Satellite Communications Systems Engineering



Satellite Communications Systems Engineering

Atmospheric Effects, Satellite Link Design and System Performance
Louis J. Ippolito, Jr.

Engineering Consultant and Adjunct Professor,
The George Washington University,
Washington DC, USA

Second Edition

WILEY



This edition first published 2017
© 2017 John Wiley & Sons Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by law.Advice on how to obtain permision to reuse material from this title is available at
http://www.wiley.com/go/permissions.

The right of Louis J. Ippolito, Jr. to be identified as the author of this work has been asserted in accordance
with law.

Registered Offices
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 85Q, UK

Editorial Office
The Atrium, Southern Gate, Chichester, West Sussex, PO19 85SQ, UK

For details of our global editorial offices, customer services, and more information about Wiley products
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that
appears in standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this book, they make no
representations or warranties with respect to the accuracy or completeness of the contents of this book and
specifically disclaim any implied warranties of merchantability or fitness for a particular purpose. No
warranty may be created or extended by sales representatives or written sales materials. The advice and
strategies contained herein may not be suitable for your situation. You should consult with a professional
where appropriate. Neither the publisher nor authors shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data applied for
ISBN: 9781119259374

Cover image: Jeff_Hu/Gettyimages; ILYA GENKIN/Shutterstock
Cover design by Wiley

A catalogue record for this book is available from the British Library.

Set in 10/12pt Warnock by SPi Global, Chennai, India

10987654321



1.1
1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.6
1.1.7
1.1.8
1.1.9
1.1.10
1.1.11
1.1.12
1.1.13
1.1.14
1.2
1.2.1
1211
1.2.1.2
1.2.2
1.2.3
1.2.3.1
1.2.3.2
1.2.3.3
1.2.3.4
1.2.4
1.3

Contents

List of Acronyms  xiii
Preface to Second Edition xix

Introduction to Satellite Communications

1

Early History of Satellite Communications

SCORE 3
ECHO 3

COURIER 4

WESTFORD 4

TELSTAR 4

RELAY 4

SYNCOM 5

EARLYBIRD 5

3

APPLICATIONS TECHNOLOGY SATELLITE-1, ATS-1 5

ATS-3 5
ATS-5 6
ANIKA 6
ATS-6 6
CTS 8

Some Basic Communications Satellite System Definitions
Satellite Communications Segments

Space Segment 9

Ground Segment
Satellite Link Parameters

Satellite Orbits

Geosynchronous Orbit (GSO or GEO)
Low Earth Orbit (LEO)

11

9

10

12

Medium Earth Orbit (MEO)

High Earth Orbit (HEO)

12

Frequency Band Designations
Overview of Book Structure and Topics

References

15

12

13

9

11

13

9



vi

Contents

21
2.2
2.3
231
2.3.2
233
2.34
2.3.5
2.4
24.1
2.4.2
243
2.4.4

3.1
3.1.1
3.1.1.1
3.1.1.2
3.1.2
3.13
3.14
3.1.5
3.1.6
3.1.7
3.2
321
3.2.1.1
3.2.1.2
3.2.2

4.1
4.1.1
4.1.2
4.1.3
4.1.3.1
4.1.3.2
4.1.4
4.1.5
4.1.5.1
4.2
4.2.1
4.2.2

Satellite Orbits 17

Kepler’s Laws 18

Orbital Parameters 19

Orbits in Common Use 22
Geostationary Orbit 23

Low Earth Orbit 25

Medium Earth Orbit 26
Highly Elliptical Orbit 26
Polar Orbit 27

Geometry of GSO Links 27
Range to Satellite 29
Elevation Angle to Satellite 29
Azimuth Angle to Satellite 30
Sample Calculation 31
References 33

Problems 33

Satellite Subsystems 35

Satellite Bus 36

Physical Structure 37

Spin Stabilization 37

Three-Axis Stabilization 38

Power Subsystem 38

Attitude Control 39

Orbital Control 39

Thermal Control 41

Electronic Propulsion Satellites 42
Tracking, Telemetry, Command, and Monitoring 43
Satellite Payload 45

Transponder 45

Frequency Translation Transponder 45
On-Board Processing Transponder 46
Antennas 47

References 48

The RF Link 49

Transmission Fundamentals 49
Effective Isotropic Radiated Power 51
Power Flux Density 51

Antenna Gain 52

Circular Parabolic Reflector Antenna 53
Beamwidth 53

Free-Space Path Loss 55

Basic Link Equation for Received Power 56
Sample Calculation for Ku-Band Link 57
System Noise 59

Noise Figure 61

Noise Temperature 63



4221
4.2.2.2
4.2.2.3
4.2.3
4.2.3.1
4.2.4
4.3
4.3.1
4.3.2
4.3.3

5.1
511
512
513
5.2
521
5.3
5.4

6.1
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.2.5
6.2.6
6.2.7
6.2.8
6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.4
6.4.1
6.4.1.1
6.4.1.2
6.4.1.3
6.4.2
6.4.3

Contents

Active Devices 63

Passive Devices 64

Receiver Antenna Noise 65

System Noise Temperature 66
Sample Calculation for System Noise Temperature 68
Figure of Merit 69

Link Performance Parameters 70
Carrier-to-Noise Ratio 70
Carrier-to-Noise Density 72
Energy-per-Bit to Noise Density 72
Reference 73

Problems 73

Link System Performance 75

Link Considerations 75

Fixed Antenna Size Link 76

Fixed Antenna Gain Link 77

Fixed Antenna Gain, Fixed Antenna Size Link 77
Uplink 79

Multiple Carrier Operation 81

Downlink 81

Percent of Time Performance Specifications 82
References 84

Problems 85

Transmission Impairments 87
Radiowave Frequency and Space Communications 87
Radiowave Propagation Mechanisms 89
Absorption 90

Scattering 90

Refraction 90

Diffraction 90

Multipath 90

Scintillation 90

Fading 90

Frequency Dispersion 90

Propagation Below About 3 GHz 92
Ionospheric Scintillation 95
Polarization Rotation 97

Group Delay 98

Dispersion 99

Propagation Above About 3 GHz 100
Rain Attenuation 101

Spatial Structure of Rain 101

Classical Description for Rain Attenuation 102
Attenuation and Rain Rate 104

Gaseous Attenuation 105

Cloud and Fog Attenuation 107

vii



viii

Contents

6.4.3.1
6.4.3.2
6.4.4
6.4.4.1
6.4.4.2
6.4.5
6.4.5.1
6.4.5.2
6.5
6.5.1
6.5.2
6.5.3
6.5.4
6.5.5
6.5.5.1
6.5.5.2
6.5.5.3
6.5.5.4

7.1
7.1.1
7.1.2
7.12.1
7.1.2.2
7.2
7.2.1
7.2.2
7.3
7.3.1
7.3.2
7.3.2.1
7.3.2.2
7.4
7.4.1
74.1.1
7.4.2
7.4.2.1
7.4.2.2
7.5
7.5.1
7.52
7.5.3

Specific Attenuation for Clouds 107
Total Cloud Attenuation 108
Depolarization 108

Rain Depolarization 110

Ice Depolarization 113

Tropospheric Scintillation 114
Scintillation Parameters 116

Amplitude Scintillation Measurements 116
Radio Noise 117

Specification of Radio Noise 119

Noise From Atmospheric Gases 121

Sky Noise Due To Rain 124

Sky Noise Due to Clouds 125

Noise From Extra-Terrestrial Sources 126
Cosmic Background Noise 127

Solar Noise 131

Lunar Noise 133

Radio Stars 134

References 134

Problems 135

Propagation Effects Modeling and Prediction 138
Atmospheric Gases 138

Leibe Complex Refractivity Model 139

ITU-R Gaseous Attenuation Models 140

ITU-R Line-by-line Calculation 140

ITU-R Gaseous Attenuation Approximation Method 145
Clouds and Fog 152

ITU-R Cloud Attenuation Model 153

Slobin Cloud Model 155

Rain Attenuation 162

ITU-R Rain Attenuation Model 162

Crane Rain Attenuation Models 176

Crane Global Rain Model 177

Crane Two Component Rain Attenuation Model 182
Depolarization 187

Rain Depolarization Modeling 188

ITU-R Depolarization Model 188

Ice Depolarization Modeling 190

Tsolakis and Stutzman T-Matrix Model 190
ITU-R Ice DepolarizationEstimation 193
Tropospheric Scintillation 194

