.5 4.5
% Receiver
Temp. PK) 450 265 305 265
Transmitter
Power (Watts) ) 10. 1.5 3.5 25
1
G/T(dB/°K) 95.5 25,0 & 31.0 23. 0
2 (1) (D
o {EIRP (dBW) 61.3 55,3 61.3 67.3
2 ot
< | Antenna
% Dia, (Meters) 4.0 4.5 8.0 4.5
2 | Receiver
2 | Temp. PK) 450 265 265 265
Transmitter
Power (Watts) 6.0 1.5 2,5 20
Notes: (1) Corresponds to optimum point.
{2) 10° Terminals in the network.
(3) 10" Terminals in the network.
¥
s 2
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system optimization curves depicted in Appendix 4. The most effective way for relieving
the terminal subsystem requirements is to reduce the G/ T by 2.5 dB, Wher a one-beam
Shuttle Atlas-Centaur satellite serves 10% terminals, the terminal parameters become:

(1) G/ T =25,5dB/°K, (2) EIRP =61, 3 dBW, (3) antenna diameter = 4 meters, (4) receiver
noise temperature = 450°K, and (5) transmitter power = § watts, This 1s a 13-foot antenna
with a GaAsFet low noise receiver and a GaAsFet solid-state transmititer, No significant
improvement in these requirements results from eliminating the 7 dB of satellite antenna
gain advantage provided to the Southeast,

The uplink-to~downlink C/ N ratios for this service are displayed on the
system optimization curves in Appendix 4. A value of about 10 applies when a one~beam
Shuttle Atlas-Centaur satellite serves a network of 10% terminals. This is less than the
corresponding ratio indicated for the "Compressed Bandwidth TV/ Faesimile" service
(i.e., 12), but not as litfle as might be expected based on the difference in the number
of terminals per satellite access (i.e., 17 as compared to 4). The difference makes
satellite power less expensive but this is offset by more inexpensive ground transmitters
due to a large ground network and terminal buy (i.e., 10% terminal network as compared
to a 102 terminal network),

6, Total System Cost Breakdown

Total system anmual costs per terminal, including the fixed performance
items, are summarized in Table 3-14, The costs for a Shuftle Atlas-Centaur satellite
are 39,475 per terminal and $90 per call per terminal, The fixed items included in
the cost tables are for {ixed equipment. No special operators are required. The
fixed equipment capital cost is $17, 080 based on a buy of 10° items per mamufacturer
per year (see Appendix 1 for a breakdown of the fixed equipment cost)., This converts
to a 33,980 annual cost when the 0.233 annualizing factor is applied.

The major cost items for the service are clearly the ground terminals
and the fized equipment, The breakdown of the costs between the satellite and earth
terminals is further verified by the sensitivity analysis, Results of this analysis are
given in Appendix 4, When a one-beam Shuttle 3914 satellite serves 10° terminals, a
10 dB reduction of ground terminal costs results in a 78% decrease in satellite/ ground
terminal costs, A similar reduction of satellite costs produces a 40% decrease in
satellite/ ground terminal cost,

Although the above costs appear reasonable, further cost reductions are
possible, The use of errvor corrsction coding/ decoding equipment can substantially re-
duce link performance requirements, A lower operating frequency such as C-Band or

S-Band can substantially reduce ground terminal and system costs. A more detailed
tradeofi of facsimile and audic equipment cost and performance also might produce mod-
est cost reductions,
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Table 3-14. Breakdown of Total Average Annual Cost Terminal
(Ku-~band, 1 Beam Satellite 0,20% Link Outage, 15.68 MHz Bandwidth)
(Ku-Bant (Audio Fax Teleconferencing Voice/Facsimile)

(Voice/Facsimile)
Total
Launch A © (;OSt Percent of Cost In:
Vehicle verage er
Annual Terminal Ground
Cost (8) Per Call{$)1)| Satellite Terminal | Fixed
)
= 16, 870 165 1a 37 49
23
o] 5]
e 9,475 90 18 40 42
ES
T %

Total Cost/Terminal /Year
104 Call/Year

Notes: (1) Cost/Terminal/Call =

2) 102 Terminals in the network.

) 104 Terminals in the network.
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Finally, if network sizes beyond 104E terminals can be promoted, siamped antenna
technology and LSI circuit designs for the fixed equipment become practical,

b, MULTICHANNEL VOICE/DATA

1. Average Annual Cost versus Satellite Channel Bandwidth

An optimum satellite channel bandwidth search, similar to that conducted
for the Voice/ Facsimile service, was conducted for this service, However, the band-
width requirements per signal ware wide enough that eliminating the satellite output
backoff could be considered. The results are given in Table 3-15, In the case of the
1,7 MHgz bandwidth, no output backoff is required. At 3.4 MHz, the backoff is 1.6 4B,
For the other two bandwidths, the backoff is 5.1 dB, Obviously, the cost savings avail-
able from widening the bandwidth overpowers those produced by eliminating the backoff."
Further, it again appears that much wider channel bandwidths (e.g., 95.2 MHz) can
produce significant cost savings and should be considered. In view of previous results,
this is not surprising. In fact, the need for wide channel bandwidths is stronger here
than for any of the previous services. Digital signals and error correcting coding/
decoding are employed producing a link C/ N of only about 3 dB. Further, satellite
power ig expensive since only one terminal is associated with each signal accessing
the satellite. The impact of these two factors is a very low satellite power density
requirement, As a result, very wide channel bandwidths are needed to produce power
requirements in the cost-effective region of the satellite performance/ cost curves
(i.e.,> 10 watts), The bandwidth selected for all further tradeofis is 27,2 MHz,

2. Average Annual Cost Versus Number of Beams Per Satellite

This is a service where a four-beam FDMA satellite might be used to
advantage, A fixed trunking capability and a large number of satellite accesses are re-
quired. If the fixed trunking requirements are known in advance, the beam-to-heam
crossconnecting channelization can be efficiently planned, Further, if the number of
satellite accesses is large, a big satellite and wideband cross connecting channels can
be justified. A big satellite suffers less impaet from the multiple receivers needed in
a multibeam FDMA satellite, Wideband channels produce a more efficient satellite
design as indicated sbove. Average annual costs for the one-beam and four-beam ap-
proaches are compared in Table 3-16. The cost differences are not large, The four-
beam approach enjoys an advantage when Atlas-Centaur sized satellites or larger are
are used. Based on the implementation of 2 reasonably large network, the four-beam
FDMA approach has been tentatively chosen for further consideration. A one-beam
system may be equally applicable,
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Table 3-15. Average Annual Cost/Terminal Vs Satellite Transponder
Bandwidth (Ku-Band, 0,20% Link Outage)

(Multichannel Voice/Data)
_Lauz—lch BW 2 Beams _ 4 Beams
Vehicle MHz 10 Term. 10° Term., 10 Term, 10° Term,
1.7 744,390, 742,645, 975,175, 973, 865.
[
-« 3.4 380, 800. 378,710, 490, 940, 489,560,
2 |
[} | !
2 13.6 ; 116,975, 113,755, | 130,420, 128, 455,
: i
27,2 72, 120. 68,895, P 71,980, 69,725,
, ,
z -
: , ]
! }1_7 ' 321,220, 319, 140. 1 326,785, 325, 355.
§ f ; E
i Q ; 3 T
S ]3.4 | 169,385, 167,440, 168, 385, 166,590,
@ 'i i
B : i
2 13,6 | 59, 400. 56, 905, 52,510, 50,505
3] ' -
5 : |
A ; -
i
27.2 | 40,385, 37,845, 32, 865, 30, 835.
. . | |
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Table 3-16. Average Anmual Cost/Terminal Vs Number of Beams

Beams/Satellite (Ku-Band, 102 Term., 27.2 MHz)
(Multichannel Voice/Data)

Launch Link Qufage
Vehicle 0.20% 0.1%
Exp, 2914 98, 125, 106, 325,
Exp. 3914 85, 130, 92,535,
Shuttle 3914 72, 120, 79, 050.
% Exp. A/ C | 62,080. 68, 145,
a Shuttle A/ C 52, 885, 58, 930.
Ded. Shuttle | 10,385. 45,580,
Exp, 2914 1107, 880, 113, 185,
: Exp. 3914 i 86,980. 91, 120,
Shuttle 3914 ‘171,980, 76, 120,
;2 Exp. A/ C {55, 030. 58, 945.
=
; % Shuttle A/ C 48, 125, 49, 880,
1; Ded. Shuttle 32, 865, 36, 130.
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3.0 Satellite Requirements

The low satellife power densities indicated above are verified in Fig-
ure 3-11. As shown, about 1to 2 watts of satellite power is spread over 27 MHz,
The basic trend of the power per channel curves is flat as the number of terminals
increases. _This is because only the size of the terminal buy varies-as the network  --
size increases from 100 to 1000, This factor does produce a modest decrease in the
satellite power/ channel requirements when Shuttle Atlas Centaur and Dedicated
Shuttle satellites are used. Notice that the "flatness™ of the trend is also due to the
low powers chosen which are on the flat portion of the satellite cost/performame
curves where little benefit is realized from reducing channel power. The figure slso
shows the number of satellite chamnels required increases from 0.6 to 6.3 to 62.5
as the number of terminals increases from 10 to 100 to 1000, Sixteen swnals access
each satellite channel and there is one terminal per signal accessing the satellite (see
Section 3,4.D for an operating scenario). The figure also shows that the satellite
capacity requiremerts are modest until a network size of 102 terminals is reached.
Such a network size might be attainable in the period prior to 1985. As a result, a
Oedicated Shuttle sized satellite may be required.

The satellite coordination limits depicted are based on the four-beam
satellite curve shown in Figure 3-5. However, in this case, a satellite output power
hackoff must be considered. Since the channel bandwidth is the same as that applicable
in the coordination limit regnlation, no bandwidth adjustments need to be made.
Accordingly:

= +
PCoord PC'urve 5.1dB

4,0 Satellite and Ground Terminal Cost Vs Network Size

Average annual cost per user terminal for the satellite and ground ter-
minal, excluding fixed equipment, is depicted in Figure 3-12, The almost inobservable
downtrend as the size of the network inereases from 102 to 10° is due to the increase in
the size of the terminal buy, Other than that, the relationship between the satellite and
ground terminal remain the same and costs are constant, The average annual cost per
ferminal for a Dedicated Shuitle satellite serving a network of 102 terminals is about
$33,800. This amounts to about $2, 730 per terminal per month or about $5,460 total
cost per month for a full duplex capability. These costs appear high, but a continuous
high data rate capability is being provided. Notice that the tctal cost per duplex voice
channel is only $455 per month, If this chamnel handles an average of three calls per day,
the cost/ call is only about 35,

5.0 Ground Terminal Requirements

Curves depicting the trends in ground terminal G/ T, EIRP, antenna
diameter, receive system temperature, and transmitier power as a function of the num-
ber of terminals in the network are presented in Appendix 4, No terminal G/ T or EIRP
variations are observed if the Shuttle 3914 satellite is the choice. This is in complete

£
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agreement with the satellite power per channel curves. When the Dedicated Shuttle satel-
lite 15 chosen, the terminal G/ T moves in the opposite direction to the satellite power/
channel, This is in agreement with the results observed for the ""Voice/ Facsimile!
service. It means that the link uplink-to-downlink C/ N ratio remains constant, as a
consequence of the high cost of satellite power, but the termmmal G/ T trades off with

the satellife, In both cases memioned above, the ground anienna diameter increases as
the size of the network increases from 107 to 10 terminals, while the transmitier and
receiver capability decrease.

When a four-beam Dedicated Shuttle satellite serves 102 terminals, the
optimum terminal parameters are: (1) G/T = 31,5 dB/°K, (2) EIRP = 61, 3 dBW, (3)
antenna diameter = 7.0 meters, (4) receiver noise temperature = 265° K, and (5)
transmitter power = 2 watts. This is an autotracked Cassegrain antenna, an uncooled
parametric amplifier or possibly GaAsFet receiver, and a GaAsFet solid-state transmitter,

Varmations in the terminal parameters that increase system costs by no
more than 10% are depicted in Table 3-17, The bounding parameters are read from the
system optimization curves depicted in Appendix 4. The most effective way for relieving
the terminal subsystem requirements, is {o reduce the G/ T by 4.5 dB, When a four-
beam Dedicated Shiztle satellite serves 102 terminals, the terminal parameters become:
(1) G/ T =27 dB/°K, (2) EIRP = 61.3 dBW, (2) antenna diameter = 1.5 meters, 4
receiver noise temperature = 360°K, and (5) transmifter power = 5.0 watts. This is
a 14,5 foot Cassegrain antenna with a manual steering capability, a GaAsFet low noise
receiver and a GaAsFet solid-state transmitter,

If the 7dB of satellite antenna advantage for the Southeast is eliminated
another 2,5 dB of ground terminal, EIRP and G/ T capability can be eliminated, In this
case, the above-ground termmnal parameters become: (1) G/ T = 24,5 dB/°K, (2) EIRP =
58.8 dBW, (3) antenna diameter = 4.5 meters, (4) receiver noise temperature = 620°K,
and (5) transmitter power = 3 watfs. These requurements are deceptively modest;
however, they do reflect the use of a high gainfour-beam satellite antenna and a relatively
modest hrk C/No requirement. Onb the other hand, they are somewhat distorted by the facr
that the system optimization occurred on the flat cost portionof the satellite cost/performance
curves. In this region, little cost saving is realized by reducing satellite power density.
When the satellite channel bandwidth 1s appropriately widened, the optimum satellite power
density will be somewhat lower and the terminal parameters higher.

The uplink-to-downlink ratios for this service are displayed on the system
optimization curves in Appendix 4, A value of about 21 (i.e., 13.2 dB) results whena
four-beam Dedicated Shuttle satellite serves a network of 102 terminals, This 1s a very
high ratio and 1t reflects the fact that satellite power is very expensive for this service.
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Table 3-17. Bounds on Ground Terminal Parameters

(Ku-band, 4-Beam Satellite, 0.20% Outage,
102 Terminals, 27.2 MHz) (Multichannel Voice/Data)

Launch Terminal ] Bound Reached By Bound Reached By
Vehicle Parameter G/ T Reduction | EIRP Reductionj G/ T Increase [EIRP Increase
G/ T(dB/°K) 29,0 33, 0(1) 38.5 33. 0(1) :
EIRP(dBW) 62, 3(1) 60. 3(2) 62, 3(1) 80,3 .
Shuttle )
Antenna 6.5 8.0 13,0 10,0 ;
! 3914 Dia, (Meters) :
§ Receiver 510 265 150 450 ;
: Temp. " K) E
Transmitter 3.0 1.5 1.0 80 |
DPower (Watts)
G/ T({dB/°K) 27, 31, 5 37. 31.5
EIRP(dBW) 81, it 80. 3(2) 61. st 75.3 ’
Dedicated Antenng 4,5 7.0 10.5 8.5
Dia, (Meters) :
Shuttle -
Receiver 350 350 175 505
Temp. (CK) '
Transmitter 5.0 1.5 1.0 30
Power (Watis) ’

(1) Correspends to optimum point,
(2) Corresponds to minimum EIRP available at optimum G/ T point
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6. Total System Cost Breakdown

Total system costs per terminal, including fixed performance items, are
summarized in Table 3-18, The costs shown, when a Dedicated Shuttle satellife is
selected, are $38, 825 annmually per terminal, 33,235 per month per terminal or 56, 470
total per month on a full duplex basis. This breaks down to about $540 tofal per month
per duplex voice channel or $6, 00 total per two-way conversation if an average of 3 calls
per voice channel are handled each day. The fixed items included in the table are entirely
fixed equipment. No special operators are required, The fixed equipment capital
cost is $25,558, based on a buy of 10 items per mamifacturer per year (see Appendix 1
for a detailed breakdown of the fixed equipment cost). This converts to a 35, 955 annual
cost,

The major cost item for this service is the satellite. Fixed equip-
ment costs are almost insignificant, The breskdown of costs between the satellite and
earth terminals is further verified by the sensitivity analysis, Results of this analysiss
are displayed in Appendix 4, When a four-beam Dedicated Shuttle satellite serves 10
terminals, a 10 dB reduction of satellite costs results in a 72% decrease in total costs,
A corresponding reduction of ground terminal costs resulis in a 28% decrease.

Although the above costs are reasonable, further cost reductions are pos-
sible. Widser satellite channel bandwidths applied to either a one-heam or four-besm
FDMA satellite design can result in considerable cost reductions, Longer satellite life-
times, higher satellite reliabilitiss, shuttle optimized designs, more efficient solar
arrays, ion jets, etc. also can reduce costs. The application of multibeam satellite
technology may be of benefit if network sizes of 103 to 10° terminals become a reality,
As previously discussed, large network sizes make a channelized FDMA satellite a
possibility. Tn addition, with a large network the unit cost of TDMA modems becomes
small enough that a multibeam synchronous TDMA design has possibilities. The appli-
cation of delta modulation caxd reduce data rates and link performance requirements,
thereby resulting in additional savings,

E, VOICE/ FACSIMILE (TDMA)

1, Average Anpual Cost Vs Number of Beams Per Satellite

Two different satellite channel burst rates {i.s., 40,12 Mbps and 60. 112
Mbps) are considered for the TDMA version of the voice/ facsimile teleconferencing ser-
vice., These correspond to chamnel bandwidths of about 30 MHz and 45 MHz when QP3K
modulation and a BT product of 1.5 is used. In both cases, the satellife output power
backoff is typically 0 dB for the TDMA approach to multiple access, Average annual costs/
terminal are compared in Table 3-19, As indicated, there is no cost advantage for either
rate, This is in agreement with the results of the previous FDMA analysis (see Section
3.3.C), where both 15, 68 MHz and 31, 36 MHz satellite channel bandwidths are shown to
produce equivalent cost results, The 40,12 Mbps burst rate is adopted for all further
iradeoffs considerations, At this rate, the modem requirements are less stringent and
the sai:ellite channe! power requirements are lower,
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Table 3-18., Breakdown of Total Average Annual Cost/Terminal

(Ku-Band, 4 Beam Satellite, 0.20% Link Outage, 102 Term. ,

27.2 MHz) (Multichannel Voice/Data)

! Total
Average
Launch Annunal Percent of Cost In:
Vehicle Cost (8) Satellite Ground Terminal Pixed

: 77,935 78. 14, 8.

2

=
23
| m
1
i
E
i
i
L
' 5]
: 3 o

o=

-
f o = -
; 8 é 38, 825 59 26. 15.
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Table 3-19. Average Annual Cost per Terminal vs Satellite Transponder
Burst Rate (Ku~Band, 0.20% Outage) (Multi-channel Voice/Data)

Launch 'Burst Batel L Eeam £ Beams )
Vehwele | {Mbps) | 102‘ Term. 104 Term. 102 Term. | 10~ Term.
Shutile 40,12 } 38. 440 34.595 S4. 640 33.070
3914 80 112 | 6 4865 4.595 4665 3. 083
Shuttle 10,12 E 5. 815 4.103 4,080 2,665
a/c 60. 112 |' 3, 825 4,105 4,100 2,670

39
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2. Average Annual Cost Vs, Number of Beams Per Satellite

In a TDMA approach to the voice/ facsimile service, a multibeam design
can be implemented without suffering penalties as far as the efficiency of the satellite
design is concerned. Extensive channelization to supply beam-~to-beam interconnections
is not required, The time sequential nature of the signalling allows a single saiellite
channel to be switched from beam-to-beam in synchronization with the TDMA frame
format, Thereby, heam-to~beam connections are made on a temporal basis as needed.
Further, since one wideband channel is used and terminal burst durations can be flexibly
varied to handle different data rates, considerable statistical averaging takes place,

The average annual costs associated with both one- and four-beam satellite systems are
given in Table 3-20, The four-beam system is cbviously less expensive. However,

both are carried forward to give a thorough comparison of the two.The four-beam model
used is the same one as employed for the FDMA satellite. It is believed to give a reason-
able approximation of the four-beam TDMA safellite as long as the optimization occurs

in the constant Acost/ Apower region of the satellite performance/ cost curves, Notice
that even a TDMA satellite is likely to contain multiple channels since cost-effective
modem technology is not available to handle individual channel burst rates of more than
about 200 Mbps.

3. Satellite Requirements

The high satellite power densities observed for the FDMA version of this
service are reconfirmed in Fig, 3-13. The basic trend of the power per channel ourves 1s
once again downward as the number of ferminals increases and the size of the ground
terminal buy increases. The figure shows that the mimber of satellite channels required
increases from 0,02 to 0.2 to 1.9 as the number of terminals in the neiwork increases
from 10% to 10° to 10 . This is a consequence of handling 312 signal accesses per satel-
lite channel and employing a constant factor of 17 terminals per signal accessing the
satellite (see Section 3.4.D for an operating seenario)., The figure also shows that the
satellite capacity requirements are reasorable over the entire range of network sizes
under consideration., A _Shuttle Atlas-Centaur satellite appears an excellent choice for
serving a network of 10 to 10~ terminals,

The satellife coordination limits are based on the four-beam satellite
curve shown in Figure 3-5, No satellite output power backoif is considered and the
chapnel bandwidth is approximately 27 MHz, Consequently:

PCoc:n:‘cl = PCurve
4, Satellite and Ground Terminal Cost Vs Network Size

Average annual cost per user terminal for the satellite and ground terminal,
excluding fixed equipment,is depicted in Figure 3~14, As expected, a steady downward
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Table 3-20. Average Annuai Cost per Terminal Vs, Number of Beams per Satellite
(Ku-Band Satellite, 40.12 Mbps Burst Rate) (Voice/Facsimile, TDMA)

0. 20% -Outage 0.1% OQutage
No. Launch .
Beamp Vehicle 102 Term. 10% Term., 10” Term. 104 Term.
Exp.
2914 7,100, 5,110, 8,835, 6,975. B
Exp.
3914 6,765, ] 4,856. 8,370, 6,630.
Shuttle
» 3914 6,440, 4,595. 7,940, 6,320.
3 EXp.
f A/C 6, 095, 4,330, 7,440, 5,895,
Shuttle
A/C 5,815, 4,103, 7,085. | 5,540,
Ded.
Shuttle 5,330, 3,720. 6,305. 4,930
Exp. -
2914 - 5,165, 3,480, 6,260, 4,555
Exp.
3914 4,840 3,225, 5,825, 4,200
Shuttle
3914 4,630, 3,070. 5,545, 3,975
E Exp.
2 A/C . 4,250, 2,800, 5,035. 3,585.
) -
ﬁ Shuttle
A/C 4,080, 2,665, 4,815, 3,415.
Ded.
Shuttle 3,1725. 3,410, 4,355, 3,045,
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Figure 3~13. Satellite Power and Capacity Requirements
(Ku-Band, + Beam, 0.20% Link Outage, 40.12 Mbps)
(Voice/Facsimile, TDMA)



Avorage Annual Cost/ Ty nnnal ()

ORGINAL
OF POOR

PAGE 15
Qu AL].TY

Jr =] U S e

(S]]

13 [

-
o=
=

L -

(1)

[F-]

[

[
o

Shuttle 3912

_-Shuttle 3/C

——,

I Beam Satellife

\ }

i Beam Satetiite

—N s 8D e

o T

S

a
10-

10° 10% 10*

Number of Termuals Served

Figure 3~14 Average Arnuai Cost/Termupal vs. Network Size
(Ku-Band, 20.12 Mbps Burst Rate, 0, 20 Liry Qutage)



cost trend exists as the size of the network and the ground terminal buy increases. The
costs for the four-beam approach are considerably less expensive due fo the extra satel-
lite antenna gain. The average annual cost per terminal for a Shuttle Atlas-Centaur
satellite serving a network of 10® terminals is seen to be about $2,700, This amounts
to $26 per terminal per call or a total cost of about $52 per call since a full duplex
capability-is provided, This is bdsed on each terminal handling an average of 104 calls
annually {see Section 3,4D for the operating scenario associated with this service).
These costs are considerably below those of the FDMA sysiem as expected.

3. Ground Terminal Requirements

Curves depicting the trends in ground terminal G/T, EIRP, antenna
diameter, receive system temperature, and transmitter power as a function of the
number of terminals in the network are presented in Appendix 4. The terminal
G/T variations are in the opposite direction to those observed in the satellite power/
channel curves while the terminal EIRP variations track them. This is the same pattern that
has been observed in a number of previous cases. The variations are accomplished
entirely by changing transmitters and receivers. The anienna diameter remains
constant regardless of the number of terminals in the network.

When a one beam Shuttle Atlas-Centaur satellite serves 104 terminals,
the optimum terminal parameters are: (1) G/T = 25.5 db/CK, (2) EIRP = 59.3 dBW,
(3) antenna diameter = 3.9 meters, (4) receiver noise temperature = 350K, and (5)
transmitter power = 4 watts. When a four beam Shuttle Atlas-Centaur satellife serves
104 terminals, the optimum terminal parameters are: (1) G/T = 23.5 dB/9K, (2)
EIRP = 52.3 dBW, (3) antenna diameter = 3,5 meters, (4) receiver noise temperafure
= 450K, and (5) transmitter power = 1 watt. Both of these terminals employ Casse-
grain antennas with a manual steering capability, and GaAs FET low noise receivers. The
FDMA system employs a GaAs FET solid state transmitter. The TDMA system uses an
energy storage device that radiates in high power bursts, The TDMA power level indicated
is the long term average level rather than the peak burst power. Costing of these tubes has
been on an average power basis assuming the same costs as for a CW tube of the same
average power level. This is considered to be an optimistic first order approximation,

Deviations m the terminal parameters that inerease system costs by no
more than 10% are depicted in Table 3-21. The bounding parameters are read from
the system optimization curves depicted in Appendix 4. The most effective methods for
relieving the terminal subsystem requirements is to reduce the G/T by 2 dB to 2.5 dB.
The result is still a ground terminal of the type described above, however, the performance
requirements are somewhat reduced. For instance, the terminal in the four beam satellite
system uses an antenna having a diameter of only 3 meters. Further reductions can be
realized if the 7 dB of satellife antenna gain advantage provided fo the Southeast 1s elimi-

nated.

The uplink-fo-downlink C/N ratios for this service are displayed on the system
optimization curves in Appendix 4, A value of 6 applies when a one beam Shutftle Atlas-
Centaur satellite serves a network of 104 terminals, This compares with a value of 10
obtained in the corresponding FDMA version of this service. The reduction in the ratio
15 a result of eliminating the backoff and making satellite oulput power less expensive,

-
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Table 3-21.

Bounds on Ground Terminal Parameters
{Ku-Band, Shuttle A/C, 0,20%

(Voice/Facsimile, TDMA)

Outage, 10 Terminals, 40.12 Mbps)

No.,

Beams/ | Terminal Bound Eeached By Bound Reached By
Satellite | Parameter G/T Reduction | EIRP Reduction ! G/T Increase | EIRP Increase
; G/T (@B/°K) 23.0 25,5(1) 28.5 25.5(1) |
’ EIRP (dBW) 59.3(D 53.3 59.3(1) 65.3 |
Antenna 3.5 4.0 4.5 4.5 ;
.1 Dia. (Meters) 5
' Receiver 580 395 230 510 .
, Temp. (°K) ;
: Transmitter 5.0 1.0 3.0 12.5 l

i Power (Waltts)

; G/T (dB/°K) 20.5 23.51) 27.0 23, 5(1)

: EIRP (dBW) 52.3(1) 47 3 52.3%) 61.3 !
: |
; Antenna 3.0 3.5 4,5 3.3 :
i Dia. (Meters) ‘
; Recerver 745 510 350 5190 i
; Temp. (°K) :
; Transmzitter 1.5 0.3 0.6 8.0 :
i Power (Watts)

Note: (1) Corresponds to Optimum Pomnt
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6.0 Total System Cost Breakdown

Total system costs per terminal, including the fixed performance items,
are summarized m Table 3-22. The costs shown, when a four beam shuttle Atlas-
Centaur satellite is selected, are $22, 460 annually per terminal and $215 per call per
terminal. This means the total cost per two way call is about $430 which is well above
the costs for the corresponding FDMA version of this service. The difficulty lies in
the high cost of the TDMA modem. Perhaps as these modems become more common
and are produced in higher volumes the prices will decrease to where they can be cost
effective at modest data rates. However, it 1s highly unlikely that they will be a rea-
sonable choice for a 100 Kbps service any fime in the next decade. The modem costs
are so dominant that choosing a smaller G/T earth terminal, causing a 10% increase
m satellite/ground terminal costs, has a negligible impact on the numbers displayed
in the table. The fixed equipment capital cost is $84, 953 based on a buy of 103 items
per manufaciurer per year, {see Appendix 1 for a breakdown of the fixed equipment costs).
This converts into a $19,795 annual cost. The optiond available for reducing the system
costs were described in the previous consideration of the FDMA version of this service,

F. Mobile Radio

1. Calculations of the G/T Regquirements

Since the threshold carrier-to-nocise ratic is 10 dB (see Appendix 5.1, H. 1)
and a 6 dB C/N margin is required (to meet the CCIR Ree. 353-2); the overall noise
budget must be such that a 16 dB C/N (within a 25 KHz satellite voice channel bandwidth)
will be provided. It can be shown that the Ku-band earth terminal (see Section 3,3, F.7)
provides Ku~band downlink and uplink carrier-to-noise ratics ofatleast20 dB. If the sum
of all other carrier-to~-noise ratios (e.g. the carrier to interference ratio) are greater
than 25 dB, then a UH¥F uplink or downlink carrier-to-noise-ratio of 19 dB will provide a
total /N of 15.9 dB. With this in mind, 19 dB was established as the requirement for
hoth UHF links,

If there 15 one operafting UHF channel per antenna feed and the spacecraift
power 1s distributed over the channel bandwidth, BW, the EIRP per voice channel (EIRP/
CIH) can be computed from: EIRP/CH = (EIRP x 80.5)/(BWx3200) where EIRP is the total
radiated power of the spacecraft, there are 3200 user accesses /80.5 MHz of spectrum,
and BW is given in MHz, Table 3-23 shows the spacecraft EIRP/CH.

The mobile radio G/T required to meef the EIRP/CH requirements are
shown m Table 3-24. These values are a result of a conveniional link calculation., If
voice activated single channel per carrier equipments are implemented, they can all be
reduced by about 2.5 dB,
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Table 3-22.

Breakdown of Total Average Annual Cost/Terminal

(Ku-Band, Shuttle A/C, 0.20% Litk Cutage, 40.12 Mbps
Burst Rate, 10% Terminals)

(Voice/Facsimile, TDMA)

Number Total Cost Per Percent of Cost In:
Beams/ Average Termainal
Satellite | Annual Per Call ‘1) P
Cost (3) ) satellite | o - . | Fixed
i 23, 300 230 4 13 33
4 22,460 215 2.5 8.5 88

Note: (1) Cost/Terminal/Call = _Total Cost/Terminal/Year

104 Calls/Year
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Table 3~23, Useful Spacecraft EIR P/CH.

Launch Vehicle
Dedicated Shuitle
Dedicated Shuttle
Dedicated Shutile
Dedicated Shuitle
A/C Shuille

A/C Shuitle

A/C Shuttle

Reduction
BW @y ka® | (e v oactor BS” EIRP/Ch.
Min,

Antenna {Antenna Single | Dual |Single| Dual { Single |Dual | Single | Dual |Single Dual
Diameley Gain MP’I‘{I) Pol, Pol. | Pol, | Pol, | Pol. | Pol. DPol, Poi.| Pol. Pol.
fect aB Kw MHz MHz | KW §{ KW | KW | KW dB dB dBW dBW
210 48.8 5.2 2066 30989 | 1.2 1.6 3.5 3.0 49.1 50,95 34.8 32.2
120 43.6 8.8 671 1066 § 0.4 0.6 7.5 | 7.8 44,3 46.0} 38.0 36.2
60 37.6 117 161 242 1 0.2 0.2 11,0 | 11,0 38.0 39.8) 40,0 38.2
30 31.6 11,7 80.5 161 1 0,2 0,2 11,0 | 11,0 35.0 38.0] 43.0 40,0
120 43.6 2.5 671 1066 | 0.4 0.6 1.8 1.6 44,3 46.0) 31.8 29,6
60 37.6 4.5 161 242 | 0.2 0,2 4,0 4.0 38.0 39.8) 35.6 33.8

30 31.6 5.0 80.5 161 | 0.2 0.2 4.5 4.5 35.0 38,01 33.1 30.1

Notes :

(1) ~ Totul Useful Power (Including Baclkoff}

(2) - Reduciion T'acior = BW

{3) - Total Useful Power at thisz Frequency

80.5

x 3200
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Mobile Radio Antenna Alterpatives

The mobile radio EIRPs which are compatible with the spacecraft antennas
are shown in Table 3-25. The cost and important performance characteristics of mobile
radio antennas are shown in Table 3-26. Transmitter powers of 25 to 30 watts are
standard for present land mobile radios. Thus, even the highest mobile radio EIRP
requirement (1.e, 11,5 dBW) can be met with a 50 wafl standard transmitter regardless
of which mobile radio antenna is selected. With this in mind, the cost trade~offs have con-
centrated on the mobile radio G/T, the UHF satallite bandwidth allocabions and the number
of users in the system.

3. Mobile Radio Receiver Noise Temperature

Typical costs of gvailable 450 MHz band, 25 watt, mobile radios range
from $400 for a fixed frequency unit to $1, 900 for a unit with eight selectable frequen—
cies, This is based on procurement in quantities of 1 fo 10, The typical cost of an
800 MHz hand mobile radio with a frequency synthesizer is 32000 in guantities of 1 to
10, Thus a mobile radio with a frequency synthesizer (capable of synthesizing at least
48 distinet frequencies) will cost about the same as the current mobile radios with 8
distinet frequencies.

The cost of mobile radio receivers (which consist of preamplifier, down-
converter and IF amplifier) range from $500 to 8550. The results of the mobile radio
vendor survey indicates the cost may drop by 30% for quantities of 100, 35% to 40% for
quantities of 1,000, and 80% for quantities of 10,000. The results of an independent
survey of UHF receive system noise temperature vs cost is shown in Section 3.8, It
is indicated that a 2000° K UHF receiver costs $600 in quantities of 10, Further, it is
shown that cost reductions for larger quantity procurements follow the same trend as
indicated by the mobile radio manufacturers for their sets., Thus, the mobile radio
receiver costs are determined from the costs depicted in Section 3. 6.

Based on these factors, the cost of the mobile radios, minus the antenna and
receiver, can be determined. They are shown in Table 3-327,

Table 3-27. Cost of the Mcbile Radiosg*

Cost in Dollars for Quan};ities of

2 3 4 5 6 4

10 10 10 10 10 10

1500 1050 | 800 500 480 400

*Not including receiver and antchna cosis
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Table 3-24, Mobile Radio G/T Required To Provide 19 dB Downlink C/N

Launch Vehicle
Dedicated Shultle
Dedicaled Shutile
Dedrcated Shuitle
Dedicated Shuiile
A/C Shuttle

A/C Shutile

A/C Shuille

No. of Voice Max. No of Mobile Radio
4 % . g 3 BW Channels Users (2) s/C EIII{P/ cH G/T

g g é% § E Single Dual Single Dual Single Dual Single] Dual | Single  Dual

<pg § < = Pol  Pol Pol Pol Pol Pol Pol | Pol | Pol Pol
fect | dB KW | Miz | Mz N N n n aBw | asw | aB/°k dB/°K
210 48.3 5.2 2066 | 3099 82,126 }123,190 | 4,106,334 6,159,502} 34.6 | 82.2 | -17.5 -15.1
120 43.6 8.8 671 | 1006 26,673 | 39,990 | 1,333,664 1,999,502 38,0 36,2 | -20,9 -19.1
60 37.6 11.7 161 242 G,400 9, 600 320,000 480,000 40,0 | 38,2} -22,9 -21,1
30 31.6 11.7 80.5]1 161 3,200 6,400 160, 000 320,00071 43,0} 40,0 | -25,9 -22.9
120 43.6 2.5 671 | 1006 26,673 | 39,990 | 1,333,664| 1,999,500 ?;1.8 29.6 t '-14.7 -12.5
60 | 37.6 | 4.5 161 | 242 6,400 | 9,600 320,000 480,000| 35,61 33.8 | -18.5 -16.7
30 31.6 4.0 BO.5t 161 3,200 6,400 160,000 320,000 33.11} 30,1 }|~-16.0 -13.0

Notes;

LET

1)
(2)

- Tolal useful power (including backoff)

~ The probability of call blockage is P= 0,01,
There are 50 frequency slols available m each user's iranscewer.
BW/CH = 25 Kllz and there are 3200 voice channels/80. 5 Mllz bandwidth
Each fregquency slot is allocated for 50 users,
There 18 an average of 2 users/Umi Call (UC).,
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Table 3-26. Cost/Dominating Characterisiics of the Moblile Radio Antennas

(2)

Minmtmum Gain Dimensions $ Cosl in Quantities of
. 3 [
Antenna Type {(dB) (inches) 1 02 1 0‘3 1 04 10° 1 06
3
A4 Whip -3.4{ ) 4,3" iligh 20 15 13 11 9
) . 41" High and 491 36| 31 26 22
Log Conical Spiral 3.4 15" Base Dia.
Curved-Crossed -4,8 6" High and 25 19 16 14 11
Dipole ! 13" Diameter
Switched Crossed Overall
Dipole / Folded 3.5 9" Iligh and 50| 37| 32 26 29
Monopole 8.4" Wide
Swiiched Multiple 30" Tligh 350 | 260 | 224 | 188 | 159
Anlenna With 3,0 .
50" Diameier
Randome
Radi)ll. e Mounted 35' High 500 | 367 | 316 265 224
UHEF "Five TFool 16.0 60" Diameler

Parabolic Siruciure

Tour Ioot Reflectm.(l) 17.0 30" High 450 1 330 | 284 238 202
50" Diameler

Noles: (1) Automalic azimuth trackmg and manual elevalion lracking is employed.
(2) - Elevation angles of 15° {0 90° as well as the VSWR losses are considered.
{3) - Operation up to 50° elevation 1s followed,
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Table 3-25,

Required Mobile Radio EIRPs For Compalibility
With Spacecraft Anlenna Optiong

Sat. Min, Sat, Sat, Recerve Required
Antenna Antenna System Noise Sat. G/T Mobile Radio
Diameler Giain EIRD
Launch Vehtele (feet ) (dB ) ( °K ) @B/°K) (dBW )
Dedicated Shuttle 210 47.7 458 21,1 -5.é
|
Dedicated Shuttle 120 43.0 458 16.4 ~0.5
Dedicaled Shuttle 60 37.0 458 10.4 +5.5
Dedicated Shuitle 30 31.0 458 4,4 11.6°
A/C Shutile 120 43,0 458 16.4 -0.%
1
A/C Shuttle 60 37.0 458 10.4 5.5
A/C Shuitle 30 31,0 458 4.4 11.5




4, The Number of Users (or Bandwidth) vs. G/ T

The G/ T displayed in Table 3-24 assumes that all the available satellite
bandwidth is used. The variation of G/ T with satellite bandwidth (or the number of users)
1s shown in Appendix 4 for the satellite antenna alternatives of Table 3-24,

3. Mobile Radio G/ T Vs Receiver Plus Antenna Cost

Using the UHF receiver cost/ performance curve of Section 3.6 and the mobile
radio antenna cost/performance data of Table 3-28, the lowest cost pairing of receivers and
antennas producing a given G/ T can be computed. The results of such an optimization
are plotted in Figure 3-15,

8. The Mobile Radio Cost Per Year

Present mobile radio production quantities are about 10, 000/ year, Pro-
duction methods and associated costs are expected to improve with increased volume,

a, When production is in quantifies of 100, 000 per year, the mobile
radio costs in quantities of 10; 100; 1,000; 10,000 and 160, 000
will correspond to the mobile radio costs of Figure 3-15 and
Table 3-27 in quantities of 100; 1, 000; 10, 000; 100, 000 and
1,000,000,

b. When the production is in quantities of 1,000,000/ year, the
mobile radio costs in quantities of 1¢; 100; 1,000 and 10, 000
will correspond to the mobile radio costs of Figure 3-15 and
Table 3-27 in quantities of 1, 000; 10, 000; 100,000 and
1, 000, 000.

