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FOREWORD TO THE THIRD EDITION

The origin of the "Handbook on Satellite Communications (FSS)" goes back to 1980, when Study
Group 4 (SG 4) of the CCIR (now ITU-R) decided on the preparation of such a Handbook, the main
purpose of which was to extend to developing countries the benefit of an adequate knowledge of
what was, a that moment, a relatively new and highly promising telecommunication technique.
More generally, in the spirit of the ITU's technical cooperation objectives, the Handbook was to
"provide administrations and organizations with atutorial document to assist them in the preparation
of their programmes and in the education of their personnel .

The first edition was prepared by a SG 4 Ad-Hoc Group and was published in 1985. Following the
success of this Handbook, under a decision of the XVIth CCIR Plenary Assembly, a new SG 4
"Handbook Group" was formed with the participation of a large panel of experts. This Group was to
prepare an updated second edition of the Handbook in order to take account of the rapid
technological evolution such as the increasing importance of digital transmissions and advent of
ISDN, new satellite networks based on small sized, low-cost earth stations, etc. and also the general
evolution of the telecommunication environment and, in particular, competition with fiber optics
cables.

The second edition was published in 1988. Again, it proved to meet the needs of engineers, planners
and operators, with a much wider audience than just those in developing countries, for which it was
originally intended.

Following this second edition, the Handbook Group, under a new commission from ITU-R SG 4,
published three Supplements on selected topics. Supplement 3 (1995), notably, is a handbook by
itself on "VSAT Systems and Earth Stations” (VSAT, an acronym for Very Small Aperture
Terminals, designates small sized earth stations, generally intended for business communication
networks).

The preparation of this Edition 3 was decided during the meetings of Study Group 4 and of the
Handbook Group in Bern (January 1995) with the purpose of accounting again with the evolution of
satellite communications. However, it should be emphasized that it is not a minor revision of the
second edition, but an entirely new, updated, document. While, of course, keeping some parts of
Edition 2, it has been significantly augmented and many texts have been completely rewritten.

The rationale for this extensive revision and updating is that satellite communications are nowadays
faced with rapidly changing perspectives in the market and technical environments, which needed to
be accounted for in such a publication:

* Market: Trends towards more deregulation and towards integration in the Globa Information
Infrastructure (GIl), increased demand for satellite TV broadcasting, new opportunities for
direct data transmission (e.g. via Internet) and for satisfying telecommunication needs in
developing countries, increased competition with fiber optics cables, etc.;

* Technical: Widespread growth of digital transmission with a high degree of hardware
integration and with signal processing and control by software, compatibility with Broadband
ISDN (B-ISDN) and Asynchronous Transfer Mode (ATM) operation, advent of
non-geostationary Orbit (non-GSO) satellite systems and networks and subsequent needs for
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new orbit/frequency spectrum alotments and for utilization of higher frequency bands,
compressed digital TV broadcasting, etc..

The preparation of this Edition 3 has been performed by the "Handbook Group” under the same
working principles as for the previous editions, i.e.: periodic (annua) meetings, liaisons with other
relevant ITU groups and autonomy of decisions under the control of Study Group 4. However, after
two meetings (Geneva, March 1996 and January 1997), it was decided that the final drafting and the
approval of the book would be conducted by correspondence, which, due to the very wide coverage
of the book, proved to be a rather long process. It should also be noted that, as a consequence of its
autonomy, the Handbook Group remains responsible for the text of the handbook, no formal review
by Study Group 4 being required.

On behalf of ITU-R, | would like to acknowledge the efforts of the Handbook Group Members and,
in particular, of J. Salomon (France) who chaired the Group continuously since its creation in 1980.
As stated in the "Overview of Edition 3 and Acknowledgments" below, this recognition should be
extended to al coordinators, contributors and authors, to the organizations which so kindly brought
their support to the members and contributors, to the Study Group 4 and its Chairman, Dr. Ito, to
SG4 Working Parties and to their Chairmen for their active cooperation and finally to the
Radiocommunication Bureau Secretariat, especialy at first with Mr. Deyan Wu, then with
Mr. Jinxing Li, who, through their efficient ass stance, facilitated the publication.

| anticipate that this Edition 3 will experience an even greater readership than the previous editions
and will contribute to a better technical knowledge of all aspects of satellite communications and,
therefore, to their development and progress.

Robert W. Jones
Director,
Radiocommunication Bureau
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OVERVIEW OF THE THIRD EDITION AND ACKNOWLEDGMENTS

This Edition 3 of the "Handbook on Satellite Communications (FSS)" is a completely revised and
updated version of Edition 2 (Geneva, 1988). While, hopefully, keeping the tutorial and didactic
character of the previous edition, it takes into account the evolution of techniques and technologies,
in particular as concerns the current preeminence of digital communications (including the last
developments on B-ISDN, SDH, ATM, etc.) and the advent of the new systems based on
non-geostationary Orbit (non-GSO) satellites. In this viewpoint, most texts of Edition 2 have been
completely rewritten.

The Handbook is divided in Chapters, Appendices and Annexes. Appendices are included at the end
of the chapters for giving more development on speciaized subjects. The Annexes, at the end of the
book cover subjects of general interest.

The Handbook is a self-standing document that is supposed to give a comprehensive description of
all issues relative to satellite communications systems operating in the Fixed Satellite Service (FSS).
However, for more details on such a specialized subject as the smal earth stations and systems,
known as Very Small Aperture Terminals ("VSATS"), the reader is referred to Supplement 3 to
Edition 2 ("VSAT systems and earth stations”, Geneva 1995).

Chapter 1 ("Genera", Coordinator: Ms. |. Sanz Rodriguez, Hispasat, Spain) gives a genera
summary of the Handbook content, by giving an overview of the operational, technical and
regulatory current characteristics of satellite communications.

Chapter 2 ("Some basic technical issues’, Coordinator: Chairman, Mr. J. Sdomon, France)
provides the reader with basis for a technical understanding the book, including data on quality,
availability and link budgets.

Chapter 3 ("Baseband signal processing and multiplexing”, Coordinators. Ms. A.Grannec,
Mr. Chaumet and Mr. Duponteil, France Telecom), while keeping a few data on analog signals, is
centered on digital signa processing and multiplexing, including modern techniques such as voice
Low bit Rate Encoding (LRE), video signa compression (e.g. MPEG), Asynchronous Transfer
Mode (ATM, see aso in Chapter 8), Synchronous Digital Hierarchy (SDH). The subject of Forward
Error Correction (FEC) is aso introduced in length.

Chapter 4 ("Carrier Modulation Techniques', Coordinator: Dr. L.Kantor, Russian Federation),
while again keeping some information on analog modulation, puts an emphasis on digita
techniques, including description of digital modems (for continuous signal and for TDMA) and
filters. In supplement to the subject of FEC dealt with in Chapter 3, the new technique of Trellis
Coded Modulation (TCM), which combines error correction and modulation is introduced.

Chapter 5 ("Multiple access, assignment and network architectures’, Coordinator:
Mr. R. Zbinden ¥, Swiss Telecom) describes the various modes of multiple access (actualy a
specific and very useful feature of satellite communications): multiple access by Frequency Division
(FDMA), by Time Division (TDMA), including its various derivations (FDMA-TDMA, Random
access, etc.) and Code Division (CDMA). Other subjects are dealt with, such as Demand
Assignment (DAMA), satellite network architectures and problems of intermodulation in non-linear
amplifiers (in Appendix 5.2).
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Chapter 6 ("Space segment”, Coordinator: Mr.M.W.Mitchell, NTIA, USA), begins by a description
of the various possible satellite orbits and of non- GSO satellites constellation design. A somewhat
detailed description of the communication satellites and of their communication payload (including
the case of transponders with on-board processing) is then given. Other issues, e.g. launching,
positioning, station keeping, management of satellite operation and launchers, are also dealt with.
Two examples of projected non-GSO satellite systems are described in Appendix 6.1.

Chapter 7 ("Earth segment”, Coordinator: Mr. M. Sakai, NEC, Japan) gives a very comprehensive
technical description of earth stations and of their equipment (Antenna system, Low Noise
Amplifiers, High Power Amplifiers , Communication equipment). In particular, the most advanced
types of communication equipment (TDMA, FDMA-TDM, etc.) are the subject of detaled
developments. Separate sections are specifically devoted to Satellite News Gathering (SNG) and
Outside Broadcasting (OB) earth stations and dso to earth stations for direct reception of TV
(including of multiple digital programs) and audio programs. The main characteristics of the earth
stations standardized by Intelsat and Eutelsat are summarized in Appendix 7.1.

Chapter 8 ("Interconnection of satellite networks with terrestrial networks and user terminals’
Coordinators: Mr. J. Albuquerque, then Mr. Young Kim, Intelsat). After recapitulating the problems
of interconnection with conventional terrestrial networks, notably with public digital international
networks (telephony and fax), this chapter deals with general considerations on protocols (generally
based on the OSI model, see Appendix 8.2) for the interconnection with VSAT and other data
networks, with user data terminal equipment, and, finally with ISDN and ATM networks (in
supplement to Chapter 3). Other subjects considered in this chapter are: Digital Circuit
Multiplication Equipment (DCME), Echo cancellation, signalling (with details in Appendix 8.1),
Interconnection of television networks and TV distribution and direct broadcasting (analog and
digitd).

Chapter 9 ("Frequency sharing, interference and coordination” (Coordinator: Ms. A. Grannec,
France Telecom). In this very substantial chapter, al questions relating to the frequency and orbit
sharing by actual or potential satellite communication operators are dealt with. Of course this text is
given for information and tutoring only. When planning or implementing new systems or new
stations in the FSS, the reader must refer to the relevant ITU regulations and recommendations (and,
in particular to the Radio Regulations (RR)) and other documentation. The Chapter has been
prepared taking into account the issues of the last meetings of 1TU, notably of the last World Radio
Conference (WRC-1997). However, the reader should be advised that many texts analyzed in this
Chapter could be revised by the next, incoming WRC-2000.

The main aspects worked on by these conferences result from the advent of the non-GSO satellite
systems and of the need to allot them frequency bands, taking into account their possible
interference with other radio communication systems of the various services, satellite (GSO or
non-GSO) or terrestrial. The chapter is supplemented by a very complete table of the frequency
allocations to the various satellite services (Appendix 9.1)

Annex 1 ("Propagation medium effects’, Coordinator: Mr. K. Masrani, Radio Agency, UK)
summarizes the different effects that contribute to the overal losses aong the Earth-space paths.
Simplified methods for estimating the signal attenuation are given (in view of the link budget
calculations) and the effects of atmosphere on polarization are also described.
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Annex 2 ("Typical examples of link budget calculations”, Coordinator: Mr. J. Salomon, Chairman).
This Annex illustrates by some typical examples the link budget calcul ations described in Chapter 2.

Annex 3 ("Genera overview of existing systems', Coordinator: Mr. J. Salomon, Chairman)
provides information on the main characteristics of satellite communication systems under current
operation throughout the world. However, because the included information is limited to those
administrations/organizations which have actually supplied updated information in response to a
questionnaire sent by ITU, the Annex should be considered as giving important and typica
examples but is not claiming for completeness.

Finaly, Annex 4 ("Relevant ITU references”, prepared by Mr. J. Li, Counsellor, ITU-R Secretariat)
gives a list of the main relevant ITU publications (Radio Regulations, Recommendations from
ITU-R and ITU-T, etc.) relevant to the subject of the Handbook.

In the framework of the ITU-R/Study Group 4, this new edition is the result of the collective work
of the "Handbook Group". Due acknowledgements should be granted to all active participants and,
primarily, to the Coordinators of the various parts of the book. There were aso many invited
contributors whose expertise was highly appreciated and which should be thanked for their
participation. It should be emphasized that these acknowledgments should be extended to the
administrations, organizations or companies which, through their kind and efficient support,
permitted the works and efforts of these participants, coordinators and contributors.

A list of these administrations/organizations/companies is given below. Recognition and thanks to
each of them should not be limited to the parts of the book they have directly prepared or
coordinated, but to their general participation to the works of the Group, through their delegates.

* France Telecom (CNET), for Chapters 3 and 9;

» Higpasat (Spain) for Chapter 1;

* Intelsat for Chapter 8;

e JFC Informcosmos (Russian Federation) for Chapter 4;
* NEC (Japan) for Chapter 7;

* NTIA (USA) for Chapter 6;

* Radio Agency (UK) for Annex 1,

e Swiss Telecom for Chapter 5;

* Teledesic for 8 AP6.1-1;

» and Alcatel for the support of the Chairman and for expert contributions which were largely
used in the preparation of many parts of the Handbook: Digital modulation techniques
(MMr. C. Bertrand and Ch. Bergogne), Earth station antenna components
(Mr. A.Bourgeois), Digital SCPC and IDR equipment (Mr. J. Bousguet and Mr. C. Bareyt),
ATM (Mr. D. Cochet), Quality and Availability (Mr. J. P. Dehaene), TDMA equipment and
Demand Assignment (Mr. E. Denoyer), Error correction: FEC and TCM (Mr. J.Fang),
Digita modems (Mr. M. Isard), Satellite orbits (Mr. E. Lansard), Link budget examples
(MMr. T. Ménigand and T. Gervaz), Earth stations for direct reception of digital TV
(Mr. M. Part), SkyBridge (Mr. Rouffet);
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Moreover, many thanks are also due to:

SG4 Working Party 4A and to his Chairman for their constant and active support through
liaison statements and transmission of relevant documents and for the direct comments and
advises of their Chairman, Mr. A. Reed:;

SG4 Working Party 4B for the transmission of many useful documents,
SG4 Working Party 4SNG for the direct preparation of 8 7.9 on Satellite News Gathering;

and to all relevant Administrations or Organizations which have supplied updated
information on their satellite systemsin the framework of Annex 3.



CHAPTER 1

General

1.1 Introduction

Satellite communications now form an integral part of our new "wired" world. Since their
introduction in about 1965, satellite communications have generated a multiplicity of new tele-
communication or broadcasting services on a global or regional basis. In particular, they have
enabled a global, automatically-switched telephony network to be created. Although, since 1956
(TAT1), submarine cables began to operationally connect the continents of the world with readily
available telephony circuits, only satellite communications have enabled completely reliable
communication links for telephony, television and data transmission, to be provided over all types of
terrestrial obstacles, whatever the distance or remoteness of the locations that have to be connected.

At present, about 140 000 equivalent channels! (June 1998) are in operation, accounting only for the
INTELSAT system. Although the growth of the satellite part on intercontinental telephone highways
has been somewhat slowed by the installation of new, advanced, optical fibre submarine cables,
satellites continue to carry most of the public switched telephony traffic between the developed and
the developing world and between developing regions and this situation should continue, thanks to
the advantages of satellite systems and, in particular to the simplicity and the flexibility of the
required infrastructure.

It can be predicted that the future of satellite communications will rely more and more on the
effective use of their specific characteristics:

* multiple access capability, i.e. point-to-point, point-to-multipoint or multipoint-to-multipoint
connectivity, in particular for small or medium density scattered data or voice/data traffic
between small, low-cost earth stations (business or private communications networks, rural
communications, etc.);

+  distribution capability (a particular case of point-to-multipoint transmission), including:

* TV programme broadcasting and other video and multimedia applications (these services
are currently in full expansion);

» data distribution, e.g. for business services, Internet wideband services, etc.;

* flexibility for changes in traffic and in network architecture and also ease of operation and
putting into service.

' The term "equivalent channel" is used in lieu of "telephone circuit" to indicate that this channel may carry any type of
multimedia traffic (voice, data, video).
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A major factor in the recent evolution of satellite communications is the nearly complete
replacement by digital modulation and transmission of the previous conventional analogue
technique, bringing the full advantage of digital techniques in terms of signal processing, hardware
and software implementation, etc.

It should also be emphasized that satellite communications will no longer be based, as was the case
up till now, only on satellites in geostationary orbit (GSO), but also on the utilization of
non-geostationary (non-GSO) satellite systems, with lower altitude (low-Earth or medium-Earth
orbit (LEO or MEOQ)) satellites. These new systems are opening the way to new applications, such
as personal communications, fixed or mobile, innovative wideband data services, etc.

This Handbook attempts to bring together basic facts about satellite communication as related to the
fixed-satellite service (FSS). It covers the main principles, technologies and operation of equipment
in a tutorial form with the intention of assisting administrations and organizations in the preparation
of satellite programmes and in the education of their personnel who have technical or general res-
ponsibilities related to satellite communications.

The technical characteristics of the satellites and of the earth stations currently implemented in most
of the international, regional and national satellite communication systems are summarized in
Annex 3 of this Handbook.

1.2 Historical background

Table 1.1 below summarizes some of the main events which have contributed to the creation of a
new era in worldwide communications. It is of interest to note that only 11 years passed between the
launching of the first artificial satellite (USSR's Sputnik) and the actual implementation of a fully
operational global satellite communications system (INTELSAT-III) in 1968. Note that Table 1.1
tentatively anticipates some future operations.

1.3 Definition of satellite services

This section deals with the official ITU definitions relative to the various satellite services currently
in operation.

1.3.1 Fixed-satellite services FSS

According to the Radio Regulations (RR No. S1.21), the FSS is a radiocommunication service
between given positions on the Earth's surface when one or more satellites are used. These stations
located at given positions on the Earth's surface are called earth stations of the FSS. The given
position may be a specified fixed point or any fixed point within specified areas. Stations located on
board the satellites, mainly consisting of the satellite transponders and associated antennas, are
called space stations of the FSS (see Fig. 1.1).

At the present time, with very few exceptions, all links between a transmitting earth station and a
receiving earth station are effected through a single satellite. These links are comprised of two parts,
an uplink between the transmitting station and the satellite and a downlink between the satellite and
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the receiving station. In the future, it is envisaged that links between two earth stations could use
two or more satellites directly interconnected without an intermediate earth station. Such a link
between two earth stations using satellite-to-satellite links would be called a multi-satellite link. The
satellite-to-satellite links will form a part of the inter-satellite service (ISS).

TABLE 1.1

Satellite communications historical background

1929:

1945 (May):

1957 (4 Oct.):

1959 (March):

1960 (Aug.):

1960 (Oct.):

1962:

1962:

1962:

1963:

1963 (July):

1964 (Aug.):

1965 (April):

1965:

1967:

1968-1970:

1969:

1971 (Jan.):
1971 (Nov.):
1972 (Nov.):

The Problem of Space Flight. The Rocket Engine, by Hermann Noordung, describes the concept of the
geostationary orbit.

In a visionary paper, Arthur C. Clarke, the well-known physicist and author, describes a world communica-
tion and broadcasting system based on geosynchronous space stations.

Launching of the Sputnik-1 artificial satellites (USSR) and detection of the first satellite-transmitted radio
signals.

Pierce's basic paper on satellite communication possibilities.

Launching of the ECHO-1 balloon satellite (USA/NASA). Earth-station to earth-station passive relaying of
telephone and television signals at 1 and 2.5 GHz by reflection on the metalized surface of this 30 m balloon
placed in a circular orbit at 1 600 km altitude.

First experiment of active relaying communications using a space-borne amplifier at 2 GHz (delayed relaying
communications) by the Courier-1B satellite (USA) at about 1 000 km altitude.

Foundation of the COMSAT Corporation (USA), the first company specifically devoted to domestic and
international satellite communications.

Launching of the TELSTAR-1 satellite (USA/AT&T) (July) and of the Relay-1 satellite (USA/NASA)
(December). Both were non-geostationary, low-altitude satellites operating in the 6/4 GHz bands.

First experimental transatlantic communications (television and multiplexed telephony) between the first
large-scale, pre-operational earth stations (Andover, Maine, USA, Pleumeu-Bodou, France and Goonhilly,
UK).

First international regulations of satellite communications (ITU Extraordinary Radio Conference). Initiation

of sharing between space and terrestrial services.

Launching of SYNCOM-2 (USA/NASA), the first geostationary satellite (300 telephone circuits or 1 TV
channel).

Establishment of the INTELSAT organization (19 national Administrations as initial signatories).

Launching of the EARLY BIRD (INTELSAT-1) satellite, first commercial geostationary communication
satellite (240 telephone circuits or 1 TV channel). First operational communications (USA, France, Federal
Republic of Germany, UK).

Launching of MOLNYA-1 (USSR), a non-geostationary satellite (elliptical orbit, 12 hours revolution).
Beginning of television transmission to small size receive earth stations in USSR (29 Molnyas were launched
between 1965 and 1975).

INTELSAT II satellites (240 telephone circuits in multiple access mode or 1 TV channel) over Atlantic and
Pacific Ocean regions.

INTELSAT III satellites (1 500 telephone circuits, 4 TV channels or combinations thereof). INTELSAT
worldwide operation.

Launch of ATS-5 (USA/NASA). First geosynchronous satellite with a 15.3 and 3.6 GHz bands propagation
experiment.

First INTELSAT IV satellite (4 000 circuits + 2 TV channels).
Establishment of the INTERSPUTNIK Organization (USSR and 9 initial signatories).

Launching of the ANIK-1 satellite and first implementation of a national (domestic) satellite communications
system outside the USSR (Canada/TELESAT).
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1974 (April): WESTAR 1 satellite. Beginning of national satellite communications in the USA.

1974 (Dec.): Launching of the SYMPHONIE-1 satellite (France, Federal Republic of Germany): the first three-axis
stabilized geostationary communications satellite.

1975 (Jan.): Algerian satellite communication system: First operational national system (14 earth stations) using a leased
INTELSAT transponder.

1975 (Sept.): First INTELSAT IVA satellite (20 transponders: more than 6 000 circuits + 2 TV channels, Frequency reuse
by beam separation).

1975 (Dec.): Launching of the first USSR geostationary Stationar satellite.

1976 (Jan.): Launching of the CTS (or Hermes) satellite (Canada), first experimental high-power broadcasting satellite
(14/12 GHz).

1976 (Feb.): Launching of the MARISAT satellite (USA), first maritime communications satellite.

1976 (July.): Launching of the PALAPA-1 satellite. First national system (40 earth stations) operating with a dedicated
satellite in a developing country (Indonesia).

1976 (Oct.): Launching of the first EKRAN satellite (USSR). Beginning of the implementation of the first operational
broadcasting satellite system (6.2/0.7 GHz).

1977 (June): Establishment of the EUTELSAT organization with 17 administrations as initial signatories.

1977 (Aug.): Launching of the SIRIO satellite (Italy). First experimental communication satellite using frequencies above
15 GHz (17/11 GHz).

1977: ITU World broadcasting-satellite Administrative Radio Conference (Geneva, 1977) (WARC SAT-77).

1978 (Feb.): Launching of the BSE experimental broadcasting satellite for Japan (14/12 GHz)

1978 (May): Launching of the OTS satellite, first communication satellite in the 14/11 GHz band and first experimental
regional communication satellite for Europe (ESA: European Space Agency).

1979 (June): Establishment of the INMARSAT organization for global maritime satellite communications (26 initial
signatories).

1980 (Dec.): First INTELSAT V satellite (12 000 circuits, FDMA + TDMA operation, 6/4 GHz and 14/11 GHz wideband
transponders, Frequency reuse by beam separation + dual polarization).

1981 Beginning of operation in the USA, of satellite business systems based on very small data receive earth
stations (using VSATS).

1983: ITU Regional Administrative Conference for the Planning of the Broadcasting-Satellite Service in Region 2.

1983 (Feb.): Launching of the CS-2 satellite (Japan). First domestic operational communication satellite in the 30/20 GHz
band.

1983 (June): First launch of the ECS (EUTELSAT) satellite, (9 wideband transponders at 14/11 GHz: 12 000 circuits with
full TDMA operation + TV. Frequency reuse by beam separation and by dual polarization).

1984 Beginning of operation of satellite business systems (using VSATSs) with full transmit/receive operation.

1984 (April): Launching of STW-1, the first communication satellite of China, providing TV, telephone and data
transmission services.

1984 (Aug.): Launching of the first French domestic TELECOM 1 multi-mission satellite: 6/4 GHz, telephony and TV
distribution; 8/7 GHz, military communications; 14/12 GHz, TVRO and business communications in
TDMA/DA.

1984 (Nov.): First retrieval of communication satellites from space, using the space shuttle (USA).

1985 (Aug.): ITU World Administrative Radio Conference (WARC Orb-85) (1st session on utilization of the geostationary
orbit).

1988 (Oct.): ITU World Administrative Radio Conference (WARC Orb-88) (2nd session on utilization of the
geostationary orbit).

1989: INTELSAT VI satellite (Satellite-Switched TDMA, up to 120 000 circuits (with DCME), etc.)

1992 (Feb.): ITU World Administrative Radio Conference.

1992 (Feb.): Launching of the first Spanish HISPASAT-1 multi-mission satellite: 14/11-12 GHz distribution, contribution,

SNG, TVRO, VSAT, business services, TV America, etc.; 17/12 GHz, DBS analogue and digital television;
8/7 GHz governmental communications.
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Up to 1996: 9 INTELSAT VII-VIIA satellites

1997 -1998: INTELSAT VIII satellites

1998 onwards: Launching of various non-geostationary satellites and implementation of the corresponding MSS systems
(Iridium, Globalstar, etc.) and FSS systems (Teledesic, Skybridge, etc.).

1999: First INTELSAT K-TV satellite (30 14/11-12 GHz transponders for up to 210 TV programmes with possible
direct to home (DTH) broadcast and VSAT services).

2000: INTELSAT IX satellites (up to 160 000 circuits (with DCME)).

Inter-satellite links (ISLs) of the ISS may be employed to provide connections between earth
stations in the service area of one satellite to earth stations in the service area of another satellite,
when neither of the satellites covers both sets of earth stations.

A set of space stations and earth stations working together to provide radiocommunications is called
a satellite system. For the sake of convenience, a distinction is made in the particular case of a
satellite system, or a part of a satellite system, consisting of only one satellite and the associated
earth station which is called a satellite network.

The FSS also includes feeder links, i.e. links from an earth station located at a specific fixed point to
a space station, or vice versa, conveying information for a space radiocommunication service other
than for the FSS. This category includes, in particular, uplinks to the satellites of the broadcasting-
satellite service (BSS) and up and downlinks between fixed earth stations and satellites of the
mobile satellite service (MSS). Definitions of BSS and MSS are given in § 1.3.2. below.

All types of telecommunications signals can be transmitted via FSS links: telephony, facsimile (fax),
data, video (or a mix of these signals in the framework of integrated services data networks (ISDN)),
television and sound programmes, etc.

The latest communications satellite generations, operating in FSS frequency bands are equipped
with high-power transponders, which makes it possible to implement broadcasting services direct to
the general public for individual reception (direct-to-home (DTH) applications) through very small
receiving antennas (television receiving only (TVRO)), and for community reception (professional
applications and domestic applications).

1.3.2 Other satellite services

Other satellite services listed below use different frequency band allocations than the FSS. These
services are not directly covered by this Handbook although similar techniques are employed and
many commonalities exist between these services and those of the FSS.

Mobile-satellite service (MSS): According to the Radio Regulations (RR No. S1.25), this is a radio-
communication service between mobile earth stations and one or more space stations, or between
mobile earth stations by means of one or more space stations (see Fig. 1.2). This includes maritime,
aeronautical and land MSSs. Note that, in some modern systems the earth stations may consist of
very small, even hand-held, terminals.

Broadcasting-satellite service (BSS): This is a radiocommunication service in which signals
transmitted or retransmitted by space stations are intended for direct reception by the general public
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using very small receiving antennas (TVROs). The satellites implemented for the BSS are often
called direct broadcast satellites (DBSs). The TVROs needed for BSS reception should be smaller
than the ones needed for operation in the FSS. The direct reception shall encompass both individual
reception (DTH) and community reception (CATV and SMATV) (see Fig. 1.3).

Some other satellite services which are mainly oriented to very specific applications are:

radiodetermination-satellite service, radionavigation-satellite service, meteorological-satellite
service, etc.

Space stations
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(A possible inter-satellite link (ISL) with another satellite is represented)

PTN: public telephone network
Sat/C1-01

FIGURE 1.1

Generic illustration of FSSM
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Feeder links
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(A possible inter-satellite link (ISL) with another satellite is represented)

PSTN: public switched telephone network
Sat/C1-02

FIGURE 1.2

Generic illustration of mobile-satellite services
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CATV: Cable television network
SMATYV: Satellite master antenna TV
DTH: Direct-to-home TV

Sat/C1-03

FIGURE 1.3

Generic illustration of broadcasting-satellite services

1.4 Characteristics and services
1.4.1 Main components of a communication satellite system

1.4.1.1 The space segment

The space segment of a communication-satellite system consist of the satellites and the ground
facilities providing the tracking, telemetry and telecommand (TTC) functions and logistics support
for the satellites.
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i) The satellite

The satellite is the core of the network and performs all the communication function in the sky using
active elements. It is composed of an assembly of various telecommunication subsystems and
antennas. The satellite is also fitted with service equipment to provide the following functions:

*  bus structure,

*  power supply,

e attitude control,
*  orbit control,

e thermal control,

* telemetry, telecommand and ranging.

The telecommunication equipment is composed of transponders. There are different kinds of
transponders: transparent transponders and on-board processing (OBP) transponders. The most
widely used are transparent transponders. Transparent transponders perform the same functions as
radio-relay repeaters; they receive transmissions from the Earth and retransmit them to the Earth
after amplification and frequency translation. The antennas associated with these transponders are
specially designed to provide coverage for the parts of the Earth within the satellite network.

OBP transponders means they are capable of performing one or more of the three following
functions: switching (in frequency and/or space, and/or time), regeneration and baseband
processing. At present OBP transponders are not widely used but in the future some services will
benefit from this technology.

Telecommunication satellites are based on the technologies and techniques used by most other
artificial satellites. The repeater (transponder) technology is, however, specific to this type of
satellite and is derived from that of terrestrial telecommunication equipment. Certain components,
such as solar cells and travelling wave tubes, are tailored to satellite applications. Other components
are derived from standard production items, but have been specially selected and subjected to
manufacturing checks and final space quality control tests. The ability of a production line to
produce components of space quality is checked by a process known as "space qualification".

At the present time, most communication satellites with a few exceptions describe a circular orbit on
the equatorial plane at an altitude of about 36 000 km, resulting in a 24 h period of revolution round
the centre of the Earth. They are thus synchronous with the Earth's rotation and appear relatively
motionless in relation to a reference point on the Earth's surface. This characteristic enables the
satellite to provide permanent coverage of a given area, which simplifies the design of earth stations,
since they are no longer required to track satellites moving at considerable angular velocities and
makes more efficient use of the radioelectrical spectrum and orbital resources. They are
consequently located on the geostationary-satellite orbit (GSO) and are designated as geostationary
satellites.

Geostationary satellites are generally placed in orbit in two stages:

a) first a launcher places the satellite in an elliptical transfer orbit (perigee typically about 200 km,
apogee about 36 000 km, period 10.5 h);
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b) secondly in order to reach the geostationary-satellite orbit, the satellite uses an auxiliary motor
which is fired approximately at the apogee of the transfer orbit so as to make it circular. In
addition thrust of the apogee motor is so directed that by the time it finishes its burn the orbital
plane coincides with the equatorial plane.

After this operation apogee has taken place, the satellite is allowed to slowly drift until it reaches the
vicinity of the desired longitudinal location. Corrections are then finally made to position the
satellite accurately on the stipulated longitude.

Although this Handbook is mainly oriented to GSO satellites, there are other systems using
non-GSO satellites. Up till now, such systems were mostly dedicated to military or governmental
purposes. At present, however, several non-GSO systems are under construction or projected for
operation in the MSS for mobile services using hand-held terminals (Iridium, Globalstar, Odyssey,
ICO, etc.) and also in the FSS, e.g. for business data networks (Teledesic, Skybridge, etc.).