Karasawa Scintillation Model 194

ITU-R Scintillation Model 197

van de Camp Cloud Scintillation Model 199
References 201

Problems 203



8.1
8.1.1
8.1.2
8.1.2.1
8.1.2.2
8.1.3
8.1.3.1
8.1.3.2
8.1.3.3
8.1.3.4
8.1.4
8.2
8.2.1
8.2.2
823
8.2.4
8.3

9.1
9.1.1
9.1.2
9.13
9.1.3.1
9.1.3.2
9.1.4
9.1.5
9.2
9.2.1
9.2.2
9.2.2.1
9.3

9.4

9.5

10
10.1
10.1.1
10.1.2
10.1.3
10.2
10.2.1

Contents

Rain Fade Mitigation 205

Power Restoral Techniques 205

Beam Diversity 206

Power Control 207

Uplink Power Control 208

Downlink Power Control 211

Site Diversity 211

Diversity Gain and Diversity Improvement 212
Diversity System Design and Performance 217
Site Diversity Processing 224

Considerations When Modeling Site Diversity 225
Orbit Diversity 227

Signal Modification Restoral Techniques 229
Frequency Diversity 230

Bandwidth Reduction 231

Time-Delayed Transmission Diversity 231
Adaptive Coding and Modulation 231
Summary 232

References 232

Problems 233

The Composite Link 235

Frequency Translation (FT) Satellite 236
Uplink 236

Downlink 238

Composite Carrier-to-Noise Ratio 238
Carrier-to-Noise Density 242
Energy-Per-Bit to Noise Density Ratio 242
Performance Implications 243

Path Losses and Link Performance 244
On-Board Processing (OBP) Satellite 248
OBP Uplink and Downlink 250
Composite OBP Performance 250

Binary FSK Link 251

Comparison of FT and OBP Performance 252
Intermodulation Noise 255

Link Design Summary 257

References 258

Problems 258

Satellite Communications Signal Processing 261
Analog Systems 261

Analog Baseband Formatting 262

Analog Source Combining 264

Analog Modulation 264

Digital Baseband Formatting 270

PCM Bandwidth Requirements 273



x| Contents

10.2.2  Nearly Instantaneous Companding (NIC) 273
10.2.3  Adaptive Delta Modulation (ADM) or Continuously Variable Slope Delta
Modulation (CVSD) 273
10.2.4  Adaptive Differential PCM (ADPCM) 274
10.3 Digital Source Combining 274
10.4 Digital Carrier Modulation 275
10.4.1 Binary Phase Shift Keying 278
10.4.2  Quadrature Phase Shift Keying 280
10.4.3 Higher Order Phase Modulation 283
10.5 Summary 283
Reference 284
Problems 284

11 Satellite Multiple Access 286
11.1 Frequency Division Multiple Access 289
11.11 PCM/TDM/PSK/EDMA 290
11.1.2 PCM/SCPC/PSK/EDMA 292
11.2 Time Division Multiple Access 293
11.2.1  PCM/TDM/PSK/TDMA 294
11.2.2 TDMA Frame Efficiency 295
11.2.2.1 Sample Calculation for Frame Efficiency 296
11.2.3 TDMA Capacity 296
11.2.3.1 Sample Calculation for Channel Capacity 298
11.2.4  Satellite Switched TDMA 299
11.3 Code Division Multiple Access 303
11.3.1  Direct Sequence Spread Spectrum 306
11.3.2  Frequency Hopping Spread Spectrum 309
11.3.3 CDMA Processing Gain 310
11.34 CDMA Capacity 312
11.3.4.1 Sample Calculation for the CDMA Channel Capacity 313
References 314
Problems 314

12 The Mobile Satellite Channel 316

12.1 Mobile Channel Propagation 316

12.1.1  Reflection 317

12.1.2 Diffraction 318

12.1.3  Scattering 318

12.2 Narrowband Channel 321

12.2.1  Path Loss Factor 323

12.2.2  Shadow Fading 327

12.2.2.1 Empirical Roadside Shadowing Model 328
12.2.2.2 ITU-R Roadside Building Shadowing Model 331
12.2.3  Multipath Fading 333

12.2.3.1 Mountain Environment Multipath Model 338
12.2.3.2 Roadside Trees Multipath Model 339

12.2.4 Blockage 340



12.2.4.1
12.2.4.2
12.2.5
12.3
12.4
12.4.1
124.1.1
12.4.1.2
12.4.2

13

13.1
13.1.1
13.1.2
13.1.3
13.1.4
13.1.4.1
13.1.4.2
13.1.4.3
132
13.2.1
13.2.2
13.2.3
13.2.4
13.3
13.3.1
13.3.2

14
14.1
14.2
14.2.1
14.2.2
14.2.3

14.3

14.3.1
14.3.2
14.3.3
14.3.4
14.3.5
14.4

14.4.1
14.4.2

Contents

ITU-R Building Blockage Model 340
Hand Held Terminal Blockage 344
Mixed Propagation Conditions 346
Wideband Channel 348
Multi-Satellite Mobile Links 351
Uncorrelated Fading 351
Multi-Satellite GSO Network 351
Multi-Satellite NGSO Network 352
Correlated Fading 353

References 355

Spectrum Management in Satellite Communications 357
Spectrum Management Functions and Activities 357
International Spectrum Management 358

World Radiocommunication Conference (WRC) 361
Frequency Allocation Process 361

Spectrum Management in the United States 365
Federal Communications Commission (FCC) 366
National Telecommunications and Information Administration (NTIA) 366
FCC and NTIA Duel Organization Structure 367
Methods of Radio Spectrum Sharing 368

Frequency Separation 369

Spatial Separation 371

Time Separation 372

Signal Separation 372

Spectrum Efficiency Metrics 372

Spectrum Utilization Factor (U) 373

Spectrum Utilization Efficiency (SUE) 373

References 374

Problems 374

Interference Mitigation in Satellite Communications 376
Interference Designations 376

Modes of Interference for Satellite Services Networks 377
Interference Between Space and Terrestrial Services Systems 377
Interference Between Space Services Networks 378

Interference Between Space Services Networks with Reverse Band
Allocations 379

Interference Propagation Mechanisms 379

Line-of-Sight Interference 381

Diffraction 382

Tropospheric Scatter 383

Surface Ducting and Layer Reflection 383

Hydrometeor (Rain) Scatter 384

Interference and the RF Link 386

Single Interferer (pfd) 387

Multiple Interferers (epfd) 387

xi



xii | Contents

14.5 Coordination for Interference Mitigation 388

14.5.1 Radio-Climate Zones 390

14.5.2 Distance Limits 391

14.5.3 Coordination Distance for Mode (1) Propagation 392

14.5.4  Coordination Distance for Mode (2) Propagation 393

14.5.5 ITU-R Coordination Procedures for Satellite and Terrestrial Services 394
References 395
Problems 396

15 High Throughput Satellites 398
15.1 Evolution of Satellite Broadband 399
15.2 Multiple Beam Antennas and Frequency Reuse 401
15.2.1 Multiple Beam Antenna Array Design 402
15.2.1.1 Total Available Bandwidth 404
15.2.1.2 Frequency Reuse Factor 404
15.2.1.3 Capacity 404
15.2.2  Adjacent Beam SIR 406
15.3 HTS Ground Systems Infrastructure 412
15.3.1 Network Architectures 412
15.3.1.1 STAR Network 412
15.3.1.2 MESH Network 413
15.3.2  Frequency Band Options 413
15.4 Satellite HTS and 5G 416
15.4.1 Cellular Mobile Technology Development 416
15.4.1.1 First Generation 416
15.4.1.2 Second Generation (2G) 417
15.4.1.3 Third Generation (3G) 417
15.4.1.4 3G Evolution 417
15.4.1.5 Fourth Generation (4G) 418
15.4.1.6 Fifth Generation (5G) 418
15.4.2  Satellite 5G Technologies 418
References 422

Appendix Error Functions and Bit Error Rate 423
Al Error Functions 423
A2 Approximation for BER 425