Using the G/ T versus satellite bandwidth curves of Appendix 4, Figure 3-15
and Table 3-27, the mobile radio costs per year, shown in Tables 3-28 and 3-29, can be
developed, A sample calculation of the second entry in Table 3-28 is shown below:

a. Given: i, Shuttle Atlas Centaur satellite with 10 meter antenna

ii. 20,000 system users

2
iii, Mobile radio purchase quantities of 10, 10, 1()3

b, From the G/ T versus satellite bandwidth curves of Appendix 4,
the required mobile radio G/ T is -25dB/°K.

c, From Figure 3-15, the mobile radio receiver plus antenna costs
for a G/'J; of -25 gB/"K are 3950, 3650 and $510 for guantities
of 10, 10 and 10, respectively.
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Table 3-28, Mobile Radio Costs/ Year (In Nollars)

1348

Numbor Satellite Anterma Allernatives
ol
Users A/C Shultle 30" Ant. Dedicaled Shuille 30! AnLJ A/C Simiile 60' Ant.| Dedicated Shuitle 60' Ant,
Buy In Quanlilies of Buy In Quantilies of Buy It Quantilies of Buy In Quantilies ol
10 102 103 10 102 103 10 10:2 103 10 102 103

10, 000 524 382 2901 4199 376 284

20,000 571 396 305 503 375 284 403 317 239 378 284 184

40,000 664 447 340 508 375 284 384 294 196 375 284 184

80,000 687 461 340 517 382 2901 415 308 217 382 288 189
120, 000 711 466 348 534 384 294 436 331 233 384 294 195
160,000 718 473 356 545 391 298 454 340 242 389 298 203
200, 000 727 478 363 564 398 305 459 343 242 401 308 211
240,000 734 478 370 594 415 317 461 343 242 415 317 219
280, 000 746 489 375 617 426 324 462 343 242 424 324 227
320,000 769 513 387 629 431 329 464 343 242 436 331 233
360, 000 465 343 242 450 338 240
400,000 460 347 245 454 340 242
440, 000 468 350 249 457 340 242
180, 000 469 352 248 461 340 242

\_,. -
Tofs of 104 Lots of 10{l Lois of 105 Lotls of 105



Table 3-29, Mobile Radio Cosls/ Year (In Dollars)

Number S/C Antenna Aliernalives
U:fers A/C Shuttle 120! Anlenna Dedicated Shuttle 120" Antenna g Dedicated Shuttle 210" Anienna
Buy In Quanlities of Buy In Quantilies of ; Buy In Quantities of
10 102 103 10 102 103 l 10 102 103
80, 000 382 204 ‘196 375 284 185 1 378 284 185
160,000 419 319 221 3175 284 185 375 284 185
240,000 450 336 242 380 284 191 376 284 1856
320, 600 454 336 242 384 294 198 380 289 190
400,000 457 336 242 387 298 202 384 293 196
480, 000 458 336 242 394 303 206 385 295 187
630,000 463 336 242 415 317 219 298 203 146
930,000 473 356 249 445 336 238 315 217 157
1,130,000 475 361 254 452 340 242" 326 226 165
1,333,664 478 368 256 457 340 242 340 242 182
1,680,000 490 377 261 459 340 242 340 242 184
1,999,502 524 391 270 461 340 242 340 242 186
3, 000, 000 340 247 189
4,106,334 345 246 191
§,100,000 356 249 195
6,159,502 363 254 197
—~— e T
Lots of 10° Tols of 10° Lots of 10° Atter 480,000



d. From Table 3~27, the mobile radio costs (excluding the receiver
and antenna) are $1,500; $1,050; 3800 for quantities of 10, 102
and 103, respectively,

e. The sums of these costs are 32450, $1700 and $1310 for quantities
of 10, 102 and 103, respectively.

f. Annual costs, based on a 0, 233 annualizing factor, afe then 3571,

$396, and $305 for the quantities of 10, 102 and 10° radios,
respectively,

1. Telephone Network Interface Terminal Cost vs, Number of System Users

By spreading 100 earth stations over the lower 48 states, a 100-mile aver-
age coverage radius per station is achieved. This gives a maximum fterrestrial tail of
100 miles and a terminal procurement quantity of 100,

A Ku-Band terminal, having a 83 dBW EIRP and a G/T of 31 dB/°K, work-
ing with a satellife, baving a 52 dBW EIRP, can provide 4 dB downlink and uplink rain
marging, A 4 dB rain margin gives g satellite to earth link availability of better then 99. 5%.
From Section 3.5, if can be seen that the cost of the above terminal is 385,000 in quan-
tities of 100, These costs do not 1nelude the cost of channel units. Vendor cost estimates
for channel units (CUs) are $3, 000 per CU, in quanfities of 100, These costs are expected
to drop by about 8% for each order of magnitude increase in quantity, Thus, the costs are
33000, 32760, 32540 and 32335 for quantities of 100, 1000, 10,000 and 100, 000, respec-
tively. To achieve the required call blockage factor and provide adequate redundancy, 100
CUs/ terminal are supplied for each 3200 voice channels in the system. Thus when 3200
satellite voice channels are used, thers is a total of 10,000 CUs in the system., From
Table 3-24, it can be seen that there are 160,000 users per 3200 satellite voice channels,
The number of CUs required per Ku-Band terminal is given by-

No. of Users in the Svstem
160, 000 Users

X 100 = number of CUs

With terminal and CU costs combined, the annual Ku-Band station costs
vs, the number of system users are shown in Table 3-30. Note that these costs do not
account for the variation in transmitter EIRP as the number of CUs increases. However,
this represents a negligible factor in overall system costs,

8, Annual Cost of the Space Segment

The space segment annual costs are summarized in Table 3-31, The deri-
vation of this data for the UHF land mobile satellite is described in detail in Appendix 2.
When the space segment costs are allocated as a function of numper of system users, the
annual costs per user are as indicated in Table 3-32.
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Table 3-30. Annual Ku-Band Terminal Costs Vs Number of System Users

5 1 H
I Total I_ Number of CUs/ Cost.of CUs/ The Cost of Annual Earth :
Number of Earth Station Earth Station (8) | 100 Earth Station Costs/ E
System Users Stations $) User (3) I
10,000 7 21,000 10, 600, 000 ‘ 247
20, 000 13 35,880 12,088, 000 141 ,
40,000 25 69,000 15,400, 000 90 :
80, 000 50 138,000 22,300,000 | 65
120, 000 75 207,000 29, 200, 000 ' 57 i
i 160, 000 100 253, 920 33, 892, 000 49 :
' 200,000 125 317,400 40, 240, 000 47 :
240, 000 150 380,880 486,588,000 45 i
, 280, 000 175 444,360 52, 936,000 44
; 320, 000 200 507,840 59,284,000 ! 43
% 360, 000 225 571,320 65,632,000 42
? 400, 000 250 623, 800 71, 980,000 42
i 440, 000 275 698,280 78,328, 000 | 41 ;
; 480, 000 300 761,760 ; 84,676,000 | 41
: 630, 000 394 1,000, 445 i 108, 540, 000 40
930, 000 582 1,477,814 ' 156, 280, 000 39
1,130,000 707 1,795,214 § 188, 020, 000 | 39
1,333,664 834 2,117,683 Z 220, 260, 000 38 !
. 1,680,000 1,050 2,452,800 % 253,780, 000 35 E
1,999,502 1,250 i 2,920,000 . 300,500,000 | 35 5
3,000, 000 1,875 | 4,380,000 . 446,500,000 : 35 ;
4,108,334 2,567 5,996,512 . §08,150, 000 ; 35 |
5,100, 000 3,188 7,447 168 | 753, 210, 000 34 %
6,159,502 3,850 ' 8,993,600 907,860,000 34 I
% |
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Table 3-31. Useful THF Power for Land Mobile Service

Launch Vehicle

Dedicated Shuttle

Dedicated Shuttle
Dedicated Shuttle
Dedicated Shuttle
A/C Shuttle
A/C Shuitle
A/C Shuttle

Antenna Diameter

(210"
(120")
( 80")
( 30
(120%)
( 80")
{307

MPT*

(kW)

Space Segraent
Annual Cost

347, 4M
44,6
42, 4
41,4
33.3
28.3
27,3

~ Total useful instanteous power (including backoff but excluding activity factor).
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Table 3~32, Annual Space Segment Cost/ User Vs, Number of Users

r - ——————— ey PR =

Total ' Annual Space Segment Cost/User, $
Numberof . .. . | _Dedicated._Shuttle . Dedicated -] Shuttle -Dedicated |-Dedicated. -
System Users | Shuitle A/G  Shuttle A/ C Shuttle |[A/C Shuttle | Shuttle
| 30" Ant. | 30' Ant. 60" Am. ! 60'Ant. |120" Amt. 120' Ant. |210' Ant,
10, 000 ; 2730 4140 2830 E 4240 3330 4460 4740
20, 000 1365 2070 | 1415 2120 1665 2230 2370
40, 000 683 1035 | 708 1060 833 1115 1185
80, 000 341 518 : 354 1 530 416 558 593
120, 000 228 345 236 , 353 278 | 372 395 |
160, 000 171 259 177 265 208 279 296 |
200, 000 137 207 142 212 167 223 237
240, 000 114 173 118 177 139 188 108 |
280, 000 E 98 148 101 151 119 159 169 i
320, 000 85 129 | 88 133 104 - 139 148
360,000 79 118 3 | 12 132 ;
400,000 1 106 83 | 112 119
440,000 64 9 76 1 101 108 |
480, 000 59 88 6o 93 99
630,000 53 11 75
! 930,000 38 48 51 |
" 1,130,000 29 39 | 42
1,333,664 25 33 | 36 ‘
1,680, 000 20 ¢ a7z ! g ]
1,999,502 7 22 24
3,000, 000 : |16
4,106,334 ' |19
5,100, 000 9
8,159,502 ! |
i !




9. Apnual Operating Cost

Given:
a. Five operators per earth station per 100 channel units,

b. 100 maintenance men to serwvice the entire system, when the
number of channel units/ earth station is 100 or less.

c. Two Communication Management Facilities (CMFs) for the
system with 20 persons/ CMF.

d. Seven operators per earth station and 100 maintenance men for the
entire system, when the number of CUs per earth station are
between 100 and 500,

e, Eight operators per earth station and 150 mainfenance men for
the entire system, when the number of CUs per earth station are
between 500 and 1000,

i, Nine operators per earth station and 150 maintenance men for
the entire system, when the number of CUs per earth station are
between 1000 and 4000,

The number of service personnel vs, channel units and their associated
costs are shown in Table 3-33, An average annual salary per irdividual of 320K is
employed in the table., When these costs are convertad into annual cost as a function of
total number of system users, the resulis are as indicated in Table 3-34.

Table 3-33. Annual Operating Cost Asscciated with the Land
Mobile Satellite System

Number of CUs/ Total No. of
Ku-Band Terminal Service Personnel Annual Operating Cost
7 to 100 640 12,800,000
100 to 500 840 16,800, 000
500 to 1000 990 19, 800, 000
1000 fo 4000 1140 22,800, 000
10, Anmual Cost Par User for Terrestrial Tails

Based on 2 100-mile maximum distance/Ku-Band terminal, the average
terresirial tail should be about 30 miles. The cost per 30-mile terrestrial line is
estimated to be 32, 000 for 100 lines, S1, 800 for 1000 lines, 1,620 for 10% lines and
1,460 for 10° lines,



Table 3-34, Annual Land Mobile Operating Cost Per User
Vs the Number of System Users

| Total Numi:er of' Sy;tel;l Users ; Annual Cost/ User ($)
10,000 1,280
20, 000 640
40,000 320
80,000 | 160
120,000 . 107
160,000 80
200,000 80
240, 000 70
280, 000 60
320,000 53
360,000 ; 47
400,000 E 42
| 440, 000 38
5 480, 000 i 35
i 630, 000 i 27
930, 000 : 21
1,130,000 f 18 i
’ 1,333,664 | 15 |
1,680,000 ; 14 ;
: 1,999,502 : 11 [
; 3, 000, 000 : 8 ;
4,106,334 : 6 |
; 5,100,000 , 4 :
é 6,159,502 | 4
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Each CU is connected to a terrestrial line, Thus, the number of terres-
trial lines is the same as the number of CUs. The required number of CUs per Ku~-Band
terminal were listed in Table 3-30, When the number of CUs is converted into the num-
ber of system users, the annual terrestrial tail cosi per user is as listed in Table 3-35.

11, Annual Cost/ User of the Land Mobile Service

The annuzl costs per user of the "Land Mobile" service versus the number
of system users are shown in Table 3-38, These costs represent the combination of the
annual cost/ user for the mobile radios, the Ku-Band terminals, the space segment,
operation and maintenance, and the terrestrial tail (see Tables 3-28, -29, -30, -32,

-34 and -35), Mobile radio costs are based on buying in lots of 1000, Costs when
radios are bought in lots of 10 and 100 are summarized in Appendix 4. Plots of the
results when radios are bought in lots of 10 are also presented in Appendix 4,

12, Summary and Conchisions

The primary aim of the land mobile satellite communicaticn study has
been to outline the necessary guidelines and criteria required to achieve cost-effective
service in the 1980s, Results and conclusions are as follows:

® Table 3-36 shows, when vne number of system users are over
40, 000, the Dedicated Shuttle costs range from about the same
to somewhat less than the Shuttle Atlas-Centaur costs., However,
the Dedicated Shuttle cases provide more prime power than the

Shuttle A/ C alternatives. Thus, the required mobile radio G/ T
is always less,

9 When the 30-foot antenna Dedicated Shuttle is selected, a switched
crossed dipole/folded monopole mobﬂe radio antenna is used at all
indicated G/Ts. It has overall dimensions of 9" high by 8. 4" wide,
and a mmnnum of 3.5 dB of antenna gain between the elevahon angles
of 15° and 90°. When tms antenna is employed with a 355 °K receive
gystem, a G/T of -22 dB/ K is realized. This G/T gives more than
adequate link perfoermance in all of the 30-foot antenna Deglcated
Shuttle applications depicted in Table 3-36. It does this while intro-
ducing only minor increases in annual cost per user. Further, thas
land mobile receiver can be applied to any of the other Dedicated
Shuttle configurations, using bigger satellite antennas and serving

larger user networks, with only modest increases in the annual cost
Per user,
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Table 3~35. The Anmunal Terrestrial Tail Cost per User in the System

Tatal Number of
Users In The System

i
i

The Required Number of
CUs Per Earth Station

The Annual Tez_‘restrial Tail

" "Cost Per User In The System

10,000
20, 000
40, 000
80, 000
120, 000
160, 000
200, 000
240, 000
280, 000
320, 000
360, 000
400, 000
440, 000
480, 000
630, 000
930, 000
1,130,000
1,333,664
1,680, 000
1,999,502
3,000,000
4,106,334
5,100, 000
6,159,502

i3
25
50

100
125
150
175
200
225
250
275
300
394
582
707
834
1,050
1,250
1,875
2,567
3,188
3,850

140
117
113
113
113
113
101
101
101
101
101
101
101
101
101
101
101
101
o1 .
o1
91
g1
91
21




Table 3-36  Amudl Cost/User ol the Land Mob:le Salellite System Vs, the Number of System Users

8/C and Satellile Antenna Alleynalives

; A/C Shutile Ded, Shulile A/C Shulile Ded. Shultle A/C Shuttle Ded. Shullle Ded. Shuttle
Total 30" Antonna 30" Antonna 60" Antonna 80' Antenna 120" Anienna 120 Antenna 210" Antenna
. .:;::bﬁ: “c:i Mobile Mobile Mobile Mobhile Mobile Mobilo Mablle
Syslem Ant, Type* Ant, Type* Ant. T'ypo* Ant, Typo¥ Ant, :I“ypo* Ant, :-l"s'p?* :l\nt. :l:ype*
Cost | & G/ T Cost (& G/ T Cost { &G/ Cost &/ ] Cost & G/ : Cost . &G/ f ) Cost & G/f
() |@B/°K #) | @B/°K) %) (UB/* K) . _(_$L_ 5 _(dl_?»-/-it) L _(:[a) {dB/°K) 1 @B/°K) &) (dB/ ° 1)
10,000 4,688 4, -28 6,081 4,-38
20,000 2. 568 4,-25 3,252 4,-36 2,551 4,-30 5 | 3,202 4, =36
190,000 1,646 7,=22 1,812 4,92 1127 l.=b1.5.11,76% 4,.=92
40, 000 1,019 7.=19 1,147 4,-29 904 4,24 .5 | 1,087 i,-29 950 4,~26,8 | 1,081 4,-33,2 | 1,116 1 4, -35
120, 000 852 7,-17,2 DL 1,-27,2 746 4,29 7 825 4, -27
160,000 769 7.~16 789 1,-26 661 7.-21 86 710 4, -20 602 4 ~23 8 706 4,-30 2 723 4,-82
200, 000 o8 7,-15 740 4,-25 G12 7.-20 5 651 4,-25
218,000 700 7,-14 7006 4, =24 5746 7.-19.5 01 4,=0} 597 7.-21.8 593 4,248 2 599 4,-30
280, 000 678 7.-13.5 677 4,.-23.5 5.18 7.-19 583 4,=23.5
326, 000 669 7,-13 655 1,-24 527 7,-18 5 563 £, -28 543 7,-20.8 534 4,-27 2 543 4,-29
460,000 511 7,-17.9 548 7. -223,4
400, 000 501 %,-17.5 5193 7.-5% 510 7,-10.8 503 4,=26.2 500 4,-28
J440, 000 4901 7,-17 518 7.-21 5
480,000 A8 7,-16.7 507 7.-21 2 | 488 7,-19 476 4,-25 ¢ 473 1,-2% 2
630,000 463 7,-17.8 458 4,-21 2 189 4,-2G 2
9330, 000 416 7,-16.1 417 4,-82 5 369 | 4,-24.5
1,130,000 4] 7. -15 8% 450 791 7 R 4 =917
1, 3433, bid 4158 7,14 6 499 7,=21 372 4 =83
i, 68, 000 421 7.-11.5 4109 7 =109 168 5,-21_8
£, 909, 502 124 7.-12.8 403 7.-19.2 REVE 5.221.2
4,000,000 298 5.-19.3
1,106,334 3156 7,-17.14
5,100, 000 233 7.-16 5§
4,159,502 234 7,-15

ger

+ the Amenna Typos ares 4 -~ switchad crossed dipsle/folded monopole, § ~ swilched soven eloment anienna wilh radome; 7- four leel reflector
with automatie azimuth teacking and manual elevation lrachlirg, {See Table 3-20 for charactenislies)
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Based on the above, the annual cost per user for the Dedicated
Shuttle with a mobile radio having 2 G/ T of -22 dB/°XK and the
simple antenna, can be computed. The results of these com-
putations are shown in Table 3-37 and plotted in Appendix 4.
Table 3-87 summarizes the anmial cost per user for a land
mobile satellite system having graceful growthpotsntial, This
system has the following advantages and characteristics:

a) A G/ T of -22 dB/°K uging a simple mobile radio
antenna.

b} A cost-effective mcbile radio compatible with system sizes
ranging from 104 to about 4x106 users.

¢) A telephone network quality service, with a 1 out of 100 blockage
in any busy hour,

d) Nationwide connection from any mobile location to any fixed or
mobile location, and from any fixed location to any mobile
location,

€) Complete privacy for all system users.

f) Supervisory, control and cther signalling modes similar o
those of the telephone network,

g) A choice of modulation techniques, FM commanding or @PSK
adaptive delta modulation techniques allowing data services at
rates up to 32 Kbps.

b} Billing and all supervisory, service and control functions auto~
matically performed by the Ku-Band terminals in conjunction
with the central monitoring facilities,



Table 3-37, Annual Cost/ User Vs No, of System Users
(A -22dB/°K G/ T Mobile Radio is Used)

Number of

Spacecraft Alternatives

-1

i Dedicated Dedicated . Dedicated Dedicated
System Users | g1e, Shuttle, |  Shuttle, Shuttle
| 30" Ant. 60' Ant. I 120" Ant. 210' Ant,
; 10, 000 i 6,457 |
i 20, 600 E 3,618 3,491 ;
! 40,000 E 2,208 2,058 i :
! 20, 000 i 1,506 1,341 1,369 1,404 ;
! 120, 000 ' 1,272 1,103 :
; 160, 000 1,151 ] 980 : 994 L 1,011
E 200, 000 © 1,085 f 913 ;
: 240, 000 ' 1,039 866 875 887
| 280, 000 " 1,008 829
i 320, 000 976 803 ; 309 818
% 360, 000 : 781 i :
i 400,000 ; 764 : 770 777
440, 000 ‘ ! 749 i
480,000 738 743 749
630, 000 ! 722 623 :
930, 000 5 | 682 592
. 1,130,000 ' : | 670 580
: 1,333, 664 ; 660 570
" 1,680,000 : : 640 543
. 1,999,502 : ! 532 i 541
© 3,000,000 l ! ' 530
. 4,106,334 : | 524 ‘
5,100, 000 . f | i
6,159,502 ‘




3.4 Ku-BAND SYSTEM OPTIMIZATION ALGORITHM

A, BASIC EQUATIONS

The Ku-Band transmit/ receive system optimization is performed by mini-~
mizing the system cost while satisfying the link performance equation, A large number
of combinations of ground terminal EIRP, satellite EIRP, and ground terminal G/ T,
meeting the link requirements, are systematically scanned and costed from a compre-
hensive data base., The lowest cost combination is selected as the optimum system. The
range of combinations searched is constrained only by the satellites and low to moderate
cost earth terminals projected to be available in the time frame through 1985, The
searches are conducted in a computer, This allows a large mumber of system optimiza-
tions to be completed as a function of a wide variety of system options, The system
optiona were generated by varying the size of the satellite, the number of satellite antenna
beams, the bandwidth of the satellite channels, the link availability, the number of earth
terminals served, and the frequency band employed. (See Section 3.1,B for a qomplete
list,)

The link performance equation can be broken into an uplink and downlink
equation, The uplink equation is: C / N =E O/'VI‘:B (CArRE)2 (G / KT o

where:

° C /N _is the uplink carrier to noise density ratio at the satellite
receiver

® E is the EIRP of the ground terminal

(=4

° Mu is the margin allowed on the uplink

° C is the speed of propagation of electromagnetic energy in a
vacuum (i.e., 3x108 m/ sec,)

» R is the nominal range from the earth terminal to the satellite
(i.e., 38,850.6 kilometers for a 25° elevation angle to a
geosynchronous satellite)

° f is the uplink frequency of operation (i.e., 14GHz)

] Gsu is the uplink gain of the salellite antenna

L] K is Bollzman's constant (I.e., L. 3806x10-23)

. TS is the noise temperature of the satellite receiver

The downlink equation is:

C/N
v 5 8 2
(C/N) (B) =(P_ BGy /LBy M ) 5 /v 5, (C/47R) (G, /KT M)
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where:

L ]

C NO is the total link carrier to noise density ratio as measured
at' the ground terminal receiver

=(C /N - o i -
8= ( s/ s}/ {(CS/ N) (CT/ No) and 1s the degradation to down

link performance due to the noise contribution made by the satellite
raceiver,

P is the maximum ocutput power of the satellite channel (i.e.,
the TWTA output)

BS is the signal bandwidth required by a particular user service

GSD is the downlink gain of the satellite antenna

L is the attenuation due to line loss between the TWTA and the
antenna feed (i.e., 1.259)

BS c is the bandwidth of the satellite channel

\é is the amount of TWTA oulpul backoff to eliminate any sig-
cant degradation due fo intermodulation components,

(C‘S / NS) [(CS/ N S)—!—B ] is the factor determining the loss of
useful satellite channel owtput power due to the noise of the
satellite receiver
f is the downlink frequency of operation {(i.e., 12GHz)
GO_ is the gain of the ground anienna

o

Tg is the noise temperature of the receiver

MD is the margin allowed on the downlink

The cost equation is:

2 2 2
Cuser®1=(Cgc/ Npp)By/ By ) 2 (SCW ) / [?'(Bscwcs ) *Bg J

*(/ HCryr*Crsr*Cre Crw
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where:

of the country,

($) is the average annual cost of a user ground termnal and an
er' . . .
appropriate portion of the satellite

C_... is the annual cost of a satellite.channel- as-defined from the
satellite channel output power versus cost curves

N.,, is the average number of terminals associated with a single
sighal bandwidth allocation, BS‘

M is the number of antenna beams in the satellite

N is the number of channels in the satellite

2 (B WN%S) éﬂ[z (B MN CS) -:-B 2]is a factor inserted to

ehn:unate t tmn of C. -, due to the "fill factor {see

Section 3.7) over the satelfste lifetime, It becomes effective
only when M=1, N_ _~1 and B_=B_ .. In such instances, it equals
1/1,5, In all other instances, it is approxdimately one,

is the annual cost of the terminal selected for the
No%eastern U.S.

is the annual cost of the terminal selected for the
Sou%geastem 0.8,

C‘T c is the annual cost of the terminal selected for the Central U, S,

CTW is the annual cost of the terminal selected for the Western U.S.

GROUND TERMINAL COST PER AREA

Ground terminal costs are determined from data curves as a fimction of
EIRP, G/ T and size of the buy. They are uniquely determined for each of four areas

Ground terminal EIRP and G/ T values for only one area (e.g., the

Northeast) are employed in the link equation. The G/ T and EIRP values in other areas
are determined by comparing link margin requirements and satellite antenna gains
available in the other areas with the reference link, The equations are as follows:
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Therefore:
(& T) ey (& VgD D) 4y

and

(Eg) other=(Eg)R EFﬂL‘:k (Eg)other

With the unique EIRP and G/ T requirements per area determined, unique
costing can be performed provided the size of the buy applicable in each area can be
established, The basic premise is that the size of the buy will be less than the number

of terminals served nationwide (i.e., NTNW) even if all the terminals ars identical,

This is because of the competitive nature of the American economy and the fact that the
number of terminals served is taken to be an end of satellite life number, As a result,
several companies are likely to be in the business of producing/ marketing ground ter-
minals and several buys will be made from each company in the process of building up
the system. When all terminals are 1dentical, or if the terminals of any single area are
the same as those of any other area, the average size of the buy, NB, is taken to be:

N5 =Ny’ 10

When terminals are unique for each area of the country, there is further
fragmentation. If the EIRP and G/ T requiremenis for a given aresz are different than
those of any other area, the average size of the buy is taken to be:

2
Ny =Nopqw/ 10

A buy size of N, NV 1[)2 produces a higher cost per terminal than a buy
size of N V/ 10, Asa resulrt[‘, it pays to be unique only if the EIRP and G/ T require-
ments are sufficiently below those of the other areas to result in a lower cost per
terminal even though the buy is smaller. The threshold differences necessary for this
to be true are lisied, as a function of NTNW’ as follows:

Noww AG/ T Thresholds
10 2.0dB
102 2.0dB
103 4,0dB
104 3.0dB
10° 3.0dB

These thresholds were established by reviewing the ground terminal data base,
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The result of this is that the initially computed AG/ T values must be com~
pared against each other and the thresholds listed above, If the difference of the AG/ T
is less than the threshold, it is cheaper to employ the larger AG/ T in all areas and make
a common buy, If the difference exceeds the threshold, the smaller AG/ T is not adjusted
and a unique buy is made. The computer makes all size-of-buy determinations based on
the AG/ T values alone, If an adjustment upward is made; hoth the AG/T and the AE _ of
the smaller terminal are changed fo those of the larger terminal, Computer primtout
of G/T and Eg per area are based on the final adjusted values of AG/ T and AEg.

The procedure used by the computer in making the size~of-buy and ter-
minal performance adjustment decisions, involves ordering the initially computed
AG/ Ts from the largest to the smallest, Note that the initial AG/ T of the reference
link is zero., The second largest AG/ T is compared against the largest and adjust-
ments made as necessary, The third largest is then compared agzinst the adjusted
second largest and adjustments made as necessary. Finally, the fourth largest AG/ T
is compared against the adjusted third largest and adjustments made as necessary.

The one overriding requirement on all size of buy decisions is that the
size must be at least 10, Costing curves have not been developed for buy sizes less
than 10, Further, buying in lots smaller than'this is not likely.

C. SYSTEM PARAMETER SEARCH OPERATIONS/ BOUNDS

Each system cost/ performance optimization starts by incrementing earth
terminal Ed values into the uplink performance equation until:
o

Cs/ 1\Ts > CT/ N'o

This CS/ N is then employed in the downlink equation., Values of P__ are incremented
into the dovsmlink equation and it is solved for a G /T correspondinsgcto each P_ . Satel-
lite (i.e., P_ ) costs and the cost of each area's §ro terminal (i.e., EG andS&/ T) are
incremented mto the cost equation, Costs per uger are computed, The ldwest cost com-
bination is saved and a larger value of Eo' is incremented info the uplink equation, The
same process is repeated., The sequencB stops when the maximum allowable value of E
ig reached, The minimum cost combinations, corresponding fo all values of E , are
then reviewad and a minimum of the minimums selected, This is the optimum %ystem
configuration,

The values of E_ are scamed over a range from 26, 3dBW to 97.3dBW in
1dB increments, The lowest practically usable E_ is that making C /N >C_/N while
providing values of P and G /T that are insidegtheir bounds, The alfowélfale 9ange of
Gw/ Tg is dependent of the Eg a1 selected. The ranges are defined as follows:



s -5dB/°K £ Gg/Tg <[L5+(E _-26.3)] dB/°K
t=]
for 26. 3dBW<E 5 50.3dBW

2 ~5dB/ °K< GO/ ng39dB/°K
E=J
for 50. 3dBW:<.EGS‘73. 3dBW
1=

o [-5dB/° K+)(E-73.3)] <G / ng 39dB/°K
for 73, 3dBWY Eg_<_. 97, 3dBW

The allowable range of P is from ~10dBW to the maximum available from a transmit/
receive satellite 1’aunchedS %n a booster of the particular size being considered. The
launch vehicle options range from the Delia 2914 to the Dedicated Shuttle. (See

Section 3.7.)

The earth terminal performance bounds represent those created by an-
temma diameters ranging from 2 feet to 30 feet, receive system noise temperatuves rang-
ing from 10, 000°K to 100°K, and transmitier powers ranging from 0.1 watt to 5,000
watts, The listed performance bounds are those applicable to the reference link alone.
The portion of this range actually used is determined by the link equation and the values
incremented into ch in 0,5dB steps. The performance parameters, for areas other
than the reference area, are allowed to spill over outside these bounds, Ground
terminal cost versus out-of-bounds performance projections are made by expanding
the bounds on the antenna, receiver and transmifter curves used in the earth terminal
optimization (see Section 3.5). The expanded bounds reflect antenna diameters ranging
from 1 foot to 115 feet, receive system noise temperatures ranging from 65° K to
20,000°K, and transmitter powers ranging from 0. 025 watts to 25,000 watts, These
expanded ground terminal subsystem bounds are used in generating both inbound cost
versus performance data and out-of-bounds data. This insures smooth projections from
inbound data points to cut-of-bounds data points,

D, INPUT CONSTANTS TO EACH SYSTEM OPTIMIZATION

During any single system optimization run, the variables are P o’ E
and G /T _inthe link performance equationplus C_ ., N, C , C , Cohlan
CT 7 & tH® cost equation. The performance and cosg eq&gtion ?rggablérssgre rrgﬁted to
eacyn other by the satellite and earth terminal data curves (see Sections 3.5 and 3. 7).
The remaining parameters are fixed. The selection of these parameters is a function
of choosing the service, the number of satellite beams, the link outage, and the number
of users served nationwide,

Choosing a service defines the parameters indicated in Table 3-38. The
basis for the table C./N and B, values is given in Section 2.2, B g is chosen to have
an upper bound on thé order of 2§ to 35 MHz. This is compatible with the bandwidths
commonly employed in current commerecial satellite systems, In cases where B_ is on
the order of 25 to 35 MHz, B o is selected to be the same as B_., For the narrower
bandwidth services, a limiteag number of smaller satellite channel bandwidths are con-
sidered. The evaluations, as a function of B__, were not intended to be exhaustive,
They are performed merely to give an indicalion of service cost sensitivity to variations
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in the satellite channel bandwidth, 3 is defined to be compatible with the ratio of

B C/ BS under consideration, With one signal in a satellife channel, no inband intermodu-
lation products are generated and the transponder TWTA can be operated at saturation,
With two signals in a satellite channel, a limited number of intermodulation products fall
inband requiring a 1.6dB output backoff to give sufficiently linear operation. With three
or more equally spaced signals in a satellite channel, the intermodulation problem reaches
its worst and a 5, 1dB backoff is required. The ground terminal configuration {i.e.,
redundant or nonredundant) is defined for each service in order to select the appropriate
ground terminal cost/ performance curves. The type of baseband signal (i.e,, analog

or digital) is defined in order to select the appropriate link margin versus outage
tabulation.

Table 3-38. Service Related Performance/ Cost Parameter Selections

| : . :
: 1 Back- . Configura-
iC } H . i =
Service | Cr/Np@B) By | B (Hx o oo i - | Signal
| ' : |
Point-to- 85.2 22x106 221{106 vy 0 ! Non-redundant | Analog
| Point TV | , |
1 [ ¥
] 6 8 ! i
*  Compressed| 73.5 12x10 12x10 . 0 1 e
Bandwith 24100 16 Non-redundant : Digital
T/V Facsimile 36x10° t 5.1 :
: giicsfinﬂe 62.0 140x10° | L.96x10° 1 5.3 !
; 7,84x10° ;5.1 Non-redundant Digital
15.68x10° | 5.1
s3I}
(FDMA) 31.36x10° | 5.1 )
. 6 6
Multichannel| 64.6 1.7x10 1, 7x10 0
Voice Data 3, 4x10° 1.6
’ 13.6x106 | 5,1 Redundant Digital
27.28108 1 5.1
Voice/ 8 . .
| TFacsimile 62. 0 6 4x103 20,06x10 0 Non~-redundant Digital
t m_—é-- i
H 1
(TDMA) i 30, 056x10 i
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Choosing the number of satellite beams (i.e., 1 or 4) provides a direct
input to the cost equation, selects the appropriate set of satellite cost/ performance
curves, and selects the proper uplink and downlink satellite antenna gains, The satellite

uplink and downlink anfenna gains employed are defined in Table 3-392,.




Choosing the link outage selects the uplink and downlink margins to be
employed, These margins are histed in Tables 3-40 and 3-41, The histed margins are
determined by the propagation losses (see Section 2. 5) and the approach used fo estab-
lish link performance requirements. The propagation losses include rain attenu%tmn
and the ipcrease in receive system noise femperature that 1t infreduces., A 1000 K
gatellite receive system and a 200 K ground terminal receive system were taken as
typical of the technology applicable. Both clear sky and mimimum acceptable perform-
ance levels are stipulated. The latter is the level that must be maintained for 2 very
high percentage of the time (e, g., 99.9%) even in the presence of rain attenuation. K is
to this level that rain margin is applied, It is rain margimn that is a function of the link
outage allowed, The clear sky requirement is established at a fixed level, This level
is 7dB above the minimum performance level in the case of analog signals, It is 448
above the minimum when digital signals are considered, The difference between mini-
mum performance and what may be considered high performance is less for digital sig-
nals than for analog signals, The result of all this is o establish a minimum link margin
of 7dB for analog signals and 4dB for digital signals, These minimum marging are
reflected in Tables 3-40 and 3-41,

Chooging the number of users served nationwide, N, , establishes the
mumber of signals accessing the satellite, N_ , and the average nun%er of terminals
associated with each access, N_,,. The values of §, , N and N_,, employed, as
a function of the service selected? are listed in Table Lﬂfsz Séach listing reflects the
operating scenario associated with that particular service, The operating scenario
determines the N_,,. With N, A essentially constant as a function of NT . NS A varies
directly with changes in NT —. Orne additional constraint on NS is ’cham? must be an
even number when a full duagc service 1s under consideration. ‘%oint-to—P oint TV is
the only half duplex service considered,

Table 3-42. Ground Complex/ Satellite Channel Access Pairing

Point~-to~ Compressed BW Voice/ Fax, Multichannel

Point TV TV/ Fax, Voice/ Data
Neww  Y7a Ysa Vpa Nga Npn Mgy Nea  Yga
10 10 1 4 4 - - i 10
102 25 4 4 24 17 6 1 100
102 25 40 4 250 17 58 1 1000
10 - — — _— 17 588 - -
105 - - — - 17 5882 — —

The N.., of 25, employed for Point-to-Point TV, 13 based on a medical
diagnostic service. %?e expectation is that the average duration of each medical diag-
nosis will be 30 minutes, Further, it is estimated that operation will be maintained
12 hours per day, 6 days per week, This amounts fo a maximum of 144 calls per week,
The diagnostic service modeled is one involving highly trained and skilled specialists



Table

3-39. . Satellite Antenna Gains (Ku-Band)

Location Uplink Downlinlg
1l Beam 4 Beams_ | 1 Beam. A Beams
West 26.3 36,8 25,0 35.5
Central 26.3 36.8 25.0 35.5
South East | 33.3 38.8 32,0 37.5
North East | 26.3 31,8 25,0 30.5

Table 3-40, Link Margin (Mt) vs, Outage for 14GHz Uplink

L°°aﬁ°nSig WEST CENTRAL SOUTHEAST NORTHEAST |
Qutage Analog  Digital Analog  Digital Analog  Digital Analog Digital
1. 0% 7 4 7 4 7 6 7 4
0.75% 7 4 7 4 7 7 7 4
0.5% ’ 7 4 7 4 8 8 7 4
0.25% T 4 7 4,5 11 11 7 4.5
0,1% T 4 7 7 16 16 7 7.4
0.075% 7 4 8 8 18.5 18.5 9.0 9.0
0.05% i 7 4 9.5 9.5 22 22 11.5 11.5 -
0.025% 7 4 13 13 29.5 29.5 16 16
0.01% ;er.s 7.5 20.5 20.5 48 48 25.5 25.5
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Table 3-41, Link Margins (MD) vs, Outage for 12GIz Downlink

WEST CENTRAL SOUTHEAST NORTIHEAST
Outage Analog  Digital Analog  Digifal Analog  Digital Analog Digial

1.0% 7 4 7 4 7 4 7 4
0.75% 7 4 7 4 7 4 7 4.5
0.5% 7 4 7 4 7 4 7 5
0.25% 7 4 7 4 7 7 7 5.5
0.1% 7 4 7 6.5 13.5 13.5 7.5 7.5
0.075% 7 4 8 8.0 16 16 9.0 9
0. 05% 7 4 10 10 20 20 I 1t
0.025% 7 5 13.5 13.5 28 28 5.5 15.5
0., 01% 8.5 8.5 20 20 45 45 25 25
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at big city and university hospitals communicating with general practicioners and tech-
nicians in mural towns and hospitals, The service is scheduled on a week-to-week basis
with 2 modest reserve capacity maintained for emergencies. Therefore, a relatively
high average channel utilization rate of 50% can be adopted. This means 72 calls per
week can be handled over each signal access allocation available in the satellite, If each
terminal places an.average of three-calls-per-week, there are 24 rural terminals plus
one urban terminal associated with each satellite access,

The N,,, of 4, employed for Compressed Bandwidth TV/Facsimile, is
based on its configuraf%on as a mobile teleconferencing service. One or more trucks or
vans operate within a metropolitan area. The TV equipment is transported to a confer-
ence room within the user's facility. One or two trained people are responsible for
setting up the video/ audio equipment, aligning and setting up a satellite ground station,
establishing links between the conference room and the ground station, and operating
the video equipment during the conference, It is estimated that the average duration of
a business conference is 1,5 hours, Assume 12 hours per day of operation over 5 1/2
days per week. A full duplex service is supplied. I is semi-scheduled with access being
reserved about a week in advance. As a result, a relatively high channel utilization rate
of 50% will be adopted, This means a pair of satellite accesses can handle about 22 calls
per week., It is expected that each mobile terminal will handle an average of one-call per
day or 5,5 calls per week, There are two terminals associated with each duplex eircuit,
therefore, there is an average of four terminals associated with each satellite access.