Most of these projected non-GSO systems use low-Earth orbit (LEO) satellites, designed to operate
at altitudes between 400 and 1 500 km, but a few others use medium-Earth orbit (MEO) satellites
orbiting at an altitude between 7 000 and 12 000 km. Of course, these satellites being no longer seen
as fixed by an earth observer, a given network needs multiple satellites, the number of satellites
being an inverse function of their altitude. The design of these systems is clearly derived from the
architectures of terrestrial mobile communication cellular networks: The principle of operation is
that, from his personal terminal, a subscriber anywhere in the operating zone, should be able to
communicate through an overhead satellite via a link to another satellite which is located at that
moment overhead his correspondent in an operating zone anywhere else in the world.

Some advantages of these systems are: lower propagation delay which is desirable, especially for
telephony services, higher elevation angle, a very useful feature for operation in urban areas, etc. Of
course, there is a price to be paid: lower orbits imply a (much) greater number of satellites in the
system and can make it more difficult to get compatibility with other GSO services. Also LEO and
MEO systems imply complex operation and network management, specially when a global
capability is aimed at. However, the satellites should be smaller and their launching cheaper.

ii) Tracking, telemetry and telecommand

These subsystems are used for carrying out from the ground the following operations for the
logistics support of the satellites:

» tracking the position of the satellite (angular position, distance) and determining attitude while it
is being placed in orbit and on station and then throughout its life to supervise operation and
transmit correction instructions;

* telemetering of various on-board functions;
» command of various on-board functions;

* supervision of telecommunication functions, especially of the carriers in the various
transponders.

The latter operation is used to check the functioning of the network and to ensure that emissions
from different earth stations comply with specifications (power, frequency, etc.).
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These operations are performed by means of a special earth station and are usually centralized at a
network control centre. For some communication modes, this centre and other specialized stations
also control synchronization, demand assignment, etc.

1.4.1.2  The earth segment

The earth segment is the term given to that part of a communication-satellite system which is
constituted by the earth stations used for transmitting and receiving the traffic signals of all kinds to
and from the satellites, and which form the interface with the terrestrial networks.

An earth station includes all the terminal equipment of a satellite link. Its role is equivalent to that of
a terminal radio-relay station. Earth stations generally consist of the following six main items:

* the transmitting and receiving antenna, with a diameter ranging from 50 cm (or even less in
some projected new systems) to more than 16 m. Large antennas are usually equipped with an
automatic tracking device which keeps them constantly pointed to the satellite; medium-sized
antennas may have simple tracking devices (e.g. step-track), while small antennas generally
have no tracking device and although normally fixed, can usually be pointed manually;

* the receiver system, with a sensitive, low noise amplifier front-end having a noise temperature
ranging from about 30 K, or even less, to several hundred K;

* the transmitter, with power ranging from a few watts to several kilowatts, depending on the type
of signals to be transmitted and the traffic;

* the modulation, demodulation and frequency translation units;
» the signal processing units;

* the interface units for interconnecting with terrestrial networks (with terrestrial equipment or
directly with user equipment and/or terminal).

The size of this equipment varies considerably according to the station capacity.

1.4.2 Frequency bands

Most FSS links involve transmission from an earth station to a space station (uplink, U/L) and
retransmission from the space station to one or several earth station(s) (downlink, D/L). Since large
channel capacities and consequently large bandwidths are required, very high radio frequencies are
implemented. These frequencies are subject to allotment by ITU.

Historically, bandwidths around 6 GHz (U/L) and 4 GHz bands (D/L) have been commonly paired
and many FSS systems still use these bands (which are often called the "C-Bands"). Military and
governmental systems traditionally used 8 and 7 GHz bands (the "X-Bands"). A number of systems
also operate around 14 GHz (U/L) and 11-12 GHz (D/L) (the "Ku-Bands"). In the future, due to the
saturation of these bands, the 30 GHz and 20 GHz bans (the "Ka-Bands") should be more and more
implemented although they are subject to high meteorological attenuation.

Other frequency bands have also be allotted to the feeder links.

All these systems are capable of using a common antenna for transmitting and receiving since the
ratio of the U/L to the D/L frequencies is no more than 1.5. Another advantage of this arrangement
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is that the propagation conditions are relatively similar and that the polarizations are likely to be
correlated on both links.

Table 1.2 summarizes the main frequency bands used in FSS along with typical applications.

A detailed Table of Frequency Allocations to the FSS, BSS, MSS and ISS is given in Appendix 9.1
of Chapter 9 of this Handbook.

TABLE 1.2

Summary of frequency bands used in the FSS for GSO

Frequency bands (GHz) Typical utilization
Current Up path Down path
denomination (bandwidth) (bandwidth)
6/4 5.725-6.275 3.4-3.95 National satellites [Russia: Statsionar and Express
(C-Band) (550 MHz) (550 MHz) International (Intersputnik)]
5.850-6.425 3.625-4.2 International and domestic satellites.
(575 MHz) (575 MHz)

At the present the most widely used bands: Intelsat.

National satellites: Westar, Satcom and Comstar
(USA), Anik (Canada), Stw and Chinasat (China),
Palapa (Indonesia), Telecom (France), N-Star,(Japan)

6.725-7.025 4.5-4.8 National satellites (FSS Plan, RR Appendix S30B)
(300 MHz) (300 MHz)
8/7 7.925-8.425 7.25-7.75 Governmental and military satellites
(X-Band) (500 MHz) (500 MHz)
13/11 12.75-13.25 10.7-10.95 National satellites (FSS Plan, RR Appendix S30B)
(Ku-Band) (500 MHz) 11.2-11.45
(500 MHz)
13-14/11-12 13.75-14.5 10.95-11.2 International and domestic satellites in Region 1 and 3.
(Ku-Band) (750 MHz) 11.45-11.7 Intelsat, Eutelsat, Russia (Loutch), Eutelsat Telecom 2
12.5-12.75 (France), DFS Kopernikus (Germany), Hispasat- 1
(1 000 MHz) (Spain)
10.95-11.2 International and domestic satellites in Region 2.
11.45-11.7 Intelsat, Anik B and C (Canada), G-Star (United
12.5-12.75 States), Hispasat-1 (Spain)
(750 MHz)
18/12 17.3-18.1 BSS bands Feeder link for BSS Plan
(800 MHz)
30/20 27.5-30.0 17.7-20.2 International and national satellites: various projects
(Ka-Band) (2 500 MHz) (2 500 MHz) under study (Europe, United States, Japan), N-Star

(Japan), Italsat (Italy)

40/20 42.5-45.5 18.2-21.2 Governmental and military satellites
(Ka-Band) (3 000 MHz) (3 000 MHz)
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1.4.3 Different types of system

An overview of satellite systems currently in operation is given in Annex 3 to this Handbook.
Telecommunication satellites were first used to set up links over very long distances, as the financial
penalty of using satellites for short distances when compared to conventional methods was too large.
The first links were therefore intercontinental.

Space technology has since made considerable advances which have resulted in a substantial cost
reduction. At the same time, new financing facilities have become available to potential operators,
who are now able to lease all or part of the capacity of a satellite, rather than purchasing it, with a
consequent reduction in financial risk. Moreover, it is now possible to take out insurance for
launching, which amounts to sharing the financial risks among several users. All these factors have
promoted the development of regional and even national applications. Many countries with large
territories which had no telecommunication networks, have been able to rapidly acquire complete
networks thanks to satellites. Countries which already had networks have taken advantage of the
favorable characteristics of satellite system, to supplement them and develop new services.

From the point of view of coverage the FSS systems may be divided in two broad categories:

1.4.3.1 Global coverage systems

Global coverage systems are satellite communications systems designed to operate all over the
world. They primarily carry international traffic, although they can also be used to provide regional
and domestic services. The main global coverage system operator is INTELSAT, an international
organization.

Apart from INTELSAT, other global coverage systems currently in operation are INTERSPUTNIK,
also an international organization and PANAMSAT and ORION, which are private companies.

Since 1965, satellites have grown in complexity and performance. Most earth stations are fitted with
relatively large diameter antennas (i.e. more than 12 m in the 6/4 GHz band) and with sophisticated
equipment (automatic tracking devices, very low-noise receivers, high-power transmitters).
Although simpler earth stations with smaller diameter antennas (3.5 to 12 m) are acceptable for low
and medium traffic capacities, and are generally necessary for end-user premises installations, the
number of large antennas should continue to expand to meet world traffic demand and television
quality standards. Advances in satellite technology have, and will continue to drive the size of earth
stations downward while still continuing to operate in a bandwidth limited mode in the satellites and
thus making the most efficient use of the space segment. It should also be noted, that INTELSAT's
space segment charges per circuit have been declining steadily as the number of system users
constantly rises.

Global systems are also used to provide regional and domestic (national) systems as explained
below.

1.4.3.2 Regional and national systems

A regional communication satellite system provides international communication between a group
of countries which are in geographical proximity or which constitute an administrative or cultural
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community. Examples of regional satellite systems include the ARABSAT (League of Arab States),
EUTELSAT (European Telecommunications Satellite Organization), TELEX-X (Sweden, Norway
and Finland), PALAPA (Association of Southeast Asian Nations) and HISPASAT-1 (Spain, Europe
and America's Spanish speaking areas). An overview of some existing regional systems is included
in Annex 3.

A national communication satellite system is one which provides telecommunications within a
single country. This type of system is used by a large number of countries where satellite systems
are economically competitive with terrestrial systems.

In fact; satellite systems are especially well suited for the provision of telecommunication services
over large or dispersed service areas. Where countries cover vast territories and have formidable
natural obstacles (dense forest, mountain ranges, large stretches of desert, archipelagos), a scattered
population and a rudimentary infrastructure, satellites can provide a means to rapidly establish a
telecommunication network which meets the following specific requirements:

. high-quality and low-cost links, especially with rural areas;
. extension of television services to all communities within the country.

Systems of this type are often set up by leasing or purchasing one or more available transponders in
an existing satellite. However when the traffic increases, the implementation of a dedicated satellite
system may prove profitable. In fact, there is, at present, a lot of such national systems in operation
(see Annex 3). These systems often include a large number of earth stations (between several tens
and several thousand), so that the earth segment share in the total cost of the system predominates.
The aim 1is therefore to simplify earth stations as far as possible, in order to reduce their purchase
and operating costs. The trend is, and will increasingly be, to use simplified local stations which can
be mass-produced at low cost (especially for low-traffic telephone services and for television
programme reception). These stations have small diameter (e.g. 3 to 5 m), fixed pointing antenna,
low-power transmitters (several watts) and compact equipment for telecommunication and onward
connection to the terrestrial network. The construction of these stations must be particularly rugged
and reliable, their operation should require no permanent local staff and their design, similar to that
of a radio-relay system, should take local conditions into account as far as possible (general
environment, availability of primary energy sources, etc.). In this field, very-low cost earth stations
for rural telephony are becoming available.

The use of similarly designed stations is also increasing for new telecommunication services, in
particular for business and administrations (telephone, data, videoconference, etc., see § 1.4.5.3
below.). These stations may be installed directly on the user's premises or in the immediate vicinity
of a group of users, in order to reduce as far as possible the length of terrestrial feeder lines. In this
framework, very popular services, particularly in the 14/12 GHz band, makes use of "microstations"
or "very small aperture terminals" referred to as VSATs2.

2 For more details see "VSAT Systems and earth stations". Supplement 3 to the 2nd Edition of the Handbook on
satellite communications. ITU Radiocommunication Bureau.
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It should be noted, however, that such simple earth stations can be introduced only into networks
using relatively high-power satellite transponders.

1.4.4 Basic characteristics of satellite telecommunications

This Handbook is devoted primarily to the fixed-satellite service. However there is a clear trend
toward convergence between the technologies used, and even the applications served, in the FSS
and in the MSS and BSS services (the feeder links for the MSS and BSS are definitely included in
the FSS services). In consequence, this Handbook includes some issues related to the MSS and the
BSS.

The most specific characteristics of satellite communications are described below.

1.4.4.1 Coverage

Satellite links allow for communication between any points on the Earth's surface, without any
intermediate infrastructure and under conditions (technical, cost, etc.) which are independent of the
geographical distance between these points, provided they are located within the satellite coverage
area’.

In the case of a GSO satellite, the points to be served must be situated, not only in the region of the
Earth, visible from the satellite, but also within the geographical areas covered by the beams of the
satellite antennas: these areas are called the coverage areas of the communication satellite system?
(see Fig. 1.4). The satellite antenna beams can be "shaped" to form specific coverage areas tailored
to the region to be served.

Since the satellite is located at a great distance from the Earth (35 786 km vertically above the
so-called "sub-satellite" point, the very high free space propagation loss (e.g. about 200 dB at
6 GHz) should be offset at the earth stations by:

*  high-gain (i.e. large diameter, high performance) antenna with low susceptibility to noise and
interference (the antenna is used for both reception and transmission);

*  high-sensitivity receiver (i.e. with a very low internal noise);

* powerful transmitter.

3 In future, links of the inter-satellite service may permit the connection of points which are not covered by the same
satellite.

4 Round an axis of revolution passing through the centre of the Earth and the satellite, this area falls within a cone with
the satellite at its apex and apex angle of 17.3° which also corresponds to a cone with the centre of the Earth at its
apex and an apex angle of 152.7°. These conditions describe an area from which the satellite is visible from the earth
stations at an angle of at least 5° above the horizontal direction.

S5 It should be noted that the satellite is not necessarily located vertically above points within these coverage areas: it
has been shown that it is often convenient to cover a limited area of the Earth (in the case of regional or national
telecommunication systems) by an oblique beam from the satellite.
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On the other hand, the requirement to be met by the earth station depends directly on the
performance of the satellite transponder. In particular, the smaller the area to be served (and hence
the land coverage area the greater can be the directivity of the beam of the antenna connected to the
transponder and the effective radiated power® of the satellite which results in lower earth-station
performance requirements (with consequently lower station cost). It is therefore desirable that the
coverage area should be only just large enough for the region to be served.

1.4.4.2 Multiple access

An outstanding operational feature used in FSS telecommunication is multiple access. Multiple
access is the ability for several earth stations to transmit their respective carriers simultaneously to
the same satellite transponder.

This feature allows any earth station located in the corresponding coverage area to receive carriers
originated by several earth stations through a single satellite transponder.

Conversely, a carrier transmitted by one station into a given transponder can be receive by any earth
station located in the corresponding coverage area. This enables a transmitting earth station to group
several carriers into a single-destination carrier.

The most commonly used types of multiple access are frequency division multiple access (FDMA)
and time division multiple access (TDMA).

In FDMA, each earth station is allocated a specific frequency (with the necessary bandwidth) for the
emission of a carrier forming part of a multiple-destination multiplex. Each of the corresponding
stations must receive this carrier and extract the channels intended for it from the baseband.

FDMA is often associated with frequency division multiplex (FDM).

However, FDMA can also be combined with other types of multiplexing and modulation, especially
time division multiplexing (TDM) with digital modulation, which generally uses phase shift keying
(PSK). The INTELSAT business service (IBS), the EUTELSAT business service (SMS) and
INTELSAT intermediate data rate (IDR) carriers are examples of this type of modulation.

For links involving sporadic, low-density traffic, FDMA can be used without multiplexing, i.e. each
carrier is modulated by only one telephone channel. This technique is known as single channel per
carrier (SCPC). The modulation employed is generally either analogue FM or digital phase shift
keying.

6 This power is called e.i.r.p. (equivalent isotropically radiated power).
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Coverage by a geostationary satellite

Another very important type of multiple access is time division multiple access (TDMA). The
INTELSAT system includes several TDMA networks operating at a transmission rate of 120 Mbit/s.
The EUTELSAT (Regional) and Telecom I (France) satellite systems were designed to use TDMA.

In TDMA, each station is periodically allocated, on the same carrier and within a "frame", a period
of time (a "burst"), during which it emits a digital signal forming part of a multiple-destination
multiplex. Each corresponding station receives this burst and extracts from it the digital channels
intended for it. Multiplexing associated with TDMA is effected by time division (TDM), the
telephone (or data transmission) channels being themselves coded digitally (e.g. PCM). The carrier
is generally phase shift keyed by the digital signal.

TDMA was the first major digital modulation system implemented in the INTELSAT system, where
space segment capacity is allocated on the basis of sequential time shared use of the entire
transponder bandwidth. Each INTELSAT TDMA network comprises four reference stations per
network including the back-up stations, a number of traffic terminals and one satellite. The reference
stations provide network timing, and control the operation of traffic terminals. The traffic terminals
operate under the control of a reference station, and transmit and receive bursts containing traffic
and system management information. The reference stations and the traffic terminals are
interconnected by the satellite.
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There are other types of multiple access, such as spread spectrum multiple access (SSMA), and
more particularly, code division multiple access (CDMA).

In CDMA, the transmitted signals are not discriminated by their frequency assignment (as in
FDMA), nor by their time slot assignment (as in TDMA), but by a characteristic code which is
superposed on the information signal. At present, CDMA is generally reserved for specific applica-
tions, e.g. for some personal communications systems.

Multiple access can also result from various combinations of FDMA and/or TDMA and/or CDMA
and can be performed or changed in the satellite by on-board processing (OBP).

In any case, multiple access processes can also be classified into two categories, referring to their
assignment mode:

» pre-assigned multiple access (PAMA), in which the various channels are permanently allocated
to the users;

* demand assigned multiple access (DAMA), in which a transmission channel is assigned only for
the period of a call (telephone call, data packet, etc.). The great majority of satellite telecommu-
nication system use DAMA, but in the case of sporadic traffic varying in time, the concentration
properties of the DAMA process considerably enhance the efficiency of the communication
satellite system.

Questions relating to multiple access are discussed in detail in Chapter 5 of this Handbook.

1.4.4.3 Distribution

Multiple access, as described above, generally relates to two-way links and especially to duplex
telephone links. When the links are one-way and more precisely, when the information signal is
emitted by a specific earth station towards stations which are often assigned for reception only
(generally numerous and scattered throughout the coverage area), the distribution (broadcasting)
capability of the satellite is used. This capability is particularly useful for television (transmission of
television programmes) and for certain data transmission services (e.g. data banks). In some cases, it
may be useful for the receiving stations to have a capability to transmit service channels, reserve
channels or selection request channels, etc.

1.4.4.4 Frequency reuse and bandwidth utilization

A telecommunication satellite constitutes a very wide band high traffic capacity relay: the primary
energy sources on the satellite can supply a large number of transponders [ e.g. 50 transponders with
a power of 5 to 10 W on the INTELSAT-V satellite]. These transponders share the total effective
bandwidth: in the frequency bands now most widely used (6/4 GHz and 14/11 GHz), the available
bandwidth is 500 MHz and the bandwidth of each repeater is usually about 40 or 80 MHz. It has
become current practice to reuse the available bandwidth several times, thus considerably increasing
the total effective bandwidth. This frequency reuse can be effected by two procedures, which are
mutually compatible:

+ frequency reuse by beam separation: the same frequency bands are transmitted by the satellite
antennas using different transponders by means of directional and space-separated radiated
beams;
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* frequency reuse by polarization discrimination (also known as dual polarization frequency
reuse): the same frequency bands are transmitted by the satellite antennas through different
transponders using two orthogonal polarizations of the radio-frequency wave;

»  Figure 1.5 shows an example of the way in which the 500 MHz frequency band (at 6/4 GHz) is
reused four times in the INTELSAT-V systems. Thus the total effective bandwidth of the
INTELSAT-V satellite, 2 590 MHz, is distributed as follows:

* 6/4 GHz band: 375 MHz bandwidth reused four times and 125 MHz is used twice (for
global beam);

* 14/11 GHz band: 420 MHz bandwidth reused twice (by beam separation).

In the future, the total effective bandwidths available could be further increased:
* Dby increased reuse of frequencies;
* by using the expanded bands allocated by WARC-79; or

* by using higher frequencies, in particular the 30/20 GHz bands (providing an available
bandwidth of 3.5 GHz).

For example, the INTELSAT-VI satellite reuses parts of the 6/4 GHz (WARC-79) bands six times,
while the Japanese satellite CS-2 uses 30/20 GHz bands.

The high traffic capacity of a communication-satellite system can be used in a flexible manner,
ranging from very high capacity (e.g. 960 or even more telephone channels)’ point-to-point or point-
to-multipoint services, to services with low-density and very sporadic traffic. There are only a few
specific constraints, connected with the hierarchy of terrestrial transmission networks (for both
analogue and digital multiplexers).

Some systems have been specifically designed for incorporating transponders corresponding to
different communications services ("multi-mission payload"). This is the case, for example, for the
HISPASAT 1A and 1B satellites, which includes the following payload: 18 FSS transponders for
telecommunication services over Spain, Europe and North, Central and South America
(14/11-12 GHz, double linear polarization with frequency reuse), five BSS transponders for TV
distribution and broadcasting (17/12 GHz, circular polarization) and two transponders in the
8/7 GHz band for governmental services.

7 A circuit is a two-way voice link involving telephone connection between two users. A satellite telephone channel is
the part of the satellite transponder bandwidth and power utilized for a one-way telephone link. Therefore two
satellite telephone channels are needed for transmission of one circuit. A satellite telephone channel is often called a
half circuit.
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FIGURE 1.5
Diagram showing quadruple frequency reuse in the INTELSAT-V system

1.4.4.5 Propagation delay

An important feature of satellite links is the propagation delay. In the case of GSO systems, owing
to the distance of the geostationary satellite from the Earth, the propagation time between two

stations via the satellite can reach approximately 275 ms.
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During telephone calls, the round-trip propagation time is approximately 550 ms and the use of echo
control devices, such as echo suppressor or the more efficient echo cancellors, is essential to avoid
unacceptable deterioration of the subjective transmission quality. Moreover, since the present ITU-T
recommended limit for one-way delay is 400 ms, double-hop connections, i.e. those using two
satellite links, should not be used except under the most exceptional circumstances (ITU-T Recom-
mendation G.114). However, recent tests on double-hop circuits have shown a marked improvement
in the subjective performance when the circuits are equipped with echo cancellers equipment (as
opposed to previously used echo suppressors).

Note that double-hop connections are especially liable to occur in the international telecommunica-
tions of a country whose national traffic is itself routed (at least in part) via a satellite systems.

ITU-T Recommendation E.171 — The International Telephone Routing Plan — establishes the routing
principles with respect to the use of satellites in international connections. This recommendation
states that it is desirable in any connection to limit the number of international circuits (satellite or
terrestrial) in tandem for reasons of transmission quality. However, in practice, the large majority of
international telephone traffic is routed on direct circuits, i.e. a single international circuit between
international switching centres.

NOTES

*  The one-way delay figure of 400 ms is currently under active review in ITU-T. A figure of 500
ms is being given consideration for telephony as a result of recent subjective tests in the United
States of America. Some telecommunication services are not affected by propagation delay,
even in the case of multiple hops. Examples of these are television or broadcasting services and
certain types of data services.

* Inter-satellite links should contribute to avoiding double hops, but this is not a current practice
in GSO systems.

* Propagation delay may give rise to problems and even incompatibilities in the choice of
signalling methods, especially where compelled signalling methods are concerned. ITU-T
Recommendation Q.7 should be referred to in this connection. Similarly, satellite propagation
delay in all media creates constraints in signalling and routing procedures for certain data
transmission networks, especially in packet-switched transmission systems, if correct
compensation measures are not adhered to.

*  Of course, delays are greatly reduced in the new non-GSO systems, in particular those
implementing low-Earth orbits (LEOs). For example, the propagation time between two earth
stations via satellite orbiting at 1 000 km is generally less than 10 ms.

1.4.4.6  Flexibility and availability

Satellite telecommunications have other particularly interesting operational characteristics:

8 They may even be triple hops, if two countries in international communication each route their national traffic via a
satellite.
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* round-the-clock availability for 365 days a year with service continuity generally exceeding
99.99%;

* rapid installation and bringing into service of earth stations, irrespective of the distance and
accessibility of the area to be served;

» great flexibility for changes of services and traffic plans and for all changes in the Earth
segment (introduction of new stations, increased traffic capacity, etc.).

To begin with, the implementation of the ground segment of a satellite network is relatively simple
because the number of physical installations is minimal. To install a satellite network, a planner
need only consider the sites where service is required. In comparison, the installation of an optical
fibre cable system or of microwave links requires first that the right-of-way be secured from
organizations such as governments, utility companies, and railroads. Hundreds or even thousands of
sites must be provided with shelter and power (and even access roads in the case of terrestrial
microwave). After the entire system is installed and tested, all the equipment must be maintained to
assure continuous service. Even then, one outage along the route could put the chain out of service
until a crew and equipment can arrive on the scene to effect repairs.

Finally, the time to implement satellite networks and add stations has been reduced from one to two
years to one to two months. In contrast, a terrestrial fibre network is like a major highway project
and can take years to design and construct.

1.4.5 Range of services provided

Almost anything that can be classified as telecommunications can be carried by satellite communi-
cations. A possible classification of satellite telecommunications services, independent of interna-
tional, regional or national (domestic) designations, is as follows:

* telephony/facsimile (fax), etc.;

e television, video and audio;

e data transmission and business services;

» integrated services digital network (ISDN);
s emergency communications;

»  cable restoration services.

Communications satellites have steadily supplemented older means of communication to the point
that they now represent a mature technique. At the same time satellites have, due in large part to
their unique characteristics, opened many opportunities for services which were previously
economically unattractive, very difficult to implement or near the limits of technology. Satellites can
be tailored to meet specific needs (e.g. voice, data, television, or combinations thereof) using either
analogue or digital techniques over either wide or relatively small geographic areas. Digital
techniques offer the opportunity for sophisticated signal processing and efficiently intermixing
various services or providing completely new services e.g. business services.
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1.4.5.1 Telephony, fax, etc., services

i) Service implementation

Telephony, fax and various other low bit-rate data transmission services, which were previously
based on analogue transmission, are nowadays systematically implementing digital technologies.
The use of time division multiplexed digital carriers, especially when combined with such
techniques as adaptive differential pulse code modulation (ADPCM), low bit rate encoding (LRE)
and digital speech interpolation (DSI) (e.g. with digital circuit multiplication equipment (DCME))
can provide increased traffic capacity, i.e. larger numbers of channels on such carriers.

The use of broadband integrated service digital networks (B-ISDN) including asynchronous transfer
mode (ATM) and synchronous digital hierarchy (SDH) concepts will even increase the flexibility
and the capacity of the satellite links and will allow mixing of telephony and fax transmission with
other services (data, video, etc., see § 1.4.5.5 below.).

In the international area, global systems such as INTELSAT operate as international common
carriers of traffic between major land masses and/or individual countries. This provides
interconnection between various domestic terrestrial networks and allows orderly, systematic flow
of normal telephone traffic across national boundaries.

Direct routing, via routing and diversity:

The "hierarchical" World Routing Plan, as originally conceived by the International Telecommuni-
cation Union (ITU), has been completely revised since the introduction of satellite systems.
International satellite systems enable the "direct" interconnection of various countries' international
telephone switching centres instead of making use of a structured network hierarchy (designed for
wholly terrestrial systems) to step through the international network from origin to destination. This
"short circuiting" effect of satellite systems also reduced the need for "via routing"® to a minimum,
as each country obtained earth stations enabling a direct connection to correspondents a third of the
world away.

Global planners have always considered terrestrial systems (including submarine cables) and
satellite systems to be complementary and have established a large number of terrestrial/satellite
paths as a means of establishing direct access circuits. In a few instances where this seemed
impracticable, double-hop satellite circuits have been established.

Another feature of satellite systems is the ability to offer diversity routing for the purpose of service
protection. Diversity is possible by access to multiple earth stations in different countries from a
single point (provided via routing capability through a third country in the event of an earth station
or local national routing problem) and through second or third satellites in the same coverage area.
The INTELSAT network frequently offers diversity of two or more paths either by the use of
satellites operating in the same region, or by the use of satellites operating in the two regions with

9 The term "via routing" refers to the use of an intermediate or transit country or switch by an originating country to
reach the destination country.
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common coverage areas. This system diversity capability is also used for the restoration of traffic
routed from other media that are periodically out of service, e.g. submarine cable systems.

Regional telephone services can be provided by an international satellite system as well as by a
dedicated regional satellite system. The service provided is similar to the international service in the
fact that communication links between PTTs and/or common international carriers entities may
exist, however, a direct tie into an international network does not normally exist.

Domestic telephone services can be provided by an international satellite system, by regional
satellite systems or by a dedicated domestic satellite system. Domestic telephone services can
extend from multichannel links between major communication centres that interface with the
terrestrial networks, private networks between industrial or government groups, to thin-route and
rural telephony links between isolated locations. The nature of the service can range from
conventional telephone services provided in regions where a terrestrial telecommunication
infrastructure does not exist, to specialized services that supplement or parallel an extensive
terrestrial network and satisfy the unique requirements of the business, government or private
sectors.

ii) Fax, data, etc.

The general conditions for implementing facsimile (fax), telegraphy, telex and other low (or
medium) bit rate data transmission services in the framework of international, regional and domestic
satellite communications systems are very similar to those given above for telephony.

Fax is at present the largest non-voice service operating on the world's public switched telephone
network (PSTN). Facsimile is a high resolution raster scanning image transfer system that uses
PSTN modem technology for its communications. Groups 1 and 2 (for analogue in PSTN);
Group 3 (digital in PSTN) and Group 4 (digital in ISDN) were standardized by ITU-T for facsimile
terminal equipment.

Up to now, due to the relatively low extent of the ISDN, the major market for fax machines remains
with Group 3 equipment.

Another service which is currently stimulating much interest is the Internet service. Like fax service,
Internet uses PSTN modem technology for its communications. Internet is a worldwide network
connecting personal computers (PCs). At present several millions of PCs are connected. It is based
on TCP/IP protocol and includes services like: e-mail, news transfer, remote terminal, file transfer,
etc.

1.4.5.2 Television/video and audio services

i) TV, video and audio distribution

The distribution of television is a major service provided by the FSS and BSS. This ranges from
conventional television programming (entertainment, news, special events),
educational/instructional programmes to teleconferencing applications. The availability of satellite
links for TV distribution eliminates the distance/cost relationship associated with terrestrial delivery
of signals. In some instances satellites provide the only available, or cost effective means of signal
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distribution. The applications include the processing of satellite news gathering (SNG, see below),
the distribution of TV programming or video information between locations for re-broadcasting over
terrestrial stations or for redistribution through cable networks (CATV), etc.

In addition, slow scan or broadband TV signals can be used in support of teleconferencing or
educational activities, where audio and visual information is required to enhance effective communi-
cation. Educational applications can range from traditional classroom situations, health care, and
agricultural training, to specialized instructional information for the handicapped, etc.

In a similar way, the FSS and BSS can also provide distribution of radio programmes (e.g. high
fidelity audio and stereo).

It is also possible to implement broadcasting services direct to the general public for individual
reception (DTH applications) through very small receiving antennas (television receiving only
TVRO), and for community reception (professional application, CATV, SMATYV, direct domestic
applications DTH). In this area, digital TV transmission offers new possibilities, as explained below.

ii) Digital television broadcasting

Advanced digital techniques for picture and sound coding, channel coding and modulation, have
proven their efficiency and reliability. Multimedia applications and communications using digital
video technology are already becoming a reality. The availability of digital techniques, at low cost,
are therefore the key for the present introduction of satellite multi-programme television services
("bouquets").

During 1990 some experimental projects showed that the digital video compression system known
as "motion compensated hybrid discrete cosine transform coding" was highly effective in reducing
the transmission capacity required for digital television. Before that, digital television broadcasting
was thought to be impractical to implement.

Digital television is now a reality and is opening broad possibilities to offer new services to the users
in addition to conventional TV services.