Index 427



List of Acronyms

5G
8¢PSK

A

ACI
ACM
ACTS
A/D
ADM
ADPCM
AGARD
AIAA
AM
AMI
AMSS
AMSS
AOCS
ATS-
AWGN
Az

B

BB
BER
BFSK
BO
BOL
BPF
BPSK
BSS

CBR
CCI
CDC

Fifth generation mobile systems
8-phase phase shift keying

adjacent channel interference
adaptive coded modulation

Advanced Communications Technology Satellite

analog to digital converter
adaptive delta modulation

adaptive differential pulse code modulation
Advisory Group for Aeronautical Research and Development (NATO)
American Institute of Aeronautics and Astronautics

amplitude modulation

alternate mark inversion
aeronautical mobile satellite service
aeronautical mobile satellite service
Attitude and Orbit Control System
Applications Technology Satellite-
additive white Gaussian noise
azimuth (angle)

baseband

bit error rate

binary frequency shift keying
backoff

beginning of life

band pass filter

binary phase shift keying
broadcast satellite service

carrier and bit-timing recovery
co-channel interference
coordination and delay channel

xiii



Xiv

List of Acronyms

CDF
CDMA
CEPT

C/1
CLW
cm

C/N
C/No
COMSAT
CONUS
CPA
CPM
CRC
CsC
CTS
CVSD

D

D.C.
DA
DAH
DAMA
dB
dBHz
dbi
dBK
dBm
dBW
DEM
DOS
DS
DSB/SC
DSI
DS-SS

E
Eb/No
EHF
EIRP
El
EOL
epfd
erf
erfc
ERS
ES
ESA
E-W

cumulative distribution function

code division multiple access

European Conference of Postal and Telecommunications
Administrations

carrier to interference ratio

cloud liquid water

centimeters

carrier-to-noise ratio

carrier-to-noise density

Communications Satellite Corporation
continental United States

copolar attenuation

Conference Preparatory Meeting

cyclic redundancy check

common signaling channel

Communications Technology Satellite
continuously variable slope delta modulation

down converter

demand assignment

Dissanayake, Allnutt, and Haidara (rain attenuation model)
demand assigned multiple access

decibel

decibel-Hz

decibels above isotropic

decibel-Kelvin

decibel-milliwatts

decibel-watt

demodulator

United States Department of State

digital signaling (also known as T-carrier TEM signaling)
double sideband suppressed carrier

digital speech interpolation

direct sequence spread spectrum

energy per bit to noise density
extremely high frequency
effective isotropic radiated power
elevation angle

end of life

equivalent power flux density
error function
complimentary error function
empirical roadside shadowing
earth station

European Space Agency
east-west station keeping



FA
FCC
FDM
FDMA
FEC
FET
FH-SS
M
FSK
ESS
FT

GEO
GHz
GSM
GSO
G/T,

HAPS
HEO
HEW
HF
HP
hPa
HPA
HSPA
HTS
Hz

|

IEE

IEEE

IF
IMT-2000
IMT-2020
INTELSAT
IoT

IRAC

ISI

ITU
ITU-D
ITU-R
ITU-T

List of Acronyms

fixed access

Federal Communications Commission
frequency division multiplex
frequency division multiple access
forward error correction

field effect transistor

frequency hopping spread spectrum
frequency modulation

frequency shift keying

fixed satellite service

frequency translation transponder

geostationary satellite orbit
gigahertz

Global System for Mobile
geosynchronous satellite orbit
receiver figure of merit

high altitude stratospheric platform stations

high elliptical earth orbit, high earth orbit

Health Education Experiment

high frequency

horizontal polarization

hectopascal (unit for air pressure, equal to 1 cm H,0)
high power amplifier

High-Speed Packet Access

High Throughput Satelite

hertz

Institute of Electrical Engineers

Institute of Electrical and Electronics Engineers

intermediate frequency

ITU International Mobile Telecommunications Program - 2000
ITU International Mobile Telecommunications Program - 2020
International Satellite Organization

Internet of Things

Interdepartmental Radio Advisory Committee

intersymbol interference

International Telecommunications Union

International Telecommunications Union, Development Sector
International Telecommunications Union, Radiocommunications Sector
International Telecommunications Union, Telecommunications
Standards Sector

XV



xvi

List of Acronyms

J

K

K
Kbps
kg
KHz
km

LEO
LF
LHCP
LMSS
LMSS
LNA
LNB
LO
LOS
LPF
LTE

M

M2M

m

MA
MAC
Mbps
MCPC
MEO

MF
ME-TDMA
MHz

MI

MKEF
MMSS
MOD
MODEM
MSK
MSS
MUX

N
NASA
NF
NGSO
NIC

degrees Kelvin
kilobits per second
kilogram

kilohertz
kilometers

low earth orbit
low-frequency

left hand circular polarization
land mobile satellite service
land mobile satellite service
low noise amplifier

low noise block

local oscillator

line-of-site

low pass filter

Long Term Evolution

machine-to-machine

meters

multiple access

medium access control
megabits per second

multiple channel per carrier
medium earth orbit

medium frequency
multi-frequency time division multiple access
megahertz

Mutual Interference

street masking function
maritime mobile satellite service
modulator
modulator/demodulator
minimum shift keying

mobile satellite, service
multiplexer

National Aeronautics and Space Administration
noise figure (or noise factor)

non geosynchronous (or geostationary) satellite orbit
nearly instantaneous companding



NRZ
N-S
NTIA
NTSC

OBP
OFDM
OFDMA
OOK

PA
PACS
PAL
PAM
PCM
PFD
PLACE
PN
PSK
PSTN

QAM
QPSK

REC
RF
RFI
RHCP
RZ

S

SC
SCADA
SCORE
SCPC
SDMA
SECAM
SGN
SHF

SIR
SITE
S/N

SS
SS/TDMA

List of Acronyms

non return to zero

north-south station keeping

National Telecommunications and Information Agency
National Television System Committee

on-board processing transponder

orthogonal frequency division multiplexing
orthogonal frequency division multiple access
on/off keying

pre-assigned access

Personal Access Communications System

phase alternation line

pulse amplitude modulation

pulse code modulation

power flux density

Position Location and Aircraft Communication Experiment
pseudorandom sequence

phase shift keying

public switched telephone network

quadrature amplitude modulation
quadrature phase shift keying

receiver

radio frequency

radio frequency interference
right hand circular polarization
return to zero

service channel

Supervisory Control and Data Acquisition
Signal Communications Orbiting Relay Experiment
single channel per carrier

space division multiple access

SEquential Couleur Avec Memoire

satellite news gathering

super high frequency

signal-to-interference ratio

satellite instructional television experiment
signal-to-noise ratio

subsatellite point

time division multiple access, satellite switched

xvii



xviii | List of Acronyms

SSB/SC single sideband suppressed carrier

SSPA solid state amplifier

SUE Spectrum Utilization Efficiency

SYNC synchronization

T

TDM time division multiplex(ing)

TDMA time division multiple access

TDRS Tracking and Data Relay Satellite

TEC total electron content

TIA Telecommunications Industry Association
T-R transmitter-receiver

TRANS transmitter

TRUST Television Relay Using Small Terminals
TT&C tracking, telemetry and command
TTC&M tracking, telemetry, command and monitoring
TTY teletype

TWT traveling wave tube

TWTA traveling wave tube amplifier

U

UHF ultra-high frequency

UMTS Universal Mobile Telecommunications System
USSR Union of Soviet Socialist Republics

uw unique word

\"

VA voice activation (factor)

VF voice frequency (channel)

VHE very high frequency

VLF very low frequency

VOwW voice order wire

VP vertical polarization

VPI&SU Virginia Polytechnic Institute and State University
VSAT very small antenna (aperture) terminal

w

WARC World Administrative Radio Conference
WCDMA  Wideband CDMA

WRC World Radio Conference

WVD water vapor density

X

XPD cross-polarization discrimination

Y



Preface to Second Edition

This second edition of Satellite Communications Systems Engineering — Atmospheric
Effects, Satellite Link Design, and System Performance is written for those concerned
with the design and performance of satellite communications systems employed in
fixed point to point, broadcasting, mobile, radio navigation, data relay, computer
communications, and related satellite-based applications. The rapid growth in satellite
communications has created a continued need for accurate information on both
satellite communications systems engineering and the impact of atmospheric effects on
satellite link design and system performance. This second edition addresses that need
for the first time in a single comprehensive source. One of the major advancements
since the publication of the first book has been the move to higher frequencies of
operation and higher capacity satellite networks, and this second edition includes all of
the important elements of this evolution.

New topic areas covered in this second edition include broadband and high throughput
satellites (HTS), interference mitigation in satellite communications, electronic propul-
sion satellites, frequency management for satellite communications, added emphasis
on the new higher frequency bands — Ka-band, Q/V/W-bands, and the role of satellite
networks in the 5G environment.