The N,., of 17, employed for voice/ facsimile teleconferencing is based
on a fixed installation of the ground terminal at each user's facility, Full duplex service
is supplied., The average duration of a business conference is estimated to be one hour,
Assume 12 hours per day of operation over § 1/ 2 days per week, This service is semi-
scheduled with accesses heing reserved a few days in advance. Accordingly, a 50%
channel utilization factor is adopted. This means a pair of satellite accesses can handle
33 calls per week. It is expecied that each ground terminal will participate in an average
of two teleconferences per week. As a result, an average of about 17 terminals are
associated with each satellite access,

An N_, = 1, established for multi-channel voice/ data, is based on it being
a dedicated full dupleX trunking service, However, in any of the three previous services,
an N_ = anywhere within the range of 5 to 25 could be applied and justified, dependent on
the operating scenario, N_,, is an important factor in the satellite/ ground terminal cost/
performance tradeoff, In miost cases, its accurate determination requires considerable
study involving an operating demonstration of the service and surveys of user expectations,

E. COMPUTED OUTPUTS AT EACH SYSTEM OPTIMIZATION

The computer outputs supplied, for the minimum cost point determined
from each system optimization run, are as follows:



Annual Cost per User S XXX

Power per Satellite Channel (Watts) XXX
Number Satellite Channels Required X%
Percentage of Sareilite Consumed XX
Annual Satellite Cost per User Xxx%
Sys Revr Xmit Pro-
Cost/ Delta Temp Temp  Ant. Pwr. cure-
G/T EIRP User G/T (dB) (°K) Dia. W) ment
West XX XX XXXX XX XX XX XX XX XX
Central XX XX XXRX XX XX XX XX XX ¥X
Southeast XX XX XEXX XX XX XX XX XX X
Northeast XX XX XXX XX XX XX XX XX X3
where:

Annual cost per user is the average annual cost of the satellite
and ground terminal at the satellite power, earth terminal G/ T
and earth termiral EIRP giving the absolute munimum cost,

Power per saiellite channel (watts) is the output of a single
satellite TWTA at the minimum cost point,

Number of satellite channels required, NS o is defermuined
as follows:

Ngo = (Vg x By By )

Percentage of satellite consumed, % SC, is determined as follows:

%98C=nN_./ MNCS x 100 where N was previously defined as
the numbe? of channels 1n the sate?ﬁlte.

Annual safellite cost per user, C , is determined as follows-

SAT

CSAU=< TA/éa/BSC) [B MN j/(z[BSszINCS]2~B§>

G/ T is the optimuin terminal's receive system figure of merit,
Separate listings are made for four areas of the country,

EIRP is the optinmm terminal's radiated power. Again, separate
listings are made for each area of the country.
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Cost per user is the annual cost of the optimum terminal in each
area of the country.

Delta G/ T represents the adjustments made relative to the refer-
ence link (i, e., the Northeast) to determine the receive system
figure of merit in.each area-of the-country. The values displayed
include the results of deciding whether a less costly terminal can
be provided by adjusting the G/ T and EIRP to those of a larger
terminal in ancther area, This saves costs by allowing a common
and therefore larger buy., Such common buy adjustments can
occasionally result in a positive delta G/ T on the Northeast link.

System Temperature (dB), T_, is the performance of the most
cost-effective receive system for the listed G/ T, It is deter-
mined from the earth station optimization algorithm (see
Section 3, 5).

RCVR Temperature, TR’ is the determined as follows:

(T/ 10)

TR=10 =50

where T is given in oKelvin. The noige contribution
due fo rain attenuation is handled by increasing the link
margin requred {See Table 3-41,)

ANT, Dia. is the diameter of the most cost-effective antenna for
the listed G/ T. The gain of this antenna is determined from the
earth station optimization algorithm (see Section 3.5)., This
gain in dB, G, is converted into an antenna diameter through

the use of the following equation.,

D=cx 1029, iy
with 7 = 0.65 for D28 f and 7 = 0,5 for D<8 &,

XMIT PWR (W) is the power output of the most cost-effective
transmif amplifier for the listed FIRP. The output power of
this amplifier in dBW is determined from the earth station
optimization algorithm (see Section 3.5)., The power is
converted into watts for printout.

PROCUREMENT is the size of buy applicable in each area, It
reflects the result of Ilumping slightly different ground terminals
for separate areas together to increase the size of the buy, K
indicates the set of ground terminal cost and procurement
curves used in making the cost estimate.



F. SENSITIVITY ANALYSIS

The sensitivity analysis is performed by manipulating the basic link per-
formance and system cost equations, Multiplying the uplink equation by 10 and 0. 1 eval-
uates the impact of a +10dB and ~10dB variation in ground transmitter performance with
cost constant, Multiplying the downlink equation by 10 and 0.1 evaluates the 1mpact of 2
~10dB and -10dB variation in either satellite transmitter or ground rsceiver performance
with cost constant. Multiplying the satellife costs, in the cost per user equation, by 10
and 0, 1 evaluates the impact of a variation in satellife costs with performance constant,
A comparable operation on the ground terminal portion of the cost equation evaluates
the impact of a variation in ground terminal costs with performance constant. With any
of these variations instituted, a complete system optimization can be performed giving
printouts of optimum system cost and satellite/ ground terminal configuration, The analy-
sis can be completed with any of the basic system options (i.e., service, launch vehicle,
link outage, number of terminals nationwide, number of heams per satellite, and band-
width per satellite channel) selected,

3.5 FEARTH STATION TRADEOF¥FS/ OPTIMIZATION ALGORITHM

Al PERFORMANCE VERSUS COST

Comprehensive Ku~-Band earth station performance/ cost tradeoffs have
produced optimized configurations ranging in cost from less than 32K for a low perfor-
mance transmit/ receive station to almost S250K for a high performance station, The
32K station provides nonredundant transmifters and receivers, I must be produced in
average gquantities of 10° per year per manufacturer, It includes a 3-foot antemna (i.e.,
fixed prime focus fed parabolic reflector), approximately 10,000 K receive system (i.e.,
diode mixer), and less than 100 milliwatt {i.e., GaAsFET solid-state) transmitter, This
corresponds to an EIRP of 26, 3dBW and a G/ T of ~5dB/°K. The 3250K station provides
redundant transmitters/ receivers and is produced in average guantities of only 10 per
year per manufacturer, It includes approximately a 40-foot antenna (i.e,, autorracked
Cassegrain), 250°K receive system (i.e., uncooled paramp), and a 2KW (i, ., klystron)
transmitter. Throughout most of the performance range, the transmitter costs tended to be
the driving force in the tradeoffs, The only exceptions were cases where a high G/ T (e.g.,
30db/ °K) requirement is paired with a low EIRP requirement (e,g., 55dBW). However, the
latter is 2 situation that 1s quite often realized in practice,

The optimizations consisted of selecting the lowest cost configuration from
all feasible combinations of antennas, receivers and transmitters meeting a given EIRP
and G/ T requirement, These optimizations are sequentially pérformed with EIRP and
G/ T varied in incremental steps over the entire range of values of interest. Both redun-
dant and nonredundant versions of Ku-Band earth stations procured in lots of 10, 102 10
10% and 10° per year per manufacturer have been examined, This amounts to 10 sets of
EIRP versus G/ T versus cost curves, Within each set, EIRP is examined over a range
from 26, 3 dBW to 97.3dBW and G/ T over a range from -5dB/°K to 39dB/°K. The full
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set of performance versus cost data obtained is displayed in Appendix 4. Representative
examples are displayed in Figures 3-16, -17, and -18.

The overall EIRP and G/ T bounds are set based on the range of capabili-
ties available from antennas between 2 feet and 30 feet in diameter, receive system
temperatures between 10,000°K and 100°K, and transmitter powers between 100 milli-
watts and 5SKW, These subsystem constraints result in G/ T bounds that do not extend over
the whole range when EIRP is low (e.g., 26.3dBW) or high (e.g., 96.3dBW). The figures
display these restricted bounds, The reason for the restriction is the constraint placed
on antemna size by the EIRP requirement. When EIRP is low, a small antenna must be
chosen even if a 100-milliwatt transmitter is used. Likewise, when EIRP is high, a
large antenna must be used even if a S5KW transmitter is selected, The full range of
G/ T (i.e., 5dB/°K to 39dB/°K) is available only for EIRPs from 50.3dBW to 73.3dBW
inclusive. (See Section 3.4C for a precise definition of the bounds.)

The figures clearly show that EIRP and the transmitter can be important
factors in the terminal's cost. This is reflected in the surprisingly flat trend of the con-
stant EIRP (i.e., Eg) curves. Compare th;zs with the wide cost variation when a constant
G/T is selected (e.g., with G/T = -5dB/°K, in Figure 3~16, the cost swings from 35K to
S50K as Eg goes from 26, 3dBW to 68. 3dBW). At low values of constant Eg, the curves re-
main' relatively flat with variation in G/T until the upper bound on the latter 1s approached.
Table 3~43, at Eg = 40, 3dBW, shows that transmitter performance decreases as antenna
and receiver performance increase along with G/ T, The flat portion of the curve is
where transmitter cost decreases cancel out antenna and receiver cost increases, Cb-
viously, with the Eg requirement so modest, a point is reached where antenna and re-
ceiver costs dominate. At intermediate values of Eg, a U-shaped cost trend as a function
of variation in G/ T is observed. Table 3-43 at Eg = 68, 3dBW, indicates the same kind
of transmitter cost versus antenna and receiver cost tradeoff observed above, However,
in this case, the higher Eg requirement is producing a much more costly transmitter,

As a result, the transmitter cost dominates at low values of G/ T where antenna size is
forced to be small and receiver temperature high, As G/ T increases allow the antenna
size to increase, the transmitter power decreases wntil its cost becomes small relative
to the magnified antenna/ receiver costs. At high values of constant Eg, the transmitter
power and cost requirements remain high over the entire range of variation of G/ T (see
Table 3-43, Eg = 89, 3dBW). Consequently, the cost trend is relatively flat over the
entire range,

Data like that shown in Table 3-43 has been produced in 1dB increments
of E_and G/ T over the entire range within the bounds discussed above. It also encom-
passds all of the redundancy and size of buy options indicated above, A corresponding
ground terminal cost is developed for each point, This is all accomplished in a computer
and is an input to the system optimization algorithm described in Section 3.4, In some
cases, the fable indicates antemnmas, receivers, and transmitters falling slightly outside
the range of capabilities defined above in establishing E_ and G/ T bounds, This is a
result of projecting the subsystem data used in the syste?m optimization outside the pre-
limjnary bounds, Antenna sizes are allowed to range from 1 foot to 115 feet, receive
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Table 3~43 Optimum Ground Terminal Conﬁguratmn vs. Performance (KuBand,
Nonredundant Transmit/Receive, 102 Terminals)

G/T En = 40.3 dBW £~ =68.3 dBW Eg = 89. 3 dBW
(@BLK) JPWR(dBW Gain (dB) [TempdB)*| PWR(dBW)|Gain(dB) _|Temp{dB){PWR(ABW)| GAIN(dB) { Temp(dB~
‘~5,0 1.00 | 38.00 43,00 29.00 | 38.00 | 43.00 - - -
_ -4,0_] =0.0C ] 39.00 | %3.00 [ 28.00 | .358.00_ }..43.00 - = = -
T 3,0 | —-1.00 | 40.00 | 43.00 | 27.00 | 40.00 | &43.00_| _ - - -
- -2.0 ] 72.00 | 41.00 | 43.00 | 26.00 | 41.00_| 43.00_] _~ it =
~1.0 41 —3.00 | 42.00 43.00 | 25.00 | 42.00 43.00 - - - >
0.0 | ~%-00 | 43,00 43.00 | 24,00 | 43,00 | 43.00 - - - -
1.0 | —5.00 | 44,00 43,00 23.00 | 44.00 | 43.00 - - -
: 2.0 | —6<00 | 45.00 | &43.00 22.00 | 45,006 | 43.00 - - -
] 3.0 =600 | 45,00 | 42.00 | 21,00 | 46,00 | 43.00 - - -
; .0 | —6.00 {"%5,00 %1,00 20.00 | 47,00 | 43,00 - - -
] 5.0 | —6.00 | 45,0C | 40.00 15.00 | 48.00 | 43,00 - z —
. 6.0 | —6-00 | 45.0G | 39.00 18.00 | 49.00 | 43.00 - - -
: 7.0 1 —6.00 [ 45.00 | 28.00 17.00 | 50.00 ! 43.00 - - -
8.0 | —6.00 | 45.00 37.00 16.00 | 51.00 § 43.00 - - - -
9,0 ) —7.00 } 46,00 37.00 15.0C 52.00 | 43.00 - - —
7 10.0 | —7.00 | 26.00 | 36.00 15.00 | 52.00 | 42.00 ~ - -
i 11.0 | =7.00 | 46.00 | 35.00 15.00 | 52.00 i 41.00 34,00 | 54.00 | 43.00
12.0 | —7.00 | 46.00 | 34.00 15.00 | 52.00 | 40,00 33.00 | 55.00 | 43.00

13.0 | ~7.00 | 46.00 | 33.00 15.00 | 52.00 | 39.00 33.00 | 55.00 | 42.00
14,0 | —7.00 | 46,00 { 32.00 15.00 | 52,00 | 38.00 33.00 | 55.0C | 41.400
15.0 | —7.00 i 46.00 | 21.00 | is.00 | 82.0¢ | 37.00 33.00 | 55,00 | 40.00
16.0 | ~7.50 | 46.50 | 30.50 14,50 | 52.50 | 356450 33.00 | 55.00 | 39.00_
17.0 | —7.50 | 46.50 | 29.50 14.50 | 52,50 1 -35,50 33.00 | 55.00 | 38.00
18.0 { -8.00 | 47.00 { 29.00 14.50 | 52.50 | 34.50 33.0C¢ | 55.00 | 37.00
19.0 |—~10-00 t 49.00 | 30.00 14.50 | 52.50 ! 33,50 33.00 ! 55,00 | 26.00
26.0 [—10.50 | 45,50 | 29.50 | 14.00 { 53.00 | 33.00 [ 33.00 | 55,00 | 35,00 °
21.0 1=11.00 | 50,00 | 29.00 | 14.00 53.00 i 32.00 | 33,00 ! 55.00 | 34,00
P 22.0 |—-11.5C 1 50.50 | 28.50 14.0G 53.00 ; 31.00 33,00 ! 55.00 | 23,00
. 23.0 '=12.50 | 51.50 | 28.50 14,00 | 53.00 | 30.00 33,00 | 55,00 1 32.00
T 24,0 1=12.50 , 51.50 | 27.50 | 14,00 53.00 | 29.00 33.00 | 55.00 1 31.00 -
25.0 —13.00 1 52.0C | 27.00 | 14.00 | 53.00 | 28.00 33,00 | 55.00 | 30.00 |
26.0 '=14.00 1 53,00 | 27.00 | 14.00 53.00 ! 27.00 32.00 ! 55,00 1 29.00
27.0 134,00 ¢ 33,00 26,00 14.00 53.00 26400 33.00 | '55.00 | 28.00
28.0 -14,00 % 53,00 | 25,00 1i.00 56.00 | 28.00 32.50_1 55.50 ' 27.50

29.0 1 ~16.00 ! 55.00 | 26.00 | 10.50 | 56,50 ! 27.50 32.00 | 56.00 | 27.00
30.0 ! -= - -~ 10.50 ! 56.50 | 26,50 } 31,50 | 56.50 | 26.50 _
31.0 - 1 - - 10.50 | 556,50 | 25.50 | 31.5C | 56.5C | 25.50
32.0 - - - 10,00 | 57.00 | 25.00 | 31.00 ! 57.00 | 25.00
33,0 1 - - - 9.50 | 57.5C | 24.50 | 30.50 . 57.50 | 24450
34,01 - = - 9.00 | 58.0C | 24.00 30,00 | 58,00 | 24,00
_35.0 - - - 8,50 | 58.5C | 23.50 | 29.50 1 58.50 ! 23,50
36.0 - - - 8.00 | 59.00 | 23.00 | 25.00 | 59.00 ' 23.08
37.0 - 1 - = 7.00 | 60.00 | 23.00 | 28.00 | 60.00 | 23.00
38.0 - 1 - - 6.56 | 66G.50 | 22.50 26.00 | 62.00 ' 24,00
35.0 | - - - 6.00 | 61.00 | 22.00 | 26.00 ! 62.00 | 23,00 |

*Receive system noise temperature represented in dB relative to IOK
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system neise temperatures from 65° K to 20,000°K, and transmitter power from 0, 025
watts to 25,000 watts, This is done by making linear projections from cost data de-
fined over the narrower bounds. However, because these were projections, it is
believed that only terminal EIRP and G/ T costs, corresponding to the narrow bounds

on subsysiem parameters, should be considered totally valid, The expanded bounds
ailow a selection/ optimization process to cccur even as the EIRP and G/ T bounds are
approached. Previously, there was only one antenna, receiver, and transmitter that
could satisfiv the bounding EIRP and G/ T requirement, The projected subsystem bounds
also allow smooth projections of EIRP and G/ T in the few instances where they are
needed by the system optimization aigorithm (see Section 3. 4).

Gowng from nonredundant receiver/transmitters to redundant receiver/
transmitters increases ground terminal costs by a factor of slightly less than 2, The
extent of variation can be seen by comparing Figures 3-16 and -17, Tt also causes lower
performance receivers and transmitters to be paired with higher performance antennas,
The extent of the change in pairings is illustrated in Table 3-i4. As shown, the relative
antenna gains deviate by from 0dB to as much as 3,5dB. At low values of G/ T (e.g.,
3dB/°K), there 18 no deviation. In this range, the transmitter cost dominates 1n both
cases, This forces the antenna gain to the maximum consistent with the required G/ T
and a 43dB lower bound on allowable receiver performance. However, at higher G/ Ts,
the transmitter costs are driven down by increased antenna gains until an approximate
balance is realized between antenna, transmitter and receiver costs, It is in this range
that bigger antennas are matched with lower performance receivers and transmitters,
As a rule of thumb, it appears that the antenna diameters increase by a factor of about
1.3 at the higher values of G/ T (e.g., G/ T 2 15d4B/°K).

Increasing the yearly production volumes decreases ground terminal costs
as displayed by Figures 3-18 and -18. The average rate of reduction is 25% to 30% per
decade increase in yearly production. It does not vary significantly from non-redundant
to redundant terminals but does tend to be slightly higher for the latter, The major price
break occurs in going from 1000 to 10, 000 umts, With increased production, smaller
antennas tend {o be matched with higher performance transmitiers and receivers. This
is illustrated by Table 3-45, It is a result of a higher rate of cost reduction for trans-
mitter/ receiver technology as the production volumes increase.

B, OPTIMIZATION ALGORITHM

The optimization consists of selecting the minimum output of the ground
terminal cost equation while selecting antennas, transmitters and receivers that satisfy
terminal EIRP and G/ T performance requirements, A large data base of antenna
diameter versus cost, transmitter power versus cost, and receive system temperature
versus cost serves as the means of obtaining corresponding cost/ performance values
for entry into the terminal optimization equations. The data base 1ncludes subsystem curves
for production quantities of 10, 102, 103, 10% and 10° per year per manufacturer. The
case of redundant transmitter/ receivers is synthesized by doubling the cost of these items
in the cost equation. The magnitude of the search makes a computerized approach
nrecessary,



Tahle 3-44. Variation in Ground Termmal Configuration with Redundaney
(Ku-Band, Eg = 68. 3dBW, 102 Terminals)

G/T Nonredundant Xmit/Receive Redundant Xmit/Receive
@B/ K) | PWRABW)Y Gain (dB) ITemq;de)*PWR{dBW) Gain @B). fI'emp{dB)’H

-5.0 29.00 | 38.001 43.00 : 29,00 | 38,00 | 43,00
~4.0 £8.0U0 [ 39.00 | 43.00 _28.00 39.00 ¢ 43,00
-3.0 27.00 | 40,00} 432,00 ' 27.00 40,00 1 43,00
—2.9 26.00 41.00 43,00 . 26.00 541,00 1 43,00

{

-1.0 22500 | 42.00 1} 43,00 ' 25 png 42,00 % 43,00
0.0 24.00 | 43.00 | 43.00 | 24,00 | 43,00 : 43,00
1.0 23.00 | 44.00 | 43,00 1 23.00 | 44.00 ' 43.00
2.0 22.00 [ 45.00 ] 43.00 | 22.00 | 45.00 | 43.00 .
3.0 21.00 46,00 43,00 | 21.00 46.00 | 43.00
4.0 20.00 | 47.00 1 43,00 | 20,00 | 47.00 1 43,00
5.0 ] 19-00 | #8.00 | 43.00 | 19,00 | 48,00 ' 43,00 !
640 18.00 | 49.00 1 43.00 ;. 18.00 | 49.00 i 43.00
7.0 17.00 50.00 | 43.00 i 17.00 50,001 43.00 °
8.0 16.00 51.00 1 43,00 ' 16,00 | 51,00 i 4#3.00 !
9.0 15.00C 52.00 43_00 | _15.00 s2.00 i 43.00
10.0 15.00 52.00 | 42,00 i 14,00 | 53,00 ' 43.00
11.0 | 15.00 | 52,001 41,00 i 14,00 | 53,00 | 42.00
12,0 15.00 | 52.00 | 40.00 ' 14.00 1 53.06 | 41.00
13,0 15.00 | 52,00 39.00 | 14,00 | 53.00 ! 40,00
1 4.0 15.00 52.0_0 38.00 4., 00 53.00 ! 39,00
15.0 15.00 52.00! 37,00 | 14,00 ! 53,06 ! 38.06
16.0 14«50 52.50 36.50 | 14,00 53.00 | 37.00
17.0 14.50 52250 35.50 14,00 53.00. 1 26.00

18.0 14.50 52.50 1 34,50 1 14,00 | 53,00 | 35,00
19.0 14.50 $2.50 1 33.50 1 11.00 | 56.00 | 37.00
20.0 14.00 | 52.00 | 33.00 | 30,50 J 56,50 1 36,50
21.0 14.00 53,00 | 32.00 | 16.50 | 56.50 ! 35,50
22.0 14.00 53.00 | 31,00 10,50 54,80 | 34,80
23.0 14.00 | 53.00 | 30,00 ! 10.50 | 556.50 | 33.50
2%.0 14.00 | 53,00 | 29.00 ! 10.50 | 56.50 ) 32.50
25.0 14.00 | 52.00 | 28,00 1 10.50 | 56.50_J 31.5C
26,0 14.00 53,00 | 27.00 10.60 | 56.50 ! 30.50
27.0 14.00 53,00 ! 26.00 | 10,50 | 56,50 | 29,50
2840 11.00 56.00 28.00 10.0¢ | 5s7.040 29, 00
29,0 10.50 56.50 | 27,50 | 10.00 | 57.00 | 28.00
30.0 10.50 56.50 | 26,50 10.00 | 57.00 27.00
31.0 10.50 | 56.50 | 25,50 9,50 | 57.50 | 26,50
32.0 10.00 | s7.00 | 25.00 9.00 | 58.00 | 26.00

33.0 9.50 | 57.50 | 24.50 8,50 | 58.50 | 25.50
| _34.9 S.00- 58.00 24.00 8.00 59.00 25.00
35,0 8,50 | 58.5¢ [ 23,50 1 7,00 | 60.00 ] 25.00
36.0 8.00 | 59.00 | 73,00 6.50 | 60.50 | 24.50
37.Q 7.00 | 60,00 | 23.00 6.00 | 61.00 | 24.00
38.0 6.5G 60.50 22.50 5.50 | 61.50 23.50
39.0 6-00 | 51.00 | 22.00 4.50 | 62.50 | 23.50

*Receive system temperature represented in dB relative to loK
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Table 3-45, Variation in Ground Terminal Configuration with Increased Prod uction
(Ku-Band, Nonredundant Transmit/Receive, Eg = 68.3 dBW)

G/T 102 Terminals 105 Terminals [
dBLK) | PWRAEW) Gain (d4B) [T empdB){PWRABW){Gain (3B) [ emydB)7

ORIGINAL PAGE IS
OF POOR QUALITY

16.0 14,50 22.50

17.0 14.5C 52.50
18.9 14.50 1 52.50

36.50 16. 00

35,50 16,00
34,50

51.00 . 35.00
51l.CG 1 34,00
51.0C : 33,00

-5.0 | 29,00 | 38.00 | 43.00 | 29.00 [ 38.00 | 43,00

4.0 28.00 | 35.0C | 43.00 28.0C | 35.0G | 43,00

-3.0 27.00 40.00 { 43.00 27.00 | 40.00 1t 43,00

2.0 26.00 | 41,00 43,00 26,00 | 41.00 | 53.130
-1.0 25.00 | 42.00 | 43.00 25.00 | 42.060 ., 4300 1,

0.0 24.00 43,00 | 43.00 26,00 | 43,00 ' &3.0Q
1.0 23.00 ! 44.00 ! 43.00 23.00 | 44,00 ¢ s3,00 |
2.0 22.00 | 45,00 43,00 22,00 ! 45.00 ' 43,00
3.0 21.00 | 4€.00 43,00 21.00 ! 46,00 43,00 |
4.0 20.00 | 4#7.00 43,00 20.00 i 47,00 43,00

5.0 15.00 | 48.00 43.00 | 19,00 | 62.00 . &3,00
6.0 | 18.00 | 49.00 | 43.00 | 1£.00 ! 4$.00C : &3.00

7.0 17.00 50.00 43.00 | 17.00 ! 50.00 + &2 00

8.0 16.00 1 51.00 £3.00_ ! 16,00 ,.51.00 1 &3 00

! 9.9 1 15.00 52.00 43,00 (£, G0 ' S51,00 42 060

l_10.0 15,00 ' 52.00Q | .42.0C | 16,00 _ 51.00 _&1.90G
fo11.0 15.00 52.90 41.900 4 16.00 ' 51,00 . &0,30 .
12.0 15.0C ' 52.0C 40,00 1 i6.00 1 51.00 39,0C
13.0 15.00 ! 52.00 1 39,00 1£,00 ! 51.00 . 283.93 °

14.0 15,90 52.0C 38.00 16,00 ' 51,30 ' 3700

15.0 13,00 ! 52.0¢ 37.00 16.0C 1 51.00 36,00

]
H

16,00

t.19.0, ! 14.50 ! . 52.50 . 33.50 1 38,5¢ ' §1,5C | 32,50
i 20.0_ | 14,00 ' 53.0C | 33.00 15.5C , 51.5C ! 31.50 °
t 21,0 | 14,06 ¢ 53.0C 1 22.00 _ 15,50 ! 51.5C | 30.5C .
| 22.0 | 14.06_, 53.0C | 31.00_1 15.50 . .51.58. | 29.50
23.0 14.00  53.00 | 30.00 ] 15,50 ! 51.5C ' 23,50
_24.0. [ 14.00. | 53,00 | 29.00 ! 15.50 * 51.50 ! 77.50 .
25.0 14.006 | 53.00 28.60 ! 15.0¢ 52.00 i »7.00
26.0 14.00 ¢t 53.0C 27,00 14,50 + 52,5G | 24650

27,0 14,00
28.0 11.00
29.0 10,50

53.00 | 256.00
56.0C_i 28.00
S£.5C | 27.50

La,00 .. 53,09 2 5,00
14,0C t 53.00 25,08
14,00 55.00 24,00

S N -

30.0 10.50 | 56.50 26.50 14,00 ¢ 53.00 ! 23.00 .
31.0 10.50 | 56450 25.50 1 11,00 { 56,0C | 25,00 °
32,0 10.00 | 57.00 1 25.00 ! 1¢.50 ! 56.5C | 24.50 !
33,0 9.50 | 57.50 24.50 | 10.50G | 56.50 '
34.0 5.00 | 58.0C 24.00 | 106.00 | 57.00 | 23.00 !
35.0 8,50 1 58,5¢C | 23.56C | 10,00 | 57.00 1 22.00 f
25,0 £.00 159,00 | 23.00 | 6,50 | 57.50 1 21.5Q
37.9 7.00 50,00 23.00 8,50 58,50 21,50
38.0 6.50 | 60.50 22.50 8.00 | 5%.00 ! 21,00
36.0 6.00 | 61.06 22.00 7.50 | 5%.50 | 20.50

. o)
*Receive system temperature represented 1n dB relativeio 1K
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The basic performance equations include an EIRP and a G/ T equation.
They are as follows:

G/T (dB) = G - Tg and

EIRP (dBW) = G+ B+ 1.3

G
where:

. 1.3 is the factor by which the transmit antenna gain must be
increased to account for operation at 14 GHz rather than
12 GEHz.

. P oT is the output power of the ground transmitter.

. All other parameters are as defined in Section 3.4,

NOTE: G=10 loglo (= Df/ C)wz; wheren = 0,65 for D 2 8 £t and
7 =0.5 for D < (8 ft)

The nonredundant ferminal cost, C‘T($), is determined as follows:

Cpf§) = Cy+ Cp+ C

R
where:
° C A is the per unit acquisition cost of the antenna.
° CP is the per unit acquisition cost of the transmifter.
o CR is the per unit acquisition cost of the receiver.

The redundant terminal cost, CT{$), is determined as follows:

CT($)= CA+2CP+2 C‘R
The process of generating the desired EIRP versus G/ T versus cost curves
begins by selecting the minimum EIRP and G/ T values within the bounds indicated above
(i.e., G/ T = -5dB/°K and EIRP = 26, 3dBW) and setting them into the performance equa-
tions. Then the minimum value of G within the expanded bounds of the antenna performance/
cost curve is incremented into the performance equations, They are solved for T, and
P__.. These values are compared with the expanded bounds of the receive system and
transmitter performance/ cost curves, If the values obtained are not on the curves, the
incremental increase in G needed is computed and the appropriate G is set into the per-
formance equations, With the bounding conditions satisfied, subsystem costs can be read
off the data eurves and set into the cost equation. The terminal cost for this configuration
is calculated and the value stored. G is then incremented by 0.5dB, new values of T, and
P e established, and a new terminal cost calculated and stored. This continues until
the.]%)ound on one of the subsystem performance/cost curves is reached. When this



happens, all of the stored costs are reviewed. The minimum cost and corresponding
subsystem configuration is selected and printed out. Then the G/ T required is increased
by 1 dB and the entire process above is repeated. This continues until the upper bound
on G/ T is reached. At this point, the G/ T is reset to the minimum, the EIRP increased
by 1 dB, and all of the steps above are repeated. This continues until the upper bound

on EIRP is reached, At this point, the entire set of data for one size of procurement

and one type of redundancy has been generated, Producing the other nine sets involves
appropriately reselecting the subsystem performance/ cost data and terminal cost
equation and repeating the entire indicated process.

Examples of the performance/ cost data inputs are provided in Section 3, 6,
Examples of the EIRP versus G/ T versus cost outputs are given in Section 3,35.A above.
The output cost data must be annualized before entry into the system optimization
algorithm discussed in Section 3,4, Annualization is accomplished by multiplying the
acquisition costs by a factor of 0,233, This includes a 0.07 factor to account for yearly
maintenance costs and a 0.163 capital recovery factor, It is assumed that upon failure,
a trained technician makes repairs, The capital recovery factor is based on making 10
equal payments, over a period of 10 years, to pay 10% of the undepreciated value each
year and depreciate the investment fo zero,

3.6 EARTH STATION CHARACTERISTICS SUMMARY

A secondary objective of the earth station evaluations completed, has been
to identify critical technology which can significantly influence performance through 1985,
Appendix 1, Volume 2, describes the earth station equipment and technology used in this
study and presents the apfenna gain vs cost, receiver noise femperature vs cost, HPA
power vs cost, and interface equipment cost data for each service, A summary of these
results is presented here. The reader is referred to the Appendix for further details,

Earth station equipment costs, in this study, are based on supplier sur-
veys, catalogue prices and selected available quotations to ongoing equipment procure-
ments. In developing this data, the earth station eguipment is divided into two groups.

In the first group, consisting of antennas, low noise receivers, high power amplifiers

and related supporting equipment, specifications are prepared describing the salient per-
formance and operating features required to provide the defined services. Occasionally
this leads to dual specifications for different grades of performance, In addition, a ques-
tionnaire is prepared listing questions to be answered regarding the supplier's production
methods, annual production and market growth, the industry market and sales growth,

ete. Both specifications and questionnaire are mailed to prospective suppliers and fol--
lowed up, in most cases, by company visits to review these documents, discuss technology

and cost, and visit fabrication and test facilities, The suppliers respond with performance

and cost data and judgment is used to compile the data to establish performance-cost
trends.

In the second group, consisting of modulation, coding and muitiplexing
equipment and certain user equipments like video cameras, facsimile, data compressors
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ete., the problem of identifying and costing is complex because of the equipment diversity.
In some cases, for example TV cameras, facsimile, and MODEMS, quotes can be simply
obtained from qualified suppliers. In most cases, however, such data was oo difficult to
obtain and costs were obtained by comparing the unit in question to units resembling them,
in terms of components and devices used, Where cireuitry is applicable, it is assumed
that large scale integration is used for production quantities greater than 100, 000.- Of
course LSI already is selectively used in many of the interface equipments, Finally,
learning curves were either used directly for some items or used to check the cost trends
developed from the supplier data.

Degree of subsystem redundancy, test equipment, alarm and moniforing,
control, etc. were adopted as needed for each service, For TV broadecast direct*toill_fz
user, a simple straightforward "single thread'" earth station and modulation converter
was configured, with no "frills.” For multiplexed voice and data, full redundancy with
the usual alarm, monitoring, control and test equipment was considered more appropriate.
All earth station antenna cogts include a 20% or $100 charge, whichever is larger, for
installation.

No major technological breakthroughs are expected for earth station equip-
ment through 1985. There is increasing use of solid-state HPAs for narrow band appli-
cations, of FETs for medium thermal-noise performance and a gradual improvement in
performance or cost {in constant dollars) as the earth station industry grows and produc-
tion increases. Two significant trends are worth noting. One is the expanding use of
LSI, particularly MOS and 2L in digital logic circuitry in parricular, Mueh of currently
available new earth station equipment uses LSI and the trend toward more extensive use
is clear. However, much of the earth station equipment, particularly high cost items
such as receivers, MODEMS, antennas, HPAs, etc. are not applicable to LSI, Where
seemingly applicable, over the 1985 time frame, LS is incorporated info equipments
costed, The second trend worth noting is the substantial cost reductions achievable by
large production buys. In fact, some of the {erminal interface equipments are not cost-
effective wnless quantify buying and LSI can be used.

Results used, in both the transmit/receive and receive only final system
tradeoffs, are summarized in this section. Figures 3-19, -20 and -21 show Ku-Band,
S~-Band and UHF receive gystem noise temperature, including the clear sky antenna
noise contribution, versus cost with quantity purchased as a parameter, Also shown
are the appropriate ranges of device performance. Figure 3-22 shows Ku-Band HPA
power vs cost with quantity purchased as a parameter. Also shown are the appropriate
ranges of device power verformance. Ku-Band solid-state devices (FETs, or IMPATTS)
appear practical at power levels up to 10 watts, TWTs and Klystrons are used above this
power level, Figures 3~23, -24 and ~25 show receive only antenna gain vs cost, with
quantity purchased as a parameter, for Ku~-Band, S-Band and UHF, respectively. Com-
parable transmit/receive antenna gain vs cost curves and complications of interface
equipment cost are give in Appendix 1.



ORIGINAL PAGE IS
OF POOR QUALITY

. N PARANMP
o Ga AS FET | MIXER
) < | COOLED | UX-
S COOLED
10 W
8 |
6 MY
N
. \ \\
ta N\
2 \ k\\\
1 N \T\\
10 \ AN %
3 LYREY RN LN t
L AN AN TN t
s \ ANN
\ \V\ A
£ \\ N, \\:\\
Z NERNEANNAN
- N
9 NEANVERN Y
4 ‘! \
\ \ N
N -
103 \ \ \ \ P l
AN AN QTY. 101
8 Y ™ AN 1 —— v
x\ N SNl T qry. 100,
5 N \\\_gn‘. 1,000]
N AN 17
. \.\ \&IYI 10, 000
= I byl
\\ »...,_?E’ﬁ . 100,000
o Lot i
10“ 3 1 ¢ [
10 2 £ 8 8 10° 2 4 6 8 10° 2 4 6 8 10°

Ku-Bard Receive System Noise Temperature
{Degrees Kelvin)

Note: Temperature includes 50°K antenna & feed system contribution.

Figure 3-19, Ku-Band Receiver System Cost (1976) vs.

Receive System Noise Temperaturs 131



= T T
4 L & Bi P TRANS.
~ ; MIXER .
E Ga As FET
’ \
1o* NN
AVIRA
8 \ ‘l \\
NONCN
8 NN\
. NN \‘H
N, \\\\\
2, \\\ \\\\ N
08: \ \\ v\\\\\
N
103 \ \ NN N
\ i e ~
8 AN NN QTY._10
\ A ~ P~y
6 A\ S
AN \\ A\ 100
n \ ™ \ !
= \ N q 1,000
. ™~
\ N
: "< 10, 000
N N
~L 100, 000
2 . [ 11
10 N 1, 000, 006"
8 i RN {
" P 5 6 8 2 2 T P £ 6 8§ 4
S-BAND RECEIVE SYSTEM NOISE TEMPERATURE R

(DEGREES KELVIN)

Note: Temperature includes 409K Antenna Feed System Contribution.

Figure 3-20. S-Band Receiver System Cost (1976) Vs.
Recewver System Noise Temperature
182



COST ($)

'._.l
U &~ e

H-

oo

o e U O I O ™o

3N

[3¥]

- U1 3 oo

[

10

10

}\ =1 Bi P TRANSISTOR | MIXER
2 <
4\\ s
AN\
AN
\\\\\
N
AN
AN
\\\ \\
1{ A k\\
A \ N N TN
3 LN N . -
\ TN A N
N\ T ST QTY. 10
N N LTI 100
\ N N 1, 000
<
\ \\ N
\ \\ N
N \\\ 10, 000
\\ \\\ -
™~
.
B - 100, 000
> ]
. 1, 000, 000
67 89102 2 3 4 56 78910° 2 3 4 5 6780910°

UHF BAND RECEIVE SYSTEM NOISE TEMPERATURE
(DEGREES KELVIN) .
Note: Temperature includes 10°K antenna & feed system contribution.