Most of the systems use ISO/IEC MPEG-2 for audio and image coding. MPEG-2 video is a family
of systems, each having an arranged degree of commonality and compatibility. It allows four source
formats, or levels, to be coded, ranging from Limited Definition (about today's VCR quality) to full
HDTV each with a range of bit rates. In addition to this flexibility in source formats, the MPEG-2
system allows different profiles. Each Profile offers a collection of compression tools that together
make up the coding system. A different Profile means that a different set of compression tools is
available.

Communication satellites have and will have an outstanding role in the provision of these new
services. There are already systems operating with digital television (DVB, etc.). All of them use a
very similar network architecture and source coding (MPEG-2). Some of them are flexible systems
which are designed to cope with a range of satellite transponder bandwidths (26 to 72 MHz for the
DVB-S system).

Medium and high power satellites operating in the FSS/BSS frequency bands, are the ideal means
for the rapid introduction of these new services, allowing maximum exploitation of the transponder
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capacity. A significant evolution from the analogue to the digital world, can be foreseen by the end
of the century, with the progressive integration of the services provided by satellite channels and
terrestrial digital networks. The need for harmonization and commonality in source coding and
multiplexing techniques, for use on the various delivery media, is the key factor for the evolution
towards this scenario.

Without doubt, it can be anticipated that the opportunities for new services, the start of the
multimedia era and the increasing demand for broadcasting bouquets will lead to a high demand for
satellite capacity in the coming years.

iii) Satellite news gathering

Satellite news gathering (SNG) allows organizations and broadcasters to pick up events, whenever
they happen, and to deliver their picture and sound to the studios for editing and/or broadcasting.
SNG systems range widely in capacity, weight and cost depending on the characteristics of the
service they must provide. Immediacy, availability of infrastructure and quality are elements to be
considered when determining which kind of SNG system to be used.

Broadly speaking they can be classified in two groups:

*  SNG Trucks and Trailers: They are transportable earth stations mounted on a truck, trailer or
van. They are able to deploy antennas in the range of 3 m (C band) and 2 m (Ku band);

* SNG Fly Away: These are free standing transportable stations which can be shipped by air on
regular flights. The antennas are usually foldable for easy transport and range from 1.2 m to
1.8 m (Ku band).

The new digital video compression techniques will provide further advantages for digital SNG
services. With 8 Mbit/s data rate for digital video coding it is possible to use 0.75 m to 1.2 m SNG
terminals.

SNG earth stations are described in some detail in Chapter 7 (§ 7.9).

1.4.5.3 Data transmissions and business services

Commencing in the 1970s, significant advances in technology have resulted in computers that are
faster, simpler and less expensive. As a result, they are now capable of providing real-time access to
production and economic data that are important for decision-making. The availability of new
digital technology, and the interest in improving productivity have resulted in an increasing demand
from industrial, financial and administrative organizations for a number of new services that were
impractical or excessively costly. The geographical distribution of computer facilities within an
organization or administration, that need to "talk together", can be overcome through the use of
high-speed satellite links.

Also, in the framework of the recent explosive development of the Internet, satellite communica-
tions could offer to this new medium the advantages of direct user-to-user broadband links.

In consequence, it is expected that data transmission will offer new market opportunities to satellite
communications.
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The propagation delay characteristic of satellites could pose a problem to early protocols. Some of
the protocol error controls require a distant end response to each transmitted event, which, with a
satellite hop in each direction, results in a total delay of about 500 ms. On terrestrial circuits, the
same round trip takes tens of milliseconds.

Although the propagation delay can easily be compensated for, and protocols meeting the newest
international standards are satellite-friendly, throughput performance may inadvertently be impaired
by the use of a wrong protocol. The future trends with non-GSO satellite networks should improve
this situation by reducing this delay.

The advancement and convergence of the technologies of telecommunications and data processing is
often referred to as "telematic services" and includes:

» sharing of computational capacity between facilities (e.g. one or several centralized and/or
distributed computers);

* real-time backup and recovery/continuation of processing during periods of failure in
processing systems;

+ establishment of high speed communications links for providing rapid exchange and switching
of information between major modes in data processing networks (with particular application to
data communications in the packet switching mode);

» simultaneous updating of a number of distributed processing centres and outlying locations;
e data bank transfer;

* information broadcasting and data distribution (with or without return channels for
conversational/interactive processes);

+ facsimile transmission extending from simple low bit-rate facsimile to high-definition
transmission of printed matter, manuscripts, photographs, drawings, etc. for such applications as
Internet, electronic mail services, remote printing, etc.;

» teleconferencing facilities extending from the most simple audio conferences with visual aids to
more sophisticated image transfer aided conferences and up to full videoconferences between
multiple users. It should be noted that teleconferencing facilities may include transportable earth
stations.

The large scale development of satellite data communications, and, more generally, telematics, has
been allowed for in the planning of most satellite systems. National or domestic satellite systems in
the United States were the first to provide these business services in the mid to late 1970s. Business
services have become international in scope with the advent of the INTELSAT business service
(IBS). Additionally, the EUTELSAT business service (SMS) and TELECOM 2, HISPASAT (DVI),
etc. for European users, have been designed with characteristics fully compatible with the
INTELSAT IBS, so as to enable interworking between systems (see Annex 3 for more details).

Also, as explained below, private dedicated networks are currently major actors in the field of
satellite data communications.



28 CHAPTER 1 General

Private networks and VSATSs

VSAT (very small aperture terminal) is a well recognized and popular term for designating very
small, low cost earth stations which are directly connected to the users.

Most important applications of VSAT systems are in the form of private, closed user-group commu-
nication networks in which the remote VSATs are directly installed in the premises of each remote
user. Most VSAT networks operate with a central, larger, earth station ("the hub"), which
distributes, controls and/or exchanges the information towards or between the remote VSATS.

The range of VSAT applications is continuously expanding. Some examples are listed below:

*  One-way applications; Data distribution: Distribution of information, in the form of digital
signals, from the Hub to all subscribers (data broadcasting), or to a limited number or
subscribers in the network (data narrowcasting), e.g. for news, press releases, weather
information bulletins from meteorological agencies to airports, announcement displays,
computer program remote loading, audio distribution, video distribution, etc.

*  One-way applications; Data collection: This architecture is used in the reverse direction, i.e.
from VSATs towards the Hub, for data collection purposes. Some applications are for
meteorological or environmental monitoring, pipeline, electric power network monitoring from
unattended stations, etc. However, in most cases, such an operation needs some form of control
and management from the central facility, which means that the VSAT should implement a
receive function and not really be considered one-ways.

*  Two-way applications: VSAT networks are nowadays commonly used for diverse types of two-
way data transmission, in particular for all types of interactive or inquiry/response data
interchange and file transfer. Some examples of applications are: financial, banking, insurance
(for file transactions and bulk transfers from local agencies toward the central processing
facility), point-of-sale operations, credit card verification, management and technical assistance,
reservation operations for airlines, travel operators and hotels, electronic mail services, etc.

More details on VSAT technology, applications and services will be found in: "VSAT Systems and
earth stations", Supplement No. 3 to the Handbook (ITU, 1995).

1.4.5.4 Integrated services digital network (ISDN) services

The concept of an integrated services digital network (ISDN) was introduced by ITU-T in the 1970s
on the basis that "... ISDN might be the ideal worldwide communication network for the future".
ISDN will upgrade the existing telecommunications network and provide fully digital, end-to-end
(up to the subscriber) services. It will also allow the introduction of a standard, out-of-band
signalling, so that voice and data services can be integrated on the same network.

ISDN is being planned and implemented internationally to be a single global switched network
providing all services through standard customer interfaces. Narrow-band ISDN (N-ISDN) is based
on synchronous transfer mode (STM) and on a standardized 64 kbit/s access for all services with
data rates from 64 Kbit/s to 2 Mbit/s.

The main feature of the N-ISDN concept is the support of a wide range of voice and non-voice ap-
plications in the same digital network. A key element of service integration for an N-ISDN is the



1.4 Characteristics and services 29

provision of a range of services using a limited set of connection types and multipurpose
user-network interface arrangements. N-ISDNs support a variety of applications including both
switched and non-switched connections. Switched connections in an N-ISDN include both circuit
switched and packet-switched connections.

Although some obstacles had to be overcome for ensuring compatibility and interworking of
satellite links with ISDN procedures, protocols and ITU-T Recommendations (specially as concerns
bit error ratio and delay), satellites have proven their capability for facilitating the rapid implementa-
tion of ISDN services on an international scale. For example, INTELSAT satellite facilities provide
ISDN services in three ways: time division multiple access services (TDMA); intermediate data rate
(IDR) carriers; and super IBS. All of these satellite services are capable of providing better than 1 x
107 error ratio capabilities and system availability in excess of 99.96% of the year.

Broadband ISDN (B-ISDN) was promoted by ITU-T from 1988 with the approval of the first [ITU-T
Recommendation I.121 with the objective to integrate all voice, data and video services.

It is based on:

* the synchronous digital hierarchy (SDH), which replaces the previous plesiochronous digital
hierarchy (PDH), with more flexibility and much higher bit rates!0;

* the asynchronous transfer mode (ATM) as a transport mechanism!!.

Of the many elements in the ISDN which are already standardized by ITU-T, satellite systems
are primarily affected by the bit error ratio (BER) and availability performance which it is
necessary to achieve to meet its share of the overall BER requirements to the user. However,
thanks to the recommendations prepared by ITU-R, a transmission quality comparable to fibre
optics can be obtained on satellite links (see Chapter 2, § 2.2) whenever necessary to allow their
utilization in B-ISDN networks.

1.4.5.5 Emergency communication services

During times of natural disaster, civil disturbance or serious accidents, normal terrestrial-based
communication facilities are frequently overloaded, temporarily disrupted or destroyed. The
availability of satellite communication facilities ensures that one element of the system remains
isolated from terrestrial-based disruptions, i.e.the satellite or space segment. Through the
deployment of small transportable earth terminals to the emergency location, communications can
be established and the process of restoring the necessary services (communications, aid, food/water
distribution, etc.) assisted.

For example, since 1984 INTELSAT has provided, with increasing frequency, short-term communi-
cations with remote locations under emergency conditions or facilities for reporting special events.

10 In particular, SDH allows a transparent multiplexing process. For example, a 64 kbit/s channel can be accessed
directly from the highest SDH multiplex hierarchy. The SDH transmission multiplex bit rates currently extend from
255 Mbit/s (basic frame or STM1) to 2.4 Gbit/s (STM16). See Chapter 3, § 3.5.3.

I1'ATM is a data transmission technique somewhat similar to packet-switched systems, but with fixed data length
packets (called cells). See Chapter 3 (§ 3.5.4).
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In these cases very small, readily transportable earth terminals, have been used to provide temporary
television (at 14/11-12 GHz band) and/or audio only communications.

In similar conditions, but under less dramatic circumstances, communication in the FSS are ideally
suited for establishing temporary links for satellite news gathering (SNG) (see above §1.4.5.2 1ii1))
and links with locations hosting special events that require unusual communications facilities and a
high instantaneous traffic capacity, e.g. international meetings, sporting events, etc.

1.4.5.6 Cable restoration services

Traditional cable restoration service is designed for restoring services via satellite during outages of
telecommunication cables. The cable restoration services are provided by INTELSAT on an
occasional use as well as on a longer term basis when there is a planned outage.

INTELSAT currently offers three different cable restoration services, each aimed at the restoration
of a different type of size of cable:

» wideband submarine cable restoration, for the restoration of digital optical fibre cables;

» cable repair service, for the planned restoration of medium capacity (up to 4 000 circuits) cable
systems when extensive repair is needed;

* cable circuit restoration, for the restoration of telecommunication cables on an occasional use
basis.

1.5 Regulatory considerations and system planning

1.5.1 Introduction

This section summarizes the various matters that have to be resolved before establishing and
operating satellite telecommunications links.

It should be stressed that this section will primarily deal with the various regulations set up by ITU.
It will not describe the regulations particular to each country (or group of countries). Of course, any
operator wishing to establish a satellite system or network in a given country must comply with the
particular regulations and standards in vigour and refer to the regulatory agency of this country (e.g.
the FCC in the United States of America) to get the authorizations for launching, implementing and
operating its system or network. It should be noted, however, that following the worldwide trend of
"deregulation", the previous restrictions to satellite system operation have been considerably
lightened or even suppressed in many countries (e.g. in Europe, under the auspices of the CEPT,
etc.)12.

Also, this section will not deal with the standards which are applicable to the equipment and to the
modes of operation with which a satellite system should comply. On a global basis, these standards
take the form of ITU (-R and -T) Recommendations (see Annex 4 to this Handbook), but others are

12 particular regulatory and also standardization problems relative to VSATSs are dealt with in "VSAT Systems and
Earth Stations" (Supplement 3 to the Handbook), Chapter 5.
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established by standardization agencies in various countries, or group of countries (e.g. by the FCC
and other organizations in the United States of America, by ETSI in Europe, etc.) and often also by
various technical or industrial groups (e.g. MPEG for digital television). Finally, other standards
have also been established by the satellite operators themselves, e.g. by INTELSAT and
EUTELSAT.

The different cases to be considered here are:
e international or national links;
+ utilization of an existing operational satellite system (space segment) or establishment of a new

dedicated satellite system.

Subsection 1.5.2 deals with the general problems, mainly of a regulatory nature, to be dealt with in
each of these cases.

Setting up a new satellite system, which may be either a regional system with the participation of a
group of countries, or a purely national (domestic) system, is obviously much more difficult than
using an existing system: in fact, the decision to implement a new satellite system usually results
from a long-term process, which may be preceded by the phases outlined below:

» utilization of the space segment of an existing satellite system, usually by leasing space segment
capacity;

* preliminary economic and technical studies of the validity and profitability of a new system
considering the traffic growth and the possible need for new telecommunication services;

» technical and operational preliminary experiments e.g. by using an existing satellite, if
available, or even by launching an experimental or pre-operational satellite.

In this framework, the progressive evolution of the earth segment should be considered. For
example, earth stations implemented in the first phase should remain usable as a part of the new
system earth segment.

Cases may also occur where the implementation, from the outset, of an entirely new satellite system
may be necessary e.g.:

» if existing satellites cannot carry the envisaged services;

+ if new technologies are better adapted to the specific requirements, etc.

Subsection 1.5.3 is devoted to the problems of planning new satellite systems.

1.5.2 Global regulations considerations

This subsection deals with various considerations, particularly regulatory ones, that an organization
may encounter when bringing into service and operating FSS telecommunication links.

These considerations are of two types:

a) Considerations relating to rules for the internal operation of a satellite system: internal
(administrative and technical) system regulations, types of traffic, traffic capacity, technical
characteristics of space and earth stations, etc. Other problems relate to internal protection
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against mutual interference between space stations, earth stations and terrestrial radio stations in
the service area of the satellite system concerned.

b) Considerations relating to external interference protection, i.e. protection of the system against
interference from space and earth stations belonging to other satellite systems and from other
terrestrial radiocommunication systems and, conversely, protection of these other systems from
interference by the system.

The four basic cases of satellite communication links that may arise are given below:

»  existing satellite system!? using international (including regional) links;

» existing satellite system using national links;

* new satellite system'# using international (including regional) links;

* new satellite system using national links.

It should be noted that in the case where the technical parameters of an existing satellite system are
changed substantially, the existing system would be categorized as a new satellite system.

1.5.2.1 Existing satellite systems

In the case of an existing system, the new user establishes his telecommunication links by installing
his own stations in accordance with the internal operating rules of the system concerned. Problems
of type b) above will generally already have been solved and the new user will only have to take into
account considerations of type a).

1.5.2.1.1 International (including regional) links

An overview of the main international and regional satellite systems now in service (or being
brought into service) are summarized in Annex 3.

For each of these systems an international organization, composed of the countries which are
signatories of the constituent agreements, is responsible for managing the system or, more
frequently, its space segment.

To establish direct telecommunication links within systems such as these, the government of the
concerned country has to contact, either directly or through its telecommunication administration or
a telecommunication organization under its jurisdiction, the international organization concerned,
which will inform it of:

* the telecommunication services offered and the technical conditions to be fulfilled;

* the financial conditions and charging methods;

13 Existing satellite system: a system which has already been coordinated according to ITU procedure and which has
already been registered by the Radiocommunication Bureau (BR) (as explained in the following sections).

14 New satellite system: a system which is in a planning stage and/or the coordination of which has not yet been
completed according to ITU procedure.
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* the regulatory procedures required to establish the earth stations as a part of the established
space system. These procedures are required to:

avoid unacceptable interference to other users;

insert the required links in the general traffic plan and in traffic capacity forecasts.

It should be noted that, in any case, the above-mentioned procedure with the international
organization concerned does not replace ITU procedures for registration with the Radiocommunica-
tion Bureau (BR) of new telecommunication facilities, as given in § 1.5.2.2.

1.5.2.1.2  National links

There are two possibilities for setting up national links in the framework of existing satellite
systems:

a) If the territory where the user wishes to set up links is already served by an autonomous satellite
system adapted to these links, the new user shall apply to the administration or the body owning
or managing the system. Significant countries operating satellite systems are listed below (see
Annex 3):

Australia/New-Zealand (Optus Communications/ AUSSAT);
Argentina (NAHUELSAT);

Brazil (SBTS);

Canada (TELESAT);

China (STW, CHINASAT 1, ASIASAT);
France (TELECOM);

Germany (KOPERNIKUS);

India (INSAT);

Indonesia (PALAPA);

Italy, (Telecom Italia, ITALSAT);

Japan (N-STAR);

Korea (KOREASAT);

Spain (HISPASAT);

United States of America (SATCOM of RCA, COMSTAR of AT&T, WESTAR of Western
Union, SBS, GSTAR of GTE, etc.);

Russian Federation (Molnya-3, Statsionar, Loutch).

b) On the other hand, if there is no autonomous national system, consideration may be given to
leasing (or even buying) part of the space segment (i.e. a certain transmission capacity) of an
existing satellite system with a coverage area which includes the territory concerned.

In particular, INTELSAT offers space segment capacity leasing and selling possibilities for a wide
range of services, including:

*  public switched telephony;

+ television and radio broadcasting;
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*  public switched data networks;

*  private business networks.

It should be stressed that the method of leasing a certain transmission capacity in the space segment
of an existing satellite system usually makes it possible for the user country, administration or entity
to avail itself freely of this capacity (though with some restrictions referred to below) to design,
execute and operate a complete national satellite telecommunication system, consisting of the leased
part of the space segment and of its own earth segment. It should be noted, however, that:

1) the organization owning or managing the space segment supplies the technical characteristics of
the leased part and rules for its use. These rules ensure the compatibility of the leased part with
the whole satellite system and protect the system from interference, overloading, etc.;

i1) also in the case of national links, ITU-R procedures for registration with the BR of new tele-
communication facilities, as given in § 1.5.2.2, have to be followed, after having established the
technical characteristics of the national network.

These characteristics and rules must be taken into account by the user in choosing the parameters of
the stations in his earth segment and the transmission characteristics of his radio carriers.

The total cost of the system will of course consist of investment costs (provision and installation of
stations) and recurrent expenses, e.g. operational costs and the cost of leasing the space segment,
Since the last-named costs generally depend directly on the capacity leased, optimization of the total
cost is a difficult problem and must be considered along with the technical considerations mentioned
above (station parameters, transmission characteristics). In solving this problem of optimization,
attention must be given not only to the existing situation of the national network and traffic
requirements, but also to their future development!s.

1.5.2.2  New satellite systems

When planning a new system, it is necessary not only to establish rules for internal operation and to
examine the internal protection of the system against interference (type a)) problems, § 1.5.2), but to
consider from the outset questions relating to mutual interference between existing systems and the
planned new system (type b)) considerations, § 1.5.2).

The ITU Radio Regulations lay down procedures and limits with a view to avoiding interference
harmful to the efficient operation of all telecommunication services including the FSS, BSS, MSS
and ISS. These procedures and limits are dealt with in Chapter 9 of this Handbook, and only a few
general points are made here.

15 The following case is cited as an example only:
A domestic communication network for sporadic low-density traffic can be established by using small local stations
communicating among themselves in the FDMA-SCPC mode with preassigned carriers. When the traffic demand
grows (owing to an increase in traffic density and/or the number of stations), a transfer from preassignment to
demand assignment may be considered. This method might serve to meet increased demand, entailing a certain
amount of expenditure for re-equipping stations, but not necessitating any increase in the capacity leased (and hence
no increase in the cost of leasing the space segment).
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The ITU Member States have established a legal regime which is codified through the
Constitution/Convention, including the Radio Regulations (RR). These instruments contain the main
principles and lay down the specific regulations governing the following major elements:

+ frequency spectrum allocations to different categories of radiocommunication services (Article
S9 of the Radio Regulations);

* international recognition of these rights by recording frequency assignments and, as appropriate,
orbital positions used or intended to be used in the Master International Frequency Register
(Article S11 of the Radio Regulations)

In general terms, the Radio Regulations distinguish between non-GSO and GSO satellite networks,
which are subject to different regulatory regimes. Any GSO satellite network in any frequency band
has to coordinate its planned use of orbit and frequency spectrum with any other GSO system likely
to be affected for which notification was received at an earlier date by the ITU Radiocommunication
Bureau (BR). Non-GSO networks are subject to coordination only in respect of certain specific
space services in certain frequency bands identified by footnotes to the Table of Frequency
Allocations (footnote with a reference to application of RR No. S9.11A).

The main regulatory procedures applicable to space systems are contained in Article S9 and in
Appendix S5, of the Radio Regulations, which contain criteria for the identification of administra-
tions with which coordination is to be effected. In line with the normal practice in connection with
space services, Article S9 contains a two-step procedure consisting in the publication of simplified
advance information on the planned network followed by coordination with systems likely to be
affected, observing an order of priority determined by the date of submission of the coordination
data to ITU. The same Article envisages the need for coordination of a planned space system (space
and earth station) vis-a-vis other non-GSO or GSO systems as well as with terrestrial services
sharing the same frequency band. The procedure for notification and recording of space network
frequency assignments in the Master International Frequency Register (MIFR) is described in
Article S11 of the Radio Regulations.

The Radio Regulations contain also provisions for sharing between space and terrestrial services.
Above 1 GHz, Article S21, Sections I-III, aims to protect the GSO space services from the terrestrial
emissions of fixed and mobile services, the transmitting stations of which must be pointed 2° away
from the GSO and observe power level limits. With respect to the protection of terrestrial receiving
stations vis-a-vis space stations, Sections IV and V respectively provide the minimum angle of
elevation of earth stations and the limits of pfd from space stations. Article S22 indicates further the
rules relating to space radiocommunications services (station keeping, pointing accuracy of antennae
on geostationary satellites, earth station off-axis power limitations ...).

1.5.3 Implementation of new systems

This subsection attempts to provide general information, somewhat in the form of a reminder, on the
various steps for installing and putting into service a major project for a new complete satellite
system. The process should be greatly simplified in the case of a new network of earth stations
operating on an existing satellite (e.g. a VSAT or a rural network).
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1.5.3.1 Preliminary techno-economic studies

The first step is to assess the service requirements to be met by the satellite system taking into
consideration the overall perspective of growth of the telecommunication network and economic,
industrial, social and political factors.

Introduction of a satellite system for supplementing and augmenting long-distance telecommunica-
tions is usually planned with the following well-known advantages in view:

1) coverage over a large area;

il) costs independent of distance and intervening terrain, ease of connecting locations in
mountainous regions, islands, deserts, forests and swamps;

ii1) speed of installation and capacity to provide short-term and emergency services using
transportable terminals;

iv) broadcast nature of satellite transmissions and facility in providing television, radio,
teleconferencing, news, data and facsimile services;

v) flexibility to adopt varying traffic demands and types of services;

vi) capacity to provide media diversity for terrestrial cable and radio links.

A satellite system transmission plan should take into account these advantages and should be
compatible with the national switching and transmission plan. For details of switching system
characteristics, the ITU-T Handbook entitled "Economic and Technical Aspects of the Choice of
Telephone Switching Systems" should be consulted. After assessing the total service requirements,
allocation to various transmission media — cable, radio, optical fibre and satellite — would have to be
undertaken. For this purpose, the ITU-T GAS 3 Manual on Transmission Systems — "Economic and
Technical Aspects of the Choice of Transmission Systems" (Vols. 1 and 2) — should be of
assistance.

A cost/benefit analysis may be carried out to compare a satellite network with a terrestrial
equivalent. Satellite systems may be economical beyond several hundred kilometres though the
cross-over distance could be lower if the advantages cited above are taken into consideration.
System costs are assessed and compared on the basis of the present price of the system.

1.5.3.2 Initial planning

a) Traffic projections

Satellite design life is around 10 to 14 years. Prior to the launch of the satellite a period of at least
three to four years is required of preparing spacecraft specifications, developing request-for-
proposals (RFP), RFP evaluation, and ordering and construction of the spacecraft. This means that
during the initial planning of a dedicated satellite system, traffic projections have to be made for
about 10 to 15 years. This means that these projections must include future applications (data,
multimedia, etc.).

b) Preliminary system engineering

From projections of traffic to be carried over a satellite network, a traffic matrix is prepared
indicating the number of carriers, channel capacities and inter-connections required. Assessment of
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the number of satellite transponders required is an iterative process involving tentative assumptions
regarding earth-station and satellite parameters to begin with and then optimizing the parameters in
relation to overall system costs, channel capacity and performance required. Main parameters for
spacecraft are transponder bandwidth, e.i.r.p. and G/T; and for earth stations they are G/T, antenna
transmit and receive gain, system noise temperature and transmitted power. For the system, the
choice of frequency band, modulation method and multiple access parameters, are important factors.

1.5.3.3 Detailed planning

Following the preliminary studies and development of the satellite system proposals, a planning
organization is required to be set up for detailed centralized planning and implementation of the
system at the headquarters of the administration concerned.

The planning group is responsible, for obtaining administrative, technical and financial approval for
the scheme and for its execution, monitoring and control. Systematic planning is essential for
cost-effective implementation of the satellite system. Network analysis, critical path method (CPM)
and programme evaluation and review technique (PERT) are methods for carrying out a complex
project. In these techniques, the project work is broken down logically into its component parts and
these are recorded on a network model or diagram which is then used for planning and controlling
interrelated activities needed to complete the project.

Planning of a satellite system may be broadly divided into two areas: 1) space segment and ii) earth
segment. These two segments may be handled by different organizations in some countries and
procedures for coordination between the planning groups of these organizations should be
established.

i) Space segment planning

The establishment of the space segment requires a major effort in analysis, planning and execution
of work in a highly sophisticated technology area and involves the following steps:

*  collection of customer requirements, service and mission requirements;

» preliminary studies regarding various options for spacecraft, spare philosophy, time schedules
and system cost;

* orbit and spectrum requirements, selection of orbit slot and follow up of coordination
procedures;

e selection of launch vehicle;

»  preparation of request-for-proposal (RFP) for satellites and associated control facilities;
e evaluation of RFP and award of contract;

» finalization of launch vehicle agreement;

» establishment of satellite and launch vehicle contract monitoring.

ii) Earth segment planning

Planning of the earth segment would involve the following main steps:
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* collection of service requirements and traffic matrix, finalization of transmission plan taking
into consideration the specified space segment characteristics;

*  preparation of the overall definition for the ground segment;

» finalization of earth-station equipment specification, preparation of request-for-proposals for
ground segment, evaluation of RFP and ordering of equipment;

» selection of earth-station sites and electromagnetic compatibility (EMC) survey;
* notification and frequency clearance for selected sites;

*  preparation of plans for building and award of contract for building construction;
» ordering of water and electric supplies and power plant.

1.5.3.4 Installation

Construction of spacecraft, supply of earth-station equipment, site selection and construction of
approach roads and buildings are long lead time items and these activities are carried out
concurrently.

Simultaneously, arrangements should be made for recruitment and training of staff for installation,
operation and maintenance. Provision for training by manufacturers may be provided when ordering
equipment.

The construction of buildings and installation of equipment could be a challenging task particularly
in developing countries — due to lack of infrastructure, resources and skilled manpower. ITU-T
GAS 7 Handbook on Rural Telecommunications provides valuable guidance for those undertaking
work in rural and remote areas.

The installation group has to carry out the following activities:

*  construction of buildings, civil works and provision of infrastructure;

* detailed engineering including drawing-up of layout plan for equipment and definition of the
interfaces between the different items of equipment;

*  monitor equipment supply orders and order for any shortcoming and installation materials;

* transportation of equipment and materials to site, physical inspection of items supplied and
dispatch of reports to the manufacturers, as necessary, for damage and shortage;

« award of contract for installation of antenna and towers and supervision of work;
* installation and acceptance testing of equipment and power plant;
* commissioning of equipment, local line-up;

» assistance in the evaluation of the earth stations by a network operations control centre (NOCC)
as per acceptance procedures. Acceptance testing includes antenna radiation patterns, G/T and
e.1.r.p. parameters;

* line-up for operational links;

* integration of circuits into the terrestrial telecommunication network, trunk automatic and
manual exchanges, etc., and coordination with other organizations for extension of circuits to
users.
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1.5.3.5 Operation and maintenance

The operation and maintenance group has the following responsibilities:

* establishment of procedures for coordination between agencies concerned with spacecraft
operations, earth-station operations and the telecommunication network;

* laying down schedules for manning earth station and definition of duties;

»  preparation of line-up procedures, operational procedures and preparation of test schedules for
equipment as per manufacturer's recommendation;

» setting up of a network operations and control centre (NOCC) for monitoring and control;

* preparation of daily, weekly and monthly operational schedules as per transmission plan and
service requirements and notification of these to a Spacecraft Control Centre and NOCC;

» establishment of central and regional repair centres, calibration facilities and fault control
procedures.







CHAPTER 2

Some basic technical issues

2.1 Characteristics of a satellite link

2.1.1 The basic satellite link

Figure 2.1 shows, in its simplest form, a satellite link carrying a duplex (two-way) communication
circuit: the earth station A transmits to the satellite an uplink (U/L) carrier wave (modulated by the
baseband signal, i.e. by the signal from the message source transmitted by the user terminal) at radio
frequency (RF) Fy; (e.g. 5 980 MHz). The satellite antenna and transponder system receives this
carrier and, after frequency conversion from Fy; to Fq; (e.g. 5 980 MHz — 2 225 MHz = 3 755 MHz),
amplifies and re-radiates it as a downlink (D/L) wave which is received by the earth station B. To
establish the return link, B transmits a U/L carrier at another RF F, (e.g. 6 020 MHz) which is
received by A at the converted D/L RF Fy, (e.g. 6 020 MHz — 2 225 MHz = 3 795 MHz).

Transponder

Earth Station B Earth Station A

——— Uplink

— —=& — Downlink
Sat/C2-01

FIGURE 2.1
The basic satellite link
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Note that:

* more generally, the satellite is equipped with several transponders (the two links F,;/F4; and
Fu2/Fq2, bearing the two half-circuits, may be transmitted through different transponders);

* in the most advanced types of satellites, the signal does not simply incur a frequency conversion
in a transponder, but is subject to more complex operation, including
demodulation/remodulation, baseband processing, etc. Such operations (called on-board
processing, or OBP) are described in various parts of this Handbook (e.g. in § 6.3.4);

» the figure is, of course, independent of the satellite distance and type of orbit.

The link must be designed to provide reliable, good quality communication, which implies that the
signal transmitted by the sending earth station must reach the receiving earth station at a carrier level
sufficiently above the unwanted signals generated by various, unavoidable sources of noise and
interference.

The quality of the communication, i.e. of the baseband message signal received by the user terminal,
is derived from the received power-to-noise ratio, accounting for the modulation/demodulation and
possibly encoding/decoding processes:

* In the case of analogue communications, frequency modulation is generally used and the
communication quality is measured by the signal-to-noise ratio (S/N), which is derived from the
carrier-to-noise ratio (C/N) at the receiver input and from the frequency modulation parameters
(see below, § 4.1).