The book highlights the significant progress that has been made in the understanding
and modeling of propagation effects on radiowave propagation in the bands utilized for
satellite communications. This second edition continues and updates, in a single source,
the comprehensive description and analysis of all of the atmospheric effects of concern
for today’s satellite systems and the tools necessary to design the links and evaluate
system performance. Many of the tools and calculations are provided in a “handbook”
form, with step-by-step procedures and all necessary algorithms in one place to allow
direct calculations without the need to consult other material. All of the procedures and
prediction models, particularly those provided by the International Telecommunica-
tions Union Radio Communications Sector (ITU-R), have been fully upgraded to their
latest published versions, and several new models and predictions have been added.
The book provides the latest information on communications satellite link design and
performance from the practicing engineer perspective — concise descriptions, specific
procedures, and comprehensive solutions. We focus on the satellite free-space link as
the primary element in the design and performance for satellite communications. This
focus recognizes and includes the importance of free-space considerations such as
atmospheric effects, frequency of operation and adaptive mitigation techniques.

The reader can enter the book from at least three perspectives;

Xix
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Preface to Second Edition

1) for basic information on satellite systems and related technologies, with minimum
theoretical developments and practical, useable, up-to-date information,

2) as a satellite link design handbook, with extensive examples, step-by-step proce-
dures, and the latest applications oriented solutions, and

3) as a textbook for a graduate level course on satellite communications systems — the
book includes problems at the end of many chapters.

Unlike many other books on satellite communications, this book does not bog down
the reader in specialized, regional technologies and hardware dependent developments
that have limited general interest and a short lifetime. The intent of this author is to keep
the book relevant for the entire global wireless community by focusing on the important
basic principles that are unique and timeless to satellite-based communications delivery
systems.

I'would like to acknowledge the contributions of the many individuals and organizations
whose work and efforts are reflected and referenced in this book. I have had the privilege
of knowing and working with many of these researchers, some pioneers in the field of
satellite communications, through my long affiliations with NASA, the ITU-R, and other
organizations. The ideas and concepts that led to the development of this book were
honed and enhanced through extensive discussions and interchange of ideas with many
of the original developers of the technologies and processes covered in the book.
Finally, I gratefully acknowledge the support and encouragement of my wife, Sandi, who
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Introduction to Satellite Communications

A communications satellite is an orbiting artificial earth satellite that receives a commu-
nications signal from a transmitting ground station, amplifies and possibly processes
it, then transmits it back to the earth for reception by one or more receiving ground
stations. Communications information neither originates nor terminates at the satellite
itself. The satellite is an active transmission relay, similar in function to relay towers used
in terrestrial microwave communications.

The commercial satellite communications industry had its beginnings in the mid
1960s, and in less than 50 years has progressed from an alternative exotic technology to
a mainstream transmission technology, which is pervasive in all elements of the global
telecommunications infrastructure. Today’s communications satellites offer extensive
capabilities in applications involving data, voice, and video, with services provided to
fixed, broadcast, mobile, personal communications, and private networks users.

Satellite communications are now an accepted fact of everyday life, as evidenced by the
antennas or “dishes,” which dot city and country horizons, or the nearly instantaneous
global news coverage that is taken for granted, particularly in times of international
crises.

The communications satellite is a critical element in the overall telecommunications
infrastructure, as represented by Figure 1.1, which highlights, by the shaded area, the
communications satellite component as related to the transmission of information.
Electronic information in the form of voice, data, video, imaging, and so on, is generated
in a user environment on or near the earth’s surface. The information’s first node is often
a terrestrial interface, which then directs the information to a satellite uplink, which
generates a RF (radio frequency) radiowave, which propagates thought the air link to
an orbiting satellite (or satellites). The information-bearing radiowave is amplified and
possibly processed at the satellite, then reformatted and transmitted back to a receiving
ground station through a second RF radiowave propagating through the air link. Mobile
users, indicated by the vehicle and handheld phone on the figure, generally bypass the
terrestrial interface only for direct mobile to mobile communications.

Communications by satellite offers a number of features that are not readily available
with alternative modes of transmission, such as terrestrial microwave, cable or fiber net-
works. Some of the advantages of satellite communications are:

o Distance Independent Costs The cost of satellite transmission is basically the
same, regardless of the distance between the transmitting and receiving earth
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Figure 1.1 Communications via satellite in the telecommunications infrastructure.

stations. Satellite-based transmission costs tend to be more stable, particularly for
international or intercontinental communications over vast distances.

o Fixed Broadcast Costs The cost of satellite broadcast transmission, that is, transmis-
sion from one transmit ground terminal to a number of receiving ground terminals,
is independent of the number of ground terminals receiving the transmission.

o High Capacity Satellite communications links involve high carrier frequencies, with
large information bandwidths. Capacities of typical communications satellites range
from 10s to 100s of Mbps (megabits per second), and can provide services for several
hundred video channels or several tens of thousands of voice or data links.

o Low Error Rates Bit errors on a digital satellite link tend to be random, allowing for
statistical detection and error correction techniques to be utilized. Error rates of one
bit error in 10° bits or higher can be routinely achieved efficiently and reliably with
standard equipment.

o Diverse User Networks Large areas of the earth are visible from the typical commu-
nications satellite, allowing the satellite to link together many users simultaneously.
Satellites are particularly useful for accessing remote areas or communities not other-
wise accessible by terrestrial means. Satellite terminals can be on the surface, at sea,
or in the air, and can be fixed or mobile.

The successful implementation of satellite wireless communications requires robust air
links providing the uplink and downlink paths for the communications signal. Trans-
mission through the atmosphere will degrade signal characteristics, however, and under
some conditions can be the major impediment to successful system performance. A
detailed knowledge of the types of atmospheric effects that impact satellite communica-
tions and the means to predict and model them for application to communications link
design and performance is essential for wireless satellite link engineering. The effects
of the atmosphere are even more significant as current and planned satellites move up
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to higher operating frequencies, including the Ku-band (14 GHz uplink/12 GHz down-
link), Ka-band (30 GHz/20 GHz), and V-band (50 GHz/40 GHz), where the effects of
rain, gaseous attenuation, and other effects will increase.

1.1 Early History of Satellite Communications

The idea of a synchronous orbiting satellite capable of relaying communications to and
from the earth is generally attributed to Arthur C. Clarke. Clark observed in his classic
1945 paper [1] that a satellite in a circular equatorial orbit with a radius of about 23,000
miles (42,000 km) would have an angular velocity matching that of the earth, thus it
would remain above the same spot on the earth’s surface. This orbiting artificial satel-
lite could therefore receive and transmit signals from anywhere on earth in view of the
satellite to any other place on the surface in view of the satellite.

The technology to verify this concept was not available until over a decade later, with
the launch in 1957 of SPUTNIK I by the former USSR. This launch ushered in the space
age’ and both the United States and the USSR began robust space programs to develop
the technology and to apply it to emerging applications. A brief summary of some
of the early communications satellites programs, and their major accomplishments,
follows.

1.1.1 SCORE

The first communications by artificial satellite was accomplished by SCORE (Signal
Communicating by Orbiting Relay Equipment), launched by the Air Force into a low
(100 by 800 nautical mile) orbit in December 1958. SCORE relayed a recorded voice
message, on a delayed basis, from one earth station to another. SCORE broadcast a
message from President Eisenhower to stations around the world, giving the first hint
of the impact that satellites would have on point to point communications. The maxi-
mum message length was 4 minutes, and the relay operated on a 150 MHz uplink and
108 MHz downlink. SCORE, powered by battery only, operated for 12 days before its
battery failed, and decayed out of orbit 22 days later [2].

1.1.2 ECHO

The first of several efforts to evaluate communications relay by passive techniques
was initiated with the ECHO satellites 1 and 2, launched by the National Aeronautics
and Space Administration, NASA, in August 1960 and January 1964, respectively.
The ECHO satellites were large orbiting spheres of aluminized Mylar, over 100 ft in
diameter, which served as passive reflectors for signals transmitted from stations on the
earth. They caught the interest of the public since they were visible from the earth with
the unaided eye under the right lighting conditions, usually just as the sun was rising
or setting. The ECHO relays operated at frequencies from 162 MHz to 2390 MHz,
and required large ground terminal antennas, typically 60 ft. or more, with transmit
powers of 10 kW. ECHO 1 remained in orbit for nearly eight years, ECHO 2 for over
five years [3].
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1.1.3 COURIER

Launched in October 1960, COURIER extended SCORE delayed repeater technology
and investigated store-and-forward and real-time capabilities from a low orbiting satel-
lite. COURIER operated with an uplink frequency of 1.8 to 1.9 GHz, and a downlink of
1.7 to 1.8 GHz. It was all solid state except for the two-watt output power tubes, and
was the first artificial satellite to employ solar cells for power. The satellite performed
successfully for 17 days, until a command system failure ended operations [4].