>
: - _ S
Figure 3-21. UHF Band Receiver System Cost (1976) vs. Receive System Q‘Z” ?fy
Noise Temperature Q’ QQ'
S ®

ocgf QO 133
&



81

V.9,4
9 I 7
8 7 A7
7 Ry
6 ek 2
5 —_m—"y r.
4 /J,_.w /
3 /// . /
2 Nz ,
A LT e
PP’ g |~
AT / >
104 9 — 4{’;/ pre
8 QTY, 10 o P =
7 e 102 > . ol L1
g ol ,.;—-*'/ l" ,.-"’
- —
4 o L et ~ /,/
N o I = o BN an a1
—— “____,..:-'-“" 104 "/
-“—____,.-— 5
__,--"""- 10
P
3
30 9
8
7
6
5
o
3
2
Ga As FET TWTA KLYSTRON
102 LI L L |
2 3 4506789 2 3 4 568789 2 34567892 2 3 4 56789 3 2 34585 6789
0.1 1.0 10 10 10

RF POWER OUTPUT ( WATTS)

Figure 3-22, Ku-Band Power Amphifier System Cost (19706) vs.
Outpul Power



COST ()

12

10

s

I

10

[44]

H—

nJ

he)

|
MANT.’.—‘;L_*’*_____x _
TRACK

AUTO TRACK

|
QTV
PFF ~— - -

3 CASSEGRAIN _—

103

—>PRESSURIZED / Lot
A ] L

AN

]

6 10 14 18
ANTENNA DIAMETER (FEET)

Figure 3-23. Ku-Band Antenna System Cost (1976) vs.

System Diameter (Receive Only)

ORIGINAL PAGE IS
OF POOR QUALITY



2 : /I%)
e = 102 /% //
VA L e |
8 [ el
f . 0 = | ~
6 yAV/ A ad
4 10: //
4 Y/ o
R =
: Vi
O /// 7 3 CASSEGRAIN
ol // rr<
g // /‘;///////
/ NS,
A7
/¥ 9844
\var/s1/1
7

ANTENNA DIAMETER (FEET)

Figure 3-24. S-Band Antenna System Cost (1976) Vs. Antenna Diameter

Receive Onl
186 { ¥}



[A]

10

COST {$)
jiv3

10

-
[\

\:)P

107 ¥

ORIG
OF ¥

AR

. 19

ANTENNA DIAMETER (FEET)

Figure 3-25, UHT Band Antenna System Cost (1976) vs. Antenna Diameter

(Receive Only - PFF)

- / l
o :
7 |
77717 1
s/
o A
7/
/
A
V4 )
7 *
777 :
e :
7 ’ s
f,//,.::// :
7 7 i
YA C /7
PR 4 7’
/
4 i
4
/ l
2 9] 10 1t 18 22 26 30



188

3.7 SATELLITE CHARACTERISTICS

The satellite model used in this study, described completely in Appen-
dix 2, Volume 2, enables an accurate representation of space system performance and
cost., For the purpose of conducting the system tradeoff optimizations, the space seg-
ment EIRP per unit bandwidth is considered to be the dependent variable, This is ac-
complished, for each of the six launch vehicles, by varying the number of transponders
per antenna beam per satellite, Thus, for the same launch vehicle the satellife com-
munications transponders will change from a single high-powered transponder per beam
to several or many lower powered transponders per beam, To accomplish this, the
satellite communications payload diagrammed in Figure 3-26 is broken into its compon-
ent parts and each part assigned a representative weight and, if applicable, power.
These weights and powers are summed in terms of numbers of receivers, ™", per
antenna beam, plus an allowance for redundancy, and in ferms of numbers of transmit-
ters per receiver, "N", as depicted in Figure 3-26, Also included in the communications
payvload are the antenna reflector and structural support and the prime power and energy
storage systems energizing the communications payload. This is readily accomplished
at Ku-Band, S-Band, and UHF, The general computational procedure is as follows:

1) Select one or four beams (M =1 or M = 4)

2) Compute receiver weight and power

3) Let N = 1 {one transmifter per beam)

4) Compute transmitter weight (less weight and power of output amplifier)

5) Find weight and power of output amplifier, solar array and batteries
(the latter are not included if the satellite is a broadcast satellite)

that just consumes the satellite's available payload weight

6) This identifies the satellite transmitter power, antenna gain and
hence EIRP

7)  Repeat the above for N =2
3) Continue incrementing N until the transmitter power falls below 1 wait

The UHZF land mobile satellite is somewhat different in that it has multiple
beams with one transponder (plus redundancy) per beam, and more efficient solar arrays
and energy storage. g

In general, there is a non-linear relation between transmitter power and
weight which is defined by available and projected transmitters in the three frequency
bands (TWTs are assumed for Ku-Band and S-Band, and multiple silicon bipolar
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transistors are assumed af UHF), This process results in a variation of transponders

and hence transmitier power for each launch vehicle for each of the three frequency

bands. Satellite communications payload is determined in Appendix 2, Volume 2, to be

a fixed portion of the total beginning of life mass in synchronous orbit, This is an ac-
curate representation for operational communications satellites using spin or wheel
stabilization and monopropellant hydrazine for 7 years of north-south stationkeeping: - -
The Tand mobile satellite's transmitter power versus weight relationship is somewhat
different, This satellite may use a very large multiple beam antenna, special diplexing
filters and linearized Class B amplifiers to favor operation with multiple carriers,

Launch vehicle costs are based on 1976 costs for the Delta 2914, Delta 3914
and Atlas Centaur. Shuttle capabilities are based on projections of SSUS (solid spinning
upper stage) performance, essentially emulating Delta 3914 and Atlas Centaur payloads,
and IUS (interim upper stage) performance, allowing a dedicated spacecraft launch on
shuttle. Costs are based on 1976 NASA projections and are given in Table 3-46, Satel-
lite costs for these launch vehicles are obtained by comparing the subject satellites to
one or more operational satellifes of the same mass (e.g., same launch vehicle) and
exercising some judgment to arrive at an accurate and rmutually consistent set of
satellite costs.

Since annual, not acquisition, costs are needed for the tradeoffs, other
costs including non-recurring and recurring capital costs and operating expenses must
be considered. Major items included are acquisition costs for three satellites (one a
ground spare), two launch vehicles, launch and on-orbit insurance, control center and
antenna tracker, launch team costs, computer costs, operational engineers, operators
and maintenance fechnieians, Capital costs are depreciated over seven years with g
return on investment of 10%. Typical satellite carrier overhead is assumed to be 100%,
G&A to be 25% and average profit to be 15%, This results in the annual space segment
costs given in Table 3-47,

Amnmual space segment cost "A' is multiplied by a factor F to obtain the
annual transponder charge where:

1
T =
fNM

where: N = number of active* transponders
M = number of simultaneous antenna beams (M =1 or M = 4)
f = satellite fill factor

Satellite fill factor = 0,65 for fixed service type satellites (e.g., satellites
with many transponders). I takes info account the fact thai the satellite is not fully
loaded until the seventh year of operation. If is based on a traffic growth rate of 15%
per annum,

*e.g., not standby transponders
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Table 3- 46, Launch Vehicle and Satellite Cost Data

| ' |
i Syne Orbit Total Cost per | |
! Capability Launch, 1378 Reliability
Launch Vehicle Data |  Ke S MAN I (8
Delta 2914 349 (3) 14.2 bole
Delta 3914 454 (3) 15,4 l .9
Atlas Centaur 998 (3) 24.9 L9
Shuttle/ SSUS (1)(four/| 454 7.3 ~8.0 ! .99
launch) 7.7 (4) (5) |
Shuttle/ SSUS (two/ | 998 14,4-15.8 . .99
launch) ! 15,1 &) (5) .
| ;
Shuttle/ TUS (2) (one/ | 2268 . 24.8 - 29 .99
} launch) : 25,9 (5)

(1}  SSUS - Spin Stabilized Upper Stage, e.g., perigee injection

(2) 1US - Interim Upper Stage - perigee/ apogee tandem stage, 3-axis
stabilized - this implies NASA responsibility for transfer orbit,
e.2., T&C not required

(3) Estimated from transfer orbit capability

(4¢) Converted from 1975 to 1976 dollars at rate of 7 percent per anmum

{5) Includes cost of SSUS/IUS

(6) Estimate
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Table 3—47 Anmual Space Segment Costs

Satellite

Annual Space

- - Launch Annual Cost * - Segment Costs
Vehicles (S M) 1976 - SM
2914 3 19.4
Ezpendable 3914 18 21,7
A/C 23 32,7
39014 16 17.4
Shuttle A/ C 23 26,1
Dedicated 36 40,2

Table 3- 48, Useful UHF Power for Land Mobile Service

MPT* Space Segment

Launch Vehicle Ant, Dia, KW Annual Cost
Dedicated Shuttle (2107 5,2 $47.4M
Dedicated Shuttle (120" 8.8 44,8
Dedicated Shuttle { 60" 11,7 42,4
Dedieated Shuttle ( 307 11,7 41,4

A/ C Shuttle (120" 2.5 33.3

A/ C Shuttle ( 607 4.5 28.3

A/ C Shuttle { 307 5.0 27.3

*Total useful instantaneous power including backoff but excluding

activity factor




Figure 3-27 shows gingle beam Ku-Band trahsponder cost versus power
curves for the six launch vehicles. Costs are an allocation of the annual cost for the
entire space segment, The lower (flat) portion of the curves represent satellites having
many low-powered transponders while the upper portion represents satellites with a
limited number of high-powered transponders (e.g., a broadcast satellite). Moving
vertically on this graph indicates the economy of scale in using larger satellites, That
is provided they are reasonably filled, Figure 3-27 actually depicts a broadcast satellite
characteristic, because no eclipse capability 1s provided . However, the fixed service
satellite characteristic, in which the eclipse capabhility is provided. is almost the same
and is given in Appendix 2,

Figure 3-28 shows a similar Ku-Band satellite characteristic for a four-
beam (time zone case). The extra weight for antennas, feeds and receivers flattens the
lower portions of the curves, This, and the fact that a minimum of four fransmitters
are provided, terminates the upper end of the curves at lower transponder powers,
Note that the termination is also at a slightly lower composite satellite power level,

Figure 3-29 shows similar characteristics for a single beam S-Band
broadcast satzllite, Figure 3-30¢ shows similar characteristics for a four-beam S-Band
broadcast satellite. Once again the additional "flatness" and lower composite power,
because of the added antenna and receiver weight, are displayed.

Figure 3-31 shows similar characteristics for a single beam UHF broad-
cast satellite, Only the three larger launch vehicles are considered for broadcasting at
UHP because of the large antenna needed, Figure 3-32 shows a similar characteristie
for a four-beam UHF broadcast satellite, In this case, the antenna is even larger.

These characteristics describe space segment performance and cost for
the broadeast and fixed services, The reader is urged to read Appendix 2 for more
details, The land mobile space segment, providing UHF communications to land mobile
vehicles and Ku-Band communications to the fixed terminals, uses a more efficient power
system and linearized Class B amplifiers, It is not treated parametrically by the com-
puter. The final characteristics achieved are given in Table 3-48. In the table, MP,
is the total useful transmitter power available and the space segment annual cost
has been modified slightly to account for the added cost of the Iarge antemmas.
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SECTION 4

TRADE-OFFS, BROADCAST SERVICES

4,1 INTRODUCTION
A, OVERVIEW OF RESULTS

Five special broadecast services are subjected to trade-off evaluations
as a function of a wide varisty of system options, to develop optimized satellite/
ground terminal configurations and user annual costs at Ku-band and S-Band, UHTF
operation also is evaluated in two of the services. The gervices and representative
examples of trade-off results are depicted in Table 4~1, The TV Direct to the User
and FM Voice/Music Direct to the User services are applicable to UHF operation,

The services are not presently supplied on a major scale by communications carriers,
and are somewhat unique in that small earth terminal antennas and high powered
satellite are necessary for a cost effective service.

The "TV for Retransmission'' service is configured for U.S. ~wide TV
signal distribution for the broadcasting networks (e.g. ABC, CBS, etc,) and CATV
head end terminals, and similar applications. Accordingly, a high quality signal is
agsumed., The "TV Direct to the User!" service provides educational and insfructional
TV broadcasts direct to the home, factory or scheol., Consequently, a lower quality
signal is assumed, The "FM Voice/Mugic for Retransmission' service supplies 3
U, 8, -wide radio signal digtribution for the broadcasting networks (e.g. ABC, CBS, efe, ).
A 15 KHz high quality baseband is assumed. The "Compressed Bandwidth TV" service
is configured as an alternate means of supplying educational and instructional TV,
based upon reducing transmission requirements to save costs, The "FM Voice/Music
Direct to the User! service makes educational, instructional, and hazard warning
programming available direct to the home, factory or school. An 8 KHz lower quality
signal compatible with the user's needs is assumed.

The basic system configurations, displayed in Table 4~1, are chosen to
be representative of the small antenna networks that might reasonably be implemented
before 1985, The satellite and earth station configurations and costs for a wider range
of networks and launch vehicles are given in Section 4.3. It is generally expected that
the networks will be larger as the service bandwidth decreases for directbroadecasts
to the user, The network service ranges from 100 terminals for high quality TV for
redistribution, to 106 terminals, for radio service directly to the user.
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Table 4-1, Summary Optimized Systems Annual Cost and Configurations

Sat, Config,

Average System Cost/Term

Systom Conl, Gn'd Term, Conf,
Sat,
Service Tolal | No. Term/ | Launch | Freq. | Ant, Ree'v'r No., | No.8igs/] Pwr. per Total Per % Due to
Term, | Sat, Sig. Vehicle | Band | Dia. (M) | Temp. (°K)| Beams| Channel { Chan. (W) Year| Month|Sat, | Term | Fixed
. 265 s 82.9K 2
TV for 102 25 Shuttle Ku 9.9 4 1 5 $35K | $2.9 68 T 5
Retransmission ‘ A/C S 4.7 160 4 $39K ! $3.3K | 86 10 4
TV Direct 4 Shuttle Ku 3.7 640 4 1 50 $2. 1K} $175 40 58 2
To 14 2,500 AJC S 2.1 280 25 $1,1K| 4 95 45 50 5
User uar | 2.4 360 - 28 9645 |$ 54 |47 | 44 | o |
TM Voice/
Music for 10* a5 | Shutlle w1 ag 1200 . 32 10 |$4ag| $115 |18 | 46 | 36
Retransmission A/C (3] 1.8 1600 64 125 $930 | $ 78 9 36 55
Conmpressed 104 695 Shutile Ku 2.8 580 4 2 17 $7. 1| $590 15 4 81
Bandwidth TV A/C S 1.8 516 3 20 $6, T} $560 9 G 84
TM Voice/
e G Shuttle Ku -| 1.5 3100 180 $180 | $ 15 1M 28
f““f‘rlﬁ DT’}”““ 10 250,000 Ao S 0.33 | 1200 4 20 850 $105 | § 9 2 | 50 48
o ihe User ULIF | 0.45 2500 ! 560 $85 18 7 2 | 39 59
]
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vo G2
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Typical launch vehicles are the Atlas Centaur and Dedicated Shuttle.
Satellites of this size resulf in an economy of scale that reduces the annual cost per
user. At Ku-band, the individual services require from 4,5% to 20% of the available
Atlas Centaur satellite payload and the composite payioadof the five services is about 55%.

¥ 2 Dedicated Shuttle is employed, the payload is approximately half ag large (ie, 30%).
If S-band or UHT is used,. both the Atlas. Centaur and Dedicated Shuitle payloads are

reduced by about half, This does not consider the application of flux density limits fo the
S-band service. When this is considered, the S-band satellife requirements become
even smaller., I is interesting to note that if the "Mobile Radio” service was set aside,
all of the requirements Iisted in Table 3~1 and Table 4-1 can be met with a combined Ku-
band/S~band Atlas Centaur sized satellite payload. I a Dedicated Shuttle is employed,

a considerable UHF mobile radio capability can be added.

As explained in Section 3.1.4A, the average number of terminals per
carrier ""slot' in the satellite is a major factor in determining annual costs per
user and is a significant trade-off parameter optimizing safellite and earth
terminal requiremenis. In the broadcast services,this paramefer increases in
importance as the network size increases producing lower costs per user, higher
satellite power , and smaller earth terminal antennass. ™ the two direct to the user
broadecast cases depicted in Table 4-1, four signals {one per time zone) access the
satellite and serve the entire nation regardiess of the size of the ground network,
In the other cases, it is expecied that the mumber of signals accessing the satellite
grow modestly as the size of the ground network increases. Consequently, the expansion
in terminals per satellite signal, (as the ground network becomes bigger), is less rapid
than in the two direct to the user services.

The Ku-band ground terminals, displayed in Table 4-1, list antennas
having diameters ranging from gbout 1.5 meters to 9,9 meters. Antennas up to 2.4
meters are fixed pointed. Iarger antennas up to 4.5 meters have a manual steering
capability while still larger antennas are autotracked. Ku-band recewers range from
uncooled paramps {(i.e., 120 °K to 300 K) Eo diode mlxers (i.e., 950 °K to 5000°K).
At intermediate temperatures, (i.e.,, 300 K to 950 K), GaAs FET low
noise receivers are good choices. If increase in satellite and ground terminal costs of
10% are tolerated and the additional satellite antenna gain into the Southeast is eliminated
(See Sections 3.2 and 4. 2), the ground terminal parameters can be reduced significantly.
The resuliant reduced parameters are depicted in Table 4-2. As shown, the maximum
antenna diameter can be reduced o about six meters, A GaAs FET receiver is compatible
with the most stringent noise temperature requirements.
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Table 4-2 Minim (1) Ku-Band Terminal Configurations

2

Service (2)

Parameter TV for TV Direct FM Voice/Music Compressed FM Voice/

Reftransmission to User for Refrans. Bandwidth TV WMusic Direct

‘ to User

Antenna Dia., (3)

{Meters) 5.8 2.6 1.8 2.1 1.2

Receiv%r Noise ©)

Temp ( K} 450 - 700 2190 1730 3100

Notes: (1) Based on allowing 10% increase in minimum satellite/terminal costs

and elEminating the additional satellife anfenna gain into the Southeast,
(2) Service configurations correspond to those indicated in Table 4~1,

(3) A reduction in G/T from the minimum cost point is not possible since
maximum satellite power is used without optimizing the system.

The S-band antenna diameters, displayed in Table 4-1, range from about
0.3 meters to 4,7 meters, All of these anfennas are gix pomted.o S-Band receivers
range from GaAs FET low noise receivers (i,e., 100 K to 1000 K} to diode mixers
(foe. 1000 K to 5000°K devices). In general, S-band antennas are smallér than
corresponding Ku-bhand antennas and higher performance receivers are required. These
results are due to Iower link marging required at S-band and the availability of inexpensive
receivers. They do not take the CCCIR satellite flux density limitations inio consideration.
When the flux density limits are applied, the system performance parameters and costs
are as shown in Table 4-3. When the costs of Table 4-3 are compared with the Ku-~
band costs of Table 4-1, it is seen that S-band costs range from slightly more than Ku-
band costs to significantly less, In particular, the costs are about 50% of the Ku~band
costs for the "TV Direct to the User' serviee, Further, when the S-band antenna diameters
of Table 4~3 are compared with the Ku~band antenna diameters of Table 4-4, it is seen
that S-band diameters range from slightly more than Ku-band diameters fo slightly
smaller, Further, S-band TV service can be supplied with fixed pointed antennas.
A conclusion is that S-band is atfractive for broadeast services.,

The UHF ground terminal parameters, displayed in Table 4-1, are
reasonably similar o the corresponding S-band parameters, However, in this case the
antenna technology 1s also mmexpensive so that slightly larger antennas and lower perfor-
mance receivers are more optimum, There 1s no satellile frequency allocation at UHF;
therefore, there are no flux density limits to be considered,
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Table 4~3 S-Band System Parameters at Flux Density Limit

) Gnd Term. Conf. Sat Config, Ave, Sys. Cost/Term,

service D Ant. Rec'v'c No, Sigs./ | Pwr./ Total Per

ervie Dia. (M)| Temp. ( K) Chan, Chan.{W) | Year Month
TV for Re~
Fransmissio n.(2) 4,7 160 1 4 $38K $3.3K
l ]
TV Direct |
;bo User 2.4 , 275 1 20 $1.1K $95
g I
FM Voice/Music X
for Retrans. 2,3 | 660 64 30 $1.1K 395
:Compressed 5 :
r:Bandeth T 1.8 510 3 20 38.7TK $560
t 1]
f |
[FM Voice/ :
Music Direct |
fo User 1.2 | 550 20 5 8225 $19
Notes: (1} Service configurations correspond to those in Table 4~1.

(2) The flux density limit was not reached for the system configuration
considered. ~

Table 4-1 indicates that four beam (i.e. time zone coverage) satellite
antenna patterns are preferred on all broadcast services,because of regional require-
ments.. If one signal must be transmitied simultaneously to all ground stations across
the country, a one beam U.S. coverage satellite antenna pattern is the most effective
system configuration. Even with regionalized transmission requirements the four beam
design is only advantageous to Ku-band systems. At S-band and UHF it is found in
most cases, (See Section 4,3) that there is little cost difference between the two approaches.
Particular Ku-band advantages are due to the feasibility of using multiple feed antennas
to effectively shape fime zone coverages and due to the lighter weight of Ku~band
channelization hardware.

As in the interactive systems, variations in the satellite channel bandwidth
are used to change the number of signals sharing a satellite channel. This varies the
satellite channel power in order to identify the minimum cost system. Results are
similar to those obtained for the interactive systems in that optimized system costs
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tend {o be inflated as long as satellite channel power requirements are less than 10 to
20 watts. However, resulis here ave different because it is possible in many cases fo
widen the bandwidth and increase satellite channel power requirements such that the
satellite capability s exceeded, In such cases, an optimization relative fo the
" ground complex did not occur and system costs are again inflated. A "U-shaped”
system cost trend is often experienced as the gatellite channel bandwidth 1s varied.
Randwidths ranged from about 2MHz to 36MHz. Notice that since the variations are
simply a satellite power and cost allocation "tool", the lower bandwidths don't have
to represent real satellite hardware implementation. Wideband channels (e.g. 36 MHz)
can be used with all of the power allocated to a limited numher of signals cccupying a
Iimited portion of the available bandwidth.

Tn general, the number of signals per channel displayed in Table 4-1
regresent a wide band satellite channel when the network gize is small (e.g. 10
lt}éterminals) and a narrow band channel when the petwork size is large (e.g. 10 to
107). Of course, the RF bandwidth of the user signal is another important factor
determining the satellite channel bandwidth and the number of signal accesses per
channel, At the wider signal bandwidths, the satellite channel bandwidth requirements
are larger and the number of accesses per satellite channel 1s smaller.

The optimum satellite transponder power is a funciion of the required
link carrier-to-noise {i. e, C/N) ratio, the number of terminals per satellite
carrier, the number of carriers per satellite transponder,the bandwidth of each
user signal and the number of satellite beams. Maximum power is required only
when one U, 5, coverage beam is assumed and all other parameters are at or near
their maximum values, Of the power levels displayed in Table 4~1, only those
associated with the "TV for Retransmission'' and "FM Voice/Music Direct to
the User' services represent values which may not be the most appropriate. In
the first case, the level is too low indicating an inefficient satellite design., In this
case, consideration of transponder bandwidths wider than 36 MHz may be appropriate.
In the second case, the required power level is foo high, representing a situation where
not enough satellite power is available to allow a cost opiimization. The consideration
of transponder bandwidths narrower than 2 MHz may be appropriate for this case.

The costs displayed in Tables 4-1 and 4-3 appear to be reasonable except
for those associated with the "Compressed Bandwidth TV service. However, when the
monthly costs are reduced to costs per individual serviced they are modest. It must be
remembered that in the refransmission services a large community of users is served
by each ground terminal. Further, in the "T'V Direct o the User" service each
terminal serves one or perhaps several student classrooms, The "Compressed
Bandwidth TV" service is too costly based on the cost of the "T'V Direct to the User!
service. The diffioulty lies in the cost of the TV signal sncoding/decoding equipm ent.
This technology is still evolving and may become more cost effective in the future.
However, for the present and near future it appears to be too expensive for application
to a broadcast service. The cost savings from reduced link performance requirements
are nof suificient to offset the signal processing equipment costs, The costs of the
"FM Voice/Music Direct to the Tiser" service appear to be borderline. Each terminal
probably serves a Nmited number of individuals and only a radio service is suppled,
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The distribution of costs between system elements shown in Table 4-1
is variable. When the ground network size is small and/or the user signal power
per bandwidth is high, the satellite costs tend to be a significant factor in overall
system costs. Means of reducing these costs include widening the satellife transponder
bandwidths and innovative satellite design and fechnology (See Section 3 and Table 3-2).
When the ground network is large and/or the user signal power and bandwidth requirements
are low, the ground terminal costs tend to be a significant factor in overall system costs.
Means of reducing these costs include lower frequency-operation (e.g. S-band of UHF)
and Iarge scale equipment production by industry. ILower frequency operation is
particularly effective if satellite flux density limitations are not in affect. However,
low frequency operation can be effective in many cases even when such Hmits are
imposed (See Table 4-3), When the ground network is large, the user signal power and
bandwidih requirements are Iow . When the amount of signal processing is
high the fixed equipment costs tend to be a significant factor in overall system costs.
Means for reducing these costs include volume production by industry, trade-oif of
baseband signal quality requirements relative to costs, and innovative design of

processing equipment (e.g. LSI).

. The variation in average annual cost per user as a function of Ku-band
link outage and the means for handling differences in rain attenuation across the
country were analyzed for the broadcast services. These considerations are similar
to those for the interactive services, However, in this case the receive system noise
temperatures of interest are of the range of 300K to 3000°K. Consequently, noize
due to rain attenuation does not have a significant impct on results and has not been
considered in the link calculations, This has the effect of reducing the propagation
outages at which rain margin starts o significantly impact the cost of the system by a
factor of about two. Other than that the conclusions are similar to those indicated in
Section 3.1, A, )

B. SCOPE OF THE SYSTEM OPTIMIZATIONS

The basic system options considered in the trade off are the satellife
launch vehicle, the probability of link outage, the number of users in a nationwide
U, S. network, the number of beams per satellite, the number of user signals accessing
a satellite channel, and the frequencyband. The range of variation for each parameter
is defined in Table 4~4 for each particular service. All possible permutations
of the listed parameters , with the exceptions footnoted in the table, are selected and
satellite/ground terminal optimizations completed. The optimizations determine the
minimum system costs and corresponding satellite transmitter and ground antenna,
receiver, and transmitter requirements, resulting in thousands of system optimizations
requiring the use of a cormaputer.

C. OPTIMIZATION APPROACH AND SECTION ORGANIZATION

The system optimizations are accomplished in a series of three major
computerized routines. These are: (1) the satellite cost per transponder versus
power per transponder (2) the ground terminal cost versus G/T, and (3) the average
annual cost per user versus satellite and ground terminal performance. After the
system options are selected, the output relationshipsfrom the first two routines are
read into the last (i.e. the system optimization routine) to allow the safellite versus
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Table 4.4,

Basic System Ophons Subjected to

Satellite/Ground Complex Tradeoifs

l Options Considered
Service H Freq. Launch Link o No. of Na. of No, of User
Band Vehicle outagz® | Term Sat. Beams | Sig/Sat. Chan.
Delta 2914(1) 1% ]
14(1) !
TV for Ku Delta 39 Q. ?5 0 102 !
Retransmmssion 5 Atlas Centaur | 0, 1% 103 1 '
Shattle 2014 0_075% 10, : 1
Shuttle A/C 0.05% 10,;
Ded, Shuttle | 0,025% i0
0.01% |
10% |
TV Direet Kn Same Same 107 Same Same
To s a ag 10°
User UEF 3 = 168 as as
Abaove Above 10" Above i Above
108 '
10 &
FM Voice/Music K Same Same 1 02 Same 29
for For 1w 3
N . as as 10 as [ 64
Retransmission s i 104 128
, Above Above 1 05 Ahove
!
;
Compressed Ku ; Same Same Same Same 1
Bandwrdth TV S | =as as as as g
i Ahove Above Above Above
Ku i Same Sam mi Sa 2
FM Vorce/ Music i @ 10_ me 3 o
Direct To s ‘ as as 10; as 1: 0
User ' 10 b
i Above Above 10'? Above 320
. 108
i )
Note: 1} These vehicles are not considered in UHF system oprzmizations

2} Liok outages are not considered in S-band and UHF system

optimizations,
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ground terminal trade-offs to be completed. The system optimization routine employs
the downlink performance equation to relate the capabilities of the space and ground
segments to the system requirements and options selected. = While this equation is
being satisfied, the allocated satellite cost per user and the average ground terminal
costs are totaled. A systematic search, over a reasonable range of satellite and

earth terminal capabilities is conducted.and.the lowest cost system configuration
selected as optimum. At Ku-band, the routine handles variations in ground terminal
requirements over four major sectors of the country {i.e. the Northeast, Southeast,
West and Midwest), At S-band and UHF, fixed link margins and fixed satellite antenna
gains can be applied to all areas of the country, As a result, there is np change in
ground terminal G/T with location. Outputs of the routine for the optimum configuration
include: average annual cost per user, satellite power, number of satellife transponders
required, percent of the satellite payload consumed and earth terminal G/T, receiver and
antenna required in each area of the couniry. Fixed item cosis are then manually

added to satellite and ground terminal costs.

The receive—only system optimization routine is similar to the transmit /
receive system optimization routine, described in detail in Section 3.4. Of course,
there is no uplink performance eguation to consider. The downlink equation is :

2
(CT/NO) 1+B) =(Pgg BSGSD/ LB cMap) (C/4rR1) {Gg/K TgMD)

where:
o T is 12GHz at Ku-band, 2.54 GHz af S-band, and 665 MHz at TUHF

o Lis 1,259 at Ku~band and 1,122 at S-band and UHF,
e B is assumed to be 1/10.

ATl other parameters are as defined in Section 3.4.A. The cost equation
remains the same. The Ku-band ground terminal cost per lpcation is the same excent
that there is no ground terminal EIRP (fi.e. Eg and A Eg), uplink margin (i.e. Mu)
or uplink satellile antenna gain {i.e. G_.) 0 consider. The system parameter search
is identical except that Egis no longer'mvolved. The bounds on Ku~band G/T for the
reference link (i,e, the Northeast) are -5 aB/’K < G/T < 39 a8/°K. The bounds
applicable to all S-band and UHT links ave -19 dB/°K < G/T < 26 4B/ K and -30 4B/

K< a/r < 12dB/SK, respectively. The performance bounds on the antenna and
receiver curves used to generate the G/T versus cost curves are as defined in Table 4-5.
Tnput constants for Ku-band antenna gain and link margin are the same except no uplink
inputs are required. The other input constants are as defined in Tables 4-6, 4-7, 4-8
and 4-3, The ouiputs are the same except that earth terminal EIRP and XMIT PWR
are not a consideration.

The receive-only earth terminal computer routine employes antenna
and receivercostsversus performance curves, descried in Section 3.6, to generate the
optimized ground terminal cost versus performance curves. The cost of antenna and
receiver combinations satisfying the G/T requirements are fotaled. A systematic
search, over a reasonable range of subsystem capabilities, is conducted and the Iowest
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TABLE 4-5  Performance Bounds on Component Curves
Used to Generate G/T vs. Cost Curve
Frequenc Ant, Gain Rec'vr. Temp. *
TOAUeneY ™ Min. Max. Min, Max,
Ku-Band 23.7 dB1 71 dB1 18dB 43dB
5-Band 15,3dB1 58,3 dBI 18dB 13dB
{UHT 8.54d81 45.0 481 18.5d1B | 43dB

*Total System Temperature 1n dB Relative to 17K,

TABLE 4-8 Service Related Performance Cost Parameter Selecrions
Signal Sat, Chan.
C/No. (dB) Bandwidth | Bandwidth |  Back~] Config< Type
SERVICE Ku-Band | S-Band | Ugp| (MHz) | (MHz) off | uration| Stgmal
TV for Retrans-  |86.8 87.1 - 32,0 32,0 0dB ?:iun' Anslog
mission
. Non
TV Direct to 85.2 85.4 85.4| 22.0 22,90 0dB Analog
Redun-~-
the User i
dant ;
FM Voice/Music fori60. 6 61.0 - 0,24 1.92 5.1dB| Redun-! Analog
Retransmaission 7.68 dant
15.36
30.72
Compressed Band- |73.5 73.5 - i2.0 12.0 0 dB Non Digital
width TV 24,0 1.6dB| Redun-
36.0 5,1dB| dant
FM Voice/Music 57.0 57.5 57.5 0.1 2 5,1dB} Non Analog
Direct to User 8 Redun-
16 dant
32




TABLE 4-7

S-Band & UHF Margin Requirements

1

Margin* Applied to

lFrequency Analog Sys, | Dig. Sys. |
'S-Band __ fagp ! 24B -
4dB -

JUHF

*Margin 1s not varied as a function of link outage at UHF and S-Band.

TABLE 4-8 S~-Band & UHYF Satellite Downlink Antenng Gain*

| Antenna Gain ({dB) i

F - -

* requency 'U. 8, Coverage . Time Zone Coverage

S-Band P 295 32.5 i
{ )

UHF : 29,5 ! 32.5

*QGain does not change with location in the country.

TABLE 4-9 Ground Complex and Satellite Channel Access Pairing

¢ No. TV For TV Direct FM/Voice Music Compressed FM Voice/Music
i of Retransmission To User for Retransmission| Bandwidth TV Direct to User
erm. (s} NTC | NSC | NTC NSC | NTC NSC NTC | NSC | NTC NSC

10 | 10 1 - - 10 1 10 1 - -

102 25 4 - |- 25 4 25 | 4 - -

10° 250 4 250] 4 | 125 8 125 | 8 250| 4

10% | 1250 8 2,500 4 | 625 1 625 | 16 2,500 4

10° | 6250 8 25,000{ 4 | 3125 32 3125 | 32 25,000] 4
T - - 250,000 4 | - - - - 250,000{ 4
1

107 - - | 2,500,000 4 | - - - - | 2,500,000 4

10° - - 125,000,000] 4 | - - - - |2s,000,000 1 _i
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cost combination selected as optimum, This rsutine can provide optimizations for both
redundant and non-redundant versions of the receiver. It is essentially identical o the
routine discussed in detail in Section 3.5 except that the transmitter and ground terminal
EIRP are not involved, The receive-only terminal costs versus G/T curves are provided
in Appendix 7.

The satellite routine is summarized in Section 3.1.C and discussed in
detail in Section 3.7, The latter discussion deals with both broadcast and transmit/
receive satellite cosi and performance relationships. The only difference is that
batteries sufficient to maintain communications operation during eclipse are not provided
for broadeast satellites.

The output of the recerve-only system optimizations is summarized and
analyzed at length in Sections 4.2 and 4.3. Section 4.2 examines cost variations as a
function of Ku-band link outage. The resulis are almost identical for all services
eliminating the need for a detailed service by service evaluation. The remaining results
are evaluated service by service in Section 4,3. The format, for each service, involves
considering in order: (1) annual cost versus satellite transponder bandwidth, (2) annual
cost versus number of beams per satellife (3) satellite performance requirements,
{(4) satellite and ground terminal cost versus network size, (5) ground terminal performance
requirements, and (6) total system costs, In the "TV for Refransmission’
and "TV Diract to the User' gervices, cost versus satellite transponder bandwidrh is
not a consideration.

4,2 AVERAGE ANNUAL COST VS. PERCENT Ku-BAND LINK OUTAGE

Satellite and ground complex cost versus link outage trends vary
little from one receive-only service and system configuration to another. Cther gservices
having bandwidths of 32 MHz, 22 MHz, 240 KHz and 100 KHz are examined along with a
6 Mbps digifal service, One and four-beam satellites ranging in size from a Delta 2014 to
a Dedicated Shutfle payload are considered, Ground networks from 10 to 108 terminals are
evaluated. The similarity of all results is depicted in Figures 4, -1, 4-2, 4~3, and 44, These
figures are chosen to bound the system options considered, The full set of system costs
versus link outage curves are given in Appendix T,

As shown, there is an almost negligible cost increase as the link outage
decreases from 1% to 0,1%, Cost increases do not become significant until link outage
decreases to 0.05%. As the outage requirements decrease further, system costs rise
rapidly and become totally unreasonable at an outage of 0,01%. These results are in general
agreement with those described in Section 3.2 for the interactive services. However, in
the interactive case, the syvstem noise contributions due to rain attenuation are significant,
This causes the outages, at which system costs start to be impacted by rain margin, to be
higher by a factor of about two (i, e.,0.1% instead of 0,05%). Once again, average costs
means that costs of the terminals in the Southeast, Northeast, Central and West sections
of the U, S, have been averaged before being cominned with the allocated satellite cost per
terminal, Further, it is once again observed that factors impacting the cost versus outage
trends inciude:
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e Rain attenuation versus outage

Minimum margins necessary to establish clear sky requirements

e Differences in minimum margins applied to digital and analog
services

9 Variation in rain attenuation and rain margm requrements from

one section of the country to ancdther, (See Section 3.2 for a further
discussion of these factors and their influence on the annual cost versus

link outage trends.)

[ ]

Observations worth emphasizing are those associated with designing systems to handle
the differences in Ku-band rain atienuations across the countiy. It is concluded that equal
satellite antenna gaing and identical ground terminals can be used in all areas of the country
when the link outages required are 0.5% or greater, For outages between 0, 5% and 0, 05%,
unequal satellife antenna gains are cost-effective in countering the effects of differences in
rain attenuation, At lower outages, the higher satellite antenna gain offsets the need to be
compensated by variations in the ground terminal capabilities. Finally, at a system outsge
of 0,01%, it may be necessary to accept slightly poorer performance in the Southeastern 1. S.

4,3 SYSTEM PERFORMANCE/COST TRADE-OFFS
A, TV FOR RETRANSMISSIOY
1. Average Annual Cost Vs Number Beams Per Satellite

The same basic cost comparisons between the one-and four-beam satellite
design, observed for the transmit/receive services, also pertain to reczive-only systems,
The major difference is that traffic requirements can be regionalized by time zone. If.
one broadeast signal is distributed across the country to all terminals, there can be no
advantage in employing four beams since four satellite channels are required instead of one,
However, if the requirement is for four channels broadeasting to four time zones, then the
four-beam satellite has a potential advantage since four channels are required on both the
one and four beam satellites, Consequently, the regionalized broadcast scenario is
adopted for all receive-only services, System cost comparisons between the one and
four beam Ku-band satellite designs for the "T'V for Retransmission' service are dig-
played in Table 4-10, Additional cost comparisons and similar ones for S-band satellites
are presented in Appendix 7.. .