* In the case of digital communications, the communication quality is measured by the
information bit error ratio (BER).

The BER is derived from the carrier-to-noise-density ratio (C/Ny) (or from the (Ep/Ny)) at
the receiver input and from the coding and modulation parameters. Here Ey, is the energy per
information bit and Ny is the noise power spectral density (noise power per Hz, i.e.
No = N/B, where B is the RF noise bandwidth).

Based on (C/N), (C/Ny), (Ev/Np), (S/N) or BER, and as a function of the link availability, the level of
quality of the communication link or of the received message, in the various analogue or digital
types of systems is the subject of a number of ITU (ITU-R and ITU-T) recommendations, as
explained in detail below (§ 2.2).

The fundamental design factor of a satellite link is the calculation of the link budget, i.e. the
calculation of the (C/N), (C/Ny) or (Ey/Np) as a function of the characteristics of the satellite, of the
earth stations and of the local environment and interference conditions.

Before going to link budget analysis and calculation (§ 2.3), it is necessary to review some basic
notions on the antennas (because they constitute the earth-space interface), on the link noise and on
the influence of the propagation medium.
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2.1.2 Basic characteristics of an antenna

This subsection defines only the antenna parameters needed for link budget calculations. Other basic
characteristics of an antenna such as radiation diagrams, beamwidths and polarization are described
in Appendix 2.1.

2.1.2.1 Antenna gain definition

An isotropic transmitting antenna radiates a spherical wave with a uniform power py,/4Tt in any
direction (6, ¢) of the surrounding space (p, being the power available at the input of the antenna).

A directional antenna will radiate a power p(0, ¢) in the direction 0, ¢ (see Figure 2.1).

The definition of the gain of an antenna is:

_r6,9)

g(8,0) Do /4Tt

(1)

8=0¢=0

pmax

p(®, ¢)

(Isotropic case)

Sat/C2-02

FIGURE 2.2

Radiated power of a transmit antenna
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Do 1s also the total radiated power (in all directions) and it can therefore be expressed as:

2 T
Po= | [ p(6.0)sin0dodd )
00
The maximum of the gain function is:
_ Pmax
R 3
8Emax D, 4TI 3)

The maximum gain, gy, 1s often called simply the "antenna gain", g, and is usually expressed as
follows in decibels, and more precisely, in decibels over the gain of an isotropic antenna (dBi):

G=10logg (dBi)

The definition of antenna gain is more straightforward if the antenna is considered during
transmission, as in this subsection. However, according to the reciprocity theorem, the properties of
an antenna are the same for transmission and for reception. For example, the beginning of this
subsection could read, for reception: "An isotropic receiving antenna is able to receive uniformly

from the same transmitter positioned in any direction (6, ¢) a power p,/4Tt A directional antenna
will receive a power p (0, ¢) from the same transmitter positioned in the direction (8, §)...".

The reciprocity theorem holds for all antenna characteristics defined in this subsection. The
following subsection is more easily explained if the antenna is considered during reception.

2.1.2.2 Antenna effective aperture and gain

If a radio wave, arriving from a distant source (in the present case — the satellite, see Figure 2.3)
impinges on the antenna, the antenna "collects" the power contained in its "effective aperture area"
A.. If the antenna were perfect and lossless, this effective aperture area A. would be equal to the
actual projected area A (e.g. for a circular aperture A = Tt D¥/4). In practice, taking into account
losses and the non-uniformity of the "illumination law" of the aperture:

Ae=n-A
where:
n= antenna efficiency (N < 1)

(n=1 for auniform "illumination law" and no losses, typical values are between 0.6 and 0.8).
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B=0=0

Antenna reflector
(diameter = D)

Sat/C2-03

FIGURE 2.3

Effective aperture of a receive antenna

A very important relation between gn,x and A, in square metres is:

4TA
gmax = }\2

where A is the wavelength (m)

C
A=t

c: RF waves velocity = 3 X 10% (m/s)

f: radio frequency (Hz)
_4TInA

g s ——
max )\2

For a circular aperture (diameter = D in metres)

nD)?
€max — N T

Or, in dB:

G =101log gax =9.94+10 logn+20 log(%j dBi
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Equation (4) is given for the direction of maximum antenna gain (i.e. for @ = ¢ = 0). However, it can
be generalized as:

4TA, (8 9)
g6,9) = ——5—— (8)
A
A. (6, ¢) being the effective aperture area in direction (0, ¢).
For an isotropic antenna (gma.x = g(0, ¢) = 1), the effective aperture is A, where:
)\2
Ajso = 4Tt ©)
Therefore, the equations above may also be written as:
A, (0,
g(0.¢)= 200 (10)
Ajso
Aemax = Ae (e = ¢ = O)
o = Aemn (11)
max A

2.1.3 Power radiated and received by an antenna

2.1.3.1 Power flux-density, equivalent isotropically radiated power and free-space
attenuation

The power flux-density (pfd) is the power radiated by an antenna at a sufficiently large distance d, in
a given direction.

For an isotropic antenna in free space conditions, the power p. at the antenna input is radiated
uniformly in any direction throughout a sphere centred on the antenna and the (pfd) is (in w/m?):

(pfd); = pe/(4Td?) (12)

The power flux-density (pfd) radiated in a given direction by an antenna having a gain g. in that
direction is thus:

(pfd) = pe-go/(41d) (13)

The product p. - g. is called the equivalent isotropically radiated power or e.i.r.p. This is an essential
factor in the evaluation of the link budget. It has the dimension of power and is therefore given,
when expressed in logarithmic units, by (P. + G.) in dBW.

For a receiving antenna having an effective area A., the power reaching the antenna is equal to:

Pr=DPe" ge- Ae/(4T[d2) (14)
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or, using the general equation (4),

Pr=Pe - ge* g - (MATH)’ (15)
where:
g;: receiving antenna gain
A: wavelength
The value:
1= (41d/N)? (16)
or, expressed in decibels:
L =20 log (41d/A) (17)

represents the free-space attenuation between isotropic antennas.

The value of this free space attenuation is represented in Figure 2.4, as a function of frequency, with
some distances (d) as a parameter. The distances shown are typical of the orbits of satellite systems
currently in operation, or projected, as already explained in Chapter 1. For a more detailed
description of satellite orbits, the reader is referred to Chapter 6, § 6.1:

d = 36 000 km is the highly popular geostationary satellite orbit (GSO) distance (note that the
altitude is more precisely 35 786.1 km). Due to the — approximately — fixed position of the
satellite (as seen from an earth station), this was, up to now, the only distance practically
implemented for civilian communication satellites either for international or for domestic
traffic.

NOTE — d = 36 000 km is (approximately) the geostationary orbit altitude. In fact, in the
calculation of the free-space attenuation, the distance must account for the obliquity of earth
station to satellite path. For example, with a 30° elevation, the actual distance is d = 38 607 km.

d = 10 000 km is typical of medium earth orbit (MEO) satellites, also often known as
intermediate circular orbit (ICO): this is the orbit chosen by some organizations for systems
implementing very small, portable (even pocket size) earth stations (often called "terminals") in
the framework of personal telecommunications (PTs) networks. This is the case, in particular,
for the Inmarsat P project (which operates in the mobile-satellite service — MSS).

d =1 000 km is a typical value for low earth orbit (LEO) satellites. There are, at present, many
"PT-like" system projects which are based on the implementation of LEO satellites operating
either in the MSS or in the FSS.
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Free-space attenuation (L)

NOTE - Parallel lines can be drawn at the various distances by connecting corresponding points on
the two distance scales.

One of the main reasons for the trend towards the utilization of MEO or LEO satellites for "PT-like"
systems appears clearly on this figure: at 6 GHz, the attenuation is reduced from about 200 dB for
GSO operation to less than 190 dB for MEO/ICO and to less than 170 dB for LEO. The reduction is
even greater in the MSS allocated 1.5 GHz band (e.g. 156 dB for LEOs). Even in the 30 GHz band,
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the free-space attenuation, in conjunction with high-gain satellite antennas, can be compatible with
the utilization of hand-held terminals (e.g. nominally less than 182 dB for LEOs; however an
additional attenuation accounting for rain is to be provided).

2.1.3.2 Additional losses
In addition to the losses due to free-space propagation, received power calculations must also take
into account, both in the uplink and downlink, miscellaneous losses as follows:

+ atmospheric losses representing the attenuation due to propagation in the atmosphere and the
ionosphere (see Annex I to the Handbook). This may vary from a few tenths of a decibel at
4 GHz to several tens of decibels at 30 GHz, according to local precipitation conditions and the
elevation angle of the satellite;

* losses due to polarization mismatch at the antenna interface and to cross-polarization caused by
propagation;

* losses due to antenna offset with respect to the nominal direction commonly referred to as
pointing error losses. These may generally be expressed in terms of a change in antenna gain as
a function of the off-boresight angle 6:

AG =12 (8/68p)* (dB) (18)
where:
Bp = 65 (A/d) (19)
Bo: is the half-power (-3 dB) beamwidth (in degrees)

d: being the (circular) antenna diameter.

G can also be read on the nomogram in § A.2.1.2 of Appendix 2.1;

» feeder losses representing the losses in the transmitting antenna feeder and between the
receiving antenna and the receiver input. These losses are generally included in the e.i.r.p. on
emission and in the station sensitivity on reception.

2.1.4 Noise power received on the link

Noise power at the receiver input is due both to an internal source (typical of the receiver) and to an
external source (antenna contribution).

2.1.4.1 Noise temperature

In calculating link budgets the term N, (noise spectral density in W/Hz) or the term T (noise
temperature) is used in preference to the noise power N, so that there is no need to specify the
bandwidth B in which the noise is measured. The relation between these terms 1is:

N =kTB and N, = N/B (20)
where k is Boltzmann's constant (1.38 x 10> Joule/Kelvin). T must be expressed in absolute

degrees i.e. Kelvin (K) (temperature expressed in Kelvin =temperature expressed in Celsius
degrees + 273).
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N, and N are sometimes expressed in decibels as follows:

N=10logk+ 101log T+ 10 log B dB(W)
No=10logk+ 101log T dB(W/Hz)
where:
10 log k =-228.6 dB (Joule/Kelvin) (21)

2.1.4.2 Noise temperature of a receiver

An ideal noiseless receiving amplifier would amplify an input noise not more than the input signal
(i.e. with the same gain). Due to internal noise, an actual receiving amplifier will bring additional
noise power.

The noise caused by a receiver is usually expressed in terms of an equivalent amplifier noise
temperature Tg. It is defined as the temperature of a noise source (resistance) which, when
connected to the input of a noiseless receiver, gives the same noise at the output as the actual
receiver.

The receiver is actually composed of cascaded circuits and, more precisely of a few amplifying
stages or other networks (such as the down-converter, etc.), each one having its own gain g; and its
noise temperature Tg;. It can be easily demonstrated that, under such conditions the receiver noise
temperature is:

Tr = Tr1 + (Tro/g1) + (Tr3/g1g2) +...

This formula is important because it shows that the noise contributions of the successive stages are
lessened by the total gain of the preceding stages. Consequently, the RF amplifier, called the low
noise amplifier (LNA) must have a low Tg; and a high g;.

Common values of Tr for the LNAs used in modern receivers are between 30 K and 150 K,
depending on the frequency band and on the LNA design.

Note that, in small earth stations (receive-only, small stations for business communications, called
VSATs, etc.), the LNA is generally included with the down converter (D/C) in a single unit called
low noise converter (LNC) or low noise block (LNB).

Note also that the noise caused by the receiver is sometimes expressed by its noise Figure F (or by
F4g = 10 log F), the relation between F and Tg being: Tr = (F—1) Ty, Ty being, by convention, equal
to a normal ambient temperature value of 290 K. In fact, since Ty is usually much less than 290 K,
Tr is more practical to use than the noise figure in satellite communications.

2.1.4.3 Noise temperature of an antenna

The noise temperature of an antenna is the translating, in terms of noise temperature (according to
formula (20)) of the collection, by the antenna of the external noise. Therefore, it can be expressed
by the following integral:

Ta = tan [J g @) T@ra@) 22)
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where:
d(Q): is the elementary solid angle in the direction Q;

2(Q) and T(Q): are the antenna gain and the equivalent noise temperature of the noise source in the
direction Q.

It should be noted that the noise contributions can arise either from actual noise sources (e.g. sun or
radio stars) or from absorbent material (e.g. water vapour). The second case results from the
blackbody theory. In fact any material radiates the energy it absorbs and can be considered as a
blackbody of the same size with such a temperature that it would radiate with the same spectral
density at the considered frequency.

External noise contributions may be divided into two categories:
a) Noise from the terrestrial noise environment, due to:
* al) the atmospheric attenuation of the sky (water vapour, fog, clouds, rain, oxygen);

* a2) the ground.

In practical applications, this is, by far, the dominant contribution.

b) Extraterrestrial noise from radio stars, the Sun, the Moon, etc. and from the 2.7 K background
cosmic noise. This accounts generally for a very small contribution (a few K), except some
situations such as the — non-operational — situation where the earth station antenna intercepts the
Sun (Tsyn = 10* K; the Sun's interference is dealt with in Recommendation ITU-R S.733,
Appendix 2 to Annex 1, and in § 7.2.1.2 of this Handbook).

The result of (22) is very different, whether the antenna is pointing towards the ground (satellite
antenna) or towards the sky (earth station antenna).

In the first case, Ta can generally be taken as equal to the earth absorption temperature, i.e. about
290 K, since the main lobe of their radiation diagram necessarily intercepts the Earth's atmosphere
and ground.

In the second case, due to contributions in category a), T, is highly dependent on the antenna beam
elevation angle. For a low elevation, the antenna collects rather high noise contributions from the
atmosphere al) (the lower the elevation, the longer the length of the rays in the atmosphere) and also
from the ground a2), through that part of the radiation diagram which hits the ground (i.e. side lobes,
including back lobes and, even possibly, a part of the main lobe in the case of the wide lobes
radiated by small antennas).

For illustration, Figure 2.5 gives an example (from Recommendation ITU-R PI.372.6) of the sky
noise temperature for an earth station antenna (for frequencies between 1 and 55 GHz, with the
elevation angle as a parameter). This diagram is the result of a calculation using a model of the
atmosphere. Contribution al) only is included, in the case of a "clear sky", assuming various
hypotheses, as quoted. Under these conditions, the sky noise temperature is called "brightness
temperature" in Recommendation ITU-R PI.372.6. The figure is given simply to show the general
trends and, in particular, the important increase around 23 GHz (due to resonance in the water
vapour absorption). In practical cases and notwithstanding contributions a2) and b), noise
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temperature due to rain, fog, etc. needs to be added. For more data on the subject, refer to Chapter 7,
§7.2.1.
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Noise temperature due to the atmospheric attenuation of the sky

2.1.44 Noise temperature of a receiving system

Figure 2.6 shows a practical receiving system, with an antenna with a noise temperature T, and a
receiver with a noise temperature Tr.

An attenuating section is inserted between the two parts. This section represents the losses
(generally ohmic losses) in the antenna and in the feeder (i.e., the RF link, waveguide, coaxial or
any other element).
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Noise temperature of a receiving system

Under these conditions, the total noise temperature of the system is:

Tsr =Tr+ T, (1 — 1/a) + Ta/a (23)
or:
Tsa=Ta+Ta(a—1)+aTy (24)
where:
a: is the attenuation, expressed as a power ratio (a = 1, i.e. in decibels, agg = 10 log a)
Ta: is the physical temperature of the attenuating section (generally taken = 290 K)

Tsr:  1s referred at the receiver input, which means that, in subsequent calculations, the
receiver can be assumed to be noiseless

Tsa: 1s referred at the antenna output, which means that, in subsequent calculations, the
attenuating section and the receiver can be assumed to be noiseless.

The formulas show that the contribution of the attenuating section can be quite significant (= 7 K per
0.1 dB loss). However, in the usual case where the attenuation remains low (a = 1) and if the

contribution of the attenuating section is included into T,, then the receiving system noise
temperature can be written simply:

Ts=Tsgr = Tsa=Ta+Tr (25)
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2.1.4.5 Figure of merit of a receiving station

In the link budget calculations (§ 2.3), it will be seen that the signal-to-noise ratio for reception in a
satellite link depends on the characteristics of the space (satellite) and earth stations as given by their
respective figures of merit.

The figure of merit of a receiving station is defined as the ratio between the gain of the antenna in
the direction of the received signal and the receiving system noise temperature. This gain-to-noise
temperature ratio (G/T) is generally given for the maximum gain (gmax, see formula (2) in § 2.1.2.1)
and expressed in decibels per Kelvin (dB(K™)):

(G/T)=10log g — 10 log Tsx (dB(K™))
=10logg— 101log Ts (dB(K "))

Earth stations G/T typical values range from 35 dB(K™") (main 4 GHz stations with a 15 to 18 m
diameter antenna) to some 15.5 dB(K'') (12 GHz "VSAT" data transmission microstations with
1.2 m antenna). Space stations G/T at 6 GHz typically range from about —19 dB(K") for a global
beam antenna to —3 dB(K ") for a pencil beam (zone beam) antenna.

The G/T is a very important parameter of an earth station. The methods used for its measurement
and the contributions to its noise temperature are the subject of Recommendation ITU-R S.733 and
are described in Chapter 7 (§ 7.2.6).

2.1.5 Non-linear effects in power amplifiers

2.1.5.1 General

The transmission equipment of the satellite transponders and of the earth station generally includes
stages exhibiting non-linear input-output characteristics. This is particularly the case for the output
stages, i.e. the power amplifiers which can use microwave tubes (generally travelling wave tubes
(TWTs) or also klystrons) or solid-state power amplifiers (SSPAs). Figure 2.7 shows a typical
example of the behaviour of a satellite TWT near the saturation point, i.e. the maximum output
power operation.

When multiple carriers are simultaneously transmitted at different frequencies in the bandwidth of
the power amplifier, non-linearities cause intermodulation, i.e. give rise to unwanted signals, called
intermodulation products.

Even if a single signal is amplified, unwanted effects appear:
*  AM-AM conversion, i.e. distortion of the output versus input amplitude;

* AM-PM conversion, i.e. non-constant phase shift between input and output signals, as a
function of the input power. This effect is particularly harmful in the case of digital
transmissions where the information is generally carried by phase modulation.

In consequence, non-linearity in power amplifiers (satellite and earth stations) induces three types of
undesirable effects:
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1) The generation of unwanted signals interfering with wanted signals. These unwanted signals
can often be assimilated to white noise (interference noise) and account, in the link budget
calculations, as a term (C/Ny).

i1) A degradation of the overall BER performance in the case of digital transmission.

ii1) A reduction of the output power, due to the need for operating the amplifier in a sufficiently
linear region (i.e. with a "back-off"! below saturation) in order to decrease the above-mentioned
effects.

These effects can be reduced by the use of linearizers, i.e. wideband predistortion circuits located at
the input of the amplifier. Several types of linearizers have been developed and are actually utilized
(see Chapter 7, § 7.4.5.2.3).

Effects 1) and ii) will be discussed briefly below and in much more detail in Appendix 5.2 and in
Chapter 7 (§ 7.4.5).
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Example of the input-output characteristic of a satellite TWT

I The input back-off is defined as the ratio between the input power at saturation (single carrier) and the actual

operating input power. The definition of the output back-off is the same (replacing input by output). The inverse of
these ratios may also be used in these definitions and, anyway, they are always converted to dBs.
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2.1.5.2 Intermodulation

When several carriers (at frequencies fj, f,, etc.) are simultaneously amplified in a non-linear
amplifier, which is the case in frequency division multiple access (FDMA), intermodulation
products are generated at frequencies f = m;f; + mpf; + ... + mnfy (my, my, ..., my being positive or
negative integers). The integer m = |m;| + |mp|+ ... + |my] is called the order of the intermodulation
product. In the usual case where the operating bandwidth is small, compared to the radio frequency,
only odd-order products fall into the bandwidth and have to be considered.

Intermodulation product power decreases with the order and only third-order products and
sometimes fifth-order products are to be taken into account.

The number of intermodulation products increases very quickly with the number of input carriers
(for example, for 3 carriers, there are 9 products and for 5 carriers there are 50).

Figure 2.8 (a) shows the third-order products of a first type generated at frequencies 2f; — f, and
2f, — f) by two equal level input carriers f; and f,. When N carriers are simultaneously amplified, all
possible products of this type appear, at frequencies 2f; — f; (with 1, j =1, 2, ..., N).

Moreover, when N 2= 3, products of a second type appear at frequencies +f; £f; +fi (only one minus
possible) and become dominant. Figure 2.8 (b) shows the third-order products of this second type
generated at frequencies ) + f; — f3, f; — £, + {5 and f; + f5 — f] by three equal level input carriers fj, f;
and f5.

There are N (N—1) products of the first type and (1/2) N (N-1) (N-2) products of the second type
(e.g. respectively 90 and 360 for N = 10).

It should be noted that if one of the carriers has an input level greater than the others, there is a
"capture effect" which means that it is amplified with a higher gain.

Other data on intermodulation in power amplifiers are given in Chapter 7 (§ 7.4.5.2.1) and methods
for calculating the level of the intermodulation products are detailed in Appendix 5.2.

In actual cases, the intermodulation products are modulated as are the input carriers (e.g. analogue
FDM, FM modulated carriers). This reduces their power density and, as explained above, the
spectral density of the intermodulation caused by multiple modulated carriers is often considered as
noise and is accounted for by a term (C/Ny)pv in the link budget calculations.

Due to its interfering effects, the intermodulation caused by the satellite and earth station power
amplifiers must be limited, both in the operating bandwidth of the system under consideration and
outside this band (to protect other systems). In particular, the satellite operators (e.g. INTELSAT)
generally specify a limit to the out-of-band intermodulation products caused by a particular earth
station (e.g. 20 dBW/4 kHz).
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To reduce intermodulation in multicarrier operation, the amplifier needs to be driven with a
sufficient back-off: an output back-off of 3.5 dB (corresponding to an input back-off of about 8 dB)
up to 10 dB is typical for satellite amplifiers. In the case of earth station HPAs, a greater back-off is
usually required, in the range of 5 to 10 dB (output). However the situation can be improved by the
utilization of linearizers (see Chapter 6, § 6.3.3.3 and Chapter 7, § 7.4.5.2.3).
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Third-order intermodulation products

2.1.5.3 Non-linear effects in digital transmission

If multiple digital carriers are simultaneously transmitted through a common satellite (and possibly
earth station) power amplifier(s), they suffer the same intermodulation problems as described above.

This is the case, for example, of time division multiplexed (TDM), phase shift keying (PSK)
modulated carriers with medium bit rates (e.g. 64 kbit/s to 8 Mbit/s or more), which are transmitted

in FDMA through a common transponder (e.g. standard IDR and IBS INTELSAT and SMS
EUTELSAT carriers).

This is also the case, for example, of medium bit-rate FDMA-TDMA carriers.

However a digitally encoded, phase modulated RF carrier, having a constant amplitude envelope
should not suffer from AM-AM and AM-PM effects.

Moreover, amplifier non-linearity should, in principle, have no effect at all in the case of a single
high bit-rate TDMA carrier (e.g. the classical 120 Mbit/s, 4-PSK modulated INTELSAT carrier)

which is generally transmitted through a full wideband satellite transponder and through a dedicated
earth station HPA.

However, even in this case, non-linearities must be taken into account in the transmission link
(which comprises at least two non-linear circuits: the satellite and the earth station amplifiers). This
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is due to the conversion of amplitude modulation into phase modulation (AM/PM) resulting from
non-linearity effects on signals distorted by frequency filtering at the amplifier input. For more
details on the non-linearity effects and on the practical back-off levels to be used, see Chapter 7,
§7.4.52.2.

Note that the same considerations apply to CDMA carriers (see Chapter 5, § 5.4.7.1).

2.2 Quality and availability

2.2.1 Introduction

Transmission quality and availability are essential performance issues of all communication
systems. Due to the random effects of the propagation environment (interference, rain attenuation,
etc.) or equipment failures, it is not possible to guarantee perfect transmission. Therefore, any
transmission performance can only be described in terms of the probability of achieving a given
level of quality or availability (or, equivalently, by the percentage of time during which that level
can be achieved). More precisely:

* the transmission quality, as explained at the beginning of this chapter (§ 2.1.1), is
conventionally expressed in terms of a signal-to-noise ratio (S/N) in the case of analogue
transmission or of a bit error ratio (BER) in the case of digital transmission. Usually there is a
specification requiring that the operating (S/N) shall remain higher than (or equal to) a given
limit or that the operating (BER) shall remain lower than (or equal to) a given limit during some
given, specified, percentage of time. It is very important to note that the quality is only defined
during the time where the link is considered to be available;

* the transmission link availability is generally related to a limit performance, called a threshold
and characterized by (analogue transmission) an abrupt increase of noise (decrease of (S/N)) or
(digital transmission) by a (BER) limit. When the performance degradation exceeds this limit
for a given time duration, the link is considered to be no longer available. This threshold is
determined by the capability of equipments to work properly in extreme conditions (e.g.
equipment synchronization limitations at a low reception level).

In preparation for the next section (§ 2.3) on link budgets, this section deals with the quality and
availability objectives to be attained in a satellite link.

In fact, transmission margins are needed in the link budget in order to comply with the quality and
availability specifications, taking into account the statistical laws used to characterize the random
events impairing the transmission, the most important being generally due to atmospheric effects.

It should be noted that quality and availability are not completely independent because either one or
the other can determine the link performance and thus the minimum required received power (or
C/Ny) to be obtained from the link budget.

This is schematically represented (for digital transmissions) in Figure 2.9 below. In fact, as a rather
general rule, the performance is generally under the constraint of the availability in the
14/11-12 GHz band, while the constraint comes from the quality in the 6/4 GHz band, due to the
much higher effect of rain attenuation in the former case.
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Examples of received power (or C/N0) limitations by
availability or by quality performance constraint

The diagram typically represents the performance curve of a satellite digital communication
receiver, i.e. BER vs. C/Nj for the modem including an FEC (forward error correction) codec and
accounting for various implementation losses.

Using, as examples, the specifications of Recommendation ITU-R S.579 (see below § 2.2.3.1) and
S.614 (see below § 2.2.3.3):

«  point A represents the availability threshold (107). An availability margin corresponding to the
statistically possible atmospheric propagation effects (during no more than 0.2% of the worst
month) is to be added, giving point Py;

« point Q represents the quality threshold (e.g. 10°°). A quality margin corresponding to the
propagation effects (during no more than 2% of the worst month) is to be added, giving point P,
or P; (depending on the local statistics).

In a first case ((C/Ny);), the C/Ny corresponding to P, is greater than the C/Nj corresponding to P;
and the link performance is determined by the availability constraint. In a second case ((C/Ny),), the
C/Ny corresponding to P, is greater than the C/Ny corresponding to P, and the link performance is
determined by the quality constraint.

Of course, the conclusions are dependent on the slope of the performance curve, i.e. on the modem +
FEC characteristics.
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2.2.2  Quality of Service (QoS)

It is very important to note that the term quality is used throughout this chapter in a rather restricted
sense and should not be confused with the more general concept of quality of service (QoS) which is
becoming an ever more important issue in telecommunication and computer communication?.

In fact, QoS covers a wide variety of notions depending on the application, service or user interest.
Although its general definition remains rather broad, ITU-T has issued many specific
recommendations on the subject. In these recommendations, the set of parameters is shared between
a succession of layers describing the functions implied in the overall user-to-user communication
process, similarly to the open system interconnection (OSI) reference model3.

ITU-T Recommendation E.800 defines as follows the QoS and also another significant quality
parameter, the network performance (NP): "The QoS is the collective effect of service performances
which determines the degree of satisfaction of a user of the service. The NP is the ability of the
network or network portion to provide the functions related to communication between users. The
NP contributes to continuity of performance and to service integrity".

This definition of QoS is founded on the degree of satisfaction (GoS: grade of service) which
remains a rather vague notion.

ITU-T Recommendation E.430 identifies a relationship between QoS and NP parameters. It gives a
list of the ITU-T recommendations related to QoS and NP and covering all aspects of
telecommunications in the case of a connection (access, information transfer and release).

It should be noted that, a priori, the notion of QoS is not of much interest to customers in a
traditional public monopoly supply situation for telecommunication services. However, once a
competitive market place is established, then the QoS may become very important, although it can
be unfamiliar to the customer.

When applying QoS (and NP) notions to the (lower) layers (and to the network portions) which are
covered by satellite communications, very diverse, but specific, performance parameters can be
included, such as: transmission quality and link availability (as defined above in § 2.1.1) and also:
time delay, system capacity and throughput, security and data protection, MOS (mean opinion
score) evaluation of the voice quality (especially in the case of low bit-rate voice encoding by a
vocoder) or of the video quality, etc. However, the latter parameters, which are not directly
dependent on the link budgets, will not be considered further in this chapter.

In fact, the seamless integration of a satellite portion in a network (in particular in modern B-ISDN
networks) should be evaluated on the basis of the QoS to be expected by the end users. This QoS
should not be excessively affected or degraded, due to possible delays or specific bit error

2 Quality of service is the subject of many publications. See, for example: "Quality of service in telecommunications.
Part I: Proposition of a QoS framework and its application to B-ISDN, and Part II: Translation of QoS into ATM
performance parameters in B-ISDN", Jae-I1 Jung, IEEE Communications Magazine, August 1996, pp. 104-117.

3 From the three lower layers (physical, data link, network) to the four upper ones (up to the application layer). For an
overview of the OSI model, see Appendix 8.2 in this Handbook.
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distribution introduced by the satellite link. A portion of the allowable degradation will be allocated
to the satellite portion of the link.

In the case of ATM transport (taken as an important example), the traffic and congestion control
functions should be able to satisfy sufficient QoS requirements for all foreseeable services. The
basic QoS parameters that correspond to a network performance objective in satellite ATM
networks may include cell loss ratio (CLR), maximum and mean cell transfer delay (CTD)
(especially in real time applications) and cell delay variations (CDV)*.

2.2.3 ITU-R and ITU-T recommendations

The main specifications relative to quality and availability can be found in ITU-R and ITU-T
recommendations. The basic recommendations on communications are established by ITU-T. The
parts relative to radio links (and, in particular, to satellite links) are translated by ITU-R in
recommendations applicable to these links.

As general remarks concerning these recommendations, it should be noted that:
» they are primarily relative to public, international links;

+ they are based on reference long-distance links which allocate a limited contribution to satellite
paths;

* most of them are circuit-oriented;

* they are mostly adapted to permanent, transparent transmissions (e.g. an ISDN link).

IMPORTANT NOTE - It should be noted that all recommendations quoted below are subject to
occasional revisions: this is marked by a supplementary revision number, e.g. 353-7. This revision
number is not mentioned here. Moreover, there are many more details and important notes in the
text of the recommendations. In fact, before any precise engineering calculation, the latest edition of
the relevant ITU recommendation must be referred to.

2.2.3.1 Availability objectives

The unavailability of a continuous link is defined as the ratio, in percentage, of the unavailable time
to the total time. The availability of a link is defined as: 100 — unavailability (%).

According to Recommendation ITU-R S.579, an FSS link set up between the ends of the
hypothetical reference circuit or of the hypothetical reference digital path referred to in
Recommendations ITU-R S.352 and S.521 should be considered to be unavailable if one or more of
the following conditions exist at either of the receiving ends of the link for longer than
10 consecutive seconds>:

For more details, see, for example, "Satellite ATM networks: A Survey", L.LF. Akyildiz and Seong-Ho Jeong, IEEE
Communications Magazine, July 1997, pp. 30-43.