1.1.4 WESTFORD

WESTFORD was the second technology employed to evaluate communications relay
by passive techniques, with a first successful launch by the U.S. Army in May 1963.
WESTFORD consisted of tiny resonant copper dipoles dispersed in an orbital belt, with
communications accomplished by reflection from the dispersed dipole reflectors. The
dipoles were sized to the half wavelength of the relay frequency, 8350 MHz. Voice and
frequency shift keyed (FSK) transmissions up to 20 kbps were successfully transmitted
from a ground station in California to one in Massachusetts. As the belt dispersed, how-
ever, the link capacity dropped to below 100 bps. The rapid development of active satel-
lites reduced interest in passive communications, and ECHO and WESTFORD brought
passive technology experiments to an end [5].

1.1.5 TELSTAR

The TELSTAR Satellites 1 and 2, launched into low orbits by NASA for AT&T/Bell
Telephone Laboratories in July 1962 and May 1963, respectively, were the first active
wideband communications satellites. TELSTAR relayed analog FM signals, with
a 50 MHz bandwidth, and operated at frequencies of 6.4 GHz on the uplink and
4.2 GHz on the downlink. These frequencies led the way for 6/4 GHz C-band operation,
which currently provides the major portion of fixed satellite service (FSS) throughout
the world. TELSTAR 1 provided multichannel telephone, telegraph, facsimile, and
television transmissions to stations in the United States, Britain, and France until
the command subsystem failed in November 1962 due to Van Allen belt radiation.
TELSTAR 2, redesigned with radiation resistant transistors and launched into a higher
orbit to decrease exposure in the Van Allen belts, operated successfully for two years [6].

1.1.6 RELAY

RELAY 1, developed by RCA for NASA, was launched in December 1962 and operated
for fourteen months. RELAY had two redundant repeaters, each with a 25 MHz
channel and two 2 MHz channels. It operated with 1725 MHz uplink and 4160 MHz
downlink frequencies, and had a 10-watt TWT (traveling wave tube) output amplifier.
Extensive telephony and network television transmissions were accomplished between
the United States, Europe, and Japan. RELAY 2 was launched in January 1964 and
operated for 14 months. The RELAY and TELSTAR programs demonstrated that
reliable, routine communications could be accomplished from orbiting satellites, and
further indicated that satellite systems could share frequencies with terrestrial systems
without interference degradations [7].
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1.1.7 SYNCOM

The SYNCOM satellites, developed by Hughes Aircraft Company for NASA GSFC,
provided the first communications from a synchronous satellite. SYNCOM 2 and
3 were placed on orbit in July 1963 and July 1964, respectively (SYNCOM 1 failed at
launch). SYNCOM, with 7.4 GHz uplink and 1.8 GHz downlink frequencies, employed
two 500 kHz channels for two-way narrowband communications, and one 5 MHz
channel for one-way wideband transmission. SYNCOM was the first testbed for the
development of station keeping and orbital control principles for synchronous satellites.
It was the first satellite to employ range and range-rate tracking. NASA conducted
voice, teletype and facsimile tests, including extensive public demonstrations to
increase the base of satellite communications interest. The U.S. Department of Defense
also conducted tests using SYNCOM 2 and 3, including transmissions with a shipboard
terminal. Tests with aircraft terminals were also conducted with the SYNCOM VHF
command and telemetry links [8].

1.1.8 EARLYBIRD

The first commercial operational synchronous communications satellite was
EARLYBIRD, later called INTELSAT I, developed by COMSAT for INTELSAT, and
launched by NASA in April 1965. The communications subsystem, very similar to
the SYNCOM 3 design, had two 25 MHz transponders and operated at C-band, with
uplinks at 6.3 GHz and downlinks at 4.1 GHz. It had a capacity of 240 two-way voice
circuits or one two-way television circuit. TWT output power was 6 watts. Operations
between the U.S. and Europe began on June 28, 1965, a date that many recognize as the
birth date of commercial satellite communications. EARLYBIRD remained in service
until August 1969, when it was replaced by later generation INTELSAT III satellites [9].

1.1.9 APPLICATIONS TECHNOLOGY SATELLITE-1, ATS-1

The ATS-1, first of NASA'’s highly successful series of Applications Technology Satel-
lites, was launched in December 1966 and demonstrated a long list of “firsts” in satellite
communications. ATS-1 included an electronically despun antenna with 18-dB gain and
a 17° beamwidth. It operated at C-band (6.3 GHz uplink, 4.1 GHz downlink), with two
25 MHz repeaters. ATS-1 provided the first multiple access communications from
synchronous orbit. ATS-1 had VHF links (149 MHz uplink, 136 MHz downlink) for
the evaluation of air to ground communications via satellite. ATS-1 also contained a
high-resolution camera, providing the first photos of the full earth from orbit. ATS-1
continued successful operation well beyond its three year design life, providing VHF
communications to the Pacific basin region until 1985, when station keeping control
was lost [7].

1.1.10 ATS-3

The ATS-3, launched in November 1967, continued experimental operations in the C
and VHF bands, with multiple access communications and orbit control techniques.
ATS-3 allowed, for the first time, “cross-strap” operation at C-band and VHF; the sig-
nal received at VHF could be transmitted to the ground at C-band. ATS-3 provided
the first color high-resolution pictures of the now familiar “blue marble” earth as seen
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from synchronous orbit. ATS-3, like ATS-1, far exceeded its design life, and providing
VHF communications to the Pacific and continental United States for public service
applications for over a decade [7].

1.1.11 ATS-5

ATS-5 had a C-band communications subsystem similar to its predecessors, but did
not have the VHF capability. Instead it had an L-band (1650 MHz uplink, 1550 MHz
downlink) subsystem to investigate air to ground communications for navigation and air
traffic control. ATS-5 also contained a millimeter wave experiment package that oper-
ated at 31.65 GHz (uplink) and 15.3 GHz (downlink), designed to provide propagation
data on the effects of the atmosphere on earth-space communications at these frequen-
cies. ATS-5 was designed to operate as a gravity gradient stabilized satellite, unlike the
earlier spin-stabilized ATS-1 and -3 satellites. It was successfully launched in August
1969 into synchronous orbit, but the gravity stabilization boom could not be deployed
because of the satellite’s spin condition. ATS-5 was placed into a spin-stabilized condi-
tion, resulting in the satellite antennas sweeping the earth once every 860 milliseconds.
Most of the communications experiments performed with limited success in this unex-
pected “pulsed” operation mode. The 15.3 GHz millimeter wave experiment downlink,
however, was able to function well, after modifications to the ground terminal receivers,
and extensive propagation data were accumulated at over a dozen locations in the United
States and Canada [7].

1.1.12 ANIKA

ANIK A (initially called ANIK I), launched in November 1972 by NASA for Telsat
Canada, was the first domestic commercial communications satellite. Two later
ANIK As were launched in April 1973 and May 1975. The satellites, built by Hughes
Aircraft Company, operated at C-band and had 12 transponders, each 36 MHz wide.
The primary services provided were television distribution, SCPC (single channel
per carrier) voice, and data services. The transmit power was 5 watts, with a single
beam covering most of Canada and the northern United States. The antenna pattern
for ANIK A was optimized for Canada, however, sufficient coverage of the northern
United States was available to allow leased service by U.S. communications operators
for domestic operations prior to the availability of U.S. satellites. The ANIK A series
continued in service until 1985, when they were replaced by ANIK D satellites [10].