Table 4-10 shows that for a small ground network, the four-beam approach
is the most effective only for satellites larger than a Delia 3914, In contrast, it is the most
effective for all satellite sizes considered when the ground neiwork is large., Notice that
the required satellite power per channel is small for the small network and large for the
large networks, A low satellife transponder power implies a large number of transponders
and a major percentage of the available communications payload consumed in filters, fre-
quency converters, and transmitter drivers., In such a case, the weight penalty for four
receivers and anfenna feeds for the time zone design can be signficiant and the smaller the
satellite the more signficiant the penalty.
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Table 4-10. Average Annual Cost/Terminal Vs. Number of Beams/Satellite
{(Ku-Band Satellite) (TV Distribution)

No. of Launch
Beams Vehicle .1% OUTAGE .05% QUTAGE
10 Term. 105 Term. 10 Term. 105 Term,
Exp. 153,855, 3,935, 159, 520. 4,745,
2914
Exp. 130,945, 3,625, 135,920, 4, 480,
3914 )
. Shuttle 108,605, 3,315, 112,890, 4,030,
1 3914 —
Exp, 91,130, 3,035, 95,195, 3,670,
A/C
Shutrle 76,410, 2,815, 79,9855, 3, 320,
A/C
Ded, 58,6175, 2, 330. 59,325, 2, T40.
Shuttle
Exp. 163,565, 2,588, 165,735, 2, 965,
2914
Exp. 127,995, 2,335, 130,750, 2,630.
3914
Shuttle 105,575, 2,190, 108,080. 2,420.
3814 :
4 Exp. 79,440, 1,890. 81,695, 2,080.
A/C -
Shuttle 66, 225, 1,768, 68, 385, 1, 8%0,
A/C N
Ded, 46, 290, 1,430, 43,455, 1, 530,
? Shuttle
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These penalties are magnified at S-Band as indicated
Appendix 7. In this case, the receiver, channelization components, feeds and antennas
are all considerably heavier, TFurther, there is a signficiant difference between the weight
of the one-and four-beam S~band antennas while the gain advantage for the latter is only
about 3 dB. Such a modest difference in antenna patterns is a result of the coverage overlap
between the time zone heams; it is less practical to shape the anienna patterns at S-band
than at Ku-band, See Section 3.3.A.1 for a discussion of the beam shaping available at
Ku-band through the use of multiple antenna feeds. The resultant difference between the
one-and four-beam antenna gains is 5,5 dB, With these facts in mind, the 4-beam config-
urations are selected for examples on all Ku~band systems. However, large satellites

operating with large networks are considered for S~band systems, so that one beam system
is applicable.

2. Satellite Recuirements

The coinciding increases in satellite power per chamnel and ground network
size indicated above, is verified in Figure 4-5 for a Ku-band satellife, A similar trend
is displayed for the S-band satellife in Appendix 7. As the number of terminals receiving
a single broadeast signal from the satellite increases, the satellife cost per terminal
decreases. This makes it cost-effective to increase satellite transmitter output and decrease
the terminal G/T, The figures indicate the increase in the power per channel as the satellite
becomes larger is a result of a corresponding reductionin the cost of power, As shown in
Appendix 7, this paitern is disrupted at S-band by the selection of single beam antennas for
the smaller satellites (ie., Expendable 2914 and Shuftle 3914 payloads) which results in
comparatively higher satellite power in order to compensate for the loss of satellite antenna
gain., As a result, the one beam small satellite power curves overlap the four-beam large
satellite (i, e,, Shutile Atlas-Centaur and Dedicated Shuttle paylm d) power curves, However,
the power increases are not as rapid as might be inferred by the increases in network size.
because the scenario adapted for system growth includes an increase in the number of satellite
channels as the network increases. I is unlikely that the redistribution systems in the couniry

will use only four network channels., Accordingly, Figure 4-5 shows that the number 3
of satellite channels required is, one for a network of 10 terminals, four for 102 and 10

termimis, eight for 10 terminals, and 16 for 105 terminals, One wideband satellite
channel is employed per signal access,

Figure 4-5 also indicates that the percentage of satellite payload consumption is
quite modest unt1l the network approaches 10% terminals, At 10° {erminals more than one small
to intermediate size sateilite or almost all of a Dedicated Shuttle satellite is required,
This is understandable since 16 channels with power requirements on the order of 40 to
150 watts per channel must be prowd d. Reazonable network sizes, in the peried before

1985 are anticipated to be between 10 and 10 terminals. Accordingly, a Shuttle Atlas-
Centaur sized satellite is a reasonable selection,

The Ku-band coordination limits displayed can be read direcily from the
four-beam satellite curve shown in Figure 3-5. Saetellite backoff is not a factor since
there is only one signal per channel, Further, the effective bandwidth over which signal
power is spread is about 27 MHz even though the channel bandwidth employed is 32 MHz,
This means no adjusiments have to be made to the curve.

S-band power at the flux density limit, shown in Appendix 7, is determined
ag follows. The basic CCIR requirement applicable to the 1 GHz to 10 GHz segment of the
frequency spectrum is:
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v, 2
Es (dB) = -152 + 8/15 (dBW/ M ) in any 4 KHz channel

where:
. o Es is the allowable flux density at the surface of the earth in aBwWALC
& 6 is the satellite elevation angle at the earth terminal in degrees
above the horizon and 7. 52 is taken as a worst case requirvemert.
- This tFanslates ifito the following EIRP/signal, Ep, requirement at the
satellite:
) .
Ep (dBW) + log |, > ) -10 log, (W+ B;) = -151.5
4R 4 x 10

@ R is the slant range from the satelliie to the earth terminal

o W is the bandwidth over which signal power is dispersed 2s a
result of the spreading waveform employed,

e B _~isbandwidth, (i.e., 1 MHz) over which signal pove r is
dispersed as a result of the audio subcarrier added fo the baseband
TV signal

This further translates into the following satellite power per channel,
Psc (displayed on the S-band satellite requirement curves.):

W+ 1 32+ W Bsc
Pse (dB) = 11.5 + 10 1°g10(2_:<'_1,5:3) -5 logy, ( 32 ) =Gy tMp*10 108, by

where:
o Gs is the edge of coverage gain (i.e., 3 €B down from peak).
It is 32 dB for a 4-beam S-hand antenna and 29 dB for a I-beam
S-band antenna.

e Ls is the loss between the gatellite transmitter and the antenna
feed, Itis 0,5 dB for the S-band saellite,

¢ Slog{ 32+ W }is one-half the total increase to the link /N

dune to the grzesence of the spreading waveform. It represenis

an addition o the Psc determined without considering the presence
of a spreading waveform. Tt is allowed to be 0.5 dB in this case,
which corresponds to W=8, 3MHz of spreading, The other 0.5 dB
of increased C/N must be compensated by increasing the derived
ground terminal G/T by 0.5 dB.

@ Mpe is the satellite transmitter oufput backoff, It is 0 dB in this
case,

o 10log, (Bge/Bg ) accounts for the fact that there may be several
signals accessing 2 satellite channel, Bg. is the indicated satellite
channel bandwidth and B, is the indicated signal bandwidth. Neither
of these values include tﬁe expansion necessary if spreading is em-
ployed, However, the ratio of Bgp to Bg is the same in any case
{e. g. =1) for this serviocs. When the appropriate values are
inserted in the above equation, it is determined that PSC=21 watts
for a 4-beam satellite and 42 watts for 2 I~beam satellite,
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3 Satellite and Ground Terminal Cost Vs Network Size

The average annual cost per terminal decreases dramatically in broad -
.cast systems as the gize of the ground network increases, which is Hlusirated in
Figure 4-6, The reductions are a2 result of the wider distribution of sateilite costs as
the number of terminals per signal increases and the increased size of the ground ter-
minal buy, The figure compares the results at both Ku~ and S-band. The S-band results
do not take the satellite flux density limitations into consideration. As shown, S-band
has the potential for providing a considerable cost saving, due primarily to the lower
cost of the ground network, For small network sizes (where satelhte costs predominate)
the S-band system is at a disadvantage because the increased weight of S-band compo-
nents and the S-band anfenna produce a less cost—effective, low power, satellite than is
the case at Ku-band.

Imposing the satellite flux density limitations has little effect on the
above results. Appendiz 7 shows that the flux density limitations become a factor only
at a network size of ahout 10‘ This means in order to be in compliance with the regula-
lations, the satellife power per channel and earth station G/T must be frozen at about
_20 watts and 9,25dB respectively, This does not mean that the cost of the service stays
constant as the size of the ground network increases, The satellite cost allocation
continues o be spread over a larger number of ground terminals and the size of the ground
terminal huy continues to increase, It does mean that the rate of cost decrease is somewhat
reduced since the system can no longer opiimize, However, when the S-band costs fora
10° network are recomputed on this basis, they increase by only about 17%, That is,
they increase from $725 per ferminal (see Figure 4-6 } to $850 per terminal, and this
still compares favorably with a corresponding Ku-band cost of about 31,750 per {erminal
(see Figure 4-6 ).

4, Ground Terminal Reguirements

Variations in Ku-band performance paramefers, as a function of
increases in the ground network size, are depicted in Figure 4-7, Similar resulis for
the S-band terminals are depicted in Appendix 7. As expected, the G/T changes are
counter to the satellite power changes, G/T decreases are accomplished primarly by
decreasing the antenna size, however, there are accompanying increases in antenna
temperature, The terminal antenna sizes are large while the receiver requirements are
moderate, For a network of 10 terminals, a 9,9 meter autotracked Cassegrain
and a 265°K uncooled paramp receiver is required. For a network of 10% terminals, a
4.4 meter mamally steered Cassegrain antenna and a 460 °K GaAs FET receiver is requirad,
These resulis raflect a high performance application with a redundant receiver, Conse-
quenily, the G/T requiremerts are relatvely strmgent and the burden of meeting them falls

primarily on the antenna. Deviations in terminal parameters that mcrease system costs
by no more than 10% are depicted in Table 4-11, The bounding paramseters are read Erom
the system optimization curves depicted in Appendix 7, For a Ku-band network of 102
terminals, a 23-foot autotracked Cassegrain antenna and 2 350°K GaAs FET receiver can
be used. For a network of 10® terminals, a 18-foot manually steered Cassegrain antenna
and a 745°K GaAs FET receiver is satigfactory. It should be noted that these parameters
are for a terminal located in the Northeastern U, S,
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Table 4-11. Bounds on Ground Terminal G/T, Receiver Temperature and Antenna Diameter

(¢ Beam Satellite (TV Distribution)

Frequency

Number of
Terminals

Parameter

Lower Bound

Upper Bound

(1)

10

G/T
dB/°K

31.

2)
39.

Receiver
Temperature

CK)

350.

265.

Aptenna
Diameter
{meters)

7.0

15.5

Ku-Band ., 1% Link Outage

10

G/T
@B/°K

23.

Receiver
Temperafure
K)

745,

A w4

29,

580,

Antenna
Diameter
(meters)

tarrmaa | ety e

e

7.0

@)

10

G/T
@B/K)

12.

Receiver
Temperature

(K)

275,

40,

Antennag
Diameter
(meters)

7.5

S-Band

10

G/T
dB/°K)

11,

Receiver
Temperature
(°K)

A it i s

275.

160,

Antenna
Diameter
(meters)

FREETNRPIPyEY AL SR

2.0

2.5

(1) All cases use shutfle A/C launcher.
(2) Represents maximum G/T available.
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Further reductions are feasible if the 7 dB of extra Ku~band satellite antenna
gain into the Southeast is eliminated. As indicafed in Section 8.3.A.4, this results ina
2.5 dB adjustment to the satellite antenna gain in the Northeast and results in a corresponding
decreaseintheterminal performance requirements, For anetwork of 102 terminals, a19.0~foot
manually steered Cassegrain antenna and a 450°K GaAs FET receiver is adequate, For

a network of 10~ ferminals, a 10-foot manually steered Cassegrain antenna and a 950°K
diode mixer receiver is adequaie,

Table 4-11 also displays S-band terminal parametfers corresponding to the
Ku-band parameters indicated above. As shown, the antenna diameters are smaller and
the receiver temperaturss lower, because S-band receiver fechnology is less expensive
than Ku~band receiver technology while the difference in the antenna costs is not large.
For an S-band network of 10” terminals, a 12-foof fixed pointed, prime focus fed paraboiic
antenna and a 275°K GaAs FET receiver can be used, No additional adjusiments, by
eliminating extra satellite antenna gain into the Southeast, are available in this case. The
S-band terminal parameters indicated in the table do nct take the satellife flux density

limiiations info consideration, At the flux densify limits, a 9-foot antenna and a 27 5K
receiver is required,

5. Total System Cost Breakdown

Total system cost per terminal, including the fixed perform%nce items,
are summarized in Table 4-12. Annual costs for a Ku-band rnetwork of 10~ terminals
is about $35K. This amounts to about 34, 9K per month, I each distribution terminal
serves an average of only 3,000 users, the average cost per user per month is less
than S1. As the size of the ground network increases, the system costs drop dramatically,
The fixed item costs are entirely equipment costs, which are broken out in detail in
Appendix 1. For a network of 10 terminals, the average buy is in lots of about 10 and
the capifal cost is about $7.5K. When the 0.233 anmualizing factor is applied, the yearly
costs become $1.75K.

Table 4-12 indicates that satellite costs dominate the small networks
and remain important even in larger networks. Ground terminal costs become imporfant
only in the larger networks. This distribution of costs is further verified in the sensifivify
analysis. Resulfs of this analysis are discussed in Appendix 7. The analysis considers
independent + 10 dB variations in link performance, satellite cost, and ground terminal
cost with all other factors constant. Table 4-12 also shows that fixed equipment costs
are not important in this service,

A1l this points to concentrating on the satellite in attempting cost
reducing innovations. Ionger life, higher reliability satellites, shuttie optimized
satellites, higher efficiency solar arrays, ion jets, etc. are all of potential benefit, Further,



Table 4-12, Breakdown of Total Average Amual Cost/Terminal
(4 beam satellite) TV Distribution)

Number of Total { Percent of Totzal Cost
Frequency Terminals Annual Satellite | Ground Tixed
S MURAE | oot (&) - | Termimal "
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o 10 34, 885, 68 ] 27 5
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s 10 4,145. i 33 | 55 12
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= 10 | 39,460 1 88 too10 : 4
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10 i 2,330, 43 , 36 ; 21
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Note: Shuttle A/C used for all cases.



(based on the results of Section 3), it may be wise to consider wider satellite channel
bandwidths with mulfiple signals per channel for network sizes of about 10 ferminals.
The latter may be particularly helpfdl in the case of the S-Band satellite. Finally,

S~-Band is an attractive operative frequency even with the flux densify limits applied.

B. TV DIRECT TO THE USER

1.0 Average Annual Cost Vs, Number Beams Per Satellite

The same basic cost comparisons between one- and four-beam satellites,
as cbserved for the "TV for Retransmission" service, pertain to the "TV Direct to the
User™ service. However, in this case, the network sizes of interest and the satellite
power per channel are larger. Therefore, the weight of channelization hardware and
antennas is less important and the advantages of the four-beam approach are more prom-
inant. The system cost comparisons between the one- and four-beam Ku-Band satellite
designs, are displayed in Table 4-13, Similar cost comparisons are provided for S-Band
and UHF satellites in Appendix 7.

The table indicates 4-beam KuBand system, costs are lessregardless of the size
of the satellite as long as the ground network includes 10° or more terminals. The same
1S not true at S-Band where, for a network of 10 termipals, the four-beam approae,h enjoyse
an advantage only for Atlag-Centaur sized payloads or larger. For a network of 10
terminals, the four-beam approach enjoys an advantage for Delta 3914 sized payloads or
larger, However, in any S5~Band system configuration there is little cost difference be-
tween the two approaches to satellite design, The same is true for the UHF systems.
In the latter case-only Atlas-Centaur sized payloads or larger are considered, As a
result, the four-beam configuration enjoys a slight cost advanfage for all UHF sysiems
considered., With these facts in mind, the four-beam approach has been selected for
iflustrating Ku-Band, S~Band and UHF system characteristics.

2.0 Satellite Requirements

The same 1ncreases in satellite power per channel and ground network
size as observed for the "TV for Retransmission" service, exists for this service,
The major difference is that the number of terminals per satellife signal and the power per
satellite channel is larger. The trend for a Ku-Band satellite 15 displayed in Figure 4-8,
Similar trends are displayed for S-Band and UHYF satellites in Appendix 7.  Figure 4-8
shows that the maximum power per channel available qn Delta 2914 or Shuttle 3914 sized
Ku-Band satellites, is reached at a network size of 10° terminals. The maximuym avail-
able on Shuttle Atlas-Cenfaur sized satellites is reached at a network size of 10" terminals.
On Dedicated Shuttie sized Ku-Band sateilites, it is reached at a network size of 10
terminals. In the case of S-Band and UHTF systems, corresponding maximums occur at
network sizes that are larger by a factor of approximately 10, a result of the higher max-
lmum powers available on satellites operating 1n these frequency bands (see the satellite
cost per channel curves of Section 3,7), All limits are based on four-beam satellites
where the minimum number of channels is four,
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Table 4-13, Average Annuzl Cost (Terminal Vs, Number Beams/Satéllite)
{Ku-band System: (TV Broadecast)
LAUNCH 0.1% OUTAGE .05% OUTAGE '&
VEHICLE 103 TERM. 10" TERM. 10° TERM. 107 TERM. |
2 | EXP 2914 14,495 730 16,640 1100
T | EXP. 3914 13,150 605 15, 255 945 !
“z SHTL. 3914 11,770 605 13,860 940
,_55“’ EXP. A/C 10, 625 275 12,655 545
-~ | SHTL. A/C 3,635 270 11,530 545
DED. SHTL 8,175 140 9, 740 145
|
EXP 2914 11,830 355 12,495 5 405
é EXP. 3914 10,125 295 10,680 i 340
0.*32 SHUTL. 3914 8,880 295 9,375 | 340
£ | EXP. 4/C 7,285 180 7,830 i 185.
B | SHTL. A/C 6,405 | 175 7,000 : 185
¥ | pEpsETL 5, 305 125. 5,670 i 125,
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As indicated by Figure 4~8, the satellite power per channel increases rapidly as
the network becomes larger., The system requires only four wideband signal accesses
and corresponding satellite channels regardiess of the network size. Consequently, the
increase 1n terminals per satellite signal is directly proportional to the increase in net-
work size, Consequently, satellite costs are spread ovéer more terminals making rapid
1ncreases in satellite power cost-effective,

Theindicated percentages of the satellite pay&oad consumed reflect the high power
requirements discussed above. At a network size of 10 termina],s-a, the gatellite capacity
requirements are modest, However, for Ku~Band networks of 10 to 10 terminals only
Shuttle Atlas—~-Centaur or Dedicated Shuttle sized satellites are adequate, When the upper
bound on a satellite's power capability is reached the system can no longer be optimized
as the number of terminals increages. I%easonable network sizes for this service are
estimated to be on the order of 10 to 10~ terminals in the period prior fo 1985, consequently,
a Shuttie Atlas-Centaur sized satellile is considered 2 reasonable selection,

The Ku-Band coordination limits displayed can be read direcily from the
four~beam satellite curve shown in Figure 3-3.  Satellite outmt backoff is not a factor
since there is only one signal per channel, Further, the sateliife channel center fo
center bandwidth for this service is taken to be about 27 MHz, therefore, no adjustments
have to be made to the curve in the figure. A second Ku-Band consideration is the flux
density limitations on radiation into an adjacent administration's territory. This has not
heen a factor in other services since the limitations allow high satellite power levels.

The requirement for broadcﬁt service (see section 3. 3. A, 2,) states that the flux densities
shall not exceed -105dBW/M for 29% of the worst month. The allowable power per
satellite channel is then given by:

2
- - 4 - -
PSC(dB) 105-10 10g10 1/4 R Gs LS + MSO -

where:

] R, 1’..S and MBO are as defined in Section 3.3.A. 2

@ C-fS is the satellite antenna gain at the edge of coverage. 1t is

about 34dB for a four-beam Ku-Band satellite.

With MBO= 0 for this service, PSC

Shuttle satellite 15 used with networks of more than 105 terminals,

= 316 watts which is a factor only when a Dedicated

The S-Band power at the flux density limuit, shown in Appendix 7, is
essentially the same -as that derived for the "TV for Retransmission” service. An ident-
ical amount of spreading (l.e., W = 8.3 MHz) can be employed. In this case, the total
satellite channel bandwidth becomes 30 MHz and the link losses due to spreading are
1.4dB. This compares with 40-MHz satellife channel bandwidth and 1dB of spreading
losses for the "TV for Retransmisgsion” service. With half of the link losses made up
by increasing satellite power, the allowable power limit for this service is 0,2dB less
(i.w, 20,1 watts rather than 21 watts),
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3.0 Satellite and Ground Terminal Cost Vs, Network Size

The dramatic decrease 1n average annual cost per terminal as the
network size increases is shown by Figure 4-9, In this case, there is some
reduction in the rate of decrease at network sizes of 10 and 10° terminals, because
satellite costs have become insignificant and the limitations on available satellite power
have frozen the ground terminal antennas at the appropriate compatible size. The figure
compares Ku-Band, S-Band, and UHT costs. The S-Band results do not tzke satellite
flux density limitations into consideration, At UHF, there is at present no satellite fre-
geuncy allocations so there is no flux density limit to consider, Again, there is a con-
siderable potential system cost advantage at the lower frequencies resulting from the
lower cost of earth terminal technology.

Imposing the S-Band satellite flux density limitations does have a modest effect
on the Xu-Band/S-Bad costtrade-off comparison. When a 4-beam Atlas antaur satellite is
used, the S-Band limitations become a factor at a network size of about 107, The Limits
impose a 20-watl power per channel limitation on the satellite and freeze the S-Band ground
terminal performance at a G/T of about 7.6dB/°K, The comparative Ku-Band/S-Band ground
costs, when the S-Band limits are imposed, are summarized in Table 4-14, As shown, the
S-Band costs are still sigmficantiy below the Ku~-Band costs for network sizes to 10 6
terminals, At network sizes of 10 and 10 terminals, the costs of the two are about the
same,

1
Table 4-14, Ku-Band/S-Band Cost( ) Comparison
with Flux Density Limits Imposed

Number of Terminals
Flux 3 4 5 6 7 8
Frequency Limits 10 10 10 10 10 10
Ku-Band®  No $6,500 $2,000 S700 $320  $175  S145
2

S-—Band( ) Yes 4,750 983 420 253 160 160

No 4,750 976 313 147 85 81
NOTES: (1)  Average annual cost per user for the satellite and ground

terminal.

(2) Four-beam Shuttle Atlas-Certaur sized saiellite.

4,0 Ground Terminal Requirements

The variations in the Ku-Band ground terminal performance parameters, as
a function of increases in the ground network size, are depicted in Figure 4-10, Similar
. results for the S-Band and UHF {erminals are depicted in Appendix 7. The expected decreases
m G/T with inereased network size as shown by the figure are accomplished primarily with
the antenna.
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Flattening of the G/T trend at network sizes of 105 and 106 terminals is due to the

power limifations of particular satellites, The displayed receive system temperature
curves are somewhat surprising in that they normally are expected to increase as the
G/T decreases and hold constant when the G/T is constant. , There are two reversals

to that trend. The first oceurs between network sizes of 10~ and 10 terminals when-a
shittle Atlas-Centaur satellite is used, This s due to transitioning through one of the
breagk points in the Ku-Band antenna cost and performance curves, (see the transition
from the 12-foot antenna to the 7. 5-fcot antenns to the 7.5-foot antenna in Appendix 1.)
The second occurs between network sizes of 10 and 10~ terminals when a Shuifle 3914
gatellite is used., This reflects a faster rate of cost decrease for receiver technology
than for antenna technology as the size of the buy increases. Notice that this tradeoff
effect is not general and does not cccir for all matchings of antennas and receivers. The
fisure shows that for a network of 10~ terminals operating with a Shuttle Atlas-Centaur
satellite, a 3.7 meter (i.e., 12-foot) manually steered Cassegrain antenna and a 650 K
GaAs FET receiver is optimum. Typical variations in G/T that produce no more than a
10% increase in system cost are displayed in Table 4-15. The bounding parameters are
read from the system optimization curves shown in Appendix 7. The table does not display
the bounding parameters for the Shutfle Atlas Centaur satellite with a network of 10
terminals. However, the computer data base shows that the lower bound G/T is 2dB less
than optimum (i.e., at 21, 3dB}. Thisocorresponds to a 3-meter (i.e., 10~foot) mamally
steered Cassegrain antenna with a 650 K GaAs FET receiver. If requirements are further
reduced by eliminating the extra satellite antenna gain to the Southeast, a G/T of about
194B 0results. This corresponds to an 8.5 foot manually steered Cassegrain antenna and
a 700 K GaAs FET receiver.

Table 4-15 shows that the S-Band antenpa sizes are smaller than corres-
ponding Ku-Band sizes while the receiver requirements are more stringent, The same is
true at UHF, (see 10~ terminals,) Again, this occurs because receiver technology at the
lower frequencies is considerably less expensive while the antennas are only moderately
less expensive. The deviations from this pattern at 10 terminals oceur because the low
frequency satellifes do have sufficient power to allow system optimization to occur while
the Ku-Band Atlas-Centaur did not (see Figure 4-8),  With a 4-beam S-Band, Shuttle
Atlas-Centaur satellite operating with a network of 10~ terminals and with the flux density
limits imposed, the terminal parameters are: (G/T=7 .GdB/OK, antenna diameter = 2,4
meters (1.e., an g-foot fixed pointed prime focus fed parakolic reflector), and receiver
temperature =275 K (i.e., a GaAs FET low noise amplifier).

5,0 Total System Cost Breakdown

Total system costs per terminal, including the fixed performance items, are
summarized in Table 4-16. Anmal costs for a Ku~Band network of 10 terminals using
a Shuttle Atlag-Centaur sized satellite are about 32,100, This amounts to about $175 per
month or less than $2 per student per month if only 100 pupils are served in an educational
TV system, The corresponding costs at S-Band are even less (i.e., about $95 per month
or less than $1 per 100 students per month). The fixed item costs are enfirely equipment
costs, These costs are broxen out in detail in Appendix 1.
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Table 4-15, Bounds on Ground Terminal Receiver Tempersiure
and Antenna Diameter (TV Broadcast)

LAUNCH No. Lower G/T Bound Upper G/T Bound |
VEHICLE Term, Frequency G/T |Rec. Temp. | Ant. Dia.| G/7 Rec. Temp.| Ant. Dia:
Ku - Band | 23.5 580 (°K) | 3.5 28.5| 265 (°K) 4.5 |
1% db. _ meters) | db. (meters) |
Shuttle 10* S Band 6.0 275 Py | 2.0 10.5] 160Ck | 2.5 |
2014 db. (meters) | db. (meters) |
1 1
ver P -6.5 260 °x) | 2.0 4.0 215 K 3.0
db (meters) | db {meters) .
o i '
Ku-Band | 18.09 | 580 Px®@| 2.5 @ L 19.0] 450 (°K) 2.5
1% db (meters) ' db (meters)
| :
Shuttle 10° S Band 2.5® 11220 @ 1.5@ 1 0 5 1220 °x) 2.0
A/C db (meters) : db. (m elers)
UHF -16.0 {2200 (") | 1.5  '-10.0] 590 (°K) 1.5
dhb. {meters) db. (meters) :

Notes: (1)

4
Shuttle AC only considered for UHF at 10

{2) Represents lowest cost point on curve that didn't optimize
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(TV Broadeast)

Table 4-16. Breakdown of Total Average Annual Cost/Terminal

Launch '| Number Total () Percent of Cost in
Vehicle Terminals Frequency ! Annual Cost Satellite { Ground Terminal | Fixed
Shuttle 10* Ku-Band | 2675 35 63 2
3914
1%
8 - Band 1500 61 37 3
1
UHF @ 645 47 43 10
Ku ~ Band 345 10 82 3
1%
Shuttle 6
- 175 15 70 15
4/C 1 E) 8 - Band 7
UHF 105 is5 57 28
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The table shows that ground terminal costs are dominant in almogt all
cases with satfellite costs important only for modest sized networks (i.e., 10 terminals
or less). This distribution of costs 1s further verified in the sensitivity analysis. Re-
sults of this analysis are displayed in Appendix 7. The analysis considers independent
= 10dB variations in link performance, satellite cost, and ground terminal cost with all
other factors constant. Table 446 also shows that fixed equipment costs are not an
important factor i this service. This all points to concentrating on the ground terminals
in attempts to reduce costs. Obviously, low frequency operation even when flux density
limits are considered is a promisilig approach. Satellite improvements are of benefit
on modest sized networks (i.e., 10 terminals or less). Big satellites give considerable
cost advantage provided the excess capacity can be sold. Wider satellite channel band-
widths might be advantageous on S-Band satellites in particular. S-Band operztion with
a one-heam satellite is also a consideration for small networks. Longer life and higher
reliability satellites, shuttle optimized satellites, higher efficilency solar arrays, ion
jets, ete. are all of potential henefit. )

C. FM VOICE/MUSIC FOR RETRANSMISSION

1. Average Annual Cost Versus Satellite Channel Bandwidih

Since this 1s 2 narrow band service, multiple narrow satellite channel
bandwidths are considered. As in the transmit/receive system optimizations, variable
channel bardwidths are used as 2 means for varying the allocation of satellite power per
channel and cost per channel. This is accomplished by varving the number of signals
accesswg a satellite channel thereby shifting the system optimization point along the
satellite transponder power-cost curve. In the case of the transmit/receive services,
such shifts are used to optimize the satellite power per channel and thereby realize
a more cost-effective satellite design. Similar shifts also can be expected to be of
benefit in the receive only services when the network size is small, However. when
the network size is large, satellite power requirements become large anyway as is
shown for the two previous receive only services. In such cases, it is necessary to
reduce satellite channel bandwidth and channel power so that the system optimization
point shifts downward to a satellite power which is realizable for the particular
satellite. Notice that these shifts to narrower satellite channel bandwidths are not
necessarily real design changes, in fact, it is pogsible to use 36 MHz channels with
all of the power allocated to 2 narrow band signal accessing that channel.

The results of the bandwidth variations carried out on a2 Ku-band system
are depicted in Table 4-47. Similar results for an S-band system are described m
Appendix 7. As shown, the bandwidth variations considered do, in most cases, carry
the satellite and ground complex costs through an optimum. At bandwidths less than
optimum, inefficient low-powered satellite transponders result due to excessive filter
weight. At bandwidths greater than optimum, the satellite transponder power is being
divided between too many user signals so that an optimization cannot occur between
the satellite and ground complex. Notice that the optimum bandwidths become narrower

o
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Table 4-17. Average Annual Cost Vs. Bandwidth (Ku-band, 1 & 4 Beam Satellite,

0.1% Link Outage) (Radio Distribution)

¥ ea 4 Beams
Launch {BSC g T 1 4 2 ~ 1 4
Vehicle [Mz 10 10 10 10
$ $ $
1.92 9,115 1,725 7,515 1,090
7.68 6,905 1,725 4,470 1,120
- _
~
3
o [15.34 6,720 1,680 4,145 1,345
B
= .
B B0.74 6,760 1,795 4,730 1, 820
1,92 7,135 1,415 5,175 885
o .68 5,825 1, 330 3,505 885
<
2 |i536 5,690 1,290 3, 365 930
%
30,7 5,675 1,310 | 3,35 1,160

* Satellite Transponder Bandwidth




as the si1ze of the ground network imncreases and the size of the satellite decreases.
These represent (for the satellite) "power-starved! cases. The result is a complex
- set of applicable bandwidth selections, Those made and used in subsequent evalua-
tions of this service are depicted 1n Table 4-18. The choices for the Shuttle 3914
satellites are based on operation with a network of 10° terminals. The Shuttle Atlas
Centaur satellite choices assume operation with a network of 10" terminals.

Table 2-1g, Bandwidth Selections for FM Voice/ Music for Retransmission

Frequency No. Launch 1 Beam 4 Beam
Band Terminals Vehicle Satallite Satellite

102 Shuttle 3914 | 15,36MHz 15,36 MHz
Ku-Band 1

10 Shuttle A/ C 7.68MHgz 7.68MHz
S-Band 102 Shuttle 3914 | 30, 76 MHz 30, T6MHz

-Ban
.'L(.)4 Shuttle A/ C | 15, 36MHz 15,36MHz
2, Average Anmal Cost Vs, Mumber Beams per Satellite

The system cost comparisons between one and four beam Ku-band satellite
designs are displayed in Table 4-19,  Similar cost comparisons for an S-band satellite
are given in Appendix 7. The comparisons are similar to those for the "TV Direct to
the User' service. The four-beam satellite Ku-band system costs are significantly less
regardless of the size of the satellite or network. The four-beam S-band costs are less
for a network of 10 termpinals only when an Atlas-Centaur or larger satellife is used.

At 2 network size of 10 terminals, the four-beam S-band costs are less for Delta 3914
or larger satellites. Such agreement with the four-beam system advantages observed
for the "TV Direct io the User service are somewhat surprising. The four-beam
appreach has generzally heen shown to be comparatively poorer when the system
optimization occurs at low satellite power levels. This is a service where threshold
extension FM allows operation at link C/N ratios of only 8 dB, the satellite channel
bandwidths are, in general, less than 22 MHz, and the mumber of terminals/satellite
signal are smaller. However, satellite output power backoff is required, redundant
ground terminals are used, and the satellite channel costs are divided among a large
number of signals accessing the chamel. Compensating effects occur and reasonably
high satellite channel power results even at small network sizes, Consequenily, the

four~-beam approach is once again selected as an example for all further Ku-band and
S-band system configurations.
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Table 4-19, Average Annual Cost/Terminal vs. Number of Beams/Satellite
(Ku-Band Satellite) (Radio Distribution)

240

10 Term., 105 Term. (=)
Launch
Vehicle 0.1% Qutage 0.05% OQutage | 0.1% Outage 0.05% Outage
Exp. ¥ 1 1 > *
2914 11, 060 ) 12, 3800 880 1,100
3914 10, 3150 11, s60 815 995
Shuttled 1
3914 9,535\ 10,715 750 915
= = - —
3 Exp
A § A/C 8,820 10, 420 665 790
™
Shuttle
A/C 8,495 9,475 %) 610 1 700
Shuttle
Ded. 7,030 7, 5_345(3) ) 520 - 570
Fxp -
2914 7,535 8,515 575 640
Exp
3914 6,540 7, 495 515 575
Shuttle
] 3914 5, 8651 6, s20M 480 535
Exp
A/C 5, 920 6, 600 425 450
h Shuttle
=
g A/C 5,285{3) 5, 890(3) 400 415
3 N L
-« Shuttle
Ded. 4,295 ) 4,765 365 360
Notes: (1) Employs 15,36 MHz Bandwidth
(2) Employs 1.52 MHz Bandwidth
(3) Employs 7.68 MHz Bandwidth




3. Satellite Requirements

The Ku~band satellite power per channel as a function of the number of
terminals in the network is depicted in Figure 4-11. Similar curves are displayed for
the S-band satellifes in Appendix 7. The same basic trend in power per channel
observed in the previous receive only services (See Section 4.3.A and 4.3.B) are
Ulustrated in Figure 4-11. The Expendable 2914 and Shuttle 3914 satellifes reach
their maximum power per channel capability at a network size of 10° terminals. The
power capabilities of these satellites are "magnified' relative to those of the Dedicated
sShuftle and Shuttle Atlas Cenfaur satellites by the use of wide channel bandwidths
(i.e., 15.38 MHz rather than 7.68 MHz).

This service is similar to the "TV for Retransmission" service because
the required number of satellite signal slots is expected to increase as the network
size increases. The assuined §equ1£ements aére for1, 4, 8, 16 and 32 signal slots
at network sizes of 10, 107, 10, 10", and 10" terminals, respectively. When these
satellite access requirements are combined with a capability to handle 32 signals
in a 7.68 MHz satellite channel and 64 signals in 15.26 MHz channel, the composite
satellite channel requirements become as indicated m the figure. These are 0.03,
0.125, 0.25, 0.5 and 1 channels in Shuttle Atlas Cenfaur or larger satellites and
¢.016, 0.063, 0.125, 0.2% andé).z'i channels i% Shuitle 3914 or smaller satellites
at network sizes of 10, 107, 10, 107, and 10~ terminals, respectively.*

The required satellite payload capacity, shown in Figure 4-11, is quite
modest as might be expected with the modest channel requirements indicated above.
If the maximum requirement is for one channel, then the maximum consumption can
be only 25% of a satellite having a minimum of four channels. e indicated payload
requirement follows the normal trend up to a network size of 10° terminals., At this
pomt, the rate of increases falls for Shuttle 3914 and smaller satellites since the
maximum power per channel is attained. From this point on only the numher of
channels required increases, which in turn increases the satellite payload "consump-
tion'. A reasonable sized netwoak for this service, in the time period prior to
1985, 1s of the order of 10~ to 10~ terminals. Either a %mttle tlag Centaur or a
Shuttie 3914 satellite is sufficient at a network size of 10 to 10" terminals. Howeaver,
at 10~ terminals the Shuttle Atlas Centaur is the clear choice due to channel power
limitations.

The Ku~band coordination limits, shown in the figure, are based on
the four-beam satellite curve shown in Figure 3-5. However, the limit has to be adjusted
to account for satellite output backoff and a channel bandwidth of less than 27 MHz.
Channel center o channel center spacings of 20 MHz and 10 MHz will be adopted.
Accordingly, for the small satellites:

P = +
coord Pcurve *5.1+10 I°g10 20/27)  or

coord Pcun_,a + 3, 8dB

* It 15 assumed that the remainder of the satellite channel 1s available for another
service.
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and for the large satellites:

coord Pcurve *0.1+10 IOE]_O (10/27) or

P =P + {0, 8dB
coord curve

The S-band power at the flux density limit, shown in Appendix 7, is
- determined from the basic equation developed in Section 4.3.A.2. ¥or this service
it is:

W 200+W

B
M. ~10 log SC

Pgo@B) = -20 + 10108y 5~ "D 10835 00 Bo ¥ 810 33
where:
® 200KHz i¢ the signal bandwidth .
° the satellite pertion of the spreading loss (i.e,, 5 logl 0 % is
0.65dB and the spreading W is 70 Kiz.
o MB o~ 5.1dB
° BS= 0.24MHz is the center to center signal separation in the
satellite
o BSC= 30, 7T2MI =z for Shuttle 3914 or smaller sa?ellites and
= 15, 36 MHz for Shuttle A/ C or larger satellites
Accordingly:
PSC = 60 watlts for small satellites and
PS o= 30 waits for large satellifes
4, Satellite/Ground Terminal Cost Vs. Network Size

The same cost trends as a function of network size, observed for the
previous receive only services also pertain to this service, as indicated by Figure
4-12, The diverg%}:tce in tge Shuttle 3914 and Shuttle A/C rate of cost decreases, at
network sizes of 10™ and 10 terminals, occur because of the output power Hmitations
of the smaller satellites, These consitraints are such that a sateHite-ground complex
optimization camnot take place. The S-band results do not take satellite flux density
limitations into considerafion. As shown, there is considerable potential cost
advantage ai the lower frequencies.