5 These 10 s are considered to be unavailable time. The period of unavailable time terminates when the same condition
ceases for a period of 10 consecutive seconds. These 10 s are considered to be available time.
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* in analogue transmission, the wanted signal entering the circuit is received at the other end at a
level at least 10 dB lower than expected;

* in digital transmission, there is a break in the digital circuit (i.e. there is a loss of frame
alignment or timing);

* in analogue transmission of a telephone channel, the unweighted noise power at the zero
relative level point, with an integration time of 5 ms, exceeds 10° pWo;

 in digital transmission, the bit error ratio (BER), averaged over 1 second, exceeds 10™.
However, in the new Recommendation ITU-R S.1062, the condition of unavailability is defined
by the advent of 10 consecutive severely errored seconds (SES, see below, § 2.2.3.3 ii)).

Recommendation ITU-R S.579 provisionally stipulates that, in the FSS:

+ the unavailability of a hypothetical reference circuit or digital path due to equipment should be
not more than 0.2% of a year;

* the unavailability due to propagation should be not more than:
* 0.2% of any month for a hypothetical reference digital path;

X% of any month for a hypothetical reference circuit (X being still under study, X =0.1
being suggested).

2.2.3.2  Quality objectives, analogue transmission

Table 2.1 below summarizes the quality objectives for analogue telephony, according to
Recommendation ITU-R S.353.

It should be noted that ITU recommendations generally refer to the percentages for "any month" or
for "the worst month" (whichever is equivalent). This can be converted in yearly percentages. For
example, it is generally assumed that:

*  10% of the worst month corresponds to 4% of the year;
* 2% of the worst month corresponds to 0.6% of the year;

*  0.2% of the worst month corresponds to 0.04% of the year.
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TABLE 2.1

Quality objectives for analogue telephony (Recommendation ITU-R S.353)

Measurement conditions Noise power at reference level

*  20% of any month

(1 min. mean value) 10 000 pWOp
*  0.3% of any month
(1 min. mean value) 50 000 pWOp
*  0.05% of any month
(integrated value over 5 ms) 1 000 000 pWOp
(unweighted)

NOTE - "Noise power at reference level" is the usual means of expressing
the signal-to-noise ratio (S/N) for analogue telephony. It is expressed in pW
(10 = W) for a 0 dBmW reference signal. 10 000 pWOp is thus equivalent to
S/N =50 dB (the final "p" meaning: weighted by a psophometric filter).

Analogue television: For analogue television, the quality objectives for all long-distance TV
transmissions (terrestrial and/or satellite) are given in ITU-T Recommendations J.61 and J.62.

These state that the signal-to-noise ratio (S/N, weighted) should be equal to or better than 53 dB for
99% of the time and 45 dB for 99.9% of the time. However, these quality objectives are generally
associated with the requirements of systems used for broadcasting distribution networks and do not
reflect the current design practice of satellite systems used for more general distribution particularly
to small earth stations (TVRO: television receive only).

In fact, four modes of distribution of TV programmes by satellite are nowadays in very common
usage, although they are not always separately defined in ITU-R recommendations:

*  Primary distribution: TV programme distribution by an FSS satellite from a main earth station
towards medium or small earth stations which feed local terrestrial broadcasting stations. In this
mode, the (S/N) is generally not worse than 48 dB.

»  Satellite news gathering (SNG): temporary and occasional transmissions with short notice of
television or sound for broadcasting purposes, using highly portable or transportable uplink
earth stations operating in the FSS. In this service, the (S/N) is generally not worse than 48 dB.
This mode and the equipment used are detailed in Chapter 7 (§ 7.9).

* Direct reception from an FSS satellite by small or very small TVRO stations either for
collective (CATV: Cable TV, SMATYV: satellite master antenna TV) or individual (DTH:
direct-to-home) utilization. In this mode, the subjective quality is considered as fully acceptable
to the majority of viewers for (S/N) = 40 dB.

*  Direct reception from a BSS satellite (DBS: direct broadcast satellite) by very small individual
TVRO stations (note that this mode is outside the scope of this Handbook).
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2.2.3.3 Quality objectives, digital transmission

The ITU recommendations on digital transmissions are currently evolving:

i) Digital (PCM) telephony and 64 kbit/s ISDN

Tables 2.2 and 2.3 below summarize the quality objectives according to ITU-R recommendations on
the subject, i.e. Recommendation ITU-R S.522 for digital (PCM) telephony and Recommendation
ITU-R S.614 for a "hypothetical reference digital path (HRDP) in the fixed-satellite service (FSS)
when forming part of a 64 kbit/s international connection in the integrated services digital network
(ISDN)". The HRDP definition is specified in Recommendation ITU-R S.5216.

The objectives quoted in the third column of Table 2.2 result from the translation, by
Recommendation ITU-R S.614, of the impact of ITU-T Recommendation G.821 on the satellite part
of the HRDP ISDN connection. ITU-T Recommendation G.821 expresses the objectives in terms of
"errored intervals" and, more precisely, of "degraded minutes", "severely errored seconds" and
"errored seconds". Table 2.3 below recapitulates the ITU-T objectives relating to the 64 kbit/s ISDN
connection respectively for the overall end-to-end and for the satellite HRDP.

TABLE 2.2

Quality objectives for digital telephony and 64 kbit/s ISDN
(Recommendations I'TU-R S.522 and S.614)

Measurement conditions

Digital (PCM) telephony

64 kbit/s ISDN

0.03% of any month

(Rec. S.522) (Rec. S.614)
BER BER
. 20% of any month
(10 min. mean value) 1076
. 10% of any month 107
. 2% of any month 10°
0.3% of any month 10
(1 min. mean value)
107
. 0.05% of any month
(1 s mean value)
107

In Recommendation ITU-R S.614, the translation is performed by using statistical models of the
distribution of errors according to calculations which are detailed in Annex 1 to the
recommendation. However, the objectives resulting from the calculations are not unique and other

6 On the subject of HRDP and, more generally on satellite transmission in ISDN, see § 3.5.5.
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"bit error ratio masks" (i.e. diagrams giving acceptable BER as a function of the percentage of total
time) may be used by the designer as long as these masks satisfy ITU-T Recommendation G.821.

TABLE 2.3

Overall end-to-end and satellite HRDP error performance objectives
for international ISDN connections

Performance classification Definition End-to-end Sat. HRDP
objectives objectives
Degraded minutes intgrvals with <10% <2%
minutes BER > 10 ~ (more than

4 errors/minute)

Severely errored seconds secgnd intervals with BER > <0.2% <0.03%
10

Errored second intervals with <8% <1.6%

seconds one or more errors

ii) Digital transmission at or above the primary rate

Following the issue, by ITU-T, of a new Recommendation (G.826) entitled "Error performance
parameters and objectives for international constant bit-rate digital paths at or above the primary
rate" (i.e. 1.5 Mbit/s), ITU-R prepared Recommendation ITU-R S.1062 ("Allowable error
performance for an HRDP operating at or above the primary rate").

This recommendation translates ITU-T Recommendation G.826 into a set of specifications usable
by satellite system designers by apportioning the performance of the satellite part.

It should be noted that the general purpose of these ITU-R Recommendations (S.614 and S.1062) is
to maintain the role of the FSS satellite links as a major supplier of reliable international digital
communications.

Consistent with ITU-T Recommendation G.821, the requirements of ITU-T Recommendation G.826
are given in terms of errored intervals (EI). However, the definitions of the parameters are different.
In ITU-T Recommendation G.826, the EI are defined in terms of error blocks (EB) as opposed to
individual bit errors, in order to allow the verification of the adherence to the performance
requirements on an in-service basis. This has important consequences for satellite transmissions
when errors tend to occur in groups (which is the case when forward error correction (FEC) is
employed). Table 2.4 below recapitulates the ITU-T objectives respectively for the overall end-to-
end and for the satellite HRDP”.

7 This corresponds to a 35% allocation of the end-to-end objectives to any satellite hop, independent of the actual
distance spanned.
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TABLE 2.4

Overall end-to-end and satellite HRDP error performance objectives
for digital connection at, or above, primary rate

Performance Definition End-to-end objectives Sat. HRDP
classification objectives
Bite rate 1.5to >15to 1.5 to 5 Mbit/s >15to
5 Mbit/s 55 Mbit/s 55 Mbit/s
Bits per block 2 000 - 4000 - 2 000 - 4 000 -
8 000 20 000 8 000 20 000
Errored seconds (ES) ES/t: 0.04 0.0075 0.014 0.0262
ratio (ESR)

* ES: 1 s with one or more errored
blocks

+ t:available time during fixed
measurement interval

Severely errored seconds SES/t: 0.002 0.002 0.0007 0.0007
(SES) ratio (SESR) - SES: 1 s with 30% errored blocks
or 1 SDP

* SDP: Severely disturbed period:
4 contigupus blocks or 1 ms with
BER 10

Background block error | BBE/b: 3-10° 2-10° 105-10°% | 07-107"

(BBE) ratio (BBER) e BBE: an errored block not

occurring as a part of an SES

*  b: total number of blocks during
fixed measurement interval
(excluding blocks during SES and
unavailable time)

NOTE — Only two bit rates (>1.5 to 15, >15 to 55 Mbit/s) are shown as typical examples in this table. For the other possible bit rates
(>5 to 15, >55 to 160, >160 to 3 500 Mbit/s), see Recommendation ITU-R S.1062.

In order to get compliance with the requirements of ITU-T Recommendation G.826, Annex 1 to
Recommendation ITU-R S.1062 establishes a methodology for generating "bit error probability
(BEP)® masks", i.e. diagrams giving acceptable BEP/a as a function of the percentage of total time
(a being the average number of errors per block). The translation is performed by using statistical
models of the distribution of errors. However:

» the mask depends on the bit rate;

» the calculation depends on various assumptions and does not result in a unique mask.

8 (Calculations in Annex 1 to Recommendation ITU-R S.1062 (and also to ITU-R S.614) are made in terms of bit error
probability (BEP). However measurements are made in terms of bit error ratio (BER). In practice, with a sufficient
number of BER measurements, BEP is obtained.
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A mask for typical bit rates is given in Recommendation ITU-R S.1062 (see Figure 2.10 below).
However, it should be emphasized again that the ITU recommendation, in its latest edition, must be
referred to before any precise calculation is made.
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FIGURE 2.10
Generated masks for satellite hop according
to Recommendation ITU-R S.1062
iii) SDH satellite transmission

Following the issue of new ITU-T Recommendation G.828 on error performance for international
constant bit-rate synchronous digital paths, ITU-R is currently preparing a new recommendation on
the "allowable error performance for a hypothetical reference digital path based on the synchronous
digital hierarchies (SDH)".
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The principles and methodology for translating parameters of ITU-T Recommendation G.828 in
terms of bit error ratio (BER) or, more precisely, of bit error probability (BEP) in the satellite
channel, are the same as those used as explained above for translating ITU-T Recommendation
G.826 into Recommendation ITU-R S.1062. This methodology will be used to generate the
necessary bit error probability (BEP) design masks. In order to fully comply with the requirements
of ITU-T Recommendation G.828, the bit error probability (BEP) divided by the average number of
errors per burst (BEP/a) at the output (i.e. at either end of a two-way connection) of a satellite
hypothetical reference digital path (HRDP) forming part of an international connection based on
SDH should not exceed these design masks during the total time (worst month).

iv) ATM satellite transmission

As explained in Chapter 3 (§ 3.5.4) and in Appendix 3.4, the asynchronous transfer mode (ATM) is
a specific packet-oriented mode which uses asynchronous time division transmission and switching
of fixed size blocks (53 bytes long) called cells.

Following ITU-T recommendations on ATM, and, in particular, Recommendation 1.356 (on
B-ISDN ATM layer cell transfer performance) and Recommendation 1.357 (on B-ISDN availability
performance for semi-permanent connections), ITU-R is currently working on the translation of the
performance objectives in terms applicable to connection portions including satellite links in order
to issue recommendations on these subjects. This subject is dealt with in Chapter 8, § 8.6, to which
the reader is referred.

Digital television

Similar considerations to the analogue TV case apply as well to the distribution of digital TV
programmes. However, no specific recommendations on the performance requirements of digital
primary distribution and SNG services exist for the time being. The performance objectives adopted
by the operators are generally derived from the recommendations relevant to digital transmissions at
or above the primary rate (ITU-T G.826, ITU-R S.1062).

The only available performance requirement appears to be provided by the European (ETSI)
standard ETS 300 421. It is relevant to the DVB-S specification on digital broadcasting systems for
television, sound and data services broadcasted by 11-12 GHz satellite systems. The indicated
system performance objective is "quasi error free" operation, corresponding to less than one
uncorrected error event per transmission hour, i.e. BER < 10" or 107", depending on user bit rate.

It seems to be generally assumed that the DVB standard will extend its applicability to other digital

television delivery services, thus filling the missing areas relevant to QoS in digital television
transmission applications.

2.2.4 Satellite operator standards

In addition to ITU-R recommendations, satellite operators such as INTELSAT and EUTELSAT
have issued quality standards for their business services as expressed by Table 2.5 below.
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TABLE 2.5

INTELSAT and EUTELSAT standards for IBS and SMS business
telecommunications services

BER Maximum percentage of total time during which BER is exceeded
INTELSAT (super IBS) INTELSAT (basic IBS)
EUTELSAT (high grade SMS) EUTELSAT (standard SMS)
Worst month Year average Worst month Year average

107 0.2% 0.04% - -

10 2% 0.64% 3% 1%

1077 10% 4% - -

108 Clear sky (INTELSAT only) ;
NOTES
e The "super IBS/high grade SMS" columns give characteristics nearly identical to
Recommendation ITU-R S.614 for 64 kbit/s ISDN links (with a supplementary slightly more
stringent INTELSAT condition for clear sky).
. The 'basic IBS/standard SMS" columns fix a quality objective (with a threshold at
BER =10 ) but without any availability constraint).

2.2.5 Private corporate network operator performance requirements

Existing specifications listed above may be ill adapted to private corporate networks (such as VSAT
networks) due to three specific factors:

they feature direct end user connections which means that there is no need to account for other
possible "last mile" connection performance deterioration;

their quality/availability requirements can be highly dependent on the services offered (e.g.
voice/data). In fact, direct consideration, by the user and the vendor, of the actual service
requirements and of the transmission mode (e.g. packet) and protocols (e.g. ATM) could often
lead to a better definition of the needed specifications;

they are generally proposed in a highly competitive market environment (competition between
satellite companies and/or even between satellite communications and other — terrestrial —
communications means).

The two extreme cases of voice only and data only are given below as an example of the
consequences of service offering on the performance requirements:

Voice (telephony) services generally LRE (low bit rate encoding) with bit rates in the range of 2
to 8 kbit/s. Such vocoders generally include specific, powerful, source forward error correction
coders (FEC) to protect the most sensitive bits. In fact, above a BER threshold which can be as
high as 10 or even 1072, the subjective quality is defined more by the voice compression
algorithm than by the link quality. Such applications are thus characterized by the judgement
that any BER better than the availability threshold is considered acceptable.

Data transmission services generally require much higher BER performance (10° or even 107'°,
e.g. for financial applications), which can be achieved:



70

CHAPTER 2 Some basic technical issues

* by providing for sufficient margin in the link budget;
* by increasing the available satellite e.i.r.p.;

* by implementing an uplink power control system, i.e. by increasing the power transmitted
by the earth station in relation to atmospheric attenuation conditions;

* by using powerful FEC schemes, e.g. concatenated Reed-Solomon (RS) codes;

* Dby applying a convenient protocol for error correction in the transmission process (OSI
lower layers), such as ARQ (automatic repeat request). Such a technique is normally applied
in a random access technique like Aloha (see Chapter 5, § 5.3.6) where collisions, and
therefore errored packets, cannot be avoided. The use of ARQ reduces the information
throughput and introduces supplementary transmission delays which may impact on the
quality perceived by the user but which can be accepted in applications where true real time
1S not a necessity. ARQ, which can also be implemented in the upper OSI layer
(application), could be applied notably when error-free transmission (e.g. financial services)
is required.

It is beyond the scope of this section to define quality and availability specifications for all types of
services, but, as seen from the user's point of view, some characteristics which could be used to
establish such specifications are listed below. Note that the notion of "quality of service (QoS)" and
the related ITU-T recommendations could be referred to (see above § 2.2.2):

Telephony transmission

The quality, when using LRE, is influenced both by the speech degradation due to the vocoder
proper (and dramatic progress has been achieved in this field during recent years) and by
transmission errors degrading the vocoder decoding process.

In fact, below a sharp threshold, "clicks" appear in the voice flow. These clicks and other
subjective voice quality criteria (such as intelligibility and speaker recognition) can be used to
establish bit or packet transmission error specifications.

The required availability could be based on a period (e.g. 10 seconds) with more than a given
number of clicked seconds. The link blocking probability, due to possible traffic overload, is
also to be taken into account when dimensioning the network capacity.

Data transmission

The quality and availability specifications are generally based on the in-service detection of
errored blocks (the blocks could be related to the transmission system proper, or, if possible, to
the user blocks or messages).

The transmission delay, due not only to the propagation, but also to the involved protocols,
should also be specified.

More generally, the blocking probability and the available information throughput should also
be a part of the specification on quality. This specification could be based, for example, on the
maximum duration of the transmission of a given message (this includes, in particular ARQ
processes).
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2.3 Link calculations

2.3.1 Introduction

Referring to Figure 2.1, the overall performance of a one-way link between two earth stations A
and B depends on the characteristics of three elements: the uplink (A to satellite), the satellite
transponder and the downlink (satellite to B). This section explains the calculation of the overall link
budget for such a one-way satellite link. Of course, such a calculation can be directly extended to the
case of multiple access links.

As explained above in § 2.1.1, the purpose of a link budget is to calculate the quality of a satellite
communication:

* in the case of analogue, frequency modulation transmissions, this quality is evaluated by the
signal-to-noise ratio (S/N);

* in the case of digital communications, this quality is measured by the information signal bit
error ratio (BER).

However, it should be emphasized that, in practical applications, an inverse process is generally
followed: for the transmission of a given signal between two earth stations (or even between two
user terminals) with given availability and quality requirements?, the final purpose of a link budget
is to calculate the technical design parameters needed for the signal (type of modulation, error
correction encoding, etc.) and for the earth station and, possibly, for the space station, i.e. the
satellite (G/T, e.i.r.p., etc.). These technical parameters determine the type of equipment needed
(type and size of antennas, power of the amplifiers, modems, codecs, etc.).

This § 2.3 is limited to the calculation of the factors (C/Ny), which do not postulate the choice of the
transmission bandwidth (B) nor of the modulation and coding processes. It is only after the
introduction, in Chapters 3 and 4, of the various coding and modulation techniques that the
conversion of the (C/Np) into (S/N) or into BER will permit evaluation of the final transmission
performance. Some indications on the subject will be given at the end of the section.

Note also that this § 2.3 is only devoted to the basic formulas. Practical cases of link budget
calculations will be given in Annex 2 to this Handbook.

Some basic relations between (C/N), (C/Ny), (C/T) and (Ew/Ny) are recalled in Table 2.6 below.

Important: In all formulas and calculations below, small letters (lower case) are used when
numerical units are implied (with the following exceptions: T for the noise temperature, B for the
bandwidth occupied by the signal, R for the digital information signal bit rate). Capital letters are
used when decibels are implied.

9 As explained above in § 2.2, the required availability and quality are generally formulated in terms of percentages of
time and result from the statistical behaviour of the propagation losses along earth-space paths.
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TABLE 2.6
Relations between (C/N), (C/Ny), (C/T) and (Ep/Ny)

. (c/n)=(c/ny)- B! or, in dB: (C/N) = (C/Ng) — 10 log B
. (c/ny)=(c/T)- k! or, in dB: (C/Np) = (C/T) — 10 log k

In the case of digital transmissions:

. (c/ny)=(ep/Ny) R or, in dB: (C/Ny) = (E/Np) + 10 log R
Therefore:

. (c/n) = (ep/ 1) - (R/B) or, in dB: (C/N) = (Ey,/No) + 10 log (R/B)
Where:

c:  carrier power (W)
ep:  energy per information bit (J)
n:  noise power (w)

n,:  noise power spectral density (w/Hz)
(noise power per Hz, i.e. 1, =n/B)

k: Boltzmann's constant (k = 17.1}8 : 10_23 Joule/Kelvin or, in dB,
10 logk=-228.6dB/(J-K )

NOTE — The ratio (R/B) depends on the symbol/bit rate in the modulation (e.g.: 1 for 2-phase phase shift
keying (BPSK), 2 for 4-phase PSK (QPSK)), on the forward error correction (FEC) rate and on a bandwidth
filtering factor.

For example, for QPSK modulation with FEC rate = 1/2, (R/B) ~2 - (1/2) - (1/1.2) ~ 0.8.

These considerations will be developed further in Appendix 3.2 and Chapter 4.

Uplink (C/No).

In accordance with the formulas in § 2.1.3.1, the power level received at the input of the satellite
receiver is given by:

where:

Cu = Pe " Let* gsr/lu (W)

pe: the output power of the earth station high power amplifier (HPA)

g.t: the earth station antenna transmit gain in the direction of the satellite, whence:

(26)

Pe- Zet: the equivalent isotropically radiated power of earth station (A) in the direction of

the satellite, i.e.: (e.i.r.p.)e

ly: the free-space attenuation in the uplink (§ 2.1.3.1 and Figure 2.4)

g« the satellite receiving antenna gain in the direction of the transmitting earth station

A, including losses in the feeder between the antenna output and the receiver
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The carrier-to-noise density ratio in the uplink is then given by:
(c/ng), = (e.d.r.p.)e” gs /(ly - KTy)
=(g/T)s - (eir.p.)e/ly -k (27)
where:

Ty: equivalent noise temperature of the uplink at the satellite receiver input (K)
(see § 2.1.4.4)

(g/T)s: figure of merit of the space station (K™).

Formula (27) can be rewritten as follows:

(c/ng)y = (&/T)s - (N> / 410 - (e.ir.p.)e /(41d) - k'
Here ()\2 / 4m) is the effective aperture area of an isotropic antenna (§ 2.1.2.2, Formula (9)).

As (e.d.r.p.)e /(4Td%) = (pfd),, the power flux-density transmitted by the earth station antenna at the
actual distance (d) of the satellite (§ 2.1.3.1, formula (12)), this figure is often included in the
satellite specifications as the operating flux-density at the transponder input.

In consequence, another useful method of expressing formula (27) is:

(c/no)e = (&/T)s - (A\*/ 410) - (pfd), - k' (28)

Formulas (27), (28) are often expressed in decibels (i.e. (C/Np), = 10 logjo(c/ng)y), as:
(C/Ng)u = (G/T)s + (E.ILR.P.). — L, + 228.6 (29)
(C/Np)u = (G/T)s + 10 log (\*/ 410) + (PFD), + 228.6 (dB-Hz) (30)

Typical examples of L, are: 199.75 dB at 6 GHz and 207.1 dB at 14 GHz (for a distance
d =38 607 km corresponding to a GSO satellite at 30° elevation). Typical examples of the effective
aperture area of an isotropic antenna (in dB, i.e. 10 log (A\* / 41)) are —37 dB(m?) at 6 GHz and
~44.37 dB(m?) at 14 GHz.

2.3.3 Downlink (C/Np)q

The level of the carrier received at the input of the earth station receiver is given by:
Cd = Ps -~ st ger/ld (W) (31)
where:
ps: the output power of the satellite transponder amplifier
gs: the satellite antenna transmit gain in the direction of the earth station, whence:

ps - g« the equivalent isotropically radiated power of the satellite in the direction of the
receiving earth station, i.e.: (e.1.r.p.)s

l4: the free-space attenuation in the downlink (§ 2.1.3.1 and Figure 2.4)

g, the receiving earth station antenna gain, including losses in the feeder between the
antenna output and the receiver.
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Hence, the carrier-to-noise density ratio in the downlink is:

(c/mp)qg = (e.d.r.p.)s - er /(14 - kTy)
=(g/T)e " (eir.p.)s/lg- k' (32)

where:

Tq4: equivalent noise temperature of the downlink at earth station receiver input (K)
(see § 2.1.4.4)

(g/T)e: figure of merit of the earth station (K ).

Formula (32) is often expressed in decibels as:
(C/Ng)a = (G/T) + (E.LR.P.)s — Lg + 228.6 (33)

Typical examples of Ly are: 196.20 dB at 4 GHz and 205 dB at 11 GHz.

2.3.4 Link budget for a transparent transponder

The overall link budget calculation depends on whether the satellite is equipped with a conventional
transponder or a regenerative transponder. In the former case, the role of the transponder is simply to
amplify the uplink signal (with minimum distortion and noise). This is the reason why it is often
called a transparent transponder!©.

In the latter case, the uplink (generally digital) signal from earth station A is demodulated in the
transponder, then regenerated (often after implementing some decoding and baseband processing),
re-modulated, amplified before being downlink transmitted to earth station B.

This subsection deals with transparent transponders while § 2.3.5 will deal with regenerative
transponders.

2.3.4.1 Combined uplink and downlink (C/Ny)uq

The total (c/ng)yq of the link between the earth stations A and B, including only thermal noise
contributions is the ratio of the signal power to the total thermal noise power, at the receiver input of
B.

The signal power is: Cyg = Cy * € * &5t * Eer/la, Where ¢, g and g, have already been defined in § 2.3.1
and 2.3.2 and where g is the transponder gain.

The noise spectral density is the sum of the uplink and downlink contributions, i.e.:
No=nou" & st Cer/la + Noa.

Therefore:

Cu
ngy +noq Dg/(g g [Eer)

(c/ng)yqg =

10 Sometimes also called a "bent pipe" transponder.
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Now, since: g =ps/cy and ¢q = Ps - st * Ler/ld
it follows that: g = (ca/cy) - la/(gst - er)

and, after simplifications:

C
(c/mg)yq = “
" ngy +ngg Moy/eq)
or: (c/ng)ud ' = (c/ng)y *+ (c/ng)g " (34)

This is an essential relation. However, since the satellite gain (g) has been assumed to be the same
for the signal power and for the uplink noise, it is strictly valid only for a linearly operated
transponder (including its power amplifier). But it can be shown that, even in a non-linear operation
(near power amplifier saturation), it remains valid with a sufficiently good approximation.

Note that this relation is in numerical values, not in decibels. In the course of calculations, the
(c/ng)s are generally converted to (or from) decibels (dB), with (C/Ny) = 10 log (c/ng), or
reciprocally.

Of course relation (34) and its equivalent in dB can also be written in the same form by replacing the
factors (C/Ny) by factors (Ey/Ny), (C/T) or (C/N).

The importance of relation (34) comes from the fact that it proves to be the general form for adding
other (C/Ny) factors (or (Eyv/Ny), (C/T), (C/N)). This will be shown below.

2.3.4.2 Other noise contributions to the link budget

As explained above in § 2.1.4.6, other noise contributions must be included in link budget
calculations:

* intermodulation products and other effects due to equipment non-linearities caused by multiple
carrier operation in the satellite transponder (including, possibly, multiple paths) and in the
earth station. As indicated in § 2.1.5.1 and 2.1.5.2, this intermodulation noise is generally
assimilated to a white noise (intermodulation noise) and accounted for by a term (C/Ny);;

* interference generated by the same satellite system or other systems. Again, this type of
interference can generally be treated as non-coherent, quasi-white noise (interference noise).

An indicative list of such interference sources is given below.

Interfering emissions may come from the same satellite system in the form of:

* transmissions in adjacent channels;

» orthogonally polarized transmissions.

Interfering emissions may also come from other satellite systems and from terrestrial radio systems,
in particular:

* emissions received from an adjacent satellite by the side lobes of earth stations of the concerned
system (downlink);
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* reception, by the concerned satellite of off-axis emissions from earth stations operating towards
an adjacent satellite (uplink);

* terrestrial emissions, notably radio-relay links operating in the same (shared) frequency band.

However, the level of such emissions from other systems (intersystem interference) can be
reduced by a careful system design and is constrained by:

» the limits imposed by the Radio Regulations;

+ the limits imposed by various ITU-R recommendations, such as Recommendation S.524 (in
the particular case of VSATs by Recommendations S.726, S.727 and S.728);

» the various frequency sharing and coordination procedures (see Chapter 9).

* the most common method for dealing with interference is to include an additional noise
contribution (C/Np), in the link budget. This is the simplest method to provide sufficient
margins in the link budget. This may be employed when interference from other systems is
sufficiently low, for example when the "apparent increase in the equivalent satellite link noise
temperature" due to interference is lower than AT/T = 6% (one interfering system) or 20%
(several interfering systems). For more details on such situations, see Chapter 9.

It should be noted that situations can arise where this interference noise contribution becomes
dominant in the link budget. This may be, for example, the case in rural communications systems,
when very small earth station antennas are used. Such examples will be found in Annex 2 ("Typical
examples of link budgets").

2.3.4.3  Total link budget (C/No)total

Formula (34) above can be extended and generalized as follows to include all the other noise
contributions and to derive the final result in the total (C/Ny) for the overall link budget from earth
station A to earth station B:

(c/noYowt ' = (c/mo)y " + (c/ng)a " + (c/np)i '+ (c/ng)y ! (35)

If more practical, the term (c/ng)pomer may itself be split into the various additional noise
contributions, according to the same general type of relation:

(c/no)p_1 = (c/no)pl_1 + (c/no)pz_1 + (c/no)pg_1 +...
Again, the (c/ng)s are generally converted to/from (C/Ny)s (dB).

Through formula (35), an interesting case of link budget optimization can be derived: the
intermodulation noise level can be calculated (see Appendix 5.2) as a function of the number of
carriers, their relative level, their frequency distribution and the satellite amplifier (TWT)
characteristic and operating point (see Figure 2.7 in § 2.1.5.1). There are two conflicting factors:
increasing the TWT back-off (i.e. lowering the operating point and improving the linearity) reduces
the intermodulation noise (i.e. increases the term (C/Ny);). But, at the same time, this reduces the
usable power for the downlink and hence the term (C/Np)q. In consequence, when varying the TWT
operating point, there is a maximum in (C/Ny)ota1, Which is an optimum for the link budget.

This is illustrated by the typical example of Figure 2.11 (note that, in this figure, the factors used are
(C/T)s, not (C/Np)s, but this does not change the conclusions).
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FIGURE 2.11

Illustrative example of an FDMA
link budget optimization

Transmission parameters

*  6/4 GHz band, 90 MHz bandwidth transponder

« FDMA

* 20 equal level carriers

»  Each carrier: 30 telephone channels, FDM-FM multiplex (4.05 MHz bandwidth)

*  Required quality: (C/T)ota = —157.4 dB(W/K) (this corresponds to (S/N)=51.4 dB (see § 4.1))

NOTE — The (C/T)otal represented on the figure corresponds to the worst case (i.e. the carrier which
is the most affected by intermodulation products).
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2.3.4.4 Atmospheric losses

In addition to the free-space attenuation, atmospheric losses must also be accounted for in link
budget calculations.

These atmospheric losses, which are particularly significant at the higher frequencies (over 10 GHz),
are mainly due to precipitation and depend therefore:

* on local meteorological conditions;

* on the requirements in terms of link availability and transmission quality. As explained above in
§ 2.2, these requirements are expressed as percentage of time. They can be considered as
margins for accommodating operation at a given level of the meteorological conditions.

The calculation of the atmospheric losses is given in Annex 1.

In consequence:
»  for the uplink, a term —(A;), may have to be included in formulas (29) or (30);

» for the downlink, a term —(A,)q may have to be included in formula (33). Moreover, there is
another consequence of a downlink atmospheric attenuation: as explained above in § 2.1.4.3,
the antenna noise temperature increases which results in a decrease in the actual figure of merit
(G/T). of the earth station.