1.1.13 ATS-6

ATS-6, the second generation of NASA’s Applications Technology Satellite program,
provided major advancements in communications satellite technology and in new
applications demonstrations. ATS-6 consisted of a 30 ft diameter deployed parabolic
antenna, earth viewing module, two sun-seeking solar arrays, and the supporting
structures [11]. It was launched in May 1974 and positioned at 94° W longitude, where
it remained for one year. In July 1975 it was moved to 35° E longitude for instructional
television experiments to India. After one year it was again relocated to 140° W longi-
tude and used for several experimental programs until it was moved out of synchronous
orbit in 1979. ATS-6 had eight communications and propagation experiments that
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covered a frequency range from 860 MHz to 30 GHz. The communications subsystems
on ATS-6 included four receivers; 1650 MHz (L-band), 2253 MHz (S-band), 5925-6425
(C-band), and 13/18 GHz (K-band). Transmitter frequencies were; 860 MHz (L-band),
2063 MHz (S-band), 3953-4153 MHz (C-band), and 20/30 GHz (K,-band). The ATS-6
provided cross strapping at IF between any receiver to any transmitter (except for the
13/18 GHz receiver, which operated with a 4150 MHz transmitter only), allowing a
wide range of communications modes. Major experiments [12] were:

Position Location and Aircraft Communication Experiment (PLACE) - consisted
of voice and digital data transmissions and four-tone ranging for aircraft position
location. The system allowed multiple access voice from up to 100 aircraft, operating
in 10 KHz channels.

Satellite Instructional Television Experiment (SITE) — a cooperative experiment
between NASA and the government of India to demonstrate direct broadcast satellite
television for instructional purposes. Satellite signals at 860 MHz were received at
over 2000 villages, using simple 10 ft parabolic antennas.

Television Relay Using Small Terminals (TRUST) — evaluated hardware and sys-
tem performance for 860 MHz satellite broadcast television, using the same general
configuration as the SITE.

Health Education Experiment (HEW) — provided satellite distribution of educa-
tional and medical programming, primarily to Alaska, the Rocky Mountain states, and
Appalachia. Two independent steerable beams, operating through the 30 ft reflector,
were available, with the uplink at C-band (5950 MHz) and the downlink at S-band
(2750 and 2760 MHz).

Radio Frequency Interference Experiment (RFI) — monitored the 5925 to
6425 MHz band with a sensitive on-board receiver to measure and map radio
frequency interference sources in the continental United States (CONUS). The
minimum detectable source EIRP was 10 dBW, with a frequency resolution of
10 kHz.

NASA Millimeter Wave Propagation Experiment — designed to provide informa-
tion on the communications and propagation characteristics of the atmosphere at 20
and 30 GHz (K,-band). Two modes of operation were available; 1) downlink beacons
at 20 and 30 GHz for measurement of rain attenuation, atmospheric absorption, and
other effects, and 2) a communications mode, with a C-band (6 GHz) uplink, and
simultaneous downlinks at 20, 30, and 4 GHz, for the evaluation of millimeter wave
communications in a 40 MHz bandwidth. Extensive measurements were obtained
in the U.S. and Europe, providing the first detailed information on K,-band satellite
communications performance.

COMSAT Millimeter Wave Experiment — consisted of 39 uplinks, 15 at 13.19 GHz,
and 24 at 17.79 GHz, which were received by ATS-6 and retransmitted to the ground
at C-band (4150 MHz). About one year of measurements were accumulated on rain
attenuation statistics, joint probability distributions and required rain margins, for
links operating at K-band.

The accomplishments of ATS-6 have been extensively documented, and have provided
a wide range of valuable design and performance information for virtually every appli-
cation implemented in current satellite communications systems.

7
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1.1.14 (TS

The Communications Technology Satellite, CTS, was a joint program between NASA
and the Canadian Department of Communications, to evaluate high power satellite
technology applicable to broadcast satellite service (BSS) applications at K -band.
A 12 GHz, 200-watt output TWT on CTS, provided by NASA, allowed reception
of television and two-way voice with small (4 ft diameter) ground terminal antennas
[13]. A continuously operating 11.7 GHz propagation beacon was also included, and
long-term (36 month) propagation statistics were developed for several locations in
the United States [14]. CTS was launched in January 1976, and provided extensive
experimental tests and demonstrations in the U.S. and Canada until operations ended
in November 1979.

Three important events that helped to shape the direction and speed of satellite com-
munications development in its early years were;

1961 UNITED NATIONS INITIATIVE - stated that “communications by means of
satellite should be available to the nations of the world as soon as practicable ...”

COMSAT ACT OF 1962 — The Congress of the United States created an international
communications satellite organization, COMSAT. COMSAT was incorporated
in 1963 and served as the primary commercial provider of international satellite
communications services in the United States.

Creation of INTELSAT - In August 1964 INTELSAT becomes the recognized inter-
national legal entity for international satellite communications. COMSAT is the sole
United States conduit organization to INTELSAT.

These early accomplishments and events lead to the rapid growth of the satellite com-
munications industry beginning in the mid 1960s. INTELSAT was the prime mover in
this time period, focusing on the first introduction of the benefits of satellite communi-
cations to many nations across the globe.

The decade of the 1970s saw the advent of domestic satellite communications (i.e., the
provision of satellite services within the domestic boundaries of a single country), led
by the rapid reduction in the cost of satellite equipment and services. The technology of
the 1970s also allowed the first consideration of regional satellite communications, with
antennal coverage areas over several contiguous countries with similar communications
interests.

The 1980s began the rapid introduction of new satellite services and new participants
in satellite communications. Nearly 100 countries were involved in satellite communi-
cations - providing either satellite systems or satellite based services. This decade also
saw the advent of new and innovative ways to pay for the high costs of satellite systems
and services, including lease/buy options, private networks (often referred to as VSATs
- very small antenna terminals) and private launch services.

The 1990s introduced mobile and personal communications services via satellite. This
era also saw the move to higher RF frequencies to support the increasing data rate
requirements in the midst of bandwidth saturation in the lower allocated frequency
bands. “Smart satellites” also were introduced, providing on-board processing and other
advanced techniques on the satellite itself, morphing the satellite from a mere data relay
to a major communications processing hub in the sky.

The new millennium has seen the rapid introduction of new services, including direct
to the home video and audio broadcasting and cellular mobile satellite communications
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networks. The preferred orbit for communications satellites, the geosynchronous
(GSO) orbit, now shared the spotlight with low orbit non-GSO (NGSO) networks,
particularly for global cellular mobile communications. Two new designations of satel-
lites have appeared, based on their increased data transmission rates and capacity over
previous generation systems — broadband satellites and high throughput satellites,
HTS.

The satellite communications industry, since its inception, has been characterized by
a vigorous expansion to new markets and applications, which exploit the advantages
of the satellite link and provide cost effective alternatives to the traditional modes of
telecommunications transmission.

Satellite networks have been a part of the evolution of cellular communications, begin-
ning with 3G/4G implementations and moving now into the 5G era.

1.2 Some Basic Communications Satellite System Definitions

This section provides some of the basic definitions and parameters used in the satellite
communications industry, which will be utilized throughout the book in the evaluation
and analysis of satellite communications systems design and performance. The relevant
sections in the book where the parameters are discussed more fully are also indicated
where appropriate.

1.2.1 Satellite Communications Segments

We begin with the communications satellite portion of the communications infrastruc-
ture, shown by the shaded oval in Figure 1.1. The satellite communications portion is
broken down into two areas or segments, the space segment and the ground (or earth)
segment.

1.2.1.1 Space Segment

The elements of the space segment of a communications satellite system are shown on
Figure 1.2. The space segment includes the satellite (or satellites) in orbit in the sys-
tem, and the ground station that provides the operational control of the satellite(s) in
orbit. The ground station, variously referred to as the Tracking, Telemetry Command
(TT&C) or the Tracking, Telemetry, Command & Monitoring (TTC&M) station. The
TTC&M station provides essential spacecraft management and control functions to
keep the satellite operating safely in orbit. The TTC&M links between the spacecraft and
the ground are usually separate from the user communications links. TTC&M links may
operate in the same frequency bands or in other bands. TTC&M is most often accom-
plished through a separate earth terminal facility specifically designed for the complex
operations required to maintain a spacecraft in orbit. The TT&C functions and subsys-
tems are described in more detail in Chapter 3.

1.2.1.2 Ground Segment
The ground segment of the communications satellite system consists of the earth surface
area based terminals that utilize the communications capabilities of the Space Segment.

9
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Figure 1.2 The space segment for a

. communications satellite network.
Satellite

Telemetry
Downlink

Command
Uplink

TT&C
(Tracking, Telemetry, Command) & Monitoring
(TTC&M)
Ground Station

TTC&M ground stations are not included in the ground segment. The ground segment
terminals consist of three basic types;

e fixed (in-place) terminals
e transportable terminals
e mobile terminals

Fixed terminals are designed to access the satellite while fixed in-place on the ground.
They may be providing different types of services, but they are defined by the fact that
they are not moving while communicating with the satellite. Examples of fixed termi-
nals are small terminals used in private networks (VSATSs), or terminals mounted on
residence buildings used to receive broadcast satellite signals.