Imposing the S-band flux density limitation does not significantly change
the Ku~band/S-band cost trade-off results. The comparative Ku~band and S-band costs,
with and without the flux density limits imposed, are summarized in Table £-20
based on the use of a four-beam Shuttle Atlas Centaur satellife. The flux density Hmits
impose a 30-wail power per channel constraint on the satellite and freeze the S~band
ground terminal performance at a G/T of about 4.5 dB. As indigated by the table,
the flux density limits are not a factor until a network size of 10 terminals is reache
and the S-band cogts remain well below the Ku-band costs out to a network size of 10
terminals. Af 10 terminals, the cost of the two approaches is ahout the same.
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Table 4-20. ¥u-Band/S$-Band Cost(l) Comparison
with Flux Density Limits Imposed
(Radio Distribution)

Number of Terminals

Flux
Frequency i s 10 | 10% 10° 10° 10°
9
Ku-Band® | No $5,300 | 83,500 | S1,750 | $880 | S430
A
s ang® Yes  82,900] $1,800 | $865 | S$610 | $400
No $2.900{ $1,800 | S770 | 8420 | 8220

Notes: (1) Cests are average annual cost/user for the satellite & ground

tarminal

(2) A four-beam Shuttle Atlas-Centaur sized satellite is used,



5.0 Ground Terminal Reguirements

Variations in Ku~Band ground terminal performance parameters as a2
funection of inereases in ground network size are depicted in Pigure 4-13. Similar
results for the S-Band terminals are-given-in Appendix 7. The-displayed G/T trends
run counter to the corresponding satellite power per channel requirements (see Figure
4-11") as expected., This includes a flattening of the ground terminal curve for a
Shuttle 3914 satellite at network sizes larger than 10 terminals, due fo the satellite
power limit. Decreases in G/T are accomplished by both smaller antennas and higher
noise temperature receivers. However, the rate that antenna size decrease appears to
level off at an antenna diameter of about 2, 3 meters (i.e., =~ 7 feet), (see the Shuttle A/C
antenna curve,) This is a size just below one of the break points 1n the Ku-Band antenna
cost versus diameter curves (see Appendix 1) and reflects the change to a fixed pointed
prime focus fed antennas with unpressurized feed, The resultant stepin cost results in
an antenna size that is optimum over a considerable range of G/Ts. The modest variations
in the antenna and receiver pairings when G/T s constant (see the Shuttle 3914 antenna
and receiver curves) are a result of changes in the slope of the component performance
cost curves as the size of the buy increases.

The figure shows that for a network of 104 terminals operating with a
Shuttle Atlas-Centaur satellite, a 2, 3 meter (i.e., 7.5 foot) fixed pointed prime focus
fed antenna and a 1200 K diode mixer receiver is ogtimum. Typical variations in G/T
that produce no more than a 10% increase in system costs are displayed in Table 4-21.
The bounding parameters are read from the system optimization curves shown in Appendix
7. The,indicated lower bound G/T, when a Ku-Band Shuttle Aflas Centaur satellite opsrates
with 10 terminals, is about 2dB below the optimum, This corresponds to a 2,3 meter
antenna and a 1950 K diode mixer receiver. If the extra satellite antenna gain to the
Southeast is eliminated, the resultant earth terminal G/T is only about 10.5dB, correspond~
ing to a 1.8 meter (1.e., 6 foot) fixed pointed prime focus fed antenna and a 2190°K dicde
mixer receiver,

The table once again shows that S-Band antenna diameters tend to be lower
than those required at Ku-Band due to the availability of inexpensive high performance
receivers, Notice that the terminal G/T requirements are also comparatively less due to
lower link margins. When a four-beam, S-Band, Shuiile Atlas Centaur satellite operates
with 10~ terminals and the flux density limits are imposed, the terminal parameters are:

G/T =4, SdB/o K, antenna diameter = 2.3 meters (i.e., a 7.5 foot fixed pointed prime
focus fed parabolic reflector) and receiver temperature = 660 X (i.e., a GaAs FET low
noise receiver). These compare favorably with the Ku-Band parameters even though the
G/T requirements have been inflated somewhat by the flux density constraints,

6.0 Total Sysiem Cost Breakdown

Total system costs per termunal, including the fixed performance items are
summarized in Table 4-22, Annual costs, for a four-beam Ku-Band Shuitle Atlas
Centaur satellite serving a network of 10~ terminals, is about $1,400, or about $115 per
month. If each distribution terminal serves a few thousand users, the average cost per
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Table 4~21.,  Bounds on Ground Texminal G/T, Receiver
Teraperature, and Antenna Diameter

(4 Beam Satellite) (Radio Distribution)

' Launch Para- I P e e o
Frequency Vehicle meter Lower Bound Upper Bound
- G/T
<, (dB/CK) 22,0 27,0
L |
o Receiver
m -
it ’I'emp(oK) 950 350
% Ant, Dia,
—_ & (meters 4,0 4,5
=i
g ) (dB/K) 13,0 17.5
T O
= = Receiver
M <
. Temp(°K) 1950 700
e Ant, Dia.
o (meters 2.5 2.5
- G/T
2 (dB/°K) 4.5 9.5
= p
= Receiver
b Temp(°K) 750 275
£ Ant, Dia,
@ (meters) 4.6 2,56
= G/T
. (aB/°%) 4,5 0,5
:g‘ : @ Receiver
s
i P o Terap(°K) 1950 1200
: :3 Ant, Dia,
P (meters 1.5 2.0
' g
| @
b’
Notes: 1) Shuitle 3914 assumes 10~ terminals, Shuttle A/C assumes

10% te rminals,

2) Shuttle 3914 assumes 15,36 MHz bandwidth, Shuttle A/C
agsumes 7. 68 MHz, both launchers assume 0.1% link outage,

3% Shuttle 3914 assumes 30.76 MHz bandwidth, Shuifle A/C assumes
15, 36 MHz,
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Table 4-22. Breakdown of Total Average Annual Cost/Terminai

(Radio Distribution)

(4 Beam Satellite)

Frequency

Taunch
Vehicle

Total Ave,

Annual
Costs (3)

Percent of Cost In:

Satellite

Gnd Terminal

Fixed

Ku-band

(2)

Shuiile
3914

5, 445

27

49

Shutile

1,390

18

46

36

1)

S-Band

Shultle
3
35 14( )

3,520

32

37

Shutile
A/c®

930

36

(B Shuttle 3914 Assumes 10 terminals, shuttle A/C assumes 104 terminals

(2} Shuttle 3914 assumes 15,36 MHz bandwidth shuttle A/C assumes 7.68 MHz,
Both lannches assume . 1% link outage,

{3) Shuttle 3914 assumes 30,76 MHz bandwidth, shuttle A/C assumes 15.36 MHz,



user per month becomes pennies, The corresponding S~-Band costs are even less (l.e.,
$930 annually without considering the flux density limits and $1100 annually when the limits
are imposed), The fixed item costs are entirely equipment costs, which are broken out

in detail in Appendix 1.

The table shows that ground terminal costs are, generally, the dominating
element in the system costs. This is similar to the situation in the TV Direct to the
User! service. The distribution of costs between the satellite and ground terminals is
further verified in the sensitivity analysis. Results of this analysis are displayed in
Appendix 7, The analysis considers independent + 10dB variafions in link performance,
satellite cost and ground terminal cost with all other factors constant, Table 4-22 also
shows that fixed equipment costs can be significant, particularly at the larger network sizes.
These are primarily the costs of 2 threshold extension demodulator interfacing at I¥. The
cost of this technology does not drop rapidly as buy sizes increase. The best hops of re-
ducing costs appears to lie in operating at lower fregquencies and encouraging the deployment
of large networks, Employing big satellites (e.g., Shuttle Atlas-Centaur) is also of some
benefit. Other improvements in satellite design are likely to have litile impact,

D, COM FRESSED BANDWIDTH TV

1. Average Annual Cost Versus Satellite Channel Bandwidth

The satellite channel bandwidth variation, and cost implications for a
Ku-Band system are summarized in Table 4-23, Similar results, for S-Band systems,
are given in Appendix 7. In this service, the impact of eliminating the satellite ouiput
power backoff 1S considered once again. The signal is identical to that of the Compressed
Bandwidth TV/Facsimile service, discussed in Section 2,3.B. Accordingly, the satellite
channel bandwidth variations also are identical., That is, they encompass the one,
and three signal per satellite channel cases. The results, displayed in the table, are
quite similar to those for the "FM Voice/Music for Retransmission' service, discussed
in Section 4, 3. C, (where eliminating the backoff is not a consideration). The implication
is that once again the optimization point on the sateliite channel power and cost curves
has a greater impact on satellite and terminal costs than the backoff, This is in general
agreement with the results for the transmit/receive services (see Sections 3. 3. B and
3. 3, E).

Table 4-23 gshows that, for a Ku-Band retwork of 104 terminals, the
bandwidth varigtion carries the satellite and terminal costs through an optimum. For
metworks of 10 terminsls, the maximum bandwidth results in the lowest cost and appears
to be nearly optimum since the cost decrease in going from a 24 MHz to a 36 MHz band-
width is small. Based on these results, and the S-Band resulis summarized in Appendix
7, the bandwidth selections applied to all subsequent evaluations of this service are as
depicted in Table 4-24. The chojces for the Shuttle 3914 satellites reflect a system
configured to provide service to 10 terminals. The choices, for the Shuttle Atlas Centaur
satellites, assume service is supplied to 10 terminals. The narrower bandwidth select-
ions represent the satellite "power starved' cases., The S-Band Shuttle 3914 choices are
at the maximum bandwidth available, however, this is the one instance 1n this service
where it appears that wider bandwidths may be of some benefit. The rate of cost decrease
remains huge at this bandwidth (see Appendix 7).
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' Table 4-23, Average Annual Cost/Terminal Vs. Bandwidth (Kuband Satellite,
0.1% Link Outage! (Compressed TV Distribution)

B 1 Beam 4 Beams
Launch SOk 2 -1 4 9 4
Vehicle MHz 10 107 10 10
12 34, 540 2,975 36,725 2,330
2
-
g |24 22,170 2,660 21,475 1,840
[#]
36 20, 085 3,275 17,375 2,030
12 23, 885 2,270 22,420 1,570
2
L |24 15,945 2,245 13, 440 1,320
= <
35 15,510 2,745 11,600 1,600

*Batellite transponder Bandwidth

o




Table 4-94, . Bandwidth Selections for Compressed

Bandwidth TV

Frequency No. Launch i-Beam 4-Beam
Band Terminals Vehicle Satellite Satellite |
Ku-~Band 102 Shuttle 3914 36MHz 36MHz

104 Shuttie A/ C 1Z3MHz 24 MHz
S«Band 10‘2 Shuttle 3914 36MHz 38MHz

104 Shuttle A/ C 24MHz 36MHz

2.0 Average Annual Cost Vs. Number of Beams Per Satellite

The system cost comparisons between one and four-beam Ku-Band satellites
are given in Table 4-25, Similar cost comparisons for an S-Band satellite are given in
Appendix 7. The comparisons are sim lar to those observed for the three previous re-
ceive only services, The four-beam system advantage does nof become significant unless
the size of the satellite or the ground complex is sufficiently large so that large satellite
output powers channel (e.g., 720 watts) are required. Further, the four beam advantage is
less and occurs at even larger satellites and network sizes when S-Band is considered.

At S-Band with 10 ferminals in the network, there is no advantage fo four beams until a
Shuttle Atlas~Centaur sized satellite is considred., With 10 ferminals in the network, the
break even point occurs at Delta 3914 sized satellites and all larger satellites provide an
advantage. Once agzin, the one-heam S-Band system is never at a serious cost disadvan-
tage relative to the four-beam system, (see Section 4.3.A.1 for reasons), However, based
on the Ku-Band results, the four-beam approach is selected for further consideration in

all cases,

3.0 Satellite Requirements

The Ku-Band satellite power per channel as a function of the number of
terminals in the network is depicted in Figure 4-14, Similar requirements for the
S~Band satellites are given in Appendix 7. As in previous receive only services, the
power per channel increases as the network and satellife size increases, (see Section
4.3.A,.2 for reasons), However, the trend as a function of Ku-Band satellife size, is
broken by the wider bandwidths selected for use on the Expendable 2914 and Shutile 3914
satellites, This selection results in satellife channel powers that overlap those of the
Shufifle Atlas-Centaur and Dedicated Shutfle satellites, The trend, as a function of S-
Band satellife size, is broken by the abrupt "flattening” of the Expendable 2814 satellite
cost per channel versus power per channel curves at an 11-watt power level, (see Section
3,7), which results in no significant cost improvements at lower channel powers; there-
fore, lower powers are never Selected,

The power per channel requirements are, in general, somewhat lower for

this service than for previous TV services. The C/N requirements are low due to digital
operation and the use of error correcting coding. The number of terminals per satellite
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Table 4-25. Average Annual Cost/Terminal Vs, Number of Beams/Satellite,
Ku-band Satellite) (Compressed TV Distribution)

10'Term. 105 Term.
Launch
Vehicle 0.1% Outage 0.05% Outage | 0.1% Outage 0.05% Qutage
Exp (1) $ 3 $ 3
2914 51,351 55,188 1,801 2, 500
Exp
3914 U 44,558 48,385 | 1,694 2,311
Shuttle(l) f ]
§ 3914 37,745 41,530 1,581 ) 2,128
jas Exp
= { a/c® 64,576 67,797 | 934 1,350
{ Shuct
a0 O 53,088 | 55,79 | s | 1,218
Ded.
Shuttte @ 36, 523 38, 580 689 1,000
Exp -
ag14 55, 528 58, 069 1,099 1,507
Exp
3914 1) 43, 975 46, 920 989 1,331
Shutt]
3914 w 36, 495 38, 962 908 1,235
Exp
@ A/C (@) 35,478 37,290 564 807
§ Shutt1?3) |
- A/C 29, 034 80, 846 513 732
Ded.
Shuttle ) 19, 578 21,213 430 598
Notes: (1) Employs 36 MHz Bandwidth

(2) Employs 12 MHz Bandwidth
(3} Employs 24 MHz Bandwidth

253



Powe: /Channels (Wails)

Nurber of Channels Required

Percent of Satellile Consumed

40

i / ot |
Max, Pwr, without
Sat, -Sat. Coord.
{Sep = 6°) (Exp. 2914
& Shutile 3914)
20
Max, Pwr without
l( Sat, -5at, Coord. (Sep.=§%)
10 y {Shuttle A/C & Dedicated Shuttle)
0
&?
15 %.Q\} P
3
S
10 Q@ -~
» I Ca e Fng’bﬁ
5 gt e
e 2%
wxpe™
o 1
140
Note: Expendable 2914 & Shuttie 3914 _
Employ 36 MHz Bandwidth,
120 Shuitle A/C & Dedicated Shuttle
Employ 24 MHz.
100
80
60
40 /
/ 2
’ é i’/‘/'/ \&“\

105

Number of Terminal served

Figure 4-14, Satellite Fower and Capacity Requirements
(Ku-band, 4 Beams, ,1% Link Outage (Compressed TV Distribution)

254

106 107 108



signal are comparatively small and inexpensive, non-redundant ground termainals and
employed. Further, the satellite channel costs are not prorated among a large mumber of
signals, These factors more than offset the channel output power backoff. The figure
shows that the required mimber of satellite channels differs depending on whether smail
or large satellites are considered, because of the difference in the bandwidth selections,
Three signals per channel can be handled in the small sateilites while two signals per
channel are handled by the large satellites. The total signal acgess geqmiements 5

been defined to be 1, 4,8, 16, and 32 for network sizes of 10, 10, 10", 10", and 10 term-
insls, respectively. Combinirg these reguirements with the satellite bandwidth selections
results in 0.3, 1.3, 2.7, 5.3, §nd 1Q.7 satel]%te chanrels required oun small satellites,

at network sizes of 10, 107, 10, 10, and 10 terminals, respectively. On lafge s_.?.’celli;;es
0.5, 2, 4, 8 and 16 satellite channels are required for network sizes 0f10, 10, 10, 10
and 10 terminals, respectively,

The satellite capacity requirements, shown in Figure 4-i4, are quit
modegt until a network size of 10° terminals is reached, Networks on the order of 10
to 10~ are considered more appropriate for this service. Its best application is probably
in the provision of educational and instructional television. Accordingly, a Shuttle 3914,
or Shuitle Atlas-Centaur satellite appear adequate. The Ku-Rand coordination limits,
shown in the figure, are based on the four-beam satellite curve provided in Figure 3-5.
However, the limits have been adjusted to reflect satellite output backoff and channel
bandwidths other than 27)MHz. In the case of the large satellites, the only adjustment
needed is for satellite output backoff. Accordingly,

P + 1,6dB for Shuttle A/C and Dedicated Shuttle satelliles.

Coord PCurve
In the case of the small satellites, adjustments must be made for both channel! backoff

and power, accordingly,

Pooor d=PCurve-L5' 1dB + 10 10g10 (36/27) or

P =P +6, 4dB for Expendable 2314 and Shuftle 3914 satellites.
Coord ~Curve

The S-Band power at the flux density limit, shown in Appendix 7, is defer-
mined from the basic equation developed in Section 4.3, A. 2. As applied to this service,
it becomes;

— L 3 - 1)
Pgo@B) = =20 + 10 log, | (Wo/4x10%) = ',

+.M_B ot 10 logl 0 (BS/ BS C)
where:

o Wy is the bandwidth of the digital signal (1.e., 9 MHz based on a
bandwidth to bit rate ratio of 1.5)



2
P Sin X spectrum

® P/A x ] P
to the average power density across the signal bandwidth as expressed

in dB. It is determined as follows:

is the ratio of the peak power density of the

t = 1 t f
P P/A %0 log 1,0 P Peak/I? Ave where P Pealkc-is 1,04 as shown
in the power density spectrum displayed in Figure 4-15.
4, 514:106
’-Sin('r f/6x106) -‘ : 6
P'AVE = - 5 df {9x10 ) or
(7 £/6x10 ) J
-4, 52{1{)6
1 I~ .
P AVE © 0.58871; therefore
! ~
P p/a = 2.5dB
° MB =5.1dB
o B, = 12MHz is the signal center to signal center separation in the
satellite

Y BS C= 36MHz for all satellifes

Accordingly:
Poq €120 watts

This is a high enough value that no spreading is required with the transponder power.

4.0 . Sgtellite and Ground Terminal Cost Vs. Network Size

Average annual satellite and ground terminal costs as a function of network
size for this service are illustrated in Figure 4-18. The sharp decrease in cost with
incerease in network size is in agreement with previous results, In tlus service, the S~
Band flux density limits are not a factor in the cost tradeoffs with Ku-Band systems. In
spite of this, the figure shows that the S~Band cost advantage tends to be less than in pre-
vious cases. Because satellife costs are more important in this service
(see Section 4, 3, D, 6). The use of wider channel bandwidths may benefit the S-Band
service and increase its cost advantage (see Section 4,3.D, 1),

5.0 Ground Terminal Requremenis

Variations in the Ku-Band ground terminal performance parameters as
a function of increases in ground network size are depicted in Figure 4-17.  Similar
results for the S-Band terminsals are given in Appendix 7. In the figure, G/T decreases
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NOTE:

P'd=({8inX)
X

WHERE:

X= (/6 x 105)

(Ptd)
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Frequency (f)

Figure 4-15, Power Density Spectrum
for 6 Mbps Signal
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as the network size increases, thus compensating for corresponding increases in satellite
power. G/T decreases are accomplished through reductions in both antenna and receiver
performances. The portions of the Shuttle A/C antenna curve, where the diameter is
essentially constant, reflect sizes that are just below break points in the antenna cost

versus diameter charaecteristics (see Section 3.6 and Appendix 1). The first-diameter-platean
is at 14.5 fest and the second is at 7.5 feet. As the antenna transiiions to the second plateau
the gain and cost reductions are such that it is cost-effective to use a higher performance
receiver. In the case o the Shuifle 3914 curves, the frends tend to be fairly consistent.

Tb:)e leveling off in the raie of inerease in the temperature curve for network sizes of

10 to 10 terminals, occurs because receiver cost reductions tend fo be larger than

antenna cost reductions as the production quantities increase, The figure shows that for

a network of 10~ terminals operating with a Shuttle Atlas Centa%r satellite, 2 2,3 meter

(i.e., T.5-foot) fixed pointed prime focus fed antenna and a 580 K GaAs FET receiver

are optimum. Typical variations in G/T producing no more than a 10% increase in

satellite and ground terminal costs are displayed in Table 4-286, The bounding para-
metfers are read from the system optimization curves shown in Appendix 7, At the lower
bound, when a Ku-Band ghuttle Atlas Centaur satellite operates with 10~ terminals, a

T-foot antenna and a 950 K GaAs FET receiver can be used, The performance requirement is
reduced further if the extra satellite antenna gain to the Southeast is eliminated resulting in an
earth terminal G/T of about 13.5dB, which corresponds to a 7-foot antenna and a 17 30°K
diode mixer receiver, Table 4-26 also shows corresponding S-Band terminal para—-

meters that reduce system costs by no more than 10%. As in the case of previous receive
only systems, the S-Band antenna diameter generally tends to be smaller than that at
Kn-Band while the receiver requirements are more stringent (see Section 4, 3.4.4 for the
reason), This is not a rigid rule since the tradeoffs relative fo the satellite are not the

same at the 10% cost increase point (i.e., the S-Band optimization curves tend to be

broader at the minimum). In this case, flux density limits are not a factor in S-Band results,

6.0 Total System Cost Breakdown

Total system costs per terminal, including fhe fized performance items,
are summarized in Table 4-27, Anmua] costs for a four-beam Ku-Band Shuttle Ailas
Centaur safellite serving a network of 10~ terminals, is about 37,060, ‘This amounts to
about §590 per month or less than $6 per student per month if 100 pupils are served in
an educational TV systan. Corresponding S-Band costs are slightly less (i.e., 36,730
annually). The fized item costs are entirely equipment costs, which are broken out in
detail in Appendix 1.

When the costs of Table 4-27 are compared with comparable conventional
TV service costs (see TV Direct to the User, Section 4, 3. B.5), it becomes obvious that
this service is much too costly, because of the fixed equipment costs. TV coding/decoding
to reduce the bandwidth does reduce the satellite and earth terminal costs, however, these
reductions are insignificant compared to the cost increases introduced by the TV processing
equipment. The table also shows that satellite costs can be a significant factor. However,
earth terminal costs are not very important. This distribution of costs between the
satellite and the ground terminals is further verified in the sensitivity analysis. This
analysis, given in Appendix 7, considers independent + 10dB variations in satellite and
ground terminal cost with all other factors constant. The best hope of reducing costs
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Table 4-286.

Bounds on Ground Terminal G/T, Receiver Temperature,
and Antenna Diameter (4 beam satellite) (Compressed TV Distri-

bution)
Launch Para -
Frequency Vebicle meter Lower Bound Upper Bound
& G/T
“u (dB/PK) 26.0 34,5
(=1
™ Received -
© TPemp(OK) 450 150
% nt, Dia,
. o (meters) 4,5 7.0
—
e G/T
g & (dB/°K) 16,0 21,0
,.Q S
*..4:‘: S, Received
Temp (°K) 950 745
)
= Ant, Dia,
7 (meters) 2.0 3.0
G/T
g, (dB/°K) 9.0 19.5
p= Received
= Temp(°K) 275 160
£ Ant, Dia,
751 {meters 2.5 6.0
& G/T
= (aB/°K) 2.5 8.5
g | & -
= ;= Received
¢! } 2 AGO
|3 Temp, (%) 755 4
b9 Ant, Dia.
B
P 2 (Meters) 2.0 3.0
i [¥ 7]
Notes: 1) 0.1% Link outage assumed, 36 MHz for Shuttle 3914, 4 MHz for
Shuitle A/C.
4
2) Stuttle 3914 assumes 10z terminals; Shuttle A/C assumes 10~
terminals,
3) 36 MHz bandwidth assumed for both launchers,
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Table 4-27, Total Average Annual Cost per Termina] (4 Beam Satellite)
(Compressed TV Distribution)

Freg Launch |Total Percent of Cost In:
®  {Vehicle | Anmial
see Cost (%) Satellite Gnd Terminal Fixed
< )
B o
a ERE 26, 860 48 17 35
e o«
g
7
2 | a8
E o 7,060 15 4 81
2 <
wo«
é" @ﬂ 33, 945 67 5 28
S |48
& wn °
]
n
w
33'; & 6,730 9 6 85
2 £
n <«

Note: (1) 0.1% knk outage, 36 MHz bandwidth for 3914, 24 MHz bandwidth for A/C,
(2) 102 terminals for 3914, 104 terminals for A/C

(3) 36 MHz bandwidth for hoth Iaunches.
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lies in considering cost performance/tradeoffs on the TV bandwidth compression equipment.
An exiensive survey of vendors could not be conducted daring this study, the state-

of-the-art in picture signal coding/decoding, is still evolving, and quantity production of hard-
ware is non-existent, However, impact of LSI 1s considered in the interface equipment

cost (see Appendix 1). Consequenily, there 1s no reason to expect substantial cost de-
creases, However, the magnitude of these decreases will have to be large before a

viable broadcast service application can exist, Wider satellite channel bandwidths, S-

Band operation, bigger satellifes, longer life and higher reliability satellifes, shuftle
optimized satellites, higher efficiency solar arrays in space, and the use of ion jets on
spacecrait can also be of some help in reducting costs,

E. FM VOICE/MUSIC DIRECT TO THE USER

1.0 Average Annual Cost Versus Satellite Channel Bandwidth

The satellife channel bandwidth variations and their cost tmplications for
a Ku-Band system are summarized in Table 4-28,  Similar results, for S-Band and UHF
systems, are given in Appendix 7, The table indicates that a 2 MHz bandwidth is
optimum and this is the bandwidth carried forward in the evaluations, The same is true
at S-Band and UHF., Such a narrow bandwidth selection results from this being a
power starved service. The number of users per satellite signal 1s large since onlty four
time zone radio channels provide direct service to a large number of users, Further, even
at a satellife channel bandwidth of 2 MHz there is sufficient bandwidth for 20 radic channels,
e.g., each broadcast signalis allocated only 1/20th of the channel power. As a
result, it appears that optimized results have not been obtained for networks of 10 term-
inals and higher, Still narrower channel bandwidths might be more optimum.

2.0 Average Annual Cost Vs. Number of Beams Per Satellife

The system cost comparisons between one and four-beam Ku-Band satellites
are given in Table 4-29, Similar cost comparisons for S-Band and UHT satellites are
given in Appendix 7, In the cases of the one~beam saiellife configurations at network sizes
of 10 terminals, an 8MHz satellite channel bandwidth is used for the purpose of equaliz~
ing the one and four-beam comparison. At these network sizes, neither the one or four-
beam satellites have enough power to reach system optimuzation, However, if 2MHz band-
widths are used onboth systems, the one-beam approach comes much closer to optimiza-
tion. In contrast, the four-beam satellite can select no fewer than four 2MHz channels,
Therefore, all its available power is spread over 8MHz of bandwidth, Assuming an 8MHz
channel for the one-beam satellife in the power limited situations equalizes the comparison
between the fwo. Note that the problem here is simply one of equalizing the portion of the
satellite Payload allocated to the service, Further, this handwidth is optimum at S-Band and
UHT when the satellite or network size is large. This is quife stmilar to the resulis for the

other receive only services. Accordingly, the four-beam approach is selected for further
consideration in all cases.
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Table 4-28,

Average Annual Cost Vs, Bandwidth (Ku~band

Satellite, .1%.Link-Outage) (Radio Broadcast)

1 Beam 4 Beams
Launch P’SC"' A 6 4 I 6
Vehicle |MHz 10 i0 10 10
2 600 150 435 160
~H
o 8 595 215 605 280
&
';3 16 750 205 875 430
=
% .
32 1,145 500 1,315 625
2 510 125 380 130
g 8 490 160 410 185
= 6] 510 195 520 245
=
&
32 625 260 765 365

* Zatellite transponder bandwidih




Table 4-23. Average Annual Cost/Terminal Vs, Number of Beams/Satellite
{Ku-band Satellite) (Compressed TV Distribution)

7
103 Tem,(l) 10 Term.
1 Launch
Vehicle 0.1% Outage 0.05% Outage | 0.1% Outage 0.05% Outage
Exp 3 3 $ $
2014 2,030 2, 480 1703 1959
Exp
3914 1, 850 2,330 145 165(2)
m
'g‘ Shuttle
& ] 3914 1,675 2,125 145(2) 165_(2)
o Exp
A/C 1,510 1, 890 120 @& 130
Shuttle
P
A/C 1,365 1,710 1202 130 @
Ded.
Shuttle 1,135 1, 405 100 110@
Exp )
2914 1,280 1, 465 130 125
_Exp
1
3914 1,120 1,280 120 115( )
Shutile
3914 1,025 1,165 1200 180tY
Exp
n A/C 890 1, 000 95(1) 130(1)
§ Shuttie ] .
2| aA/c 820 915 95D 190
< e
Ded,
Stuttle 700 770 65(1) 70t
Notes: (1 2 MHz Bandwidth Employed
(2) 8 MHz Bandwidth Employed
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3. Satellite Requirements

The Ku-band satellite power per channel as a function of the number of
terminals in the network is given in Figure 4-18, Similar requirements for the
S~band and UHF satellites are given in Appendix 7. As inprevious receive-only services,
{lie power per channel increases as the network and satellite size increases, (see Section
4.3.A.2 for reasons), _Figure 4-18 clearly shows the Ku-band satellite power limitations
for network sizes of 10 terminals and larger. The limitations are not as severe at S-band,
where the Dedicated Shuttle satellite has adequate power up to and including a network size
of 10¥terminals., At UHF, both the Dedicated Shuttle_and the Shuttle Atlas Centaur satellites
supply enough power to optimize networks of up to 10~ ferminals but these also run out
of power at 10 terminals. The figure clearly shows that these power limitations are
primarily a satellite allocation problem because only about 5% of any satellife payload is
consumed even though the channel power is at a maximum. Four signals access the
satellite regardless of the size of the network, With a 2 MHz satellite channel band-~
width, 20 FM voice/radio signals can access a single chamnel, This means 1/5th of a
satellite channel is needed regardless of the nehvork size. The service can readily be
handled by any of the satellites considered for network sizes up through 10 terminals,
however, use of a Shuttle Atlag-Centaur makes the service more cost-effective. The
Ku-band coordination limits, shown in the figure, are based on the four-beam satellite
curve provided in Figure 3-5. However, the imits are adjusted to reflect the need for
satellite output backoff and use of channel bandwidths other than 27 MHz. If the channel
center-to—channel center frequency allocation for 2 MHz chamels is 2,5 MHz, then:

P = +
Coord = Pourye * 51 + 10 log, ,(2.5/27) or

P = -
Coord PCurve 5.2dB

Note that this imit assumes the 27 MHz spectrum is filled with radio broadeast or
equivalent signals.

The S-band power at the flux density Limit, shown in Appendix 7, is
determined from the basic equation developed in Section 4.3,4.2; it is:

B

Pgo(dB) = =20 + 10 1og10(—‘;v) -5 log, ( §.§£’5_‘2‘.7)+ Mo, * 10 log, (—Sg% )
where:
@ 85KHz is the signal bandwidth
. The satellite portion of the spreading loss
i.e., 5 loglo( S%g—v) is 0,75dB and the corresponding spreading,

W, is 35KHz = -

[ MBO=5' 1dB

e BS =100 x :LO3 Hz is the signal center to signal center separation

in the satellite
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. B =2x106Hz

sC
Accordingly:
PS c = 5 waits
4, Satellite and Ground Terminal Cost vs. Network Size

Average anmual safellite and ground terminal costs as a function of network
gize are given in Figure 4-19. In this service, the normally observed rapid drop
in receive only system cost a8 network size increases is mitigated by the limitations
on satellite power. The%e Iimiiéaﬁons, resulting in nop~optimum system configurations,
start to be a factor at 10” to 10 terminals. The figure shows the flattening of the cost
trend in this area. The S-band results do not take the satellite flux density limitations
into consideration. There is considerable potential advantage in operating at the lower
frequencies. Imposing the S-band flux density limitation produces the Ku-band/S~band
cost comparison given in Table 4~30, based on the use of a four-beam Shuttle Atlas~
Centaur satellite. The flux density imits impose a 5-watt power per channel constraint
on the satellite and freeze the S-band ground terminal at a G/T of about 3.5 aB/ K. As
indicated by the table the flux density imifs increase the S-band costs over the entire
range of network sizes. Further, the S-band costs are increased above those for
Ku-band at network sizes greaier than 10~ ferminals,

Table 4-30, :Ku-Band/S-Band Cost(l) Comparison
with Flux Density Limits Imposed Radio Broadeast

Number of Terminals

Frequency| Flux
Limits ].03 104 105 1{)6 107 108
(2)
Ku-Band No 820 370 195 125 94 82
S-Ban d(2) Yes 595 370 250 175 125 125
No 510 210 90 37 36

Notes: (1) Costs are average annual cost/user for the satellite and ground

terminal,
(2) A four-beam Shuitle Atlas-Centaur sized satellite is used.

5. Ground Terminal Requirements

Variations in the Ru-band ground {erminal performance parameters as a
fimction of inereases in the ground network size are depicted in Figure 4-20, Similar
regults for the S-band terminals are given in Appendix 7. The figure shows the G/T
trends running counter to the corresponding satellifte power per channel requirements
(see Figure 4-18) as expected. This includes leveling off to a constant G/T, for
network sizes of 10° terminals or greater, due to the satellite power per channel limit,
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Decreases in G/T are accomplished by using both smaller aptennas and higher noise
temperature receivers. However, in the constant G/T region, the antenna size decreases
while the receiver performance becomes more stringent, because receivers decrease

- in price more rapidly than sntennas as the size of the buy increases.

The figire shows that for a network of 106 terminals operating with a
Shuttle Atlas Centaur satellife, a2 1.5 meter (i.e 5-foot) fixed poinied prime focus fed
antenna and a 3, 100 OK dicde mixer receiver are optimmum., Notice once more that
these performance requirements would be even less if more satellite powsr were available
to achieve system optimization. Typical values of G/T producing no more than a 10% increass
in satellite and ground terminal costs are not meaningful in this service. Reducing G/T
requires the avgilability of more power in the satellite. The values obtained at a net-
work size of 10 terminals represent both the lowest cost point and the minimum G/T
on a non-optimum configuration. Nevertheless, the G/T increases causing the system
cost to increase no more than 10% above the values found are tabulated in Appendix 7.
Tabulations are provided for all three frequency bands of interest (i.e. Ku-band,
S~band and UHF). Some reduction in the Ku-band G/T can be obtained without
substantially affecting system cost if the extra satellite antenna gain to the Southeast
is eliminated. The resultant earth terminal G/T is about 3 dB/C? X, which corresponds
fo a 4-foot fixed pointed prime focus fed antenna and a 3, 10001{ diode mixer receiver.

S-band and UHF ground terminal resuits, given in Appendix 7, repeat
the fendancy observed in previous receive only services. The anienna diameters are
less while the receiver performance requirements are more stringent than those of the
corresponding Ku-band cases, {See Section 4.3.A.4 for the reason). When the S-band
flux density limits are imposed, typical terminal parameters are: G/T = 3.5 dB/°K,
antenna diameter = 1,9 meters {i.e., a 6~foot fixed pointed prime focus fed parabolic
reflector), and receiver temperature = 550°K {i.e., a GaAs FET low noise receiver).

6. Total System Cost Breakdown

Total system costs per terminal, inclnding the fixed performance items,
are summarized in Table 4-31,  Anpnua] costs, for a four-beam Ku-band Shuttle Azlas
Centaur satellite sexving a nefwork of 10~ terminals, is about S180, oy
abour $15 per month per user, which is expensive for a radio service, The S-band costs,
with the fiux density limits imposed, are not dramartically different (i.e, $230 annually).
However, if & UHF satellite allocation can be obiained, the costs are about 385 annually
or about $7 per month per user, which is more reasonable, Note that none of these
results are opilmized values due to the satellite power limitations. Consequently, there
is reason io believe that an acceptable service may be provided at a reasonable cost.
Notive that even the indicated costs are significantly less than those for the TV Direct
to the User service, (see Section 4,3.B.5). The fixed cosis indicated in Table 4-31
are entirely equipment costs, and are broken out in detail in Appendix 1. The table
shows that ground terminal and fixed equipment costs are the significant items in this
service; satellite costs are not important., This distribution of costs between the
satellite and the ground terminals is further verified in the sensitivity analysis. Results
of this analysis are given in Appendix 7 considering + 10 dB variations in satellite and
ground terminal costs with all other factors constant.
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Table 4-31.  Breakdown of Total Average Annual Cost/Terminal.
7 (Radio Broadcast)
L.aunch Number Freq- Total Annual Percent of Cost
Vehicle Texminals | uency Cost (3 Ground
) Satellite | Terminal | Fixed
Ku-band
1% Link 560 17 61 22
4 Qutiage
10
Shuttle S-band 4085 17 52 31
3914(%
UHF(I) 260 6 48 43
Ku-band
1% Link 180 1 71 28
Outage
Shuttle 6 S
A /0(2) 10 S-band 105 2 50 48
UHF 85 2 39 59
4

Note: 1) Shuttle A/C only considered for UHF at 10

2) 4 beam satellite and 2 MHz bandwidth employed.




The first step to reduce system costs is to allocate more satellife power

than permitted in the present model and obtain optimized system costs and performance
. parameters. Beyond this it appears that operating at lower frecuencies without

restrictions on radiated satellite power density offers the best hope of reducing cosis,
Fixed equipment costs are those of a threshold extension demodulator interfacing at
IF, The cost of this tachnology decreases modestly as the buy size increases, Further,
the oplimized satellite and ground terminal costs decrease gigmficantly
as the network size increases., Therefore, the deployment of large networks (e.g.

10 terminals) and operation of a big satellite (e.g., the Dedicated Shuttle) can produce
significant reductions in per user costs.



SE CTION 5
ORBIT CAPACITY CONSIDERATIONS

8.1 INTRODUCTION

The objective of this section is to determine the communications
‘capacity of broadceast and fixed service satellites in terms of half duplex channels of
Voice, TV and data in the K, S and UHF bands. No weight and/or power limitations are
imposed and also it is assumed that the uplink power does not limit the capacity.

A, METHODOLOGY

The methodology that has been used in the capacity configurations is
given here briefly in a descriptive manner, The details and underlying mathematical
and computational methods are separated and included in Appendix 6, Various system
and modulation parameters are also included there.

In the capacity computations, the effect of both thermal noise and
interference is considered. The thermal noise depends upon the link parameters of the
communjcation satellite system while the interference noise depends upon the RF inter-
ference that the link experiences from other communications satellite systems through
antenna sidelobes. The thermal noise and the interference are first determined at the
receiver input and their effect is subsequently translated into the baseband. The base-
band quality is fixed at a preset value and the capacity that can be supported in the presence
of thermal noise and interference is computed. The computation of the capacity thus
consists of the following steps for a given satellite separation:

e Computation of receiver input carrierAhermal noise ratio
e Computation of receiver input carrier/interference ratio
o Canversion of thermal noise into baseband effects

¢ Conversion of interference info baseband effects

¢  Adjustment of modulation parameters so that the resultant baseband
effects of thermal noise and interference yield a preset communication
quality,

The carrier/thermal noise ratio at the receiver input is determined in the
normal manner by using various link parameters which include transmitter powers,
antenna diameters, frequency, system noise temperatures, and bandwidth. This compu~
tation is made for the desired communications satellite system and the earth station
receiver which is associated with it. This desired communications satellite system is
assumed to be operating amongst other similar communications satellite systems which
are the interfering communications satellite systems. The interference at the input to
the desired receiver is computed by considering the various interfering communications
satellite systems and adding the inferference contribution due to each system. Both up
and downlink interference contributions are considered in computing the resultant
interference at the receiver input,
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The pertinent stage in the communications system where the effects of RT
‘input thermal noise and RF input interference are considered is the baseband in the case
of Voice and TV. Since the quality is measured in baseband, the capacity computations
have been based upon a criteria assigned to baseband quality. The capacity computations
thus reguire that the baseband effects of RF thermal noise and interference be evalnated,
For FDM-FM voice and FM~TV, the baseband effect of thermal noise is expressed in terms
of noise transfer factor which yields baseband thermal noise when the RF carrier to thermal
noise ratio is known; and the baseband effect of interference has been expressed in terms
of interference transfer factor which yields the baseband interference noise when the RF
carrier to interference ratio is known. The baseband effects due to the two causes are
combined to yield the resultant baseband quality. For specified link parameters and
intersatellite spacing of satellites in the orbital arc, the modulation parameters are
varied so that the baseband quality becomes equal to the preset value. The capacily, at
this point, is then computed. In digital transmission, the terms baseband effects or
noise and interference transfer factors cannot be used. In the presence of interference.
the digital carrier has to incur an experditure of carrier power in order to resist the
effect of interference in addition to that of noise. Inthe presence of RF thermal noise
plus R¥ interference the E,/N, required for a given probability of error is more than
that in the case of RF thermal noise alone. As a conseguence, the supportable data rate or
the capacity is governed by interference.