Note that, for a given percentage of time and for a given meteorological environment, the term
—(Ap)u 1s generally greater than —(A;)q, due to the higher frequency band used on the uplink.

For a given total link availability requirement, there is an optimum sharing of the partial percentages
of time of unavailability for the up and downlinks (for a given local meteorological environment).
The calculation of this optimum gives the terms —(A,), and —(A;)q to be added in the link budget.

Depending mainly on the demodulator performance, there are other circumstances where the
constraint comes from the total link quality requirement (the total link availability requirement being
then automatically obtained). In this case, the terms —(Ap), and —(A)q are to be derived from the
optimization of the partial percentages of time of quality threshold for the up and downlinks.

2.3.4.5 Remarks

i) Power flux-density in multi-carrier operation

In formulas (28) or (30), the power flux-density (pfd), transmitted by the earth station for the carrier
under consideration is often calculated by referring to the maximum power flux-density (pfd)s maxs
which corresponds to the satellite transponder saturation and which is included in the satellite
communications payload performance characteristics. In the case of multi-carrier operation, this
usable (pfd)smax 1S shared between all the carriers which are simultaneously transmitted through the
transponder. However, some back-off is generally needed (especially in the case of multi-carrier
operation) in order to operate the transponder with adequate linearity. Therefore, a general
expression of the (pfd), in formula (28) for the carrier under consideration is:
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_ (pfd)s max

(pfd)y == S5 = 3 pfd) Wim? (36)

In this expression, Z (pfd)y; is the sum of the power flux-densities of the other carriers sharing the
same transponder and (BO);; = 10 log (bo)si is the input transponder back-off in decibels.

In the particular case of n equal carriers, this expression can be simplified and written directly in
dB(W/m?) as follows:

(PFD)y = (PFD)s max — 10 log n — (BO)g; dB(W/m?) (37)
ii) Earth station e.i.r.p.

Taking into account the relation between the transponder input and output back-offs (as shown for
example in Figure 2.7, similar expressions can be used in formulas (32) or (33) for calculating the
(e.i.r.p.)s or (E.ILR.P.)s of the carrier under consideration, i.e.:

. _ (e.1.1.P.)s max B . '
(e.r.r.p.)g _W Z:(e.l.r.p.)Sl (38)

(ELR.P.); = (ELR.P.); max — 10 log n — (BO)s, dBW (39)

where (e.1.r.p.)s max 1S the satellite e.i.r.p. when the transponder is saturated by a single carrier (this is
a part of the satellite performance characteristics, Z (e.1.r.p.)s; is the sum of the (e.i.r.p.)s of the other
carriers and (BO), = 10 log (bo)s, is the output transponder back-off in decibels).

Note that similar expressions can be used for calculating the earth station (e.i.r.p.). in formulas (27)
and (29) by reference to the saturated output power of earth station high power amplifier.

2.3.4.6 Conclusions

As explained above, the conversion of the (C/Np) into (S/N) or into BER depends on the modulation
(Chapter 4) and coding (Chapter 3) techniques implemented on the link:

If analogue, frequency modulation (FM) is used, the formulas of § 4.1.1.1 (FDM-FM),
4.1.1.2 (SCPC-FM) and 4.1.1.4 (TV-FM), permit conversion of (C/Ny) into (S/N) (or reciprocally).

If digital modulation is used, the conversion (C/Np) into BER (or reciprocally) is dealt with in
§ 4.2.2 (PSK modulation, in particular Figure 4.2.1) and in § 3.3.5 and Appendix 3.2 as concerns
forward error correction (FEC) coding.

It should also be mentioned that link budget calculations are now generally performed by computer
calculations. Some available computer programs are listed in "Supplement No. 2 to the CCIR
Handbook on Satellite Communications (FSS)" (Handbook ITU-R M1, Geneva 1993). However,
most of the currently used programs remain proprietary.
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2.3.5 Link budget for a regenerative transponder

On-board regeneration is generally associated with digital modulation. As explained above in
§ 2.3.3, the uplink signal from earth station A is demodulated in the transponder, then regenerated
and transmitted to earth station B.

Therefore, the uplink is separated from the downlink. The features of on-board regeneration will be
dealt with in Chapter 6. However, some characteristics and advantages which are pertinent to the
subject of link budget are listed below:

)

Formula (34) does not apply here. Because demodulation is applied in the transponder, it is
necessary to convert directly (C/Ny), in terms of bit error ratio (BER).

Therefore, notwithstanding the type of on-board modulation/demodulation and anticipating the
results of Chapter 4, the up and downlink (BER)s will be used here. In fact, formula (34), which
shows the addition of noise contributions from the uplink and the downlink, is to be changed
with the addition of (BER), and (BER)g:

(BER),q = (BER), + (BER)y ! (40)

Of course, the calculation of (BER)..1 may need the addition of other (BER) terms (just as in
formula (40)). However, these miscellaneous noise contributions are generally minimized, as
discussed below in ii) to v).

However, it should be noted at this point that formula (40) (regenerative transponder) can bring
a net advantage in the link budget, compared to formula (34) (transparent transponder), as
shown by the two case examples given below, both wusing coherent PSK

modulation/demodulation with a requested (BER),y = 107 (corresponding  to
(Eb/NO)ud =8.4 dB12):
e Let us assume first that (Ey/Ng)y, = (Es/Ng)¢. For a transparent transponder

(Ev/No)ua = (Ev/No)y — 3 dB which means that (Ey/Np), = 11.4 dB is requested (the same for
(Ev/No)q).

In the case of a regenerative transponder (BER)yq = 2 - (BER), and the requested (Ey/Nj),
both for (Ep/Ny), and (Ey/Np)g, 1s only 8.8 dBlz, an advantage of 2.6 dB.

* In the second case example, it is assumed that, with a regenerative transponder,
(Ex/No)u > (Ev/Np)g, €.g. the difference is about 1.5 dB. Then, due to the steepness of the
PSK performance function, (BER), becomes much smaller than (BER)q and
(BER)uq ~ (BER)q.

1 In fact, since the uplink error bits are transmitted on the downlink, a more exact relation should be:

(BER)ota1 = (BER), - [I(BER)4] + (BER)4 - [1-(BER).]

However, the (BER) products are negligible.

12 Refer below to Chapter 4, § 4.2.2 (PSK modulation, Figure 4.2-1) for PSK performance (BER vs. (Ey/Ny)). Of

course, all values given here are theoretical and do not account for various degradations and implementation margins.
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For example, if (Ey/Ng), = 10 dB, (BER), =4 - 10 and (Ex/No)a = 8.5 dB will be sufficient
for getting the requested performance (BER)y ~ 107*. In the transparent transponder case,
(Ew/No)q = 13.5 dB should be needed.

Of course, if (Ey/No)q > (Eu/Np)y, this is the same as changing the downlink advantage to an
uplink advantage.

Such link budget advantages can be used, either in the space segment, to reduce the on-board
amplifier sizing, or in the earth segment, to implement smaller earth stations, in terms of
antenna or power amplifier size.

i1) Most regenerative transponders are associated with some kind of on-board processing (OBP)
and/or satellite antenna switching (SS). The format of the downlink signal (multiple access,
multiplexing, modulation) can be different from the uplink one!3. Under such conditions,
intermodulation is scarcely a problem.

iii)) The effects of non-linear distortions (see above, § 2.1.5.3) in the two links do not accumulate.
The on-board RF amplifiers are fed by signals which are virtually free from amplitude
modulation and can therefore be operated very near saturation.

iv) Any on-board multi-path interference arising from RF coupling among different channels is
generally eliminated.

v) However, interference from other satellites (or terrestrial radio systems) may need to be
accounted for.

2.4 Earth coverage and frequency reuse

2.4.1 Earth coverage by a geostationary satellite

2.4.1.1 Elevation angle from the Earth

For most regions of the world, the geostationary-satellite orbit (GSO) provides a uniquely
favourable location for communication satellites. A spacecraft in this orbit appears fixed relative to
the surface of the Earth, and problems of earth station antenna tracking are minimized or eliminated.
Also, the GSO altitude of about 36 000 km provides global Earth surface coverage. The principal
limitation in coverage is the area above about 75° North or South latitude. Figure 2.12 shows the
Earth's surface, as seen from a GSO satellite, with a pattern indicating the elevation angles of the
line-of-sight.

Figure 2.13 gives the satellite elevation angle and distance as a function of the earth station's latitude
and longitude (relative to the sub-satellite point longitude).

13 For example, FDMA can be implemented on the uplink, with TDM on the downlink. Or an uplink TDMA can be
reconfigured by so-called on-board TST (time-space-time) switching. These various processes and network
architectures are described in Chapter 6 (§ 6.3.3) and Chapter 5 (§ 5.6) (see also: Supplement 3, "VSAT Systems and
Earth Stations", ITU, Geneva 1994 § 6.3, pp. 185-188).
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The precise computation of the azimuth angle o (measured clockwise from North) and the angle of
elevation, €, of a satellite in a circular equatorial orbit can be expressed by:

A = arc tan (tan 0/ sin ¢)

Kcos¢pcosB-1
\/K2+1—2Kcos¢cos9

€=arcsin

Eliminating © between these two equations leads to:

-1 2 -2
tane+K "4tan“e+(1-K
an \/an ( ) tan

A =arc cos =
1-K

¢

or to:

tan ¢

A =arc cos =
tan[arc cos(K "cos &) — €]

The provisional azimuth angle A shall be modified as follows according to the location of the earth
station on the Earth's surface:

o=A-+180° for earth stations located in the northern hemisphere and satellites located
West of the earth station.

a=180°-A for earth stations located in the northern hemisphere and satellites located
East of the earth station.

a=360°—-A for earth stations located in the southern hemisphere and satellites located
West of the earth station.

a=A for earth stations located in the southern hemisphere and satellites located
East of the earth station.

where:
0: azimuth angle (measured clockwise from North)
K: orbit radius/Earth radius, assumed to be 6.63
€: geometric angle of elevation of a point on the geostationary-satellite orbit
¢: latitude of the earth station

0: difference in longitude between the earth station and the satellite
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World planisphere with a typical pattern showing the elevation
angle of the line-of-sight from an earth surface
point towards a GSO satellite

NOTE - In this figure, the satellite is located, for illustration, at 30°W (sub-satellite point). If the
pattern is copied on a transparency, it can be centred on any sub-satellite point on the Equator. The
projection used in this figure (lines of equal longitude are parallel) distorts the actual geometry of
the Earth, but offers a convenient method for determining GSO satellite coverage on the Earth's
surface with a two-dimensional map.
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There are practical limitations to the minimum usable elevation angle. Those depend on the local
conditions: unobstructed field of view, atmospheric propagation conditions and, possibly, multipath
effects.

As concerns propagation conditions, it should be kept in mind that they can be severely impaired at
low elevation angles (see § 2.3.4.4 and Annex 1), especially at frequencies above 10 GHz.

Multipath effects are scarcely significant in satellite link operation (unlike terrestrial microwave
links) because the earth station antenna half beamwidth is generally smaller than the elevation angle
of the satellite direction (i.e. the angle of the main beam axis).

In summary, 6/4 GHz systems can often be used at elevation angles as low as 5°!4, while 14/12 GHz
systems may require a minimum elevation angle of 10°.
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Relative earth station longitude, i.e difference (in absolute value)
between the earth station and satellite longitudes

Sat/C2-13

FIGURE 2.13

Elevation angle (e) and distance (R) of a GSO satellite,
as seen from an earth station

14 However, earth stations have been successfully operated at elevation angles lower than 5°. For example, earth
stations have been implemented by Norway in the Spitzbergen islands (78° N) with a 1.7° elevation angle.
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2.4.1.2 Types of earth coverages and of satellite antenna beams

Figure 2.12 shows a coverage pattern for a global circular beam satellite antenna centred directly
over the sub-satellite point (17.4° beamwidth for a 5° elevation angle). In practice, this maximum
earth coverage is only used for systems requiring global coverage. For example, Figure 2.14 shows
how three global beam transponders can be implemented in order to cover the whole of the Earth's
surface.

In most cases, satellite antennas are designed to radiate a much smaller effective beamwidth in order
to increase the satellite e.i.r.p. in the service area, whatever the shape of this area. Such narrow-beam
antennas should be designed so that the energy is concentrated towards this area and reduced to the
lowest possible level outside. Therefore, in order to enhance orbit utilization, the objectives of the
satellite antenna design should be to achieve the following characteristics (which can be mutually
conflicting):

* the main beam pattern should model the service area (also called coverage area) as closely as
possible. This means it should not be a simple circular or elliptical beam, but a beam with a
special, complex shape, called a "shaped beam"13;

+ the radiation outside the service area (in particular the side lobes) should be minimized in order
to reduce interference and ease the problems of coordination with other networks.
Recommendation ITU-R S.672-2 specifies in detail the design objectives for the antenna gain
(i.e. the radiation level) outside the coverage area. The annexes to this recommendation give
precise descriptions of the gain contours of the beam in the coverage area;

» the antenna should be designed, as far as possible, to permit repositioning at other locations on
the GSO, while keeping the required performance.

Remark on e.i.r.p. and G/T contours

The satellite figures of merit for transmission (downlink), i.e. the e.i.r.p. and for reception (uplink),
i.e. the G/T, are represented on maps of the Earth as "iso-e.i.r.p." or "iso-G/T" contours for
facilitating link budget calculations. In some cases, only the limiting contours at the skirts of the
service area (beam edge), showing the minimum performance available inside this area, are
represented. Of course, inside the service area, higher e.i.r.p. and G/T are available and this is often
represented on the earth coverage figures by "iso-e.i.r.p." or "iso-G/T" step-by-step contours. This is
shown below in Figures 2.15, 2.16, 2.18, 2.19 (iso-e.i.r.p.), 2.17 and 2.20 (iso-G/T).

The following types of coverages and of satellite antennas are most commonly used:

1)  Global coverage, as described above (Figures 2.12 and 2.14). The satellite antenna can then be a
simple microwave circular horn.

i1) Circular or elliptical coverage, with beamwidths from about 5° to 10°. A focus-fed parabolic
reflector is often used, but the utilization of offset-fed reflectors improves significantly the side
lobe performance.

" on

15 "Circular", "elliptical" or "shaped" refers to the outline of the beam pattern in a plane normal to the main radiation
axis (although, it should be recognized that the definition of such an axis could be ambiguous in the case of shaped
beams).
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i11) Narrow, simple (circular or elliptical) coverage, called spot beam coverage. An example is

given in Figure 2.15 (INTELSAT VIIA spot beams).

Spot beams with a beamwidth as narrow as 0.5°, or even less, are feasible in the 14/11-12 GHz
band (or higher frequency bands) but their utilization can be limited by the required pointing
accuracy.

Spot beams are usually provided with a steering capability (with ground control). In advanced
satellite designs, multiple spot beams or scanning spot beams can be implemented, generally in
conjunction with an on-board switching matrix in order to cover the service area by a dynamic
process (see Chapter 6, § 6.3.4).

Another possible utilization of multiple, narrow spot beams is to provide links to very small,
even handheld, earth stations ("terminals") through cellular coverage of the Earth. However,
most systems proposed for such a service (e.g. Teledesic and Skybridge) are based on non-
geostationary (non-GSO) satellites (see below § 2.4.2). This is often also the case for many such
systems operating in the MSS (e.g. Iridium, Globalstar, ICO, etc.).

Shaped coverage which matches a specific service area (e.g. a particular country or territory),
whatever its contour. Such shaped beam antennas are usually constructed with a reflector
illuminated by multiple feeds connected to the transponders (on the receive or on the transmit
side) through a "beam-forming network". Beam shaping results from the composition (i.e. the
in-phase addition of the RF fields) of the spatially separated elementary patterns (or "beamlets")
radiated by each feed.

Shaped coverages are implemented in most modern satellites and the antenna can be very
complex when the contour of the service area is itself distorted. For example the Eutelsat II
satellite antenna comprises 17 component feed horns, the INTELSAT V satellite 88 and the
INTELSAT VI 147. Note that the smaller the beamlet width, the more accurately will the
shaped beam be modelled to the service area (for more details, see Chapter 6). The figures
below illustrate various typical examples of shaped coverages actually implemented with the
Arabsat II satellites (Figures 2.16 and 2.17), with the INTELSAT VIIA satellites ("Hemispheric
beams", Figure 2.18 and "zone beams", Figure 2.19) and with the Eutelsat II satellites (Figure
2.20).

The particular type of antenna to be used depends on frequency and on the available physical size
and mass available on the launch vehicle payload. This size and mass determines the maximum
dimension of the antenna (D) and of the (possibly multiple) feed assembly. Minimum feasible
beamwidths (or beamlet widths) depend upon 1/D (I being the wavelength). On the other hand, they
also depend upon the precision with which the satellite altitude can be stabilized and controlled (see
Recommendation ITU-R S.1064).

It should be noted that the sub-satellite point can be outside the service area. For a given beamwidth,
advantage can be taken of the increased coverage offered by an oblique pointing of the satellite
antenna. However, this advantage must be balanced against the requirement for a higher pointing
accuracy and a lower elevation angle of earth station.

Other considerations, such as possible need for frequency reuse implementation (see below § 2.4.3),
should also be accounted for.
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Remark on satellite e.i.r.p.

The narrower the coverage, the greater will be the satellite antenna gain and therefore the e.i.r.p. (for
a given amplifier power).

For example, on the 6/4 GHz transponders of INTELSAT VIIA satellites, the global beam has an
e.i.r.p. of 29 dBW, to be compared with the zone beam e.i.r.p. of 36.5 dBW (beam-edge minimum
figures). E.i.r.p. of 47 dBW or higher are not uncommon on 14/11 GHz domestic satellites
(Australia, Canada, Eutelsat, Hispasat etc.).

High satellite e.i.r.p. permits simple, economical earth stations with small antennas to be
implemented.

In the case of simple (circular or elliptical) beams, the antenna gain can be approximated by
formulas (3) and (3bis) in Appendix 2.1. Note that, in consequence, the antenna gain and e.i.r.p. (for
a given satellite amplifier power) does not depend on the frequency, but only on the coverage width.

Using this simple case, it can be shown that the antenna gain should be about 4 dB lower on the
beam edge than at the beam centre!6. As already explained, the utilization of shaped beam antennas
can improve this situation by optimizing the gain inside the service area (i.e. getting a more uniform
gain) and minimizing it outside.

210° 240° 270° 300° 330° 0° 30° 60° 90° 120° 150° 180° 210° 240° 270°

Sat/C2-14

FIGURE 2.14

World coverage by GSO satellites
(INTELSAT system with 3 global beams in the Atlantic, Indian and Pacific ocean regions.)

16 The —4 dB figure corresponds to a theoretical optimum. This results from the natural shape of a simple antenna beam
and can be illustrated by the following example: for a 5° circular service area (as seen from the satellite), and for a 5°
wide antenna beam (measured at —4 dB level), the maximum gain at the beam centre is about 30 dBi and the gain at
the coverage limit (£2.5°) is, of course, 26 dBi. Should the same service area be illuminated by a thinner beam (e.g.
4°), the beam centre gain will be higher (31.9 dBi in this example) but the coverage limit gain will be smaller (25.3
dBi). On the contrary, with a wider beam (e.g. 6°), these gains will be respectively 28.4 dBi and 25.7 dBi.
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FIGURE 2.15
INTELSAT VIIA typical satellite coverage
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Arabsat II typical satellite coverage
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NOTE - 6/4 GHz transponder coverage (receive: 6 GHz band: iso-G/T contours. Left-hand
circular polarization (LHCP) (frequency reuse)).

Sat/C2-17

FIGURE 2.17

Arabsat II typical satellite coverage
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FIGURE 2.18
INTELSAT VIIA typical satellite coverage
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FIGURE 2.19
INTELSAT VIIA typical satellite coverage
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NOTE — (Satellite location: 16° E). 14/11-12 GHz: 14 GHz band receive coverage, "iso-G/T" contours.

Sat/C2-20

FIGURE 2.20
EUTELSAT II typical satellite coverage

2.4.2 Earth coverage by a non-geostationary satellite

This section refers to new systems based on non-geostationary satellite (non-GSO) systems. With
the general purpose of providing very large numbers (maybe millions) of users with small — even
hand-held — earth stations (terminals), such systems and concepts are currently the subject of very
active studies, developments and of firm programs. Many of these systems are actually based on
low-earth orbit satellites (LEOs), but other non-GSO systems, such as medium orbit — MEOs — and
highly elliptical - HEOs — or even GSO satellite systems, have been and are proposed for the same
services (see above § 2.1.3.1).

The considerations below are general and apply to many current projects, whether they pertain to the
fixed-satellite service (FSS) or to the mobile-satellite service (MSS). In general, service to small
mobile and hand-held terminals is provided via satellites in the MSS. Service to small, sometimes
transportable earth stations is provided via satellites in the FSS.
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Of course, non-GSO satellites are not seen from earth stations as fixed in the sky. For example,
LEOs generally move in circular, low altitude, orbits at a relatively high speed (e.g. about 7 km/s for
a 700 km altitude). In order to maintain the permanency of the service and of the communications,
multiple satellites are regularly distributed around orbit planes. Moreover, in order to allow
communications with various regions, multiple orbit planes are implemented. The complete set of
satellites of all orbits forms the constellation implemented in the system.

These systems are generally based on cellular architectures similar to terrestrial mobile telephone
networks. This means that the service area (which may extend over the whole surface of the Earth)
is divided into cells. A given earth station communicates with a satellite via a satellite spot beam
covering the cell in which the station is located.

However, in the case of LEOs, there is a significant difference in comparison with terrestrial
systems: a given celll” is not serviced by a fixed satellite spot beam, but is regularly and
permanently scanned by different transmit and receive spot beams corresponding to different
satellites. In some systems, the satellite, when passing over a given cell, steers its antenna beam in
order to keep it longer over the cell and to compensate for the satellite motion and for the Earth's
rotation. Anyhow, and especially in the case of small cells, the continuity of the communications
should rely on the soft call handoff techniques!® commonly used in terrestrial cellular systems.

The instantaneous satellite footprint may cover a relatively large area (e.g. a 1 000 km diameter
zone) but there are many possibilities: one cell can be associated with a single spot beam covering
the whole footprint. In other proposed systems, the satellite footprint is divided into very small cells
or microcells (e.g. 200 km, see below § 2.4.3.4 and Figure 2.22) corresponding to multiple thin spot
beams.

The system can generally be connected to other networks (notably to public networks) through
gateway earth stations. As concerns the connection of a communication from/to a given terminal
to/from another terminal which can be located in another, distant, cell, i.e. serviced by another
satellite, there are currently two philosophies: the more straightforward way is to transit through a
gateway and, possibly, through two gateways connected by a terrestrial link. A more advanced
process consists in connecting the concerned satellites through int-satellite links (ISLs).

Similar to terrestrial mobile systems, most satellite systems described above rely intensively on
frequency reuse in the different beams and/or cells, as explained below (§ 2.4.3.4) More details on
non-GSO systems will be found in Chapter 6 (§ 6.5).

2.4.3 Frequency reuse

A definition of the frequency reuse concept has been given in Chapter 1 (§ 1.3.3 and Figure 1.3).

17 In this section, the term "cell" is associated with a given, fixed, earth zone. However, in some system descriptions, a
cell is associated with a moving spot beam.

18 Call handoff designates the transfer of a communication when the cell, or the satellite beam, servicing a given
terminal is changing. Soft handoff is ensured when there is a complete continuity in the transfer, without any
interruption in the communication.
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The available spectrum in any given band is finite and the communication capacity of a satellite is
determined accordingly. To increase satellite system capacity, methods of reusing the frequency
spectrum have been developed and are actually implemented. As already explained, the two
common methods are spatial isolation (also called beam separation) and polarization discrimination
(also called dual polarization).

2.4.3.1 Spatial isolation frequency reuse

Spatial isolation frequency reuse on a given satellite is performed by implementing the same
frequency band in different transponders and antenna beams towards different coverage areas. The
antenna beams must be separated enough to provide sufficient isolation for avoiding harmful
interference, a typical requirement being a 27 dB isolation. As illustrated in Figure 2.21, this means
that, if an earth station in service area A receives a carrier destined for service areas B or C, this
carrier must be at least 27 dB lower than its own destined carrier (at the same frequency).

The isolation may be limited by the cross-over relative gain level between two beams (between A
and B in Figure 2.21) or by the side-lobe levels (e.g. between A and C). In the case of insufficient
isolation, a possible solution is to introduce a supplementary isolation by implementing
cross-polarized carriers between the too close beams (at transmit and receive).

As a simple example, nearly all current INTELSAT satellites use separate so-called "hemispheric
beams" (see Figure 2.18) and "zone beams" (see Figure 2.19) in which spatial isolation frequency
reuse is implemented. However, it is clear on the figures that, in these examples, there is a large
angular distance between the various beams.

Sat/C2-21

FIGURE 2.21

Spatial isolation frequency reuse
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NOTE — The transmit and receive beams may be radiated by a single satellite antenna (as
represented) or by several antennas.

2.4.3.2 Polarization discrimination frequency reuse

Dual polarization frequency reuse on a given satellite is performed by implementing the same
frequency band in two different transponders which serve the same coverage area, but with two
orthogonal polarizations. The two polarizations may be linear (e.g. horizontal and vertical) or
circular (right hand circular polarization: RHCP and left hand circular polarization: LHCP). On the
satellite, there can be two different antennas, one for each polarization or a common antenna can be
used. In the latter case, the (transmit or receive) antenna is connected to the transponder through a
microwave coupler with two orthogonally polarized ports, called an ortho-mode transducer (OMT).
On the earth stations, there is always a common antenna equipped with a transmit/receive OMT.
Typical values of the discrimination between the two polarizations are between 30 and 35 dB.

Dual polarization frequency reuse techniques, which employ either circular or linear polarized
transmissions, can be impaired by the propagation path through the Earth's atmosphere, resulting in
interference between the two orthogonal polarized transmissions. This phenomenon, referred to as
depolarization or cross-polarization, is induced by two sources: Faraday effect, which is caused by
the Earth's magnetic field in the ionosphere, and precipitation, primarily rain or ice crystals.

Faraday effect causes a time-varying and frequency-dependent polarization rotation (not
depolarization) in the orientation of the polarization plane. Peak values of Faraday rotation can be as
high as 9° at 4 GHz and 4° at 6 GHz. If Faraday rotation is significant at the frequency of operation,
a method of providing differential rotation of the planes of polarization must be provided at the earth
station antenna. This is because the direction of rotation, as seen in the direction of propagation, is
opposite for transmit relative to receive. Faraday rotation has a negligible effect on circular
polarization and, in many cases for frequencies above 10 GHz, for linear polarization as well.

Rain-induced depolarization is caused by non-spherical rain drops, which produce a different
attenuation and phase shift between orthogonal linear components of the signal which degrades the
discrimination between either linearly or circularly polarized signals. Although differential phase
shift is the primary cause of depolarization, differential attenuation also becomes important above
10 GHz.

Propagation models have been developed to predict depolarization impairments due to rain and
other meteorological factors. In regions with very high rainfall rates (such as Central America and
tropical zones), dual polarization frequency reuse operation could be subject to implementation
problems. For more details, see Annex 1 (§ 3).

The application of dual polarization frequency reuse places additional requirements on the satellite
and earth station antennas:

a) As explained above, each part of the antenna must transmit (or receive) only RF fields
according to its own polarization (e.g. LHCP) and must be isolated from the other polarization
(e.g. RHCP): this requirement is called polarization discrimination (or polarization isolation). If
polarization discrimination is not sufficient (e.g. less than 24 to 28 dB depending on other
possible interference noise sources and including imperfect satellite and earth station antennas
and also propagation medium effects), a signal at the same frequency will appear from the
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orthogonal polarization (also called X-polar) and will cause harmful interference at the normal
(also called co-polar), wanted port.

b) This polarization discrimination requirement may impose constraints in the overall design of
earth station antennas, including the components of the feed: duplexer and orthomode
transducer (OMT)!?, polarizers (in the case of circular polarization), angular tracking system,
primary source (radiating horn) and even on the reflector system (in particular mechanical
symmetry of supporting struts), etc.

The transmit and receive radiation patterns of properly designed earth station antennas should
exhibit a high polarization purity in the beam axis and in the main part of the beamwidth and
even a sufficient purity (low X-Polar components) in the side lobes in order to avoid
interference on the GSO.

Ultimately, polarization compensation devices and systems could be implemented in the earth
station antenna and communication equipment. Such devices and systems have been developed but
their practical application proves to be complicated.

Notwithstanding these implementation problems, due to the scarcity of orbit/spectrum resources,
many satellite systems extensively use polarization discrimination frequency reuse.

Note that, even if dual polarization frequency reuse is not needed in an earth station at the beginning
of operation, it could prove wise, at the programme planning phase, to provide for its future
introduction. It must be also remembered that dual polarization must be accounted for in
internetwork interference and coordination calculations.

More details on earth station dual polarization antenna design are given in Chapter 7, § 7.2.2.

2.43.3 Common application of both methods of frequency reuse

The two methods of frequency reuse described above are, in general, compatible and are actually
often implemented simultaneously. In fact, this common implementation proves to be a powerful
tool for augmenting satellite systems' traffic capacity and for improving orbit-spectrum utilization
efficiency. It permits the provision of the equivalent of a bandwidth 2M x B on a satellite where an
actual bandwidth B is allocated (M being the number of beams using the same frequency band by
spatial isolation frequency reuse).

As an example, six-fold frequency reuse is implemented in the INTELSAT VI system.

However, a high degree of frequency reuse is not without cost: interference noise may eventually
appear as the dominant factor in the link budgets and as the main limitation in satellite traffic
capacity.

19 Earth stations whose traffic plans provide for communicating simultaneously in both polarizations must be equipped
with a four-port duplexer/OMT (two transmit and two receive ports).
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2.4.3.4 Application of frequency reuse in non-geostationary satellite systems

Spatial isolation frequency reuse is systematically implemented in most of the non-GSO systems
servicing very small terminals in the FSS or in the MSS. This permits the coverage of very large
service areas with a minimum bandwidth.

In fact, as already explained in § 2.4.2, the service area is usually covered by a multiplicity of
closely located and even intersecting satellite spot beams, which can correspond to the cells
covering the Earth. In general, the various beams corresponding to cells or microcells around a
given point on the Earth use different frequency bands in order to avoid mutual interference. Just as
is done in terrestrial cellular systems, the mosaic figure of frequencies, i.e. the distribution of the
frequency bands between the beams in the service area should be determined by the minimum
angular distance required to ensure a sufficient isolation between beams using the same frequency
band. The utilization of cross-polarization, i.e. of dual polarization frequency reuse, can also be
envisaged to supplement isolation. A typical illustration of such arrangements is given in
Figure 2.22.

a) Format for square cells b) Format for hexagonal cells
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Typical illustration of frequency and dual polarization
reuse in non-GSO satellite systems
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2.5 Other topics in orbit/spectrum utilization

2.5.1 Introduction

It is well known that the natural resources of the geostationary orbit and the frequency spectrum
(this combination being called the orbit-spectrum resource) are in increasing demand. Consequently,
when projecting new satellite communication services or increasing the traffic capacity of current
systems, a careful appraisal must be made in order to optimize orbit-spectrum utilization to avoid
causing interference to other systems and, more generally, to preserve as far as possible, these
limited global resources. Considerable attention has been paid to this subject by international and
national authorities in charge of telecommunications and by international bodies, especially the ITU-
R.

NOTE — Although not formally included in the discussions of this section, the need for economy of
use of spectrum also applies to the case of the non-geostationary (non-GSO) satellite systems.

Future utilization of the satellite orbits and frequency bands allocated to space services is considered
in the framework of World Radiocommunication Conferences (WRCs) organized by ITU.