Transportable terminals are designed to be movable, but once on location remain
fixed during transmissions to the satellite. Examples of the transportable terminal are
satellite news gathering (SGN) trucks, which move to locations, stop in place, then
deploy an antenna to establish links to the satellite.

Mobile terminals are designed to communicate with the satellite while in motion. They
are further defined as land mobile, aeronautical mobile, or maritime mobile, depending
on their locations on or near the earth surface. Mobile satellite communications are
discussed in detail in Chapter 12.

1.2.2 Satellite Link Parameters

The communications satellite link is defined by several basic parameters, some used in
traditional communications system definitions, others unique to the satellite environ-
ment. Figure 1.3 summarizes the parameters used in the evaluation of satellite commu-
nications links. Two one-way free-space or air links between Earth Station’s A and B are
shown. The portion of the link from the earth station to the satellite is called the uplink,
while the portion from the satellite to the ground is the downlink. Note that either sta-
tion has an uplink and a downlink. The electronics in the satellite that receives the uplink
signal, amplifies and possibly processes the signal, then reformats and transmits the sig-
nal back to the ground, is called the transponder, designated by the triangular amplifier



1 Introduction to Satellite Communications

AR

HALF-CIRCUIT I f‘ HALF-CIRCUIT
\ Satellite
S
\\ UPLINK DOWNLINK —/(
Earth Station Earth Station
A B

CHANNEL - one way link from A —Bor B — A
CIRCUIT - full duplex link- A = B
HALF CIRCUIT - two way link-A = SorS <& B

TRANSPONDER - D basic satellite repeater electronics,
usually one channel

Figure 1.3 Basic link parameters in the communications satellite link.

symbol in the diagram (the point of the triangle indicates the direction of signal trans-
mission). Two transponders are required in the satellite for each two-way link between
the two ground stations as shown. The antennas on the satellite that receive and trans-
mit the signals are usually not included as a part of the transponder electronics — they
are defined as a separate element of the satellite payload (see Chapter 3).

A channel is defined as the one way total link from A-to-S-to-B, OR the link from
B-to-S-to-A. The duplex (two-way) links A-to-S-to-B AND B-to-S-to-A establishes a
circuit between the two stations. A half-circuit is defined as the two links at one of the
earth stations, that is A-to-S AND S-to-A; OR B-to-S AND S-to-B. The circuit desig-
nations are a carry-over from standard telephony definitions, which are applied to the
satellite segment of the communications infrastructure.

1.2.3 Satellite Orbits

The characteristics of satellite orbits in common use for a vast array of satellite commu-
nications services and applications are discussed in detail in Chapter 2. We introduce
here the satellite orbit terms for the four most common types of orbits used in satel-
lite communications. Figure 1.4 shows the four most commonly used orbits for satellite
communications applications. The basic orbit altitude(s) and the one way delay times
are shown for each orbit, along with the common abbreviation designations.

1.2.3.1 Geosynchronous Orbit (GSO or GEO)

The GSO orbit is by far the most popular orbit used for communications satellites. A
GSO satellite is located in a in circular orbit in the equatorial plane, at a nominal distance
of 36,000 km, at a stable point, which maintains the satellite at a fixed location in the
sky. This is a tremendous advantage for satellite communications, because the pointing
direction remains fixed in space and the ground antenna does not need to track a moving
satellite. A disadvantage of the GSO is the long delay time of ~260 ms, which can affect
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Figure 1.4 Satellite orbits.

network synchronization or impact voice communications. The GSO is described in
detail in Chapter 2, Section 2.3.1.

1.2.3.2 Low Earth Orbit (LEO)

The second most common orbit is the low earth orbit, LEO, which is a circular orbit
nominally 100 to 400 n. miles above the earth. The delay is low, ~10 ms, however the
satellite moves across the sky, and the ground station must actively track the satellite to
maintain communications. The LEO is described in Section 2.3.2.

1.2.3.3 Medium Earth Orbit (MEO)

The MEO is similar to the LEO, however the satellite is in a higher circular orbit — 1000
to 3000+ n. miles. It is a popular orbit for navigation satellites such as the GPS constel-
lation. The MEO is described I Section 2.3.3.

1.2.3.4 High Earth Orbit (HEO)
The HEO is the only non-circular orbit of the four. It operates with in an elliptical orbit,
with a maximum altitude (apogee) similar to the GSO, and a minimum altitude (perigee)
similar to the LEO. The HEO, used for special applications where coverage of high lati-
tude locations is required, is discussed in Section 2.3.4.

Satellite orbits which are not synchronous, such as the LEO or the MEO or the HEO,
are often referred to as non-geosynchronous orbit, NGSO, satellites.
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1.2.4 Frequency Band Designations

The frequency of operation is perhaps the major determining factor in the design and
performance of a satellite communications link. The wavelength of the free space path
signal is the principal parameter which determines the interaction effects of the atmo-
sphere, and the resulting link path degradations. Also, the satellite systems designer
must operate within the constraints of international and domestic regulations related
to choice of operating free space path frequency [15].

Two different methods of designation have come into common use to define radio fre-
quency bands. Letter band designations, derived from radar applications in the 1940s,
divide the spectrum from 1 to 300 GHz into eight bands with nominal frequency ranges,
as shown on Figure 1.5. The K-band is further broken down into K;-band (K-lower) and
K,-band (K-above). The boundaries of the bands not always followed, and often some
overlap is observed. For example, some references consider C-band as 3.7-6.5 GHz, and
K,-band as 10.9-12.5 GHz. The bands above 40 GHz have seen several letter designa-
tions used, including Q-band, W-band, U-band and W-band. The ambiguity in letter
band designations suggests that they should be used with caution — particularly when
the specific frequency is an important consideration.

A second designation divides the spectrum from 3 Hz to 300 GHz into bands based
on decade steps of nominal wavelength, as shown in Figure 1.6. This designation is less
ambiguous than the letter designation, however, as we shall see in later chapters, most
satellite communications links operate within only three or four of the bands, VHF
through EHF, with the vast majority of systems in the SHF band.

In general, the frequency band designations are useful when general characteristics of
satellite communications systems are of interest, however, when the specific operating
carrier frequency or specific frequency band are important, the best solution is to specify
the frequency directly, rather than using frequency band designations.

1.3 Overview of Book Structure and Topics

The material in this book begins with a discussion of some of the basic background
disciplines and subsystems inherent in all satellite communications systems. Chapter 2

Figure 1.5 Letter band frequency designations. Frequency (GHz
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Frequency Wavelength Figure 1.6 Frequency band
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covers satellite orbits, general orbital mechanics, and focuses on orbits in common use.
The parameters required for analysis of the geosynchronous orbit, the most prevalent
orbit for current communications satellites, are developed. Chapter 3 introduces the
subsystems present in communications satellites, including power, attitude and orbital
control, thermal control, and tracking, telemetry, command and monitoring. The basic
elements of the communications satellite payload, the transponder and antenna systems,
are introduced.

The next two chapters begin the discussion of the RF link. Transmission fundamentals,
system noise and link performance parameters are developed in Chapter 4. Chapter 5
focuses on link performance for specific types of links, and introduces the concept of
percent of time performance specifications for the evaluation of communications satel-
lite systems and networks.

The critical area of transmission impairments introduced to the RF link by the
atmosphere is discussed in Chapter 6. Propagation effects on satellite communications
are discussed in the context of the frequency band of operation — those operating below
about 3 GHz, and those operating above 3 GHz. Topics covered include ionospheric
and tropospheric scintillation, rain attenuation, clouds and fog, and depolarization.
Radio noise from a wide range of sources is also covered in detail. Chapter 7 then
builds on the discussions of Chapter 6 with a presentation of current modeling and
prediction techniques applicable to the evaluation of atmospheric impairments. Most
of the models and prediction procedures are presented in step-by-step solution format,
with all of the required information in one place, allowing the reader to obtain results
directly. Chapter 8 moves to a detailed discussion of modern mitigation techniques
available to reduce the impact of rain fading on system performance. Topics dis-
cussed include; power control, site diversity, orbit diversity, and adaptive coding and
modulation.