B, GEOMETRIC MODEL

The geometric parameters of the model pertain to satellites and earth
terminals. The communications satellifes are assumed t0 be located in geostationary
equatorial orbital arc at uniform intersatellite angular spacing. The angular spacing is
measured at the center of the Earth. The desired satellite is assumed-to be located at
100° W Longitude and the interfering satellites are located on either side at uniform
spacing and there are equal numbers of them on either side. The satellite receive and
transmit beams have been assumed to be coaxial beams, and the earth siation transmit
and receive anfennabeams are perfectly aimed at the satellite. A transmitting and receiving
terminal is associated with each satellite. Although the satellite stationkeeping effects are
not considered in the computations, their effect on capacity and technology 1s discussed
wherever perfinent.

5.2 GENERAL CONSIDERATIONS

A, SATELLITE SERVICES
The services considered in capacity computations are:
1, Single Carrier FDM-FM Voice
2, FM~TV

3. Single Carrier 4-phase PSK data



4, Multiple Carrier FDM-FM Voice
5. Multiple Carrier 4-phase PSK data
The modulation parameters associated with these have been included in Appendix 6.

B. SYSTEM MODEL

In computations, a homogeneous system model is considered which
assumes that:

o  All the satellites are located in geostationary orbit.

® The interfering satellites are located on either side of the
desired satellite

e The satellites are uniformly spaced and the angular spacing
is measured at the Earth's center.

¢ The satellites have identical characteristics.
8 The carriers are identically modulated.
# The modulation parameters on each carrier are identical.
e  All satellites have identical FIRPs
C. ANTENNA PATTERNS

Various antenna radiation patterns which enter into capacity compu-
tations are:

&  Earth terminal receive pattern

° Earth terminal transmit patterns

¢  Satellite receive pattern

e Satellite transmit pattern
For all antenna diameters and wavelengths, the FCC radiation pattern is used. * However,
computations have been made by modifying the sidelobe characteristics in order to evaluate
the effect of different sidelobe characteristics. Specifically, computations with two
modifications to the basic FCC pattern are considered. These meet the FCC profile until

the sidelobe patterns are down X db from the mainlobe peaks and then remain constant
where

* An illusirative comparison of the results obtained by using CCIR based model is
gwven in Figures 5-5, 6 and 7.
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Table 5-1. Cases Representiing Antenna Shidelobe Models Used For Ground
Terminal and Salellile Anlennas

Case Ground Terminal Anlenna Satellile Anlenna
Number Sidelobe Model Sidelobe Model

1 1 1

2 2 2

3 3 3

4 1 4

5 2 4

6 3 4

Note: The mathematical descriplion of lhe sidelobe models 18 given 1n Appendix - G,




1) X =40
and {(2) X=¢60

These three antenna sidelobe models are respectively dencted Model 1, 2
and 3. A fourth anterna §idelobe model derived from the CCIR antenna model and identified
by number four (4) is also examined. The combinations of the earth terminal antenna
sidelobe model and the satellite antenna sidelobe model used are identified by case numbers,
as listed in Table 5-1.

D. WNTERFERENCE CRITERIA (PREDETECTION)

When the receiver associated with a desired communications satellite
is operating in the presence of other communication satellite systeras, both thermal noise .
and interference are present at the receiver input. The predetection interference that is
acceptable depends upon the baseband interference that can be accepted. In an interference
limited environment when high capacity is the objective, limiting the baseband interference
and hence the predetection interference even though the baseband interference may be well
within the total guality objectives may not be the right strategy. From this viewpoint, when
the baseband quality objectives are satisfied, the fixed resource of the geostationary orbit
is better used by accepting varying amounts of thermal noise and interference noise into
the baseband and letting their proportions vary to such an extent that baseband interference
noise dominates the baseband thermal noise. In the capacity computations, this philosophy
is adhered to. Inthe case of FDM-FM and FM~TV, where the modulation schemes exhibit
threshold predetection interference, interference also determines whether the receiver is
above or below threshold. When the sum of thermal noise and interference reaches a level
which 15 10 dB below the desired carrier, it has been assumed that threshold is reached
and no further capacity computations are made. Inthe case of PSK transmission, however,
such a restriction is not made. In this case data, capacity computations are made for
carrier/ (thermal noise + interference) ratios of less fhan 104R,

E. INTERFERENCE CRITERIA (POST-DETECTION)

Before considering post-detection interference, it is necessary to
describe how the bandwidth is used and how the modulation parameters are varied to make
the system interference resistant,

In the case of FDM-FM voice, capacity computations are made on the
basis of a 36 MHz fixed bandwidth which is typieal of current satellites. In the multiple
carrier FDM-FM case it is assumed that six (6) carriers are present in the satellite trans-
ponder each with a bandwidth of 6 MHz. Similar assumptions are made for PSK data. In
the case of FM TV capacity is computed on the basis of variable bandwidihk occupancy where
it has been implicitly assumed that the allocated bandwidth can be divided amongst 2s many
transponders as the number of FM TV channels that could possible by accommodated in
that bandwidth. Modulation parameters are varied such that the quality is equal to a preset
value in the presence of thermal and interference noise. In the case of FDM~FM voice,
the number of voice channels per earrier is varied so that the resultant haseband signal
to noise ratic when both thermal and interference noise are taken into account is equal
to a preset value of 52 dB. The proportionate amount of thermal and interference noise
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in the baseband channel is therefore not the same in all circumstances. In the case of
FM TV the deviation and consequiently bandwidth occupancy 1s varied so that the required
amount of resistance fo interference can be provided by the desired signal and the resulting
quality is equal to a preset value of 56 dB. Inthe case of data, it is data rate which is

varied so that the supportable data rate in a given bandwidth satisfies a preset error
probability requirement of 1074,

F, "OTHER INTERFERENCE"

Besides interference due to other satellite systems, the possibility of
"other interference’ is explored. Frequency allocations for various communications
services, terrestrial communications and atudio fo transmitter links and examination
of site/frequency coordination procedures reveal that other interference can safely be
ignored,

5.3 RESULTS AND TRADEQOFFS

A, SERVICE CAPACITY

The communications capacity for cases characteristic of Broadeast
and Fixed Services has been computed. Representative results revealing the factors
which influence capacity are described in this section.(Figures 5-1 thru 5-22 and Tables 5-1
thru 5~19 )}The detailed parameters used in the computations are given in Appendix §.

In order to express the orbit capacity, the three descriptors given
1n Table 5-2 are used.

Table 5-2. Capacity Descriptors

Information/

Modulation Capacity Descriptor Units
FDM-FM Voice channels in a specified Voice Channels
Voice bandwidth for a given inter- Deg ~ MH7Z

satellite spacing (Intersatellite
spacing, degrees). (Specified
bandwidth, MHz)

FM-TV TV Channels in allocated band-
width for a given intersatellite

Deg - Allocated

spacing (Intersatellite spacing, BW - MHZ
degrees)
Data * Data Rate in a specified bandwidth Data Rate

for a given intersatellite spacing * Deg - MHZ
(Infersatellite Spacing, degrees).
(Specified BW, MHz)
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B. FUTURE TECHNOLOGY

Future technology involving multiple satellite beams and Satellite Switched
TDMA (SS/TDMA) is considered. The capacity is computed by using the methodology
given in Appendix-6 and the results are presemted in Figure 5~8. It is assumed that
CONUS is coverad by 105 spot beams which uniformly cover the geographical area. In
terms of angular dimensions, since CONUS is approximately 6.8 from East to West
and 3.5° from North to South, the angular area covered by one spot beam is 0. 238 (degrees)
which yields a half 3dB beamwidth of (1/2/238) = 0.25°. It is assumed that these beams
are arranged in a 7 (N~8) by 15 (E-W) matrix and of these only {ifteen (15) beams are
copolarized and transmit cochannel carriers and hence present potential interference
possibilities. These 15 beams are assumed to be symmetrically situated within the center
of the geographical area in a 3 beam by 5 beam matrix with three beams in the N-S direction
and five beams in the E-W direction. Various spot beams with the fifteen identified are
shown in the insert in Figure 5-8. The capacity is computed for three receive antenna
diameters of 1.8, 3, and 4.6 meters at K-band by assuming that the sum of the satellite
ETRP and the gain of the receive antenna yields a C/No of 90 dB - Hz. This normalization
reveals the effects of antenna sidelobes. The probability of error is kept constant at 1074,
The indicated eapacity can be enhanced by increasing C/No.

C. RF BAND AND POLARIZATION PLANS

Various RF band, polarization and satellite arrangements are possible,
There are six such arrangements defined in Table 5-3(a). In Table 5-3(b) the polarization
and frequency bands on adjacent satellites are shown for the six arrangements. Although
there will be many satellites in the orbital arc, only the arrangement on three contiguous
satellites is sufficient to identify the arrangement. The total RF band available is dependent
on the frequency band: 500 MHZ is used in the figures for illustration. The frequency bands
are shown by rectangles and the bands are either "full" or "split". The polarization 1s
indicated by P; and Py; and when polarization P, is used, the connctation is that it may be
linear or circular but orthogonal to Py.

In the first arrangement shown in Table 5-3(b) the band is split into two
halves and the alternate haives are used on adjacent satellites. The predominant inter-
ference in this case is from the alternate satellite.

In the second arrangement in Table 5-3(b), the assigned band is split info
two halves and both halves are used on each satellite. Also, both polarizations are used on
each satellite and the manner in which they are used is such that adjacent satellites are
orthogonally polarized on cochannels. In this case also, the predominant interference is
between alternate satellites.

In the third arrangement in Table 5-3(b), alternate halves of split bands
are used on adjacent satellites and the polarization is switched to its orthogonal counterpart
on adjacent satellites. In this case also, the predominant interference is between alternate
satellites.
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The fourth arrangement shown in Table 5-3(b) is a "full' band case and
polarization is the same on each satellite. The predominant interference is between adjacent
satellites.

The fifth arrangement in Table 5-3(b) is the full band case but both orthogonal
polarizations are used on each satellite. This represents a case in which the frequency
band is used twice. The predominant cochannel interference is between co-polarized bands
on adjacent satellites,

The sixth arrangement in Table 5-3(b) is also a full band case in which
polarization is alternated on adjacent satellites, The predominate interference is also
between alternate satellites,

In all, six arrangements have been discussed. But so far as capacity
per degree of arc is concerned, these six arrangements are really only two sets with set
#1 consisting of arrangements 1, 3 and 4, and set #2 consisting of arrangements 2, 5 & 6.
Set #2 gives double the capacity of Set #1.

D. ORBIT-SPECTRUM UTITIZATION

In an effort to reveal influential factors. the orbit-spectrum utilization is
studied for FDM~FM voice and FMTV for some representative antenna diameters at K~band.
The resulis are deseribed in Figures 5-9, 11, 13 for FDM~FM voice. In these figures, the
ordinate is

Ordinate = Voice channels in specified bandwidth

" (Intersatellite Spacing) (Specified bandwidth, MHz)
degrees

which is the same as the first entry in Table 5-2. For these curves, the abcissa is

Voice channels in specified bandwidth
(Specified bandwidth, MHz)

abeissa =

Each figure corresponds to a particular diameter and the G/N ratio for each curve in the
figure 1s marked. As onetraverses a particular curve from bottom to top, the inter-
satellite spacing (although it is not explicitly shown in the figure) decreases. Near the
abeissa, the curves corresponding to various C/N ratios approach parallelism. Near the
abcissa the intersatellite spacing increases and, therefore, for the fixed voice channel
quality the interference noise is less than thermal noise. Along the abeissa the channel noise
is completely thermal because a zero value of the ordinate implies that the intersatellite
spacing is infinite and consequently the interference noise is vanishingly small. Although
the curves for various C/N ralios separate as they approach the horizontal axis, they merge
at the top and tend to be indistinguishable; the reason for this 1s that in this region the
intersatellite spacing is small and hence the carrier/interference ratio is small and the
carrier to thermal noise is irrelevant; the noise in the channel is almost all interference
noise and the utilization is governed only by the interference transfer behaviour. The
curves terminate in the top lefthand edge at a point when the interference and thermal noise
at the receiver inpuf combine to yield a net carrier~tothermal plus interference noise ratio
which is egual to the set threshold (10 db). If FM operation below 10 db threshold is

305



permitted, the curves will continue their upward trend, merging as one curve until

the curves become asymptotic to the vertieal axis, This behaviour indicates that as the
abcissa (voice channels in specified BW/Specified BW, MHZ) approaches zero the ordinate
(voice channels in Specified BW/(Intersatellite spacing degrees) (Specified BW, MHZ))
approaches infinity. When the value of the variable along the abecissa approaches zero, a
very large carrier-deviation or bandwidth i§ being used for very small or vanishingly
small numhbers of channels., When the value of the variable along the ordinate approaches
infinity, the intersatellite spacing approaches zero and as a consequence the value of the
abeissa (or the number of channels per MHZ) approaches zero in order to keep the inter-
ference plus thermal noise at a constant level.

These curves show that as long as the C/ N ratio keeps the system above threshold
in the presence of interference, higher C/N ratios lose effectiveness and do not allow improved
orbit utilization. The spectrum utilization can be traded with orbit utilization, however, orbit
utilization cannot be enhanced by making more use of very low noise receivers.

Figures 5-10, 12, 13 depict the orbit spectrum utilization behaviour for FM-TV
for representative antenna sizes at Ku~Band. In these figures, the variable represented
along the ordinate is

TV channel s in allocated bandwidth
Intersateliite Spacing

Ordinate =

and the variable represented along the abeissa is
abcissa = TV channels in allocated bandwidth.

In order to highlight the behaviour, the effect of interference has been increased
by assuming that the receiver transfer improvement factor is 6 db lower (i.e. iIn equation
74 Appendix-6, K = 0 db); therefore no conclusion about capacity can be drawn from these
figures. In this case the C/N ratio is constant for each curve; while one traverses a
particular curve from the bottom righthand end towards the top left the interference noise
increases so that the resuliing net quality due to the baseband effects of thermal and
interference noise remains constant at a preset value. Increasing the C/N ratio increases
orbit utilization but soon a point of diminishing refurns is reached when proportionately
larger amounts of interference (compared with thermal noise) make up the preset baseband
quality. Increasing C/N buys'comparatively little in orbit utilization. The orbit and spectrum
utilization curves exhibit peaks beyond which any decrease in spectral utilization causes a
decrease in orbit utilization also and operation in this region is not advantageous. The
curves stop when threshold is reached.

E. EFFECTS OF FADING AND COMBATTING MEASURES

When a communications satellite system is operating in the presence of other
interfering communications satellite systems, fading has to be looked at in an unconventional -
way. In such a situation, harmiful fading can take place when the desired communications
satellits link fades while the links of the interfering satellite communications systems do
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not fade. In this case, the desired link suffers in two ways: the carrier/hoise ratio of
the desired system degrades, and the carrier/interference ratio degrades. In other
situations both the desired link and the inferference fade together in which case the
system thermal noise increases vis a vis the interference. So far as fading is concerned.
the following possibilities exist:

(i) ‘The destred uplink fades
(ii) The desired downlink fades
(iii) Both the desired up and downlinks fade

In these three modes of fading, the worst that can happen is that the interfering links do
not fade. Capacity degradation in these fade modes are shown for voice, TV and Data in
Figures 5-14 through 5-22.

Since the satellite transponder normally has constant gain, any uplink fade will
automatically cause a downlink fade, the extent of which will depend upon the operating point
of the transponder. The results depicted in these figures assumes that AGC has been
employed in the satellife by means of which the effect of uplink fade on the downlink fade
is eliminated. The reduction in capacity due to fading can be recovered by "power control"
and the follow:ing three power control strategies are examined.

1. Uplink power control (via earth station HPA)
2, Downlink power control {via satellite transmitter)
3. Both uplink and downlink power control

When considering the effects of fading, it 1s assumed that 7dB fades occur and while
counteracting the effects of fading it is assumed that the power can be increased by 3 db,
i. e., uplink power can be increased by 3dB, the downlink power can he increased by

3 db or each up and downlink power can be increased by 3 dB.

The following inferences can be made from Figure 5-14 thru 5-22, Since AGC
is assumed and the limiting link is the downlink, uplink fading has a smaller effect on
capacity in comparison with egual amount of downlink fading. By the same token, uplink
power control is less effective in combatting the effects of fading since during fading the
interference also ncreases, if a system is reguired to be operative in the presence of
fading without the use of power control the intersatellife spacing has to be kept larger fo
reduce interference hefore fading. However, this technique is wasteful because fading
is an occasional phenomena and in order to ameliorate its effects, loss in orbital capacity
is incurred. The downlink fading has a significanily larger effect on capacity and at the
same time can be compensated bydownlink power control.

4

" When both up and downlinks fade (highly unlikely) the effects are comparable
to downlink fading.
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The effect of fading and power control on FM-TV 1s similar to that on
FDM-FM voice. That is, when the downlink is limiting, uplink fading causes an in-
significant loss in capacity. At the same time uplink power control is comparatively
ineffective in curing the loss of capacity due to fading, Downlink fading is more serious
but at the same time downlink power control is more effective in recouping the capacity .
lost by fading., When only the uplink fades, using downlink power control as the remedial
measure might even cause an enhancement in the capacity because a 3dB increase in the
downlink power has more effect than a2 3dB increase in the uplink power. Since it is
generally true that the downlink will be the limiting link, downlink power control is more
effective and should be given consideration in future satellite implementations.

The effect of fading and power conirol in the case of data is shown in Figures
5-16, 19, 22. The same ground rules apply as in the FDM-FM and FM-TV cases. Again,
the downlink is the dominating link and therefore the uplink power control is ineffective in
recouping capacity lost due to fading. Generally, downlink power control is effective
except in the special circumstance when the uplink is the limiting link. Again, in order
to make fading less harmful with no power control the intersatellite spacing should be
kept large; but this, for same reasons as before, is not a prudent artifice.

F. FACTORS AFFECTING CAPACITY
Various factors that affect orbital capacity are:
» Antenna sidelobe characteristics
¢ Modulation
e Propagation effects
& FEarth station power and noise periormance

Capacity is limited by the inferference received at the Earth terminal
receiver input. The amount of interference depends upon the sidelobes of various antennas
involved in communication. These antennas are satellite receive and transmit antennas
and the earth terminal transmit and receive antennas. Increased amount of interference
costs capacity whether the communications service is FDM~-FM voice, FM-TV or Data
Communication. Sidelobe levels in a practical situation depend upon the {ype of the antenna.
In the case of typical paraboloidal antennas radiation characteristics are determined by
the nature of aperture illumination function and by blockage. The illumination of the antenna
aperture by the feed subsystem can be shaped to yield low sidelobe radiation and thereby
result in enhanced capacity. In general, larger earth terminal antennas allow smaller
intersatellite spacing and vice versa. The orbital spacing and hence the overail orbital
capacity when the satellites make use of the same spectrum is related {o the earth station
antenna gain. Progressively narrower intersatellite spacing decreases as frequency increases
for the same antenna diameter and vice versa, Small antennas are certainly attractive at
K~band. Capacity computations reveal that it does not make much difference when the FCC
Sidelobe pattern is modified such that the Sidelobe radiation remains constant after the
Sidelobes are down 60 db from peak (X = 60 dB). But for X=40dB the capacity suffers
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slightly only for smaller receive antennas. Needless to say, the capacity improves if the
close in sidelobe radiation can be suppressed. When the satellite antenna gain is increased,
the capacity 1ncreases and becomes insensitive to the sidelobe radiation characteristics of
the earth terminal antennas.* High gain antennas on board the satellites can be used to
reduce the intersatellite spacing and/or can he used to offset the effect of larger sidelobes
of earth terminal antennas and hence reduce antenna costs. While stationkeeping folerances
have not been taken into consideration, certain inferences about its effects can still be
drawn. Because high orbit utilization 1s achieved at small intersatellite spacing it is natural
to expect that satellite stationkeeping tolerances will have an important effect on capacity.
Stationkeeping tolerances will be important for larger antennas and higher operating fre~
guencies.

Modulation and modulation parameters are certainly pertinent in affecting
the capacity. In the case of FOM~-FM voice when the satellite allocated bandwidth is
channelized (like the 86 MHz wide sections assumed in the computations) the orbit utilization
increases as the satellite spacing 1S narrowed (until system threshold is attained). Highest
utilization of the orbit 1s achieved at satellite spacings of 1-2°. Inthe case of FDM~FM
the parameters which affect orbital efficiency is (voice channels in a specified BW)/
(Specified BW) and this can be directly traded for orbit utilization. Reducing this
parameter or the number of channels/MHz allows a reduction in intersatellite spacing.

No preferential treatment should be granted to a particular communications satellite in
the orbit. The communications capacity of a particular communications satellite system
can be enhanced by increasing the above parameter but at the expense of larger inter-
satellite spacing and as a consequence, the overall orbital capacity will be degraded.

In the case of FM~TV operation is not under fixed bandwidth conditions
as 1n the case for FDM~FM voice. Here for 2 fixed baseband quality the carrier deviation
is increased to provide increased resistance to interference from other satellite systems.
With such an operation the orbit utilization incredses as the intersatellife spacing is reduced
(until threshold is attained). An appropriate parameter affecting the orbital efficiency is
(TV channels in allocated BW) and this can be traded for orbit utilization in the same manner
as in the case of FDM-FM voice.

In the case of 4-phase PSK data the capacity descriptor is:

Data rate in Specified BW
(Intersatellite Spacing) (Specified BW)

Variation of this parameter as a function of irfersatellite spacing exhibits a peak. Below
this peak on the left {(Smaller intersatellite spaeing) there is no excess satellite power and
below thig peak on the right (larger intersatellite spacing) there 1s excess satellite power.
Exactly the reverse is true so far as bandwidth is concerned. This peak is sharp when
power is low and interference is large (see Figures 5-16, 19, 22).

* Compare Tables 5-4, 9, 12, 15 with 5-5, 10, 13, 16 respectively
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Precipitarnion and propagation have at least * a dual effect on capacily, Car-
rier power reduces capacity due to fading and if the desired link fades and the interfacing links
do not, the interference power rises in relation to the desired carrier power, Both these
effects limit capacity. Two remedial measures 1nvolving keeping the intersatellite spac-
ing larger or implementing means for downlink power control #* _

Capacity is also a direct function of the Earth Station performance parameters,

o

the most important of which are the antenna size, and the system noise temperature. These 4
affect capacity in the usual manner but with the additional influence that interference will be
less with a larger antenna.

G.

RECOMMENDATIONS

As a result of the Study the following recommendations can be made:

Smaller intersatellite spacings of around 2% can be used at Ku band

Sidelohe radiation characteristics of the satellite antenna can and
gshould be improved.

The close in sidelobe radiation characteristies of the ground terminal
antennas can be improved.

For a fixed baseband quality constraint in the case of FDM-FM voice and
FM-TV baseband noise may be predominantly due to interference. This
might require addifional experimentation to assess the subjective effects
of increased baseband interference noise on Voice and TV.

The effective radiated powers per MHz of communications satellite
systems in the orbit should not be significantly different.

Means of implementing downlink power control should be investigated
in future satellite designs.

* Depolarization and Scattering

* * While not considered herein, an alternative to power control is earth station antenna

systems diversity,
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ST r : i
} 1 t - 7.5 101113 2 - 14 2 27 ;.2E6 | .356E6 | .56ESG
i | o2 - 7.4 4 s.2 106 | - (1.4 [18 | 21 }.23E6| 56E6 | .36EE
i *, -
I
] 3 - TT4y110 4 | 13.8 - 14 2.1 2 8 {.23E6 | ,36E8] .56EB |
P r ;
: 1 3.5 6§71 ¢.21}12.6 53 {1.3 !t 1.9 | 2.4 ! 3ops | .42E6 | . 1286 |
1
bog 2 28 66 | 821! 9.3 56 1.3 |17 | 1.9 | 3726 | .12E6 ] .12E6
H 3 36 5 9 €6 ¢ 13.3 56 | 124 2 2.5 37E6 | ,42E6 4286 |
tee
1 315 6 §5 ] 12.2 31 1.2 1.7 2.2 }.33E6 33E8 33E8
3 2 3.3 & 7.3 8.2 .55 1.2 15 1.7 | 33E6 | .33E6 33E6
3 3.3 6.4 8.9} 12.8 55 11,3 1.8 2,3 1.33E6 |.33E6 |.33E6
# Voice - The numbers represent (voice channels per MHZ/ Intersalellite spacizg, dag)
o TV - The numbers represent (TV channels in 500 MHZ BW/ Intersatellite spacing, deg)
v Data - The numbers represent (Bit Rate per MHZ/ Intersatellite spacing, deg)
o A8 -5 the intersatellite spacing in degrees
@ Antenna diameters are tn meters
@ {-) - Dash maicates System below threshold
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Table 5-9

S ~Eand Broadeast Comtnunication Capacgity

TIME ZONE Xmit Antenna dia = 9. 1m
Gan VYOICE TV DATA
AB tlodel
Case (ReciDia
0,6 1.8 3 4.6 G.6| 1.8 3 46} 0.6 7.8 3
t 1 - - - - - - SO B - .TTE3 | . 23E5
0.5 2 - - - - - - - - - .76E3 1.22E5
3 - - - - - - - - - .T8E2 {.23E5
- X i
i - - - - - - - - - .3E5 |.187E7
1 2 - - . — - - - - - 1 i ]
3 - - - - - - - - - [1] "
i 1 - - 6.6 | 8.4 - - 95 | 1.35F ooms | .aams | .s3Es
2 2 - - 6.4 8 - - .92 | 1,3 . 23E3 " "
3 - - 6.6 3.4 - - .95 1.4 1T " g
E -
H 1 - 4,4 5.9 7.8 - .8 .95 | 1,35} ,72E4 | ,56E6 | .56E8
3 2 - 4.3 57 7 - .6 .94 | 1.2 ., T6E4 " "
3 _ 4.4 5.9 7.8 _ .6 .98 | 1.4 1 " "
1 - 4 55 89 - .65 .98 §1.35 1% ,36E5 | .4286 | .42F6
4 2 - 4 5,2 6.3 - .64 | .93 |1.2 .38E5| " "
3 - 4 5.5 6.9 - 65 1 1.4 " " "
1 - 3 8 5 6.5 - 65 08 1.35 . 88E5 .33E6 23E6
5 2 - 3.8 | 4.8 | 5.6 - 64 9 |11 93E5| "
3 . 3.8 5 8.6 _ .65 1 i.4 " " "

s Do o
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Voice - The numbers represent (voice channels per MHZ/ Intersatellite spacing, deg)
TV - The numbers represent (TV channels in 500 MHZ BW/ Intersatellite spacing, deg)
Data - The numbers represent (Bit Rate per MHZ/ Intersatellite spacing, deg)

A © - s the intersatellite spacing in degrees
Antenna digmeters are \n meters
{~} - Dash mndicates System below threshold (or data eapacity very small)




S -Band Bioudesst Comrum.cabion Capacuy

Table 510

ORIGINAL PAGE I
OF POOR QUALIT®

Xmt Antenna Dia=9 1lm
TIME ZONE-Sharp Satellife Beam

{
Gam 1§ voICcE l TV ; DATA :
2 Swrlel } s . :
! Case .E'Rec Dia ) i i :
o 0.8 r8f 3 ;48 0.6 1.8 | 3 46i 0.8 L8 i 3 !
i [ . T i W R L |
! I N §
. 4 o 43.5 | 58.5 | 76 - 7.9 11.6 | 15.3; 2ET |.33ET | .33ET
N - - -4 B el T T P Uy (——— — e —— ———— - -
s | : ; 7 3 ¢
fosls i - 435 1 58.5 | 76 - f7e lunsf1sai w " "
;' 3 - & T B _--—I t i - ' I '
l‘ N 8 H _ 3.5 | 533 : 76 : _ T8 11.6 15 ’i§ 1 i H " —:
LT T h i . : ; .
: 4 1138 ,26.3:365 | 50 2 |52 | 7.4 9.6; .167ET .167ET).167E7
O Y R U P H —
s 133 253;355i50 2 5.2 [ 72| 06) 0 T
§_ —— 5 e . - : 2t
! H b . - i i
b6 1138 26,3 1365 5 50 2 |52 74] 96t » " T
' i : i ] l f ; :
' -} = : ——= i . :
ts 1e3 (161 2 35 14133 { 48] 571 " "o
————— e LR WU SO H
. ; . i )
: te [8s3 |161: 23 |35 tafss | e6] 571 " w o
: % ;6.2 12 1 E 18 | 25 1425 | 3af 22! seme| seme| sems |
P T T I Ty
¢ 3 5 162 12 1| 18 25 1 l2.s laal| a3 " LI
. i T
; 6 6.2 12,1} 18 |35 1 125 4 3.4l z39) n oo
e ] !
: i i !
i 4 51 10 i5 19 i 2 1 2.8 3.3 uorwg 12E6 12E6
i < 5 5.1 10 15 19 1 2 2.8 3.3 " " "
t
14
§ 6 5.1 10 | 15 19 1 2 28| 33 " g "
P
} 4 43 84 !12.5 | 15 3 |1.8 2.3{ 2.8{ .3386 | 33E6| 33Es
5 5 4.3 8.4 |125 | 15 8 |18 2.3 ] 2.8} - " "
8 4.3 8 4 12.5 15 .83 11.8 2 3 2.8 n " "y

s 00w

Voice - The numbers represent (voice channels per MHZ/ Intersatelite spacing, deg)
TV - The numbers represent (TV channels 1n 500 MHZ BW/ Intersateilite spacing, deg)
Data - The numbers represent {Bit Rate per MHZ/ Intersatellite spacing, deg)

A B -3 the intersatellite spacing 1n degrees

Artenna diameters are n metars

{-} - Dash mdicates Sy stem below threshold
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Table 3-11

K-Band Flxed Service Communication Capacity

318

by 7dB while the interfering downlinks have not faded,

- CONUS
' ¥ -
§ {Gam vorcs TV DATA
| AD j‘ucdel £ -
: lC‘ase . E Dia { !
" ! 'y 4.8 7 {914 3 4,6 7 9.14 ¢! 3 .6 1 7
! i , {UIRe )L IET URAET
. bbbl ! - - [ - - - - - i{.85E5)|(.2E6) |(, 48Es)
E = " IEE L OEE | LET
[ 5 12 - - - - - - - - (.75E5) | (. 18E6) | {. 4E6)
] E .4E6 L1E7 . 24E7
g8 - - - - z - - L5ES | L 2ER)_1(.4886) ¢
i , o2 (32 la 48 14 18.6 | 2¢ |2.8 {.167ET|.167ET |, 167ET }
! 5 sy {20y ! (25) (20} -} (10) | (14) | (A7) i 1ET) () {-167ETy
} 1 2 21 23 24,6 25 14 12 12,4 | 12,7 [,.167ET |, 167E7 |.18TEY ;
: {~} (14) 1 (15) (15.5) 1 (-) (=) ] (6.2) | (6.4) {(.9E6) |(") ("}
i 3 25 32 41 48 14 18.6 | 24 28 . I6TET | ':TG"?E’?__.'IB'IE’T'g
' {15) (20) 1(25) (30 {-) (10 { (14 a7 (GCIED (M) (") i
: 1 14 113 23 26 9 i2 15 17 .83E6 |.82Es |[.s3Es !
i ) (A2) (8 .} (20 . | (5) (N (9.3 1 (an 1 sEs {{") £
E 2 2 12 .4 14 15 15,4 i 7.7 8.1 8.3 .83E8 {.83E6 |.83Es
5 (7.7) (9) {9.3) (9.5) () (4) {4.3) | (4.4) :(.5TE6}I (") (")
E_ 3 14 18 23 26 9 12 15 17 .B3E6 |.83E5 |.83E6
: 9 {12) 1035 an (5} D (9.3) | (11} (. BEB) 1{"} (")
1 10 i2.5 {15.5 17.5 6,5 3 10.5 | 12 .58E6 |,56E6 |,56E6 !
(6) {8} (10 (12) 3.5y | (8) (6.6) | (8 {(.4E8) [(") {")
o 2 8.9 10 11 11.5 5 3.7 6.1 6.3 .06E6 |.56E6 |,56E6
v (5.5) &) (6.8} (1) 2.8} (3 (3.3) | 3.8 1(,4E8) | (") ")
3 10 12,5 | 15,5 17.5 8.5 8 10,5 | 12 .56E6 |.0D6E6 |.56E6
{6) (3) {10) {12} (3.5) (5) {6.6) ' (8) (.4E6} | (") {"y
7.5 9.5 12 13 5 6,4 8 9 L42E6 |,42E6 |{.42E6
1 (5) (6) (7.6} {9) 2.7 (4) {5) (6) (.3E6) I("} (")
" 2 6.7 g 8.8 9.3 4 4,7 5 5.2 .42E6 |.42E6 |.42Es
4.2) | 5 (5.5) [ (5.7 } 2.1 | (2.5 (2.8) }(2.9) §(.3E6) | (") (")
3 7.5 9.5 12 13 5 §.4 8 g .42E5 {.42E6 [,42E6
(5 {6) (7.6} (%) (2.7 (4 (5) {8} (.3E6) [ (") (")
8 7.6 9 10.5 4 5,2 6.4 T .33E6 .33E§ |,33E8
1 4 6)] (6) (7) 2.2) | 3 @ (4.8 | {.2¢E6)|(") (")
5 9 5.5 6,5 7.3 7.8 3.3 4 4,2 4,3 .33E6 1,33E6 |.33E6
{3.5) {4) {4.8) {4 .8) {1.8) 2.1 2.3){ 2.4 {L24E8 (") (Y
3 6 7.6 9 10.5 4 5.2 8,4 7 L33E6 ,33E8 |,33Es
(4 (5} {8} {7} 2,2 | (3 {41 (4. 8 1( 24B8)j( ") (") 1
» Voice - The numbers represent {voice channsls per MHZ/ Intersatellite spacing, deg)
» TV -~ The numbers represent {TV channels 1n 500 MHZ BW/ Intersatellite spacing, deg)
e Data - The numbers represent (Bit Rate per MHZ/ Intersatellite spacing, deg)
¢ A B -isthe intersatellite spacing 1n degrees
¢ Antenna diameters are 1o meters (Reecewe and transmit antenna diameters are equal)
® (-} - Dash indicates System below threshold
® (e) The numbers within the parenthesis indieate the capacity when the desired downlink has faded
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Table 5-12

K-Band Fixed Service Communication Capacitv
TIME ZONE

! 7 .
i (G} VOICE i TV % ST A z
PAal fdiooel ! 1
; jCase ! Dia | [ ] P :
i : i3 46! 7 ' 914 3 |46 I 7 9,14 3...§w &6 P T
{ ; : | ) E : {1EE T BTEE Y RIEE
: A - - |- P- - - l - ¢ °E5) (.5E5) |(.13E6)
: 0.5 2 i - ol - - IS .O8E5 | ZZE6 |.57EF |
| A I (.2E5) | (.5E5) |(1E8) ;
i i H . i i LIE§ TT.27ES [.64EB
O SN N - - |- 1- .(oEs) |(5E5) |(13E6)]
P 21 | 27 136 ;43 10 142, 18 |33 [.187ET}.167E7 |.167ET ;
; S L)} !_(_ETL____(?E_),_,L_@Q___ (=3 | (7.3), (30.54 (13) :{'") ") (") :
. { b 18 20 {28 22 {8 | 8.5 | 10.4 | 10.7 { 16VET[.I67ET|.167ET
; | = by T ey @nl ) | (o jen]en e [ .
: 15 FERE Y T | 3 10 143 I8 {23 . I67ET|. 6TET [ L67ET"
. an b an fez lesn o) | @l aesiany ey bemy oM
' ¢ 18 721 120 g o34 9 12 .15 |17 {.83E6 |.83E6 | 83E6
: L tue las dan qpe Je o Leslon lim i ¢y
L, , 1 125 | 13 14 14 8.3 | 6.9 | 7.1 | 7.2 '.83E6 |.S83E6 |.S3E6
: (1.7 4 (8,21 8.5 {86 | 3.2] &5 6.7 6.7 i (" {" (")
3 15 21 {29 34 9 1z | 15 1T 1. 187E7| JIBTET7 | [167EY
(10} (i3) Q7 {20) (5} M @31 (" (™" {") (")
b 13 16,5 § 21 23 8 8.8 iz i3 C5BEB | .GBKEG |.5BE6
! I (10.3) (13) (15) @) ® ;® | ") (") (")
! 9.5 10 1.5 10.6 5.1 5.4 i 3.6 2.6 .5B6E6 | .36E67| ,56E8 T
R ~ _3 (5) 6.3) ) (6.5) | (6.5) | (2.7} | (2.9); (& {3 ") (™ "y
! S 16.5 | 21 23 g 90§ TIZT ]IS USEES [ LS6EG | JS6EETT)
e 3 (8) {10.3) (13) (15) 4] 68 | @ {9) {") (") ("y i
: 10 13 | 16 17 8.5 | & ;9.6 10 |.12E6 | .12E6 [.Z2Ef
; bl (6.6) | (8.3) ! (10.6) | (12 (3.8){ (&) ! (6.7} (7.6) 1 (") {" (")
D . 7.8 8.4 [8.7 | 5.8 I3 | 2.6 | L7 | L7 | EZE6 [.92E6 [.{ZE6
) - (5) {(5.2) | (5.3} (5.3) § (2.3) ] .9} @8] €3 (M) " (")
10 13 16 17 6.5 8 9.6 10 LAZES § L d4IkE |V EZER
3 (6.6) {8.3) [{10.8) | (1%) {3.8) (5) 6.7y (7.6) £ (") (") {")
8.5 10,5 | 13 14 55 | 7 8 8.6 |.33E6 | 33EG |.23E6
1 5.9 [ M (8.7 | (19) (3.3) | 4.4 5.8)) &.H (") (" ")
6.6 7 7.4 7.5 37 | 8.9 | 1L z _33EG | L33EB | . 39EB
3 2 ] (4.4) | (4.5) | (4.3 | () (2.0} 2.2)] E.22{(") (") (")
3 B.5 0.5 | 13 14 3,5 ki 8 8.6 B3 O I A 53 O I3ER
5.4} | (M 8.7y | {10) {3.3) | (4.4)| (5.8)} (.43 1 (") {") {")

Voiee - The numbers represent (vorce channels per MHZ/ Intersatelhte spacing, deg)

TV - Tne numbers represent (TV channels 1n 500 MHZ BW/ Intersatellite spacing, deg)

Data - The numbers represent (Bit Rate per MHZ/ Intersaielhite spacing, deg)

A8 - 15 the intersatellite spacing in degrees

Antenna diameters are 1n mefers (Receive and Transmit antenna diameters are equai}