Assuming an average satellite spacing of 3° (for operation in a given band), only a few orbit
positions remain available on the GSO.

The problems are particularly significant in the 6/4 GHz and 14/10-12 GHz bands for the portions of
the GSO orbit serving regions with the highest volume of communications, e.g. the arcs from 49° E
to 90° E (over the Indian Ocean), from 135° W to 87° W (serving North America) and from 1° W to
35° W (over the Atlantic Ocean).

The growth of traffic in these areas will have to be accommodated by the allocation of new
frequency bands (or the extension of bands already allocated) or the use of higher frequency bands
(e.g. 30/20 GHz) by a reduction of the satellite spacing and by a more efficient use of the
bandwidths.

However, it should be recognized that the optimization of orbit/spectrum efficiency may result in an
increase of system costs.

This section gives a short summary of the following subjects, which are important for efficient
orbit/spectrum utilization:

*  modulation and coding techniques;

* intersystem interference and orbit utilization;

* on-board signal processing;

*  homogeneity between networks.

2.5.2 Modulation and coding techniques

Coding and modulation methods are discussed in Chapters 3 and 4. A brief preliminary discussion
of the efficiency of analogue and digital modulation in terms of satellite capacity and interference
immunity is given below.
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For analogue systems using frequency modulation (FM), as the modulation index is increased, the
capacity per satellite is reduced, but the baseband noise density due to interference at a given
carrier-to-interference ratio also falls. This permits closer satellite spacing and, up to a point, results
in an increase in the efficiency of use of the GSO.

For digital transmissions using phase-shift keying modulation (PSK), which are now predominant,
interference immunity of a signal is increased as the number of phase conditions is reduced, again
allowing closer satellite spacing, but the traffic capacity per satellite is then reduced. In fact, the
utilization of the GSO tends to be optimized when the number of phases is 4 or 8.

In digital transmissions, the efficiency of spectrum utilization is also increased by the utilization of
signal processing techniques, such as:

* low bit rate encoding (LRE) and digital circuit multiplication (DCM) for telephony;

* bit rate reduction techniques for video and television (e.g. MPEG standards) and for data
transmissions.

However, forward error correction (FEC) coding which is generally needed to improve power
efficiency, tends to reduce spectrum efficiency. Modern FEC processes can include both source
coding (e.g. Reed Solomon (RS) codes) and channel coding (e.g. with Viterbi decoding) and even
combined error correction and modulation processes (this is called trellis coded modulation (TCM)
see Chapter 4, § 4.2.3.2).

2.5.3 Intersystem interference and orbit utilization
Intersystem interference and coordination is the subject of Chapter 9 of this Handbook.

The system elements that are likely to have the largest effect on space utilization efficiency for GSO
networks sharing the same orbital arc and frequency band are:

e earth station antenna side-lobe characteristics;

*  space station (satellite) antenna characteristics;

+ satellite station-keeping and antenna pointing accuracy (see Chapter 6, § 6.3.1);
*  cross-polarization discrimination;

* internetwork interference sensitivity.

Taking into account these elements, the geocentric separation between two GSO satellites with the
same coverage area can be reduced to 3° or even less.

i) Earth station antenna side-lobe characteristics

The radiation pattern of earth station antennas, particularly in the first 10° from the maximum gain
axis and in the direction of the GSO, is one of the most important factors in determining the
interference between systems using geostationary satellites. A reduction in side-lobe levels would
significantly increase the efficiency of utilization of the orbit.
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At present, most satellite system specifications call for complying with Recommendations
ITU-R S.465 and 731 (Reference radiation patterns, co-polarized and cross-polarized, for use in
coordination and interference assessment) and S.580 (Design objective for earth station antennas
operating with GSO satellites).

Design problems for low side-lobe earth station antennas are dealt with in Chapter 7 of this
Handbook (§ 7.2.1.1 and 7.2.2).

ii) Space station (satellite) antenna characteristics

Satellite antennas should satisfy two conditions for optimizing orbit/spectrum utilization:

* in order to make the best use of their allocated orbit location, the radiation pattern should give
the best fit coverage of the service area. This condition applies mainly to GSO satellites and can
lead to the design of complex antennas, with multiple-feed, shaped beams;

* outside the service area, the side-lobe level, and more generally, the radiation level should be
minimized in order to minimize intersystem interference.

Although work for the adoption of a reference radiation pattern for coordination purpose is not
currently completed, ITU-R has issued a Recommendation (S.672) giving radiation patterns for use
as a design objective in the FSS employing GSO satellites.

Design problems for high performance satellite antennas are dealt with in Chapter 6 of this
Handbook.

iii) Cross-polarization discrimination

The use of orthogonal linear or circular polarizations permits discrimination to be obtained between
two emissions/receptions in the same frequency band from the same satellite. Typical values of
on-axis polarization discrimination range from 30 to 35 dB for good antenna feed design. This
augments the discrimination provided by the directional properties.

There are several means for taking advantage of polarization discrimination in view of optimizing
orbit/spectrum utilization:

*  The most common method is to implement systematically polarization discrimination frequency
reuse. As already explained (Chapter 1, § 1.3.4.3), this is liable to multiply by two the traffic
capacity and this can be combined with frequency reuse by beam separation to further augment
this capacity.

*  Another method where advantage could be taken of low side lobes and good polarization
discrimination characteristics to increase traffic capacity, is to implement multiple beam
frequency reuse antennas, or clusters of co-located satellites, in order to lay down multiple spot
beams over the service area, instead of a single beam. Typically, adjacent beams would use
different portions of the frequency band to avoid interference, but non-adjacent beams can reuse
the same frequencies provided that the inter-beam interference is acceptable.

Such systems can also be particularly well adapted to low earth orbit (LEO) non-GSO satellite
networks (see § 2.4.3.4).
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2.5.4 On-board signal processing

The implementation of on-board signal processing, regenerative transponders, can improve link
budget parameters and thus enable lower transmission power. This would reduce interference with
adjacent satellites and thus increase orbit utilization efficiency.

2.5.5 Homogeneity between networks

The most efficient orbit utilization would be obtained if all satellites using the GSO and which were
illuminating the same geographical area and using the same frequency bands, had the same
characteristics, i.e. if they formed a homogeneous ensemble. However, in practice, a perfectly
homogeneous system will not exist, due to differences in the individual systems.

Consider two satellite systems A and B, using satellites having adjacent orbital positions. If A and B
have widely different characteristics for satellite receiver sensitivity, downlink e.i.r.p. or associated
earth stations, the angular spacing necessary to protect A against interference from B may differ
from that necessary to protect B from A. In practice, the greater of the two angles must be selected.
The extent to which this may represent an inefficient use of the GSO is dependent on many factors
in the design of the satellite systems using orbital positions near those of A and B.
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Antenna radiation diagrams and polarization

In § AP2.1-2 some basic antenna characteristics such as antenna gain and aperture were defined. In
this appendix, other important characteristics such as radiation diagrams, beamwidths and
polarization are described.

AP2.1-1 Radiation diagrams and beamwidths

The directional properties of an antenna can be represented by its "radiation diagram" (or "radiation
pattern"). This is shown in rectangular coordinates on Figure AP2.1-1, in a particular plane (e.g. a
vertical plane through the maximum antenna gain axis).

The "half-power (-3 dB) beamwidth" (full beamwidth) is given by the important formula:

eo=k% (D

where D is the diameter of the (circular) antenna aperture, A is the wavelength and where k depends
on the "illumination law" of the aperture. For a high efficiency earth station antenna k = 65°.

Formula (1) can be generalized for any relative power level (dB level). For example, the "10 dB
beamwidth", i.e. the angle between directions where the power level (received or transmitted) is
reduced to one-tenth, is given by:

0100 =K (k'=112°) @

Relation (6) in § 2.1.2.2, is recalled here:
_ ﬂ( TtEDj2
Emax 2\
where N is the antenna efficiency. Using this relation and formula (1) above, and assuming a typical
efficiency N= 0.65, the maximum gain can be given in a very useful form by:
27 000
8max = 5 (3)
9o

Formula (3) can be generalized to non-circular, quasi-elliptically shaped antennas with an aperture

of D1 and D2 axial dimensions (corresponding to half-power beamwidths 8y; and 6, in the two
main plans). In this case:

103



104 APPENDIX 2.1 Antenna radiation diagrams and polarization

27000

= 3bi
Emax 901[902 (3bis)

Figure AP2.1-2 shows some common values of antenna gain and beamwidth. A nomogram for their
calculation is given below in § AP2.1-2.

G(0) =10 log g (8) (dBi)

G(B) =32-25log B (dBi) -~~~ TN~<LG(8) = 3225 log 8 (dBi)

or 29 (See NOTE) or 29 (See NOTE)
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-------- : Reference diagram (Recommendation ITU-R S.465-5)
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NOTE - In Recommendation ITU-R S.580-4, the value becomes 29 as a design objective (with
a different formulation).
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Typical outline of the radiation diagram
of an earth station antenna
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AP2.1-2 Nomogram for antennas with circular aperture

AP2.1-2.1 General

The antenna nomogram given in Figure AP2.1-3 enables the following antenna parameters to be
simply estimated:

* gain versus frequency and diameter;

» allowable pointing error versus gain drop and nominal gain;

*  gain drop versus pointing error and nominal gain.

The aperture efficiency is given by the ratio of the equivalent effective antenna area to the physical

antenna area. It is defined at the throat of the antenna feed horn and hence does not include the
losses of the feed system e.g. orthomode transducer, diplexer, filters and waveguide connections.

The typical errors of the approximation formula when used for beamwidth calculations lie within a
range of approximately +15%.

AP2.1-2.2 Typical applications

i) Gain versus frequency and diameter
*  Connect the given frequency on scale f and diameter on scale d.

*  The intersection of this line with the scale G, indicates the antenna gain.

This gain can then be corrected for aperture efficiencies other than 0.7.

e.g. Frequency f: 14 GHz

Diameter d: 18 m

Gain G: 66.9 dB forn =0.7

Gain Gg: 66.9dB -1 dB =65.9 dB for n =0.55
ii) Antenna diameter versus gain and frequency

*  Connect the given gain on scale G, and frequency on scale f.

* The intersection of this line with scale d indicates the antenna diameter.

e.g. Gain G: 60 dB
Frequency f: 4 GHz
Diameter d: 28.5m

NOTE — The gain is normalized for N =0.7.
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iii) 3 dB beamwidth versus nominal antenna gain
*  Connect the given nominal gain on scale G, and the 3 dB point on scale AG.

*  The intersection of the line with scale +6 indicates the half 3 dB beamwidth.

e.g. Nominal gain G,: 55dB
Gain drop AG: 3dB
+0 +0.14°
3 dB beamwidth: 2-0.14°=0.28°
iv) Maximum pointing error versus gain drop and nominal gain

*  Connect the given nominal gain on scale G, and maximum gain drop on scale AG.

* The intersection of the line with scale £8 indicates the pointing error.
e.g. Nominal gain G,: 55dB

Maximum gain drop AG: 0.5dB

Maximum pointing error £0:  +0.058°

V) Gain drop versus pointing error and nominal gain
*  Connect the given nominal gain on scale G, and pointing error on scale +6.

* The intersection of the line with scale AG indicates the gain drop.
e.g. Nominal gain Gy 60 dB
Pointing error +0: +0.1°

Gain drop AG: 4.6 dB



108 APPENDIX 2.1 Antenna radiation diagrams and polarization

35
30
25 a4
f [GHz] Go [dBi] 20 d [m] tele] 3
75 ]
E- 30 15 2 ]
[ 70 ]
L 25 ]
X 1.5 —
L 20 65 10 ]
I 9 1.0 -
| 8 -
- 15 60 0.8 E
L 7 : N
L 6 ]
X 55 AG [¢B] 06
= 10 5 05 -
£ - 10 =
E 04 -
E 50 ]
- 4 5 1
E 3 ]
e 7 35 -2 03 -
3 45 - 1 ]
- 6 3 L 05 ]
s — 0.3
L 0.2 -~
E S 40 25 ]
0.15
-~ 4 2 -
L 35 35 ]
o 01 -
3 3 15 f G d e f d © .
N G -]
s 30 °ra ° g 0.08
s Scale for ] = 0.7 1
[ 2 Corrections: 10 0.06 —
=055 —= 1dB : ]
n= 090 — + 1dB
0.8 0.04 —
T : aperture efficiency G
TLed\2 d: P Go
Go=T ¢ |{— : antenna diameter 5
° ( A ) A : wavelength 2 G(e)
Go
G(8) =Gy ex {— .92 }e rad e
G(e") expy - 2.85 ) y o)
e
2 e———— )
AG = 5= ~ 1

Sat/AP2-013

FIGURE AP2.1-3

Nomogram showing the relations between frequency, maximum gain,
antenna diameter, beamwidth and gain drop due to pointing error



AP2.1-3 109

AP2.1-3 Antenna side lobes

Most of the power radiated by an antenna is contained in the so-called "main lobe" of the radiation
pattern but some residual power is radiated in the "side lobes".

Conversely, due to the reciprocity theorem, the receive antenna gains and radiation patterns are
identical to the transmit antenna gains and radiation patterns (at the same frequency). Therefore,
unwanted power can also be picked up by the antenna side lobes during reception.

Side lobes are an intrinsic property of antenna radiation, and diffraction theory shows that they
cannot be completely suppressed. However, side lobes are also due partly to antenna defects which
can be minimized by proper design.

As explained in more detail in § 7.2, the recommended side-lobe characteristics of earth station
antennas used in the FSS are defined in Recommendations S.465-5 and S.580-5 (see
Figure AP2.1-1).

Moreover, the residual power radiated in the side lobes induces unwanted emissions from earth
stations. These spurious emissions are subject to limitations specified by Recommendation ITU-R
S.524-5 and, for the particular case of very small aperture terminals (VSATs), by Recommendation
ITU-R S.728. As concerns satellite antennas (see § 6.3.1), their side-lobe characteristics are defined
by Recommendation ITU-R S.672.

AP2.1-4 Polarization

The polarization of an RF wave radiated (or received) by an antenna is defined by the orientation of
the electric vector (E) of the wave (Figure AP2.1-4).

This vector — which is perpendicular to the direction of propagation — can vary in direction and
intensity during one RF period T (T = 1/f, where f is the frequency).

This means that, while travelling one wavelength during period T, the E vector not only oscillates in
intensity but can also rotate.
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Definition of RF polarization

In the most general case, the projection of the tip of the E vector on a plane (P) perpendicular to the
direction of propagation describes an ellipse during one RF period: this is called elliptical
polarization.

Elliptical polarization is characterized by three parameters:

* rotation sense, as seen from the antenna (and looking in the direction of propagation): right hand
(RH, i.e. clockwise) or left hand (LH, i.e. counter-clockwise);

» axial ratio (AR) of the ellipse (voltage axial ratio);

* inclination angle (T) of the ellipse.

Most practical antennas radiate either in linear polarization (LP) or in circular polarization (CP)
which are particular cases of elliptical polarization.

Linear polarization is obtained when the axial ratio is infinite (the ellipse is completely flat, i.e. the
E vector only oscillates in intensity). Circular polarization is obtained when AR = 1.

For any elliptical polarization, an orthogonal polarization can be defined which has inverse rotation
sense.

It can be shown that two orthogonally polarized waves are (theoretically) perfectly isolated. This
means that an antenna can be equipped with two receive (or transmit) ports, each one being perfectly
matched to only one polarization.
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If, for example, a wave with a given polarization impinges on the antenna, the full power will be
received at the matched port and no power at the other port. Therefore, the same antenna can receive
(transmit) simultaneously two carriers with orthogonal polarizations at the same frequency: this is
the basis for dual polarization frequency reuse systems (see § 1.3.4 vi) and § 2.4.3). Dual
polarization frequency reuse is generally implemented, either with two linear orthogonal

polarizations (e.g. horizontal and vertical) or with two circular orthogonal polarizations (LHCP and
RHCP).

It can be shown that any elliptically polarized RF wave can be considered as the (vectorial) sum of
two orthogonal components, e.g. of two linearly polarized waves (e.g. horizontal and vertical) or of
two circular orthogonal polarizations (LHCP and RHCP).

An important characteristic of an antenna is its polarization purity. The RF wave radiated by an
imperfect antenna contains a so-called co-polarized (wanted) component and a cross-polarized
("X-polar") (unwanted) component. Therefore, the polarization purity of an antenna can be
described by its cross-polarization gain and radiation diagrams. This is shown on Figure AP2.1-5,
which compares the co- and cross-polarization antenna diagrams, with a common reference, with the
co-polarized maximum antenna gain.

The diagrams shown are theoretical. Note that, for practical antennas, diagrams are less regular and
show no nulls, only minimums, but the important fact is that, generally, the cross-polarized diagram
1S minimum in the antenna axis and shows first lobes with maximum gains at a relative level of the
order of —20 dB.

The polarization purity of an antenna, both at transmission and reception, is generally defined by its
actual co- and cross-polarization diagrams. The cross-polarization isolation (XPI) is the ratio, in a
given direction, of the co-polarized to the cross-polarized (X-polar) RF field amplitudes. It is
generally evaluated in dB:

(XPD)gs =20 log (XPI)
In Figure AP2.1-5: (XPI)gg = 10 [log gco (0) — log g« (0)]

The most stringent limits of (XPI) are generally specified near the antenna axis (referring to
Figure AP2.1-5, recall that, in actual antennas, there is not a null, but a minimum of the X-polar in
the antenna axis).

For example, a specification could be: (XPI)gg = 30 dB within the 1 dB "contour" (i.e. beamwidth)
of the main (co-polar) antenna beam. Proper design can improve the polarization purity of an
antenna, i.e. maximize (XPI). This may prove more difficult in the case of offset antennas20.

20 Offset antennas use a non-symmetrical parabolic reflector. This avoids radiation blockage by the antenna feed and
improves most performances, in particular the co-polarized side-lobe level.
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Co-polarization and cross-polarization antenna diagrams (theoretical)

The importance of the polarization purity of an antenna comes from the fact that the unwanted,
X-polar emissions can cause interference to other systems and that, at reception, unwanted
components from other systems can cause interference to the (given) system. But, even more
important, are the internal interferences in dual polarization frequency reuse systems.

This case is explained by Figure AP2.1-6.

In this very simplified figure (where, in particular, the satellite is not represented), the transmitting
and the receiving earth stations are only represented by the "primary source" of their antennas (here
a simple horn), a polarizer (in the case of circular polarization) and a so-called orthomode transducer
(OMT).

The function of the OMT is to interface with the two orthogonal polarizations (here, LHCP and
RHCP) of the dual polarization frequency reuse system, i.e. to connect two separate transmitters
(through two transmit ports 1 and 2) and two separate receivers (through two receive ports 1 and 2),
thus forming two links, able to operate in the same frequency band, one on LHCP, one on RHCP,
with, theoretically, no coupling between these two links (for more details on primary sources,
polarizers and OMTs, see, for example, Chapter 7, § 7.2.2). However, in practical systems where the
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polarization purity of each antenna is imperfect, there is some cross-coupling (X-polar), as shown on
the figure by the components (LHCP)y, relative to (RHCP),, and (RHCP),, relative to (LHCP),,.

Note that in Figure AP2.1-6, the situation is rather complex, because the received X-polar
components can be due both to the transmitting and to the receiving antenna (and even possibly to
some cross-polarizations effects in the propagation medium).

(RHCP),, + (LHCP),
TRANSMISSION _ RECEPTION
7N (RHCP)_, +
RHCP I co
( ) @ — Polarizer < > Polarizer - @ (LHCP),
L +OMT . +OMT . (LHCP) , +
(LHCP) (2) (/ N @ (RHCP),
(LHCP),, + (RHCP),

OMT: Orthomode Transducer

(RHCP): Right Hand Circular Polarization
(LHCP): Left Hand Circular Polarization
co: Co-polarization

X: Cross-polarization

NOTE — The same figure holds for a dual (linear) polarization frequency reuse system, if, for
example, (LHCP) is changed to vertical and (RHCP) to horizontal.

Sat/AP2-016

FIGURE AP2.1-6

Transmission and reception of the co-polarized (ILHCP)co and (RHCP)co) and
cross-polarized (RHCP)x and (LHCP)x) components of two RF links
of a dual (circular) polarization, frequency reuse system

In order to introduce the (XPD) definition, it will be assumed that the transmission antenna has a
perfect polarization purity, as well as the propagation medium (i.e. the X-polar components
represented in the middle of Figure AP2.1-6 are not present) and that the two RF waves
(LHCP/RHCP or vertical/horizontal) are transmitted with equal amplitudes (i.e. two transmitters
with the same power), then the cross-polarization isolation of the receiving antenna can be defined
again as:

(XPI) = (RHCP)co/(LHCP)x (at receive port 1), or:
(XPI) = (LHCP)co/(RHCP)x (at receive port 2) 21

21 Note that, in these formulas, since the two RF transmissions are assumed to be perfectly polarized, the X-polar
components (LHCP), and (RHCP)y are only due to the imperfections of the receiving antenna. Because the co-polar
and X-polar components appear at the same receiving port, they should be measured, either by transmitting the two
tests signals at slightly different frequencies, or successively.
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Remarks

* Again, the same relations hold for a dual (linear) polarization frequency reuse system, if, for
example, (LHCP) is changed to vertical and (RHCP) to horizontal.

*  Of course, the situation can be reversed for defining the (XPI) of the transmitting antenna (i.e. a
perfect receiving antenna, etc.).

Now, if a single polarization (no frequency reuse) is transmitted by a perfect antenna, e.g. (LHCP),
through a perfect medium, then the cross-polarization discrimination of the receiving antenna is
defined as:

(XPD) = (LHCP)co (at receive port 1)/(RHCP)x (at receive port 2)

In practice, both (XPI) and (XPD) are often confused and called simply isolation. In the case of
nearly circular polarizations, the following formulas can be used:

: (AR) +1
Isolation = 20 log (

— B
AR) -1 d

where (AR) is the axial ratio of the elliptical polarization (as transmitted by the antenna from a
single port). For (AR) < V2 (3 dB), a good approximation is:

(Isolation)gpg = 24.8 — 20 log (AR)

The cross-polarizations characteristics of FSS antennas are specified in Recommendations ITU-R
S.731 and, for VSATs, ITU-R S.727.




CHAPTER 3

Baseband signal processing and multiplexing

3.1 General

Satellite transmission systems are characterized by a particular combination of baseband processing,
carrier modulation and multiple-access techniques. Although the two latter issues are developed in
the following Chapters (4 and 5), the techniques are related as explained below.

The baseband signals used in the fixed-satellite service are usually subject to different kinds of
processing. These may be inherent in the transmission methods used in the terrestrial interconnec-
tion links or they may be carried out just for the transmissions using the satellite link. In either case
the baseband processing system affects substantially the performance of the satellite network.

Multiple-access techniques are concerned with methods by which a large number of earth stations
can interconnect their respective transmission links simultaneously through a common satellite
transponder.

Although multiple access methods use different concepts of baseband processing, multiplexing and
carrier modulation, the techniques are closely linked, and it is often assumed that a certain
combination of baseband processing, modulation methods and multiplexing techniques is inherent to
a particular multiple-access technique.

Table 3-1 summarizes types of transmission systems by various combinations of baseband
processing, multiplexing and modulation methods and further their adaptability to the four different
multiple-access modes. In selecting these transmission systems, it is necessary to consider their
advantages and disadvantages with respect to parameters such as fixed limits of satellite power,
available frequency bandwidth and intermodulation products.

TABLE 3-1

Adaptability of baseband processing, multiplexing and carrier modulation methods
to multiple-access modes

System Baseband Multiplexing Carrier Adaptability to multiple access and
processing modulation assignment modes

FDMA TDMA | PAMA | DAMA

FDM-FM None FDM FM X X
CFDM-FM Companding
SCPC-CFM Companding None (single ™M X X X
channel)
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System Baseband Multiplexing Carrier Adaptability to multiple access and
processing modulation assignment modes
FDMA TDMA | PAMA | DAMA
SCPC-PCM- PCM None (single PSK X X X
PSK channel)
TDM-PCM-PSK PCM TDM PSK X X
X X X
CDMA PCM None (single channel: PSK X X X
Asynchronous
CDMA)
CDM (Synchronous PSK X X
CDMA)

FDMA: Frequency Division Multiple Access

TDMA: Time Division Multiple Access

CDMA: Code Division Multiple Access (Spread spectrum)

FDM: Frequency Division Multiplex

CFDM: FDM with channel companding (SSBC)
TDM: Time Division Multiplex
CDM: Code Division Multiplex

PCM: Pulse Code Modulation

FM: Frequency Modulation

CFM: FM with syllabic companding (single channel)
PSK: Phase Shift Keying

SCPC: Single Channel Per Carrier

PAMA: Pre-Assigned Multiple Access

DAMA: Demand Assigned Multiple Access

3.2 Baseband signal processing — analogue

3.2.1

Voice and audio

Analogue processing of voice and audio signals can correspond to syllabic companding or voice
carrier activation.

3.2.1.1

Channel-by-channel syllabic companding

The principle of companding is to reduce the dynamic range of the speech signal for transmission
and to carry out the opposite operation at reception (i.e. the signal is compressed before and
expanded after transmission). The term "syllabic" is used because the operating time constants of the
compander are such that they can adapt to the syllabic variation of the speech signal.

The compander compression ratio is defined by the following formula:

where:

Re =

Ne — Ne0

Ns — Nso

ne: input level of speech signal,

neo: unaffected level,

ng: output level,

ng: output level corresponding to an input level ne.




3.2 Baseband signal processing — analogue 117

The preferred value of Rc, as given in ITU-T Recommendation G.162, is 2. In this case a 2 dB
variation is reduced to 1 dB for transmission. The compandor expansion ratio is also defined in a
similar manner.

The level of 0 dB is also recommended for the unaffected level of the compandor: it gives a higher
gain in quality but increases the mean power of the channel (and the multiplex). However, since in
the case of satellite transmission, power efficiency is of great importance, lower values are
sometimes chosen. For example, a typical device with a —11 dBmO unaffected level still subjectively
provides about 10 dB of quality improvement (S/N) and does not modify the load (mean power) of
the channel. The two operations of compression and expansion are carried out for each telephone
channel, before multiplexing and after demultiplexing, respectively.

The companding operation results in an improvement of telephone channel quality, for two reasons:
*  Objective reason

The noise power in the telephone channel is added only after compression and at a level well
below the unchanged reference level. This results in a relative reduction of noise power at expansion
in relation to the mean power of the speech signal (see Figure 3.1).

*  Subjective reason

The additive noise in the telephone channel, always relatively low, is heard only during pauses
in conversation. Since the effect of expansion is to reduce the noise power, which is well below the
unchanged reference level, pauses in conversation become even more "silent", and this greatly
improves the acceptability of the call. On the other hand, this effect is offset by the "hissing"
accompanying the rise and fall of the noise level in the interval between periods of speech activity
and inactivity.

The subjective reason is by far the most important, but figures for it can be given only on an
experimental basis. In the interests of caution, the gain has been limited to about 13 dB, which
means that for the same subjective telephone channel quality, the signal-to-noise ratio measured
after demodulation (and before expansion) may be reduced by 13 dB.

The capacity of the FDM-FM carriers can thus be multiplied by a factor of 2 to 2.5.
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FIGURE 3.1

Effect of companding on noise level

3.2.1.2 Voice carrier activation

Voice activation is a method of achieving a bandwidth/power advantage through a device that
withdraws the transmission channel from the satellite network during pauses in speech.

The basic parameters of the voice-operated switch are:

a) the threshold level above which speech is assumed to be present (typically —30 to —40 dBmO for
a fixed threshold level switch);

b) the time taken by the voice switch to operate on detection of speech (typically 6 to 10 ms);

c) the hangover time during which the voice switch remains activated after the cessation of a
speech burst on a speech channel (typically 150 to 200 ms).

The threshold level needs to be set fairly low to avoid missing large portions of the start of a speech
burst and low speech levels. This makes the voice switch susceptible to high noise levels, thus
reducing the net system advantage.

Voice activation has found practical application in SCPC systems where its use yields a power
saving of about 4 dB.
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3.2.2 Videoand TV

3.2.2.1 Composite analogue TV signal

A TV analogue picture may be reproduced from four signals usually combined to a composite
signal: the level of three fundamental spectrum components for each picture dot (red, green, blue)
Er, Eg, Eg, and a synchronization signal carrying the line pulses and the frame pulses. The
composite video colour signals have been defined on the basis of a requirement for compatibility
between the colour signal and the monochrome signal; this means that circuits in the monochrome
receivers must correctly reconstitute (in monochrome) the pictures transmitted according to the
colour system, while the colour receivers must operate correctly (in monochrome) when they receive
monochrome TV signals. As a result of these conditions, the colour video signal has been made up
from a luminance signal by adding to it the element required to transmit chrominance information.

The luminance signal is formed from Egr, Eg and Eg by linear combination. The amplitude of this
signal ranges from 0.3 V (black) to 1 V (white). The rectangular synchronization signals with
amplitude levels between 0 and 0.3 V are superimposed on this signal.

The two chrominance components are also linear combinations of Egr, Eg and Ep. These two
chrominance components modulate a colour subcarrier whose spectral components are interlaced
with the spectral components of the luminance signal. For NTSC and PAL systems, the two
chrominance components modulate the amplitude of this subcarrier in quadrature. For the SECAM
system, the two components modulate the frequency of this subcarrier sequentially.

ITU-T Recommendations J.61 and J.62 define the quality criteria for long-distance television
transmission.

3.2.2.2 MACTYV signal

MAC, an acronym for multiplexed analogue component, is a television modulation method that has
been developed for satellite television transmissions of both the broadcasting-satellite service (BSS)
and the fixed-satellite service (FSS) where the satellite is used as an FSS link between, for example,
a television studio and a cable-head distribution point.

In common with the PAL and SECAM systems, the electronic scan of one picture line across the
television screen takes 64 us. The video and audio components of the television signal must
necessarily be compressed in time in order that they can be time multiplexed into one line period
(see Figure 3.2). The MAC system retains the current 625 line 2:1 interlace structure so that it is
compatible (with an appropriate decoder) with current TV receivers.

However, unlike traditional analogue composite TV formats (PAL, SECAM, etc.) the MAC system
is based on time multiplexing of the luminance, chrominance and sound/data components. The video
signal (luminance and chrominance) is analogue and the audio signal is digital.
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FIGURE 3.2
A single MAC line

Currently there is no single internationally agreed MAC standard: in Europe three different types,
namely C-MAC, D-MAC and D2-MAC, have been adopted by the EBU and the European
Commission. The prefix (C, D or D2) denotes the type of sound/data modulation that is used.
Details of each MAC type are provided in Table 3-2 below. Australia uses the B-MAC system for

distribution of television programmes.

TABLE 3-2
MAC family types
MAC type Data burst rate, Data burst type Maximum number Intended usage
kbit/s of audio channels
C-MAC 20-25 2-4 PSK 8 DBS
D-MAC 20-25 Duobinary 8 CATV
D2-MAC 10-125 Duobinary 6 DBS and CATV

The MAC system, when compared to existing TV formats, has the following advantages:

*  a better subjective picture quality than existing TV formats at all C/N ratios;

* does not suffer from cross-colour or -luminance impairments because the chrominance and
luminance signals are separated in time;
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* does not use subcarriers, thus enabling the bandwidth of the component signals to be increased
to provide an extended definition capability for future large screen displays;

» data can support multiple high-quality audio channels;
* is more efficient in transmitting blanking and synchronizing signals;

*  can be readily encrypted.

Notwithstanding these advantages, MAC systems did not find many applications, due to the advent
of digital TV systems.