Chapter 9 puts together all of the pieces from previous chapters to analyze the
composite link, which includes the complete end-to-end satellite network. Both
frequency translation and on-board processing satellite transponders are included,
along with other important subjects such as intermodulation noise and the effects of
atmospheric degradations on link performance.
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Chapter 10 discusses satellite communications signal processing, tracing the com-
munications signal from baseband elements through source combining, carrier modu-
lation, and transmission.

Chapter 11 covers the important topic of satellite multiple access, MA, presented
in the context of system performance and the inclusion of critical factors produced on
the RF link. Key parameters such as frame efficiency, capacity, and processing gain are
developed for the three basic multiple access techniques.

Chapter 12 presents a detailed evaluation of the mobile satellite channel. The unique
characteristics of the RF channel environment, and their effects on system design and
performance, are highlighted. This chapter is similar in objective and outlook to the
composite link evaluation of Chapter 9, but in the context of special considerations
unique to the mobile satellite channel.

Chapter 13 provides an overview of the important area of spectrum management in
satellite communications. International and domestic organizations involved in spec-
trum management are discussed, with emphasis on the impact of frequency allocations
and regulations on satellite system performance and design. Methods of radio spectrum
sharing and spectrum efficiency metrics are developed and described.

Chapter 14 covers interference mitigation is satellite communications. Interference
modes and propagation mechanisms are discussed. Prediction methods for single
interferer and multiple interferer scenarios are evaluated. Finally the important process
of coordination for interference mitigation, at the national and international level, is
described, including ITU-R coordination procedures for frequency sharing between
satellite and terrestrial services.

Chapter 15, the final chapter, discusses the rapidly growing area of high throughput
satellite (HTS) technology. HTS implementation is centered on multiple-beam antennas
and frequency reuse, which are discussed in detail regarding antenna array design and
adjacent beam interference considerations. Finally the extension of HTS networks into
the 5G (fifth generation) global cellular infrastructure is reviewed.

Appendix A provides important mathematical functions used throughout the book.
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2

Satellite Orbits

The orbital locations of the spacecraft in a communications satellite system play a major
role in determining the coverage and operational characteristics of the services pro-
vided by that system. This section describes the general characteristics of satellite orbits
and summarizes the characteristics of the most popular orbits for communications
applications.

Artificial earth satellites that orbit the earth are governed by the same laws of motion
that control the motions of the planets around the sun. Satellite orbit determination is
based on the Laws of Motion first developed by Johannes Keppler and later refined by
Newton in 1665 from his own Laws of Mechanics and Gravitation. Competing forces act
on the satellite; gravity tends to pull the satellite in toward the earth, whereas its orbital
velocity tends to pull the satellite away from the earth. Figure 2.1 shows a simplified
picture of the forces acting on an orbiting satellite.

The gravitational force F, , and the angular velocity force, F_,, can be represented as,

—m(X
F,=m <r2> (2.1)
and,
2
szm(V—) (2.2)
r
where

m = satellite mass
v = satellite velocity in the plane of orbit
r = distance from the center of the earth (orbit radius)
p = Kepler’s Constant (or Geocentric Gravitational Constant)
=3.986004 x 10° km?/s?
Note that for F,, = F

out?

1
v=(t) (2.3)

r
This result gives the velocity required to maintain a satellite at the orbit radius r. Note
that for the discussion above all other forces acting on the satellite, such as the gravity
forces from the moon, sun and other bodies, are neglected.
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v Figure 2.1 Forces acting on a satellite.

2.1 Kepler's Laws

Kepler’s laws of planetary motion apply to any two bodies in space that interact through
gravitation. The laws of motion are described through three fundamental principles.

Kepler’s First Law, as it applies to artificial satellite orbits, can be simply stated
as — “the path followed by a satellite around the Earth will be an ellipse, with the center
of mass of Earth as one of the two foci of the ellipse.” This is shown in Figure 2.2.

If no other forces are acting on the satellite, either intentionally by orbit control, or
unintentionally, as in gravity forces from other bodies, the satellite will eventually settle
in an elliptical orbit, with the Earth as one of the foci of the ellipse. The “size” of the
ellipse will depend on satellite mass and its angular velocity.

Kepler’s Second Law can likewise be simply stated as — “for equal time intervals,
the satellite sweeps out equal areas in the orbital plane.” Figure 2.3 demonstrates this
concept.

The shaded area A, shows the area swept out in the orbital plane by the orbiting satel-
lite in a one-hour time period at a location near the earth. Kepler’s second law states
that the area swept out by any other one-hour time period in the orbit will also sweep
out an area equal to A,. For example, the area swept out by the satellite in a one-hour
period around the point farthest from the Earth ( the orbit’s apogee), labeled A, on the

Figure 2.2 Kepler's First Law.

Figure 2.3 Kepler's Second Law.

4+1hr
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figure will be equal to A, that is, A; = A,. This result also shows that the satellite orbital
velocity is not constant; the satellite is moving much faster at locations near the earth,
and slows down as it approaches apogee. This factor will be discussed in more detail
later when specific satellite orbit types are introduced.

Kepler’s Thrid Law stated simply is “the square of the periodic time of orbit is pro-
portional to the cube of the mean distance between the two bodies.” This is quantified
as follows:

2
T? = [47"] 2 (2.4)
where:

T = orbital period, in s

a = distance between the two bodies, in km

p = Kepler’s Constant = 3.986004 x 10° km3/s?

If the orbit is circular, then a =, and
p ] 5.3
r=|—| T 2.5
[4n2 2:5)
This demonstrates an important result,

Orbit Radius = [Constant] X (Orbit Period)§ (2.6)

Under this condition, a specific orbit period is determined only by proper selection of
the orbit radius. This allows the satellite designer to select orbit periods, which best meet
particular application requirements by locating the satellite at the proper orbit altitude.
The altitudes required to obtain a specific number of repeatable ground traces with a
circular orbit are listed in Table 2.1.

2.2 Orbital Parameters

Figure 2.4 shows two perspectives useful in describing the important orbital parameters
used to define earth-orbiting satellite characteristics. The parameters are:

Apogee — the point farthest from earth.
Perigee — the point of closest approach to earth.

Table 2.1 Orbit altitudes for specified orbital periods.

Revolutions/day Nominal Period (hours) Nominal Altitude (km)
1 24 36,000

2 12 20,200

3 8 13,900

4 6 10,400

6 4 6,400

8 3 4,200
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Figure 2.4 Earth-orbiting satellite parameters.

Line of Apsides — the line joining the perigee and apogee through the center of the earth.

Ascending Node — the point where the orbit crosses the equatorial plane, going from
south to north.

Descending Node — the point where the orbit crosses the equatorial plane, going from
north to south.

Line of Nodes — the line joining the ascending and descending nodes through the center
of the earth.

Argument of Perigee, ® — the angle form ascending node to perigee, measured in the
orbital plane.

Right Ascension of the Ascending Node, @ — the angle measured eastward, in the
equatorial plane, from the line to the first point of Aries (Y) to the ascending
node.

The eccentricity is a measure of the “circularity” of the orbit. It is determined
from,

e=—~ P (2.7)
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where

e = the eccentricity of the orbit
r, = the distance from the center of the earth to the apogee point

r, = the distance from the center of the earth to the perigee point

The higher the eccentricity, the “flatter” the ellipse. A circular orbit is the special case of
an ellipse with equal major and minor axes (zero eccentricity). That is:

Elliptical Orbit 0<e<1
Circular Orbit e=0

The Inclination Angle, 6,, is the angle between the orbital plane ant the earth’s equa-
torial plane. A satellite that is in an orbit with some inclination angle is in an inclined
orbit. A satellite that is in orbit in the equatorial plane (inclination angle = 0°) is in an
equatorial orbit. A satellite that has an inclination angle of 90° is in a polar orbit. The
orbit may be elliptical or circular, depending on the orbital velocity and direction of
motion imparted to the satellite on insertion into orbit.

Figure 2.5 shows another important characteristic of satellite orbits. An orbit in which
the satellite moves in the same direction as the earth’s rotation is called a prograde orbit.
The inclination angle of a prograde orbit is between 0° and 90°. A satellite in a retrograde
orbit moves in a direction opposite (counter to) the earth’s rotation, with an inclination
angle between 90° and 180°. Most satellites are launched in a prograde orbit, since the
earth’s rotational velocity enhances the satellite’s orbital velocity, reducing the amount
of energy required to launch and place the satellite in orbit.

There are an almost infinite combinations of orbital parameters that are available
for satellite orbits. Orbital Elements defines the set of parameters needed to uniquely
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Figure 2.5 Prograde and retrograde orbits.
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