{-} - Dash ndicates System below threshold

{+«) The numbers within the parenthesis indicate the capacity when the desired downlink has faded
by 7dB while the mterfering downlinks have not faded.

e P 00 €'z
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Table 5-13

K-Band Fixed Service Communication-Gapacity
TIME ZONE -~ SHARP SATELLITE BEAM

Gawn E VOICE TV DATA
A8 {Model
Case i
. {Pie 4.6 7 lo,1a }a 66 |7 |ee [ 3 46 | 71
¢ 56 05 (128 | 139 | 5o 58 | 80 | 87  {.33E7 |.33B7 |.33E7
: 4 (5%) {70y : {87) (100) } {33) 45 | (57) | (85) (") (") (™
1
0.5 5 " n " it " " " " " " 1 !
; 6 . it 1 1 " 1T L3} " 1" 1 Tt n
; t 43 63 63 70 29 as 41 44 L187ET |, 167TEY |, 16TET
t A of e jee lan |60 jas | @@ ey | " "
{ 1 5 E t " 1 " " " " r " n 1w
H .
I 6 " n 11 " " 1 1] n " " (13
f
: 4 22 27 32 35 15 18 21 22 .83E8 |.83ER |.R3Es
{ ° 0y ! ongy | (22 {25) {9) gl as | on " " "
} 2 5 " n " 1 " mn " [ 1t mn [
; 6 17 1 n " tr n e " (1] 1" 1" ]
' 4 15 13 |21 23 10 12 |14 |15 |.56E6 |.56EG |.56ES
% (2.5} {12) {15} {17} {8) (8) (10) (11,5)i (") (") (")
E 3 5 " [ " m n 1" n " (L] " 1T
6 n 1t " " ” 4] " 1" n n "
4 11 13.4 | 18 17,4 7.5 9 10.5 | 11.3 | .42Eg | .42E6 {.42E6
(7.0 { {9 (11.3) | (12.7{ (4.7 | _(6) (.01 @7 1" ") {(r)
4 5 1] 1m m [1] 1t n n " n b s "n
[ 1 1] n " L 11 " it " EL] "
4 9 11 13 i4 6 7.3 { 8.4 {9 .33E6 | .33E5 |.32E8
6.7 | (7.3) | & {10) 38.8) | (5) 6.2 (M ") {") (")
5 5 [ 1" n 1] " 1t " " 1t 1 1"
6 " " L " 1t rn 1 " T " 1t
# Voice - The numbers represent (voice channels per MHZ/ Infersatellite spacing, deg)
# TV - The numbers represent (TV charneis in 500 MHZ BW/ Intersatellite spacing, deg) )
o Data ~ The numbers represent {Bit Rate per MHZ/ Intersatellite spacing, deg)
o A @ -isthe intersatellite spacing in degrees
P g g
& Apntenna diameters are in meters {Receive and Transmit anfenna diameters are equal)
o (+) The numbers within the parenthesis indicate the capacity when the desired downlink has

faded by 7dB while the Interfering downlinks have not faded.
320




ORIGINAT, PAGE 18

OF POOR 7
Table 5-1&
S-Band Fixed Service Communication Capactty
CONUS
£ i v T 7 ey
. N § i
] (G VOILCE ! TV : DA LA !
} A8 hodel g : .
. "Cage i Dia. ! : i "
! ! 3 46 | 7 19,14 13 1.8 7 191§ 3 1,6 7 !
e ' e, - R e
T | - | - - - - iape {,112B7]|.33E7 |
| R e - e
' ' 1 H {
© 05t o2 i - - q- | - i- - - - 1.39E6 |,157E7 |, 33ET |
i : U SN S ——— -3 — _——
) Lo - - i - - - - 1.42EB J1TET | 33E7 |
e o o s manite, ! ~ D e :
H H i { +
5 P - 11s.2 Izo.s [ 24,5 | - 2.6 { 3.7 [4.6 !.167E7|.167E7| 167E7
SRR ARt bl B hilahe Rt ts —— -
1] 2 | - 15,5 !18.9 ' 21 - 2.4 | 3,2 |37 i 167ET]| 167ET7|.167ET i
. i : i .
p el B t
: : 3 b - i 16.2 [20.9 | 245 | - 2,6 13,7 146 1.187E7|.167E7 [, 187E7 1
; H ! ! i
e It H H } +
: P11 1013 128 [16.7 | 20 1.8 | 2.6 |35 |41 [.83E6 |.83E6 |.63E6 .
H I 7 Ty T =
oz o2 E 9.7 | 1.9 |13.7 ! 147 {7 | 23|28 20 |.esme |.ssm | s3E6 |
. Yo —_— . _ ! [ |
a2 ! s02 ) 129169 J20.2 |18 | 26|35 |42 | s3Es |.e3E6 j.83E6 !
R = f ; :
Pt b os.g 10.8 ! 14,1 ! 6.9 | L7 2,3 | 3 3.5 56E6 | .56E6 |,56E6 E
i = B R
t I3 H [3
3 | 2 ; 8 9.5 10,9 11.6 1,6 2 2,3 2,4 .56E8§ 56E6 |.36E6 l'
. — — -y
: E 3 i &5 1 j1a3 {1l p LT | 24103 3.6 {.56E6 | .56E6 |,36E6 |
1
e e e =
: 1 % 7 9,2 |11.8 | 13.8 | 1,5 2 2.6 |3 .42E¢ | .42E6 |{.12E6
1
1 - = -
- 2 | 8.7 | 8 9.1 9.7 fur: | 17|19 |2 12E6 | .42Es |.12Es
) 2
; 3 7.2 8.3 11,9 13,8 1.6 2 2.7 3 .412FE6 | _42F6 |, 42Eg
E 1 6 7.8 9.9 11.4 1,4 1,8 2,3 2.6 .33E¢ | .33Es |.,23Es6
E ] 2 5.7 6.8 | 7.8 8.2 1,4 1.5 | 1.6 1,7 |.33E¢ | .33E8 |,33E6
i 3 6.2 7.9 |10 1.4 1.4 1.8} 2.3 | 2,6 33E6 | .33E6 |.33E6 |
#  Vowce ~ The nuntbers represent (volce channels per MHZ/ Intersateliite spacing, deg)
# TV - The numbers represent (TV channels in 500 MHZ BW/ Intersatellite spacing, dez)
¢ Data - The numbers represent (Bit Rate per MHZ/ Intersatellite spacing, deg)
6 A8 - (=the intersatelhie spacing 1n degraes
¢ aptemna dizaatels are in mefers (Receiwve and Transmet antenna diameters are equal)
¢ (-} - Dash indicetes Sy siem below threshold
e {+)

The numbers within the parenthesis indicata the capacity when the desired downlink has
faded by 7dB wiile the mterfering downlinks have not faded.



Table

- . S-Band.Fixed-Service-Communication-Capacity

. TIME ZONE
E A8 Sr:::;el t voick TV DATA
g Case ; Dia.
a' P33 4,8 7 9,14 3 4.8 7 o 14 3 4.6 T "
: 1 - - |- - - - - - 12E4 |.98E4 |.4E5
: 0.5 | 2 - - |- - - - |- |- %.12Ea |.om4¢ |.30Es
E i 3 i - - - - - - {- {- l.i2m¢ |.0sE4 |.4E5
§ L= - - 13.9 § - - - |21 }.78E5 |.15E7 |.167E7
i
Loy |2 - - - 13,1 | - - |- |wus i.m5Es |.uam7 |.167E7
; 3 - - - 13,9 | - - |- 2.1 {.sEs |.18ET |
*' 1 - 7.7 |10 1.7 |- 1.2 | 1.7 2.2 |.83Ee |.s3E6 |.83Es
P 2 - 7.5 |a.2 |12 |- 1.1 | 15 |18 " " "
3 - 7.7 |10 1.7 |- 1.2 |17 |22 § ¢ " "
‘ 1 5.3 | 7 le.8 |10.4 |.8 12 | L7 }2.1 |.s6Es |.56E6 |.56Es
i3 2 5.2 6.5 | 7.8 8.3 .8 1.1 | 1.4 | L6 " n "
g 3 5.4 | 7 |88 |10.5 .8 L2 | 17 f21 | ¢ " L
1 4.9 | 62 182 |98 |.s 1,2 {17 |2 1.4286 |.42m6 |.42Fe
4 | o2 4.8 | 59 les |73 |.8 1|13 fis | = o "
3 4.9 | 6.2 ls.2 |98 {.8 1.2 |17 |2 “ " "
. 1 45 | 58 l71 Jo3 |.8 1.2 | 1.6 {19 }|.33E6 |.33E6 |.33Ee
s | o2 a4 | 52 |61 |ea |.8 w12 fusg § o z n
3 26 | 59 [7.7 |94 |.8 ne | 1e [1e § v " "oy

e 0 08P

322

Voice - The numbers represent (voice channels per MHZ/ Intersatellite spacing, deg)

TV - The numbers represent {(TV channels in 500 MHZ BW/ Intersatellite spacing, deg)

Data - The numbers represent {Bit Rate per MHEZ/ Intersatellite spacing, deg)

A8 - .s the imtersatelhite spacing in degrees

Antenna diameters are in meters (Recewe and Transmit antenna diameters are equal)

(-} -~ Dash mdicates System below threshold

{+) The numbers within the parenthesis indicate the capacity when the desired downlink has
faded by 7dB while the interfering downlinks have not faded.
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Table 3-16

5-Band Fixed Service Communication Capacity

ORIGINAL PAGE IS
OF POOR QUALITY

TIME ZONE - SHARP SATELLITE BEAM

P

i

: t ¥ N :
2Gama voIicth ] TV ! DATA 5
AG [hivdet - H i o
;Cose |, Dia, | ! ‘ ! I { t
. S WU Y - AU 1% SIS S 48 it a9t b3 lae | T
' I : : i | ! ] !
i 0 - b - ; 98 1 111 - - 18 21 {,3E6 {.7E6 L.3ET }
S i e Sl il =
0.5 t 5 . ; - ! " T § - - n " ; 1" n " E
N i ; — -l - =
8 ' - [ i ] - - " n P n "
T s : | g
£ v 30 . 39 152 63 6.3 835 ;11 12 * 16TET 1. 167TET |. 187E7 é
’ PraFE ER A AT O Y i 1 ¥
l ; 5 ; 30 i " ! L1} E 113 6. 3 n . re n ; " 1 L1} :
H [ I i : :
i — - t 1 -
i 8 L 30 ! 11 " i 1t { 6‘ 3 11 [} n ! n 17m 1" ;
eenam o i : 4 .
3 . . i ' i
4 p 1w iea .28 f33 3.8 |5 |6 7 1.83E6 |.33ES |.83EF |
£ t H T— -
2 E 5 E 17 7 3] i i1 3.8 1 " " } " 1 "t i
1 3 i - i t
S e A S . T
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B Table 5-17 Ree: Antenna dia. =9.1m
Multicarrmer Fixed Service Communications Capacity Xmt Antenna dia. =9.1m

CONUS
K~BAND S-BAND UHF BAND
o3 o
YREEE
O=o0 Voice Data Voice Data Voice Data
1 _ - - - -
0.5 2
3
18 L187ET
1 (-) (.86E6) - .12E6 -
10 LT
2 (-) (.38E8) - .9E5 -
16 .167ET
3 (=) (. 86ES) - J12E8 -
9.9 .83E6
1 (6.2) (.52E8) 5.3 .5TES - .12E4
8.7 .83E86
2 (-) (.33E8) 4.6 .42E§ - L11E4
9.8 .83E6
3 {6.2) {.52E8) 5.3 .57E6 - .12E4
6.8 .56E6
1 (4.5) (.35E6) 4.8 .56E6 - .9E4
5 L56E6
2 (-} .26E6 4.1 .52E6 - L85E4
8.8 .56E8
3 (4.5) (.35E6) 4.8 .56E8 - .94E4
5.2 42E6
1 3.4) (. 26E6) 4.3 L42E6 - .16E5
4 42E8
2 {(-) (.22E6) 3.6 .42E6 - .15E5
5.2 42E8
2 3.4 (. 23E86) 4.2 42E86 - L16E5
1 4,2 .33E8
2.8) (.21E6) 3.6 .33E6 - .33E5
2 3.4 .33E6
(2) {.18E6) 3.1 .33E6 - .31ES
3 4.2 .33E6
(2,8) {, 21E86) 36 .33E86 - .35E5

o Voice - The numbers represent (voice channels per MHz/Intersatellite spacing, deg)

o Data - The numbers represent (Bit Rate per MHz/Intersatellite spacing, deg)

0 A & - is the Intersatelhite spacing in degrees.

o {=) - Dash indicates system below threshold (or data capacity very small)

o (=) - The numbers within the parenthesig indicate the capacity when the desired downlink
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2Carriers = 6 (6MHz BW)
Reec: Antenna dia. =9, 1m
Mulficarrmer Fixed Service Communications Capacity Ximnt Antenna dia. =9 1m

Table 35-18

Time Zone
K~-BAND S-BAND UHF BAND
£23
[ 5 [
UE® Voice Data Vorwce Data Voice Data
.2E5
. B (. 14E5) - .2E4 - -
. 18E5
2 - (.13E35) - L18E4 - -
2ES
3 - (. 1LES5) - 2B - -
23 (167ET
1 1 (") 9 1E7 - LIE3
, . 16 .167E7
= (8.7 { ') 8.3 .9EG - .2E3
23 .167E7
3 an (") 9 J1ET - 2E3
12 LB3ES
1 {10) (") 8.2 8388 - .35E5
9.5 33E6
2 {5.9) (") 7.2 .83E6 - .34E5
2 .83E6
3 (10) (") 8,2 .83E6 - .35E5
8 .56E6 )
1 1) (") 68 ,36E6 - .15E8
6.9 56E6
2 {4.5) (") 5.9 56E6 - .11E6
8 i .56E6
3 (1) oMy 6.8 .36E6 - .15E6
6.2 L42E8
1 (5.4) (") 5.5 .42E6 23 26E6
5.4 L4258
4 2 3.7 (") 4.8 L42E6 23 .26E6
6.2 1285
3 (5.4) £m) 5.5 L 12E8 2.3 97ES
1 5 33E6
{4.3) (") 4.6 .33E8 2.3 .33E6
N 4.4 .33E6
(3) (") 4,1 33E$§ 2.3 33Es
3 5 .33E$§
{4 3) (") 4.6 33E6 2.3 .33E6

o Voice - The numbers represent {voice channels per MHz/Intersatelhite soacing, deg)

o Data ~ The numbers represent (Bit Rate per MHz/Intersatellite spacing, deg)

o A 8 - 15 the Intersatellite spacing in degrees.

o (-} - Dash indicates system below threshold {(or data capacity very small}

o (») - The numbers within the parenthesis indicate the capacity when the desired downlink
has faded by 7 dB while the interfering downlinks have not faded. 325




#Carriers =6 (6MHz BW)_
. - Table 5-19 .. Tt Re&c: Antenna dia. =9.1m
Multicarrier Fixed Service Communmcations Capacity Xmt Antenna dia, =9.1m

Time Zone -~ Sharp Satellite Beam

K-BAND S-BAND UHF BAND
£33
o [=]
A8 1520 .
Voice Data Voice Data Voice Data
. 50 .33ET
& (23) (M) 47 .33E7 - .18E5
0.5 5 t 1 " t - "
6 n 11 Ir " —_ 114
4 25 L187E7
(22) (") 24 L16TE7 17,2 167ET
5 " " [} 114 ii) it
6 T (13 " " [} ] 1
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5 1t " " 1t " sl
6 1" " 33 114 " 1"
4 & .33E6
4.3) (") 4.9 .33E6 4.3 .33E$
5 i 1" (1} "n " "
6 1 11 1" " " 1

o Voice - The numbers repressnt (voice channels per MHz/Infersatellite spacing, deg)

© Data ~ The numbers represent (Bit Rate per MHz/Intersatellite spacing, deg)

o & 8 - is the Intersatellite spacing in degrees.

o (=) -~ Dash indicates system below threshold

0 (+) - The numbers within the parenthesis indicate the capacity when the desired down.l.ink
826 has faded by 7 dB while the mterfering downlinks heve rot faded.




SECTION 6

TECHENOLOGY IMPACT (to 19885)

6,1 INTRODYUCTION:

This section summarizes earth station, satellite and system technology
which is believed to be significant for the cost-effective realization of the services de-
scribed in this study. While this rechnology applies prineipallv to the so-called small
user, which restricts earth station technology essentially to that of small, low cost earth
sfations, it may also impact larger users through more efficient satellite or system
design. It will be recalled that economy of scale is an important factor in service cost.
For earth stations this is reflected in umt cost reductions for quantity "buys'. For satel-
lites, this isreflected in the economy of larger satellites on the basis that larger multi-
purpose, multi-frequency band, or multi-service gatellites cost less in terms of annual
cosi per user than do smaller satellites (provided the larger satellites are reasonably
utilized), This economy of scale has been discussed elsewhere in this study and will not

be discussed further in this section. This section will be confined to discussions on
technology.

A prediction of technology performance out to 1985 is subject to some
conjecture even 1if there is a reasonable consensus on the nature of future development and
funding, Some development may be needed to achieve the performance and/or costs used
in this study and presumably these developments will be funded and will be successful,
The state~of-the=art may even progress faster than anticipated. These uncertainties
should be accepted by the reader, This section does not discuss munor device improve-
ments that may be expected to routinely oceur or c¢ertain non-recurring costs necessary
to achieve the stated service performance and costs but rather areas where concentrated
R&D might achieve significant improvements. Emphasis, therefore, 1s placed only on
technology which can make a significant difference in terms of cost-effectiveness, or per-
formance, On the other hand, it also is important to recognize technological areas which
have matured to the point where additional R&D investment will reap relatively small
dividends, Therefore, this summary section i1s intended to highlight fruitful areas for
R&D expenditures either by the public or private sectors, There are three pertinent
areas, earth stations including interface equipment, satellites and launch vehicles, and
systems., Each of these three areas will be discussed 1n the following sections. Much of
the following summary 1s elaborated upon in more detail in Volume 3,

6,2 EARTH STATION TECHNQLOGY

Earth Station Technology 1s divided into four major subsystems, the
antenna, LNR, HPA and interface. In general, the antenna, LNR and HPA technology
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are mature {echnologies and present experience and the supplier surveys did not disclose
any prospects of a revolutionary nature, although there are small improvements being
accomplished by suppliers in each of the subsystem areas, and there are novel compon-
ents and subsystems which improve cost-effectiveness and/or performance, With
regard to interface equipment, there are significant cost reductions in progress for
digital subsystems and components due to an evolving LS industry. If sufficient
production is available to pay for the non-recurring costs, production costs of

digital circuitry can be reduced substantizily. Unfortunately improvements due to

LSI in analogue circuits are not comparable to those in digital circuits so that in general
overall cost reductions depend on how much of the total system is digital, and how

much of the "digital" system is really composed of digital logic.

A, Earth Station Antennas.

While new methods for fabricating and erecting low-cost antennas
are constantly being sought, and certain technical developments relating to antenna
efficiency and side lobe control are currently active, the conclusions reached with
respect to antenna technology is that this is a mature technology and only minor
improvements in low-cost earth station antennas are to be expected out to 1985. The
most significant improvement in antenna technology relates to control of antenna side-
lobes, While this does not seriously affect the performance and cost-effectiveness of
the services in this study, it does have serious consequences regarding the ultimate
orbit capacity achievable and this is of concern to all users. Manifestations of this
problem are currently experienced in the U,S. at C-Band, where the FCC has limited
the deployment of small apertures and placed at least implicit limits on minimun antenna
diameters (approximately 4,5 meters). These restirictions have hindered development
(or commitment) to systems utilizing small apertures - such as radio networks and point-
to point data applications using small terminals. In addition, the 1977 WARC has
indicated similar concern regarding Ku~-Band, resulting, in Region II, in the orbital
separation of fixed service and broadeast service satellites, and in Region I, with
recommendations on minimum acceptable G /T ratios, as well as coordination guide-
lines for both regions. Consequently, R&D relating to the use of antenna shrouds, absorbers
complicated illumination factors, arrayed feeds, ete. in the contexr of small antennas
to supress sidelobes (or at least close in sidelobes) can ultimately be important. However,
the possible performance improvements achievable by concerted R&D are probably dwarfed
by the magnitude of the cost uncertainties of large-scale production.

?

With regard to the land mobile service, however, R&D is recommended
to develop and test suitable antennas., Not only must these antennas achieve significant
performance in gain and beamwidth and be cost-effective as well, but they also must
gatisfy other important requirements. Among these are: (1) immunity to windage and
weather, (2) immunity to vandalism, (3) the ability to be esthetically pleasing (depend-
ing on the type of vehicle on which it is mounted), (4) no restrictions on vehicle access or
right -of-way, (5) low-cost installation. Other technical issues of equal importance are
performance in field service with regard to ground and obstacle multipath, obstruction
loss characteristic of various types (such as trees, wood buildings, open steelwork
bridges) which may intercept the satellite-vehicle path. These problems which are
only treated perfunctorily herein are deserving of a concerted R&D effort,
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B, Low Noise Receivers:

Most of the service tradeoffs identify FET low noise receivers as an
optimum choice, Such receivers bridge the gap between high performance and high
cost paramp and low performance, low cost mixers, thereby superseding tunnel diodes.
FET low noise performance is constantly improving, At C-Band, where FET develop-
ment is now exceedingly active, FET performance is approaching paramp performance.
Unit amplifier noise temperature is below 100 K, While not as active presently,
similar progress is expected in Ku~Band. The FET amplifier is inherently a low-cost
unit. It is a two-port device with reasonable impedances, requiring simple low-cost
stub tuning readily provided by high performance, low-cost, reproducible microstrip
circuifry. TParamps, in addition to requirements for a high frequency pump {60 GHz
or better) are single port devices requiring complex RF junctions and complex RF
cireunitry. Consequently, design, production and test cosis are significantly higher.

In addition, experience indicates that FETs can be field replaceable on a modular

basis (that is, amplifier by amplifier) whereas troubleshooting and repairing paramps

is much more difficult. Nevertheless, despite these atiractive possibilities, the

advent of FETs has not resulted in a dramatic, reduction in the cost of "G/T". Com-
parisons of G/T vs cost with previous studies indicates that inclusion of current FET
capability does not substantially change the G/T vs. cost curve. Consequently, it 1s
concluded that while FETs are a definite advantage and have wide application, this device
will not have a substantial effect on the economic viability of the varous services. Some
attention has been given to image enhanced mixers which are capable of moderate noise
performance. However the computer tradeoffs seldom result in the selection of this
device because of its relatively high cost, Like the paramp, the image terminated
mixer requires a complicated microwave circuit which is expensive to design, manu-
facture and test. All in all, FET development is proceeding at a rapid pace and while
Ku-Band FET development might be enhanced by additional R&D the study results show
this is unlikely to have a serious impaect on the service cost-effectiveness,

C. Earth Station High Power Amplifiers.

Wideband interactive user services require a significant amount of
transmitter power, greater than 10 watts, which appears only possible with tube
technology (TWTs or Klystrons)., Tube technology is om ture, the supplier industry
is producing tubes in substantial quantities, and this industry is highly competitive,
so that significant technological improvement affecting cost or performance out to 1985
are not expected,

A dominant part of tube-type HPA cost is the high voltage power
supplies and control circuitry, The former are large, high voltage urnits,
some of which must provide precise regulation, Above 30 watfs, sequencing units,
overload fripouis and "crowbars' significantly add to the expense. Both the high
voltage circuits and the control circuitry even though built to commercial practices
require irequent maintenance. Typical tube lifetimes are 10,000 hours (and often are
iess), and skilled personnel are required to perform maintenance because of the
mechanical assembly complexities and the complexity of electrical adjustments.
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On the other hand, narrow band interactive services can use solid state
amplifiers at levels of less than 10 watts., Both IMPATT and FET devices are attractive
and both reduce costs compared to tubes and simplify servicing because there are no high

voltage power supplies, Solid state HPAs consist of several stages in cascade, e.g. ,
modular so that module replacement is simplified and unlike tubes, there are essentially

no wearout mechanisms, IMPATT amplifiers, of course, are not new; however, recently
improved devices, both in Silicon and Gallium Arsenide are available, The FET amplifier
will likely be favored in future applications because cireuiiry is simpler to build and test
and FET twe-port devices are simpler to design, particularly over narrow bands.

No significant changes in HPA technology is expected through 1985. The
availability of solid state HPAs, while helpful in narrow band interactive systems, does
not have a major influence on system costs because HPA costs in this case are small
in relation to the total earth sfation.

D, Interface Equpment.

This is a complex assortment of multi-functional eguipment that can be
a dominant cost in the earth stations of some services. For example, the compressed
TV teleconferencing application involves vidicons, cameras, special lighting, possibly
video compressors’”, accompanying TV momtors, MODEMS, TV/audio diplexers, etc.,
as well as the normal earth station components. All this equipment is readily available
commercially and 1s manufactured on a sczle that is likely to be unaffected by demands
for satellite/video teleconferencing equipment. The same 18 true for the other telecon-
ferencing systems and for the multiple data and voice service. Consequently, technolog-
ical break throughs significantly affecting cost and performance characteristics are not
really expected except for one very important item, and that is LSI,

The development and use of L3I has caused a truly remarkable revolution
in the microprocessor (communications) field and 1n the pocket calculator. In fact,
wherever low cost, high production of digital logic cireuits is required, LSI is the
preferred answer. Unfortunately, while the two examples given above are dramatic, the
"wholesale' application of 1SI to earth station interface equipment, even so called digital
mnterface equipment is not possible. For example, consider the elements of a typical SCPC
channel umit for digital transmission, shown in Figure 6-1. This unit multiplexes and
scrambles incoming data, provides conveolufional coding for forward error correction
(trading bandwidth for signal fo noise ratio), modulates an assigned carrier and performs
the inverse upon receiving, including carrier acquisition, All these blocks except for the
MODEM are essentailly composed of digital logic and thus amenable to LSI. And in fact
these elements are available today as LSI chips for specific limited applications. :Eor ex-~
ample, a voice CODEC based on variable slope delta modulation, and convelutional coder/
Viterbi docoder are examples of LST chips currently advertigsed and available. Unfortunately,
the most difficult and complex subsystem in Figure 6-1 1s the MODEM itself which 18 com-
posed meostly of analogue circwits, e.g,, amplifiers, voltage controlled oseillarors,
multipliers, filters, crystal oscillators, ete., which are not readily amenable to LSI.
Some manufacturers have attempted to develop hybrid units using digital logic and ana-
logue amplifiers, bur with limited success to date with respect to size reduction,
testability, reproduecibility and cost. Therefore, while it is possible that analcgue
circuits may be I.SI'd by 1985, it appears that only the digital circuits (and there are a
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goodly number 1n many of the service configurations) will be LSI's by 1985. A perusal

of Volume 3, Appendix 1 (where interface eguipment costs are broken down into consider-
able detail) will show the reader how the cost allocation with regard to ISI was performed
in the study and the importance of 1SI to particular conijgurations.

E. Miscslianeous .

It is worth mentioning that operations and maintenance costs are assumed
to be minimal expenses to the annual service cost because all earth stations are assumed
to be unattended but capable of servicing by locally available personnel. This means that
outages due to failure and repair are longer than outages for earth stations with skilled
technicians, However, a gkilled technician costs an operating carrier approximately
$30, 000 a year including overhead and benefits, Thus, even the more complex earth
stations such as for video teleconferencing are expected to be unattended but locally main-
tained, Part of the annual cost for O&Mis 2 sum required to develop and maintain-the -
skills of a local maintenance man. No uninterruptable power supplies {diesel generators
and batteries), air-conditioning, exotfic alarm and control or personnel facilities is
agsumed. Those rare locations requiring these items are associated with such a small
number of terminals that these situations can be neglected as far as cost impact is con-
cerned.

6.3 SATELLITE TECHNOLOGY

Beginning in 1962, with the launching of the Telestar and Relay and later
Syncom expenmental communications satellites, operational communication satellife
technology evolved quickly, first via the Intelstat System, then by Canadian and U. 3.
Domsat Systems and finally by so-called Foreign Domestic Systems. Along with this
evolution, NASA sponsored satellite and subsystem development programs such as the
ATS series complemented the evolution and provided much technical support. Corres-
ponding developments, particularly by NASA in launch vehicle technology was thorough
and timely such that satellite operational capability was limited by traffic and not by
launch vehicle technology. Today sophisticated sateilites such as Intelsat IV, Intelsat Vv,

the 11.8. Domsats, and the Military "777", for example, are available to meet ever grow-
ing demands for more and better service,

Technical innovation is still going on at a rapid pace, however it is
interesting to note that this innovation is mosily confined to communication hardware.
More efficient TWTs, approaching 50% (expected to be near the practical limit), are
available, Exotic but light weight filters and multiplexers composed of graphite composites
and large deployable and/or multiple beam antennas are examples of industry efforts to
improve communication satellites, Recently, GaAsFet amplifiers have heen developed
to the point where satellite use is possible; these amplifiers offer a substantial reduction
in thermal noise compared to tunnel diodes, (from approximately 1100°K to 500°K at "C"
Band) resulting in gignificant savings in earth station HPA costs. In addition, demands have
required design and construction of larger and more complex satellites (Intelesat V, ATS 6 and
Fleetsatcom) indicating industry competence in developing large complex satellites. Even
larger'launch vehicles are still available, if needed, Further, more efficient solar arrays
both "blue™ and 'violet" cells are, in use increasipg solar array efficiency by about 25%.
These developments are significant and have been taken into account in the Study,
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In addition to the above, the land mob:ile satellite capability can benefit
substantially if a linearized Class B silicon bipolar {ransmitter can be developed so that
"back-off" and intermodulation penzlties can be avoided. Considerable success has been
achieved to date using both "feed forward™ and feedback methods over modest bandwidths,
Without linearization a power loss up fo 5db is encountered. Linearization techniques
also apply to carrier type domsats. Frequently these transponders are operated in the
linear region, e.g., in the '"backed-off"* mulitiple carrier mode and are power limited,
not bandwidth limited. The resultant 5dB backoff, causes a 5dB reduction in capacity
and presumably therefore.a 5dB increase in transponder "cost". Consequently,
there are applications for linearized amplifiers in both the potential land mobile service,
and in the carrier systems. In the latter case the applications are 4GHz and 12GHz using
primarily GaAsFet technology. It should be noted in passing that little success has been
achieved to date in linearizing TWTs, basically because of the large bandwidth involved
and the complex impedance functicns caused by internal reflections,

For point-to-point communications multibeam satellites can focus more
energy into the regions of interest, thus improving the communication efficiency and
offering the possibility of fregquency re-use through spatial separation of the beams.
However, several problems arise in connection with this basic concept. It 1s desirable
because of weight considerations to use only a single aperture to develop the multibeams
using individuzl feeds. Both parabolic and sphericzl reflector antennas, front fed,
Cassegrain, or offset fed have been considered and have been developed. Limitations
occur due to sidelobes caused by limited focal region for feeds, blockage, feed coupling,
ete, so that for many beams, single aperture-single beam arrangements are favored or
resort 18 made to heavier more complex lens antennas. At high frequencies as high as
say C-Band, the mulfiple antenna solution 1s reasonable if only modest beamwidths, say &
are desjred, Another substantial problem is the sigral routing problem within satellites.
When only a gingle wide coverage antenna is used as in the present U, S, domsats, all the
satellite {ransponders are available to users within the single coverage area. When
multiple beams are used, signals arriving at the gatellite must be directed to the correct
downlink spot beam. For complete access using FDMA, and a szatellite with 'b'' discrete
beams, at least b” routing filters are required; for this minimum the transmitters driv-
ing the downlink beams are operated in the multiple carrier mode, normally reguiring 2
3db-8db backoff. The combination of the filler weight and power penalty reduces the
attractiveness of this concept. Use of 2h2 filters and b” output amplifiers avoids multi-
carrier operations, but results in a heavy satellite, These limitations can be overcome
by the use of a version of satellite-switched TDMA, described in Appendix 6 in which an
onboard switch matrix switches received TDMA signal bursts to the proper downlink
beam, The *'destination’ filters are thus avoided and the transmitters only amplify one
carrier at a time and so avoid the ase of "backoff., The satellite switch composed of an
"m x o' array of high frequency switches (using PIN dicdes for example) 15 stmilar fo a
crosgbar telecommunication switch, controlied by a small computer and updated by the
sateilite command system. The satellite swiich is state of the art. The disadvantage of
such a system 18 the costly TDMA equipment 1n the earth stations and the high aggregate
bit rate per station. Provision of network control, redundancy, synchronization, fail
goft, demand assignment, etc, relating to the TDMA approach have not been developed
because of the expense and market uncertainties.
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Dual polarization is in use in Intelsat, Comgtar and Satcom to increase
capacity by providing polarization isolation to co-channel bands. These techniques pri-
marily benefit high capacity carrier systems. Isolation is limited by the antenna tech-
nology and by depolarization due to rain, The systems considered in this study did not
consider use of dual polarization directly except for the land mobile case.

Similarly, components offering substantial increases in satellite payload
such as cesium or mercury bombardment 1on engines, with high specific impulse have
been developed and flight tested as experiments. Such devices offer promise of reducing
the approximately 15% of the satellite payload allocated for hydrazine fuel, making most
of thig available for extra communications., 8imilarly, fuel cells in various forms
offering substantial reductiong in the weight of energy storage systems are being developed.

The transition from experimental or conceptual status for SS-TDMA,
fuel cells and ion engines ig inhibited by a lack of orbital demonstration programs.
Commercial carriers and other satellite owners, faced with the prospect of untried
technology do not accept the risks and opt for the "tried and true', established technology.
This trend is increasingly prominent in latter years since the decline of government-
sponsored R&D in communications satellites; ATS-6 and CTS being the last of the
demonsiration satellites. Counsequently, for the purposes of this study it has been
assumed that this status quo will continue and that these valuable technologies will not
be applied to operational communications satellites in the near future. Recognizing
the long gestation period for satellite systems, the cutoff for 1985 technology is 1980 o

1981l. There are apparently no existing plans to demonstrate these technologies by 1981
except for a limited S5~ TDMA gystem being implemented on TDRSS.

The Space Shuttle is one final technical innovation having a bearing on
the study results, The more obvious cost benefits such as lower launch cost and lower
insurance cost (man-rated reliability and Shuttle return-to-earth if the mission aborts)
have already benefited the study results. A larger available spacecraft volume reduc—
ing the cost of deployable elements also can have a bearing on space segment costs.
Many of the configurations discussed herein can benefit from the larger shroud volume.
The cost savings, however, are not expected to be dramatic and there is every indication
presently that satellite designers will not radically change spacecraft design or test
procedures or change piece-part quality. Such radical changes will likely only oceur with
the advent of on-orbit repair or return -from-orbit capability forecast in the future for
Shuttle operations,

However, present Shuttle operational plans call for weekly launches of
modularized payloads, a large step forward in launch turn-around time as contrasted
with the 60 days currently required if a launch vehicle is available at the launch site
and six months to a year if one i3 not. It is believed that such short turn-around times,
particularly if warranted by emergency conditions, might encourage the use of single space-
craft in orbit for operational systems, with backup provided by a ground spars. Some
added redundancy would be necessary - for example, the satellite operator may be re~
assured if completely redundant and independent propulsion, attitude control and power

electronies are provided even if the satellite communication performance 1s somewhat re-
duced. In the event of a disastrous on-orbit failure - or for more likely a threathened failure
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~ a backup satelhte can be rushed into orbit with an accelerated Shuttle launch schedule,
The operating risks of single in-orbit satellites have already been accepted by satellite
carriers for extensive periods of time so the procedure 18 not necessarily new. The
payoff can be estimated by considering a specific example. The Shuttle launched -
Atlas/ Centaur type space segment annual cost used 1n this study is 326, 1M per annum
including cost of two on-orbit satellite, two launch vehicles, one ground backup satel-
lite and other sundry costs histed in Volume 3 Appendix 2, Satellite Characteristics.
Table 2-18, Eliminating the second on-orbit satellite and 1ts launch and related costs
reduces the annual cost from 326.1 M to $17. 1M, a cost reduction of 35%. While this
estimate 1s idealized to some extent, (the single satellite will require additional equip-
ment), 1t is clear that substaniial savings are possible from this operational mode. This
operating mode was not considered for the purpose of this study because neither the Gov-
ernment or industry currently have plang to operate systems in this manner. The savings
are more dramatic than improving propulsion or energy storage effiercney.

6. & SYSTEM TECHNQLOGY

Aside from satellite and earth station technology considerations there are
system concepts which can benefit performance and cost, Many of these have been used
in the study to indicate benefits and costs. An important consideration is satellite mul-
tiple access or method for routing signals through io their destinations. For most of the
gystems considered herein the satellife access 1s rudimentary since the satellite has only
one or four beams., Even so, hoth FDMA and TDMA is considered 1n the important audio/
fax teleconferencing case as an example. Single channel per carrier (SCPC) 1s another
access method, essentially a version of FDMA, which permits access to users sharing
a transponder and within a view of a common antenna beam access has been discussed
above in relation to satellite technology. A novel approach to access, not considered
herein, coded with an address 18 packet switching, exemplified by the ALOHA system
in which candom data bursts are transmitted through the same satellite facility. The
destination recognizes only its coded address. Communications 1s such a system can
be blocked, and the average efficiency of the transmission system is low. Nevertheless,
there are applications for such systems.

In setfting up the service models various modulation, coding and detection
schemes are considered, While there may be, for each particular service an optimum
arrangement, this optimization 1s beyond the scope of the study. Alternately, modula-
tion, coding and defection schemes assumed are essentially based on experience and
tradition with regard to the different services, For example, radio broadcasting mod-
ulation 1s assumed to be FM with threshold extension, Multiplexed data and voice is
assumed to be digital (4 ¢ PSK, convolutional coded with Viterbi detecrion). The rea~
sons for these selections are discussed in Volume 2 Section 2 for indiwndual services,

It is clear that considerable development ig ongoing with digital communications and con-
sequently digital modulation, coding and detection development is active., LSI 1s aiding
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this development because LSI favors digital logic performance and cost, LSI 18 causing
a revolution in digital system application and it is believed will finally result in clear
cut preferences for digital techniques over analogure techniques in the fufure. The in-
tense activity today in gignal processing, modulation and detection is sponsored by govern-
ment (primarily military} apnd by commerical interests. Much of this work is-used as-

- background in selectingsuitable,; dsfensibly attractive, communications perameters for
the study services.

336



1)

2)

3)

4)

REFERENCES

Ohkubo, K.; Han, C.C.; Albernaz, J., Janky, J. M. ; and Lusignan, B.B.,
"Optimization in the Design of a 12 Gigahertz Low Cost Ground Recewving System
for Broadcast Satellites; Volume I, System Design, Performance, and Cost
Analysis (NASA CR-121185); Volume II, Antenna System and Interference

(NASA CR-121184); Stanford University, Stanford, California, for NASA-Lewis
Research Center under Contract NAS 3~14362, October, 1972.

A Voice from Space; Astro-Electronics Division, Radio Corpordtion of
America for NASA Headquarters, Washington, D. C. under coniract NASW-1278,
May 1967.

Linuma, K., Lijima, Y., Ishiguro, T., Kaneko, H. * "Interframe Coding 4 MHz
Color Television Signals', ICC-75 Conference Record.

5. O. Rice, "Mathematical Analysis of Random Noise", Selected Papers on Noise
and Stochastic Processes, Dover Publications.

337