3.2.3 Energy dispersal

3.2.3.1 Introduction

Energy dispersal is a scheme by which the spectral energy density of the modulated carrier can be
reduced during periods of light loading at the baseband.

Energy dispersal is achieved by combining an energy dispersal signal with the baseband signal
before carrier modulation. The use of energy dispersal is considered essential in the fixed-satellite
service for the following reasons:

» spreading of energy is required to maintain the level of the interference to a terrestrial or a
satellite system operating in the same frequency band;

» itis also useful to reduce the density of intermodulation noise produced in an earth station HPA
or a satellite transponder operating in a multicarrier mode.

The practical techniques of energy dispersal differ depending on the nature of the baseband signal
and the carrier modulation technique in use.

3.2.3.2 Energy dispersal for analogue systems

a) Multichannel telephony systems

The easiest way to apply energy dispersal to this type of system is to add a dispersal waveform at a
frequency which is below the lowest frequency of the baseband signal to be transmitted. The
waveform may be sinusoidal or triangular, or may be a band of low-frequency noise. Among these,
the triangular wave is considered to be the most practical from the viewpoint of the ease of
implementation and its dispersal effect which has been shown to be within 2 dB of the dispersal
obtained under full-load conditions.

Figure 3.3 shows an example of a triangular wave used as a dispersal signal. This is often referred to
as "symmetrical triangular" because it has equal rise and fall times. Careful attention has to be paid
to maintain the linearity of the waveform. Non-linearity such as roundings of the peaks will result in
a deterioration of the dispersal efficiency.
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FIGURE 3.3

Symmetrical triangular wave for use as a dispersal signal

b) Television systems

The conventional energy dispersal waveform used for television systems is a symmetrical triangular
wave at one-half the frame frequency in use. That is 30 Hz for NTSC employing 525/60 standards,
and 25 Hz for PAL/SECAM employing 625/50 standards.

3.3 Baseband signal processing — digital
33.1 PCM, ADPCM

3.3.1.1 Pulse code modulation (PCM)

The first objective of coding is the digital representation of analogue signals which are intended to
be transmitted by digital techniques.

In PCM, the analogue signal is sampled periodically at a rate equal to the Nyquist rate (i.e. twice the
highest baseband frequency) and quantized in an agreed manner. In order to decrease the inherent
error occurring in the process of quantization (quantization noise) the signal may be previously
subjected to companding or nearly instantaneous companding.

ITU-T Recommendation G.711 specifies the PCM format to be used in international connections of
voice signals. The channel sampling rate is 8 000 samples per second and each sample is coded into
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8 bits giving a total bit rate of 64 kbit/s per speech channel (Figure 3.4). However, a coding standard
of 7 bits per sample can be used in some systems (for example the INTELSAT SCPC system),
which gives a bit rate of 56 kbit/s.

Some advantages of PCM are summarized in the following statements:

1) PCM presents a small but definite performance advantage over FM at the lower signal-to-noise
ratios.

11) A PCM system designed for analogue message transmission is readily adapted to other input
signals.

iii) PCM has the capability of regeneration and is very attractive for communication systems having
many repeater stations.

PCM is often applied at voice channel level in connection with time-division multiplexing (TDM).
Another use of PCM is the direct encoding/decoding of a frequency-division multiplexed (FDM)
signal by the use of a transmultiplexer.

To provide improved performance for voice signals, the quantization steps are not evenly spaced:
logarithmic compression and expansion are applied respectively at the transmit and receive sides.
This is called instantaneous companding. The so-called A and p laws, shown below, are functions
defining this companding operation for voice PCM applications:

log(1+p/v1l)
yo=——————= 1
V2| log(1+ 1) (H-law)
and: |V2|:ﬂ o<lilsL  (Adaw)
' 1+ log 4 - |
1+log(AWV1) 1
V2l=—"—"— —<|Vl1<1
V2 1+log A4 A Vi

where V1 and V2 are normalized input and output voltages. The parameters p and A normally
assume the values p = 255 and A = 87.6. Figure 3.5 illustrates these two companding laws for these
specific values of p and A.

Nearly instantaneous companding (NIC) is a source coding technique for reducing the bit rate in
PCM. This is achieved by rescaling the quantizing range of a block of PCM samples according to
the magnitude of the largest sample in the block. A control word is transmitted and used by the
receiver to convert the received bit stream to the normal PCM format. It is expected that NIC will
make possible the transmission of good quality speech at bit rates between 34 and 42 kbit/s.
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Transformation from analogue signal to PCM signal
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3.3.1.2 Delta modulation (DM)

In delta modulation, the analogue signal is sampled at a rate higher than that for PCM (typically
24 to 40 kHz for good quality speech). Then, a one-bit code is used to transmit the change in input
level between samples. DM is very simple to implement and is suitable for moderate quality
communications (e.g. thin route traffic).

The effect of transmission errors in DM is not as serious as in PCM systems. This is because all the
transmitted bits are equally weighted and are equivalent to the least significant bit of a PCM system.

The main drawback of DM systems is the difficulty of interconnecting them in a general way in an
international network using analogue and digital links.

It is possible to improve the dynamic range of the encoder at the expense of increased circuit
complexity by using an adaptative quantizer, wherein the step size is varied automatically in
accordance with the time-varying characteristics of the input signal. In adaptive delta modulation
(ADM) the variable step size increases during a steep segment and decreases during a slowly
varying segment of the input signal.

3.3.1.3 Differential pulse code modulation (DPCM)

In DPCM, the difference between the actual sample and an estimate of it, based on past samples, is
quantized and encoded as in ordinary PCM, and then transmitted. To reconstruct the original signal,
the receiver must make the same prediction made by the transmitter and then add the same
correction. Thus, DPCM, as compared to PCM, uses the correlation between samples to improve
performance. In the case of voice signals it is found that the use of DPCM may provide a saving of
8-16 kbit/s (1 to 2 bits per sample) over standard PCM. For monochrome TV, a saving of about
18 Mbit/s (2 bits per sample) can be obtained.

3.3.1.4 Pulse code modulation and adaptive differential coding at 32 kbit/s (ADPCM)
The ADPCM coding principle combines two techniques: adaptive quantizing and linear prediction.

3.3.1.4.1 Adaptive quantizing

In PCM coding, the signal is logarithmically compressed in order to obtain a signal-to-quantizing
noise ratio which is constant over a wide range of levels and which displays low sensitivity to the
statistical characteristics of the signal.

For a signal of known statistical characteristics, it is possible to define an optimum quantizer of
which the performance, in terms of signal-to-quantizing noise ratio for the signal, is appreciably
better than that using logarithmic compression (up to 10 dB improvement in the S/N ratio).
Unfortunately, the optimum quantizer performance deteriorates very rapidly as soon as the statistical
characteristics of the signal to be quantized depart from that for which they were calculated.

Hence the idea of adaptive quantizing, in which the quantizing step is made variable in time as a
function of the statistical characteristics of the signal to be quantized. The step adaptation is then
selected in such a way as to approach at all times the performance of an optimum quantizer.
Adaptation is effected by a summary statistical analysis of the quantized signal carried out by
digitizing the quantizing noise.
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Figure 3.6 explains the principle of a quantizer of this type, known as a feedback quantizer.

Figure 3.7 shows an example of a 3-bit adaptive quantizer. In these figures A, is the instantaneous
value of the quantizing step at time n. This value is adapted as a function of the instantaneous
amplitude of the signal. The step variation rule makes use of the multiplicative coefficients of Figure
3.5 with Apy; = A, - M,,. For example, if a signal 111 (strong signal) is transmitted, the quantizing
step will be multiplied by M4 (>1) at the following time. This process increases the dynamic range

of the quantized signal.

Signal Decoded
to be coded ) Coded signal Reverse signal
Quantizer . -
quantizer
An An
Quantizer Quantizer
adaptation adaptation
Sat/C3-06

FIGURE 3.6
Adaptive quantizer with feedback
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Characteristic of an adaptive quantizer

3.3.1.4.2 Linear prediction

The successive samples of a speech signal (and more generally of a non-flat spectrum signal)
display a degree of correlation. For numerous voice sounds, this correlation is very good. However,
PCM-type coding processes the samples one after the other without allowing for any possible
correlation. Linear prediction consists, in a sense, in extracting the redundancy associated with the

correlation between successive samples.

When there is a high level of correlation between two successive samples, an initial application of
this principle means transmitting the difference between them rather than the actual samples. Hence
the term "differential”, as used in ADPCM coding. More generally, linear prediction consists in
calculating an approximation (or prediction) of a signal sample x, from a few samples which
precede x,. Only the difference between the signal x, and the predicted signal will therefore be
transmitted. In the autoregressive models, the predicted signal is a linear combination of the

preceding samples.
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The best means of obtaining an accurate prediction is to adapt the coefficients of this linear
combination to the short-term signal statistical characteristics, which also offer the advantage of
ensuring compatibility with data transmission. In ADPCM applications, the predicted signal, as well
as the predictor adaptation, are derived solely from the coded signal and not from the signal itself, so
that the operation can be performed at both ends of the link.

3.3.1.43 ADPCM coding at 32 kbit/s

Figure 3.8 shows how adaptive quantizing and adaptive linear prediction are combined to produce
an ADPCM coder and an ADPCM decoder. For 32 kbit/s coding, the quantizer has 16 levels
(4 bits).

During study period 1981-1984, the ITU-T (former CCITT) defined a 32 kbit/s ADPCM coding
algorithm based on the principles described above. The predictor is a 2-pole 6-zero adaptive filter.
The quantizer is fitted with a simplified speech-data detector so that the adaptation speed can be
reduced for steady-state signals, which enhances the quantizer performance for this type of signal.
The algorithm is defined from signals coded in PCM at 64 kbit/s (A or p-law), and described in
ITU-T Recommendation G.721 "32 kbit/s ADPCM coding" which was revised in 1986 in order to
improve its performance for FSK voiceband data modem signals at 1 200 bauds.

ADPCM coding at 32 kbit/s leads to a concentration ratio of 2. For example, this enables two CEPT
2.048 Mbit/s PCM links (see § 3.5.2) to be concentrated on just one 2.048 Mbit/s link. The use of
these coding techniques could therefore double the capacity of satellite and submarine cable digital
links.
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3.3.1.44 Degradation due to low bit-rate coding

This concentration technique brings about a signal degradation due to the addition of quantizing
noise. The quality obtained with the ITU-T algorithm is roughly equivalent to that of 56 kbit/s PCM
coding. For example, one ADPCM coder-decoder pair, providing a return to the analogue signal, is
equivalent to three and a half 64 kbit/s PCM coder-decoder pairs in sequence.

Furthermore, the resistance to transmission errors is greater than with classical PCM coding.
However, the algorithm only allows data transmission up to 4 800 bit/s.

3.3.1.4.5 Wideband speech coding within 64 kbit/s [Ref. 3-3]1

The 300-3 400 Hz bandwidth, requiring a sampling frequency of 8 kHz, provides a speech quality
referred to as toll quality. This is sufficient for telephone communications, but for emerging
applications such as teleconferencing, multimedia services, and high-definition television, an
improved quality is necessary. By increasing the sampling frequency to 16 kHz, a wider bandwidth,
ranging from 50 Hz to about 7 000 Hz can be accommodated.

In 1986, the ITU-T defined a new algorithm for a wideband (50 Hz to 7 kHz) speech channel within
64 kbit/s. The technique involves the splitting of the wideband speech into two sub-bands (0-4 kHz
and 4-7 kHz), and uses quadrature mirror filters (QMF) which avoid aliasing, and ADPCM in each
sub-band. The ADPCM algorithm used in each sub-band is similar to the 32 kbit/s algorithm defined
in ITU-T Recommendation G.721.

The bit rate allocated to the lower sub-band can be made variable from 32 to 48 kbit/s,
corresponding to an overall bit rate of 48 to 64 kbit/s. For 48 or 56 kbit/s applications, the speech
channel can be complemented by an auxiliary data channel of 16 or 8 kbit/s, multiplexed with the
speech channel to form the overall 64 kbit/s channel.

The coder can operate in three different modes:

1) 64 kbit/s audio transmission with no data transmission;

i1) 56 kbit/s audio transmission with 8 kbit/s data transmission;
1i1) 48 kbit/s audio transmission with 16 kbit/s data transmission.

The description of this algorithm is given in ITU-T Recommendation G.722 "7 kHz — audio coding
within 64 kbit/s" (1986).

The main applications foreseen for this type of coding are for digital audioconference circuits and
commentary channels for broadcasting. In the future, it could be used in the ISDN for wideband
loudspeaker telephone circuits. Although the algorithm was first designed and optimized for 7 kHz
speech applications, the algorithm can also provide good results for 7 kHz music signals. For speech
applications, the level of quality is such that the coded speech at 64 kbit/s can be only hardly
distinguished from the original 7 kHz speech without bit-rate reduction in formal listening tests.

' Indicates references to Bibliography at the end of the Chapter.
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Recent works on wideband speech coding have been focusing on coding algorithms below 64 kbit/s;
for example:

+ the MPEG-AUDIO layer III audio coding algorithm which results in a sub-band coder with 22
sub-bands that operates at a rate between 16 and 32 kbit/s;

» the CELP coding algorithm which is described in section 3.3.2 and Appendix 3.1.

3.3.2 Voice low rate encoding (LRE) [Ref. 3-4]

Studies are being performed in numerous countries in an attempt to reduce the bit rate for telephone
signals.

This essentially means resorting to more sophisticated coding techniques than 32 kbit/s ADPCM
coding; speech coding algorithms are being developed with two main interdependent objectives:

* areduction of the bit rate assigned to a speech channel without degrading quality. This objective
is of particular importance for radio systems which are limited in capacity (in terms of the
number of channels or, alternatively, of the frequency bandwidth used);

* an enhancement of the quality of the signal transmitted without unreasonably increasing the bit
rate; this approach is a key factor in the development of services such as teleconference,
audioconference and videoconference and, more generally, new multimedia services
(see § 3.3.1.4.5 above).

Speech coding technologies are grouped into two classes:

+ waveform coding techniques, attempting to approximate the speech signal as a waveform, were
the first to be investigated and are widely embodied in standards; for example, adaptive
differential PCM (ADPCM) coding was standardized in 1984 (ITU-T Recommendation G.721)
for bit rates around 32 kbit/s, and uses two signal processing techniques: prediction and
adaptive quantizing (see § 3.3.1.2 above);

*  parametric vocoders, attempting to model and extract the pertinent parameters from the source,
and transmit them to the decoder where they are used to reconstruct a waveform in order to
produce a sound similar or close to the original. The drawback when using purely parametric
techniques consists in their sensitivity to the environment of the source (especially background
noise) and the deterioration of the natural qualities of the voice.

At coding bit rates below 16 kbit/s and specifically the bit-rate range 9.6 to 4.8 kbit/s, the waveform
coding method can provide reproduced speech which is highly intelligible. At coding bit rates in the
range 4.8 kbit/s and below, source coding (vocoder) methods can provide acceptable quality.

The only way to achieve significant bit-rate reduction at present is to use hybrid techniques
combining parametric and waveform coding principles.

The quality of the different coding techniques is measured subjectively by the MOS (mean opinion
score) scale. Its rating has a five-point scale with categories, i.e. 1 (bad), 2 (poor), 3 (fair), 4 (good)
and 5 (excellent). At higher bit rates the SNR (signal-to-noise ratio) can also be used. Today, CELP
(code excited linear prediction) techniques, first introduced in 1985, take full advantage of the
implementation of enhanced signal processing equipments and offer higher performance levels both
in terms of quality and throughput (bit-rate) reduction.
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Most low bit-rate coding procedures are proprietary to the developer. However, some are already
standardized, especially for mobile communications, such as:

* IMBE (improved multiband excitation) for INMARSAT-M and Optus (Australia) mobile
satellite services: 4.8 kbit/s (6.4 kbit/s with FEC);

* VSELP (vector sum excited linear prediction) for digital mobile radios in the United States:
7.95 kbit/s (13.0 kbit/s with FEC);

*  VSELP (vector sum excited linear prediction) for digital mobile radios in Japan: 6.7 kbit/s (11.2
kbit/s with FEC);

* RPE-LTP (regular pulse excited long with term prediction), a hybrid coding — "analysis-by-
synthesis" — technique, was standardized in 1988 by ETSI (the European Telecommunication
Standards Institute) for the pan-European digital mobile radio system (GSM). It provides at only
13 kbit/s (22.8 kbit/s with FEC) a quality slightly lower than normal telephony, while being
insensitive to transmission errors, always present in large quantities in mobile communications;

* ITU-T Recommendation G.728 contains the description of an algorithm for the coding of
speech signals at 16 kbit/s using low-delay code excited linear prediction (LD-CELP);

* ITU-T Recommendation G.729 contains the description of an algorithm for the coding of
speech signals at 8 kbit/s using Conjugate-Structure Algebraic-Code-Excited Linear-Prediction
(CS-CELP).

3.3.3 Data transmission [Ref. 3-1 and 3-2]

Data transmission networks are classified according to the switching technique they implement.

Circuit switching

In a circuit switching network, each circuit has its own multiplexing and switching resources
allocated to it during the whole duration of the communication. Apart from voice calls, fax
(facsimile) calls are the dominant application with file transfer and computer network access. Fixed
data rates between 2.4 kbit/s and 9.6 kbit/s are commonly available for reasonably fast transmission
of facsimile.

Packet switching

In a packet switching network, data to be transmitted are structured in packets, and multiplexing and
switching resources are affected to each communication circuit but only for the duration of the
packet. This technique is particularly well suited to interactive applications; typical protocols used
are the X.25, SNA/SDLC or TCP/IP protocols.

A network based on packet switching ensures three different functions:
1) packet routing;

i1) integrity of the information contained in the packets, ensured by error detection on the packets
and their retransmission if the case arises;

iii) permanent control of information flows by a window mechanism to avoid network congestion.
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A window mechanism specifies the number of packets that can be sent from a transmitter to a
receiver before any reverse acknowledgement is required.

Message switching

This technique is based on the reception, storage and retransmission of messages by the network; a
connection between sender and recipient is therefore not required. The time needed to forward a
message will depend on the amount of messages being simultaneously processed and on the data
transfer rate along the information path.

The occurrence of new needs (e.g. high bit-rate data transfer over long distances) has led to the
implementation of enhanced packet data transmission techniques, including:

*  Frame relay, which supports data transmission over a connection-oriented path, enabling the
transmission of variable length data units over an assigned virtual connection. At present Frame
Relay networks authorize a length up to 4 096 bytes, to be compared with the size of 128 bytes
typically encountered in current implementations of packet switching.

*  Cell relay, which concerns the asynchronous transfer mode (ATM) technology for the B-ISDN
and the distributed queued dual bus (DQDB) technology for access and information transfer in
metropolitan area networks (MANs); § 3.5.4 and Appendix 3.1V provide a description of the
ATM technique.

*  Wideband packet technology (WPT) which provides efficient transport of information in the
form of packets at transmission rates up to 150 Mbit/s, and uses state-of-the-art digital signal
processing techniques to compress speech, voiceband data, facsimile and digital data to provide
efficient transport of these signals, thereby significantly increasing the capacity of digital
transmission facilities.

This technology has been approved by ITU-T and is documented in Recommendations G.764 and
G.765. WPT wuses circuit emulation protocols that make the compression equipment appear
transparent to the user. With the advent of WPT, various types of signals can be integrated onto the
same packet link or digital transmission facilities (e.g. fibre optic and metallic cables — under sea or
terrestrial — digital radio and satellite).

Equipment that employs WPT is referred to as packet circuit multiplication equipment (PCME), as
opposed to digital circuit multiplication equipment (DCME, see below § 3.3.7.2) which uses circuit
technology.

The link level protocol to which the packet conforms is defined in ITU-T Recommendations Q.921
and Q.922. These procedures define how the bits in a frame should be interpreted. The type of
packet (speech, voiceband data, facsimile, digital data, signalling, or control data) is identified by
the protocol identifier in the packet header, as defined in ITU-T Recommendations G.764 and
G.765. The applicable ITU-T Recommendations are:

* G.764 Voice packetization — packetized voice protocols
* G.765 Packet circuit multiplication equipment
*  Q.921 ISDN user-network interface. Data link layer specification

* Q.922 ISDN data link layer specification for frame mode bearer services.
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The packet circuit multiplication equipment (PCME), i.e. the terminal equipment, should be able to
correctly classify the input signal into one of the following classes for the application of the most
appropriate signal processing technique:

*  Speech

*  Voiceband data at less than 1 200 bit/s

*  Voiceband data at 1 200 bit/s FSK and up to 2 400 bit/s
*  Voiceband data at 4 800 bit/s but less than 7 200 bit/s

*  Voiceband data at 7 200 bit/s or greater.

Through correct signal classification, transmission bandwidth is utilized efficiently resulting in
higher average bits per sample for speech and better subjective performance especially under
relatively high loading conditions.

For voiceband data at speeds up to 144 kbit/s, the PCME uses the 40, 32, 24-kbit/s fixed ITU-T
Recommendation G.726 ADPCM algorithm. The choice of algorithm depends on the coding type
assigned to the different classes discussed above.

The PCME uses a facsimile demodulation/remodulation algorithm compliant with ITU-T
Recommendation G.765 to compress Group 3 facsimile resulting in up to 9:1 compression ratio. The
transmitting PCME demodulates the V.29 or V.27 signal back to its 9.6, 7.2 or 4.8 kbit/s baseband
signal, packetizes it and transmits each packet to the receiving PCME.

To compress digital data transported in a 64 kbit/s channel, the PCME uses two circuit emulation
protocols, 1) DICE (digital circuit emulation) and 2) VDLC (virtual data link capability), which are
described in ITU-T Recommendation G.765.

Using the DICE service, the PCME can interface to 64 kbit/s digital data channels or other channels
of specific formats. It can remove specific bit patterns (e.g. idle codes) and this reduces transmission
cost.

3.3.4 Video and TV signal

The rapid development of source coding techniques and their implementation with the help of
integrated circuits leads to the existence of many new services which are based on picture coding
techniques. Applications are to be found not only in the field of broadcasting but also in the area of
interactive audiovisual communications. With the techniques available today, a high data rate
reduction factor is achievable together with a high quality of the decoded picture. Therefore,
efficient use of existing networks is possible and the costs of picture transmission are significantly
reduced.

The signal can be digitized by means of a PCM coding system, which samples the signal and
quantizes each sample.

The possibility for bit-rate reduction and hence for achieving the target bit rates, depends to a large
extent on the service for which they are intended: for videophone and videoconference, the camera
is fixed and looks at one or more individuals who are relatively immobile; on the other hand,



136 CHAPTER 3 Baseband signal processing and multiplexing

broadcast television pictures are quite different in character: movement of camera, zoom, changes of
perspective, etc.

For example, in the case of broadcast television distribution circuits, the third level of ITU-T
transmission hierarchies has been fixed as the objective. This corresponds to 34 Mbit/s in Europe, 32
Mbit/s in Japan and 44 Mbit/s in the United States. In the case of videoconferencing, the more
restricted range of signals to be transmitted and the different concept of picture quality means that
the first level of ITU-T transmission hierarchies may be used, namely 2.048 Mbit/s in Europe and
1.544 Mbit/s in Japan and the United States. Even lower bit rates may be contemplated for the
videophone service.

For the transmission of a complete service, the picture signals may be accompanied by other signals.
For broadcast television, these signals can be associated with the programme (such as high-quality
sound channels), control signals, signals for additional services, etc. All these signals have to be
multiplexed so as to produce a single bit stream.

The presence of transmission errors generally calls for the use of an error detecting/correcting code
in order to protect the transmitted signal. By these means, a transmitted bit-error ratio can be
reduced from around 1.0 - 10 to values between 1.0 - 10® and 1.0 - 10”°. This improvement is
necessary because bit-rate reduction systems enhance the sensitivity of the signal to transmission
errors. Therefore, the protection method and the multiplexing structure cannot be selected
independently of the bit-rate reduction method when the transmission system is designed.

For the reason mentioned above, the required picture quality may change according to the service
involved. The quality constraint is stricter for broadcast television than for videophone or
videoconference. In order to assess the relative performance of the different coding systems for a
given application, one must be clear about the criteria used for comparison.

The first to be considered is the information compression rate, which is defined as the ratio of the
transmission rate in PCM to the mean transmission bit rate after compression.

The second point to be considered, which is just as important in the case of broadcast television, is
the picture quality after it passes through the transmission chain. ITU-R's objective is to prevent the
reception by the viewer of a lower-quality picture than that produced by an analogue transmission
chain. This quality is evaluated by means of subjective tests.

The complexity of the processes must also be limited as much as possible, since complexity gives
rise to problems of feasibility and cost of the coding and decoding equipments. Moreover, the
existence of a transmission channel between transmitter and receiver, causing transmission errors,
raises the problem of the sensitivity of the decoding system to these errors and their effect on the
quality of the signal received by the final observer. This important problem is covered by specific
studies.

Appendix 3.III provides the description of selected digital video compression techniques. The
corresponding compression rates are given in Table 3-3 below for illustrative purposes.
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TABLE 3-3

Some selected video compression examples

Throughput (Mbit/s) Compression rate
Theoretical 216 -
Achieved 165 1
Differential PCM 140 1,2
Professional 34 5
MPEG 1 115 140
MPEG 2 41010 15 to 40

The reader is referred to Appendix 3.III for a description of selected digital video compression
techniques such as the MPEG 2 (Moving Picture Experts Group 2) and the DVB (Digital Video
Broadcasting) standards:

The MPEG 2 system and video specifications are dealt with in the following Recommendations:

* ITU-T Recommendation H.222 "Information technology — generic coding of moving pictures
and associated audio information: systems";

e ITU-T Recommendation H.262 "Information technology — generic coding of moving pictures
and associated audio information: video".

The MPEG standard may be used for transmission of video signals over VSAT systems.

Based on top of the MPEG 2 standard, the DVB standard can essentially be seen as a complete
package for digital television and data broadcasting. In particular the concept has been adapted to
satellite digital television transmission (DVB-S).

3.3.5 Error control coding

3.3.5.1 Introduction to channel coding

The two fundamental problems related to reliable transmission of information [Ref. 3-8] were
identified by C.E. Shannon:

* the use of a minimal number of bits to represent the information given by a source in
accordance with a fidelity criterion;

+ the recovery as exact as possible of the information after its transmission through a
communication channel in the presence of noise and other interferences.

The first problem is usually identified as a problem of efficient communication to which the source
coding provides most practical solutions. The second is a problem of reliable communication to
which the channel coding, known also as error control coding, is the basic technique.

Shannon proved that, by properly encoding, these two objectives can always be achieved, provided
that the transmission rate Ry verifies the fundamental expression H< Ry < Ccap, Where H is the
source entropy, and C,p the channel capacity.
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The source entropy, H, is the measure of the real quantity of information emitted by the source. The

channel capacity, Ceap, is the measure of the maximum information quantity that two parties can
communicate without error via a probabilistically modelled channel. For example, the capacity of

the additive Gaussian white noise (AGWN) channel can be expressed as Cgy, =Wlog(1+C/N)
(bit/sec), where W is the information transmission bandwidth and C/N is the carrier-to-noise ratio of
the received signal.

The capacity of the channel is independent of the coding/modulation scheme used. Shannon's
channel coding theorem exactly stated that, for a given signal-to-noise ratio, the error probability can
be made as small as desirable, provided that the information rate Ry, is less than the capacity C and
that a suitable coding is used.

As indicated by Figure 3.9, the capability of channel coding to decrease the error probability is
related to the introduction of extra bits in the information bit stream generated by the source coding,
and thus, by an increase of the transmit bit rate. The inverse of this increase in percentage is the code
rate 1. (<I) which can be seen as the average quantity of information carried by a channel binary
symbol. The code rate is high when much larger than 1/2, and low when small. The symbol rate (or
modulation speed), Rg, is related to the modulation and expressed in Bauds or symbols/sec. The
information transmission rate, Ry, measures the information quantity in bits transmitted in units of
time, it is denoted sometimes simply by bit rate. If an M-ary modulation is concerned, all these
quantities are related by Ry, = r. Ry logoM. The product of r. and log;M is the number of bits per

modulation symbol, called effective rate, R, in bits/symbol, sometimes useful in system studies.

The bandwidth occupancy, W, of a coding and modulation scheme is determined by the modulation
symbol rate, Rg. The code rate has an influence but through the combination with the modulation.
According to the Nyquist criterion, W=Rg 1s the minimum bandwidth necessary to transmit Rg
symbols per second, called the Nyquist bandwidth. In practice the bandwidth occupancy will be

slightly larger, an empirical rule being W = 1.2Rg, so that W = 1.2 Ry/Re¢r.
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In satellite communications, channel coding is especially interesting because of the severe power
and bandwidth limitations. This double constraint is constantly growing tighter because of the new
requirements for advanced services. Besides the progress in multiple access schemes, resource
assignment algorithms, signal processing techniques and advanced error control coding provide the
most efficient means to realize highly reliable information transmission.

3.3.5.2 The two basic error control coding techniques

Two error control coding strategies exist: forward error correction (FEC), and automatic repeat
request (ARQ).

The FEC corrects the errors at the reception without use of any information feedback to the transmit
side. No additional delay is introduced except the processing time. A powerful FEC system may
require a quite sophisticated implementation. The ARQ technique can be much simpler in hardware

and achieve very good performance. Its drawbacks are the necessity of a return channel and the
variable transmission delay.

Table 3-4 below summarizes the three main error control coding techniques.

TABLE 3-4

Comparison of the error control coding techniques

Coding Through- Packet Performance Delay Return Decoding Bit rate
technique put buffer channel
FEC High No Medium/high Short No Complex High/very high
ARQ Low Yes Very high Long Yes Simple Low/medium
Hybrid Medium Yes High Medium Yes Medium High
(HEC)

The ARQ technique, based on error detection coding and a retransmission protocol, is well adapted
to the situations where a two-way channel is available. Typical examples of such systems can be
encountered in a computer data network using satellite links. However, it is worthy to notice that the
ARQ and improved ARQ, as well as HEC techniques, are widely used in modern digital
communication and storage systems.

In a network environment, these two strategies are of particular interest. It is a judicious work for a
design engineer to choose one of them or to combine them in a complex system to find the best
solution. While error control coding with an ARQ strategy could generally be considered as an
integrated part of the higher layer protocols (link and representation layers), the FEC is essentially a
physical layer technique, mainly used in transmissions over a one-way channel. This is why the
ARQ will not be further developed in this chapter. Interested readers are referred to reference
[Ref. 3-9].
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3.3.5.3 FEC (forward error correction)

The basic FEC techniques used in satellite communication systems can be classified into two
categories:

*  Convolutional codes, with trellis-coded modulation as extensions, presented in § 4.2.3. The
convolutional codes can be further divided into three classes:

* high rate orthogonal codes (or majority decodable codes) with threshold decoding;

* short and medium memory codes and their associated punctured codes with Viterbi
decoding using soft decision;

* long memory codes with sequential decoding.

* Block codes, including both binary and non-binary, with algebraic decoding. In this category,
the most successfully used are the Reed-Solomon (RS) codes. The block coded modulations are
another generalization of this second category, when the codes are jointly optimized with
modulation schemes. Block codes can be divided into the following classes:

*  BCH (Bose-Chaudhuri-Hocquenghem) codes decodable by algebraic decoding, including
the Reed-Solomon codes as a non-binary subclass in BCH codes;

» cyclic codes used for error detection,;

» simple codes such as the Hamming codes, Reed-Muller codes and certain particularly good
ones: Golay, QR (Quadratic Residual), etc.

Some binary block codes such as BCH codes have been used in TDMA systems. The block codes
are well adapted to time slot structures, and TDMA links are not severely power limited so that hard
decision block decoders provide quite good performance. The main drawback of the block codes is
that the soft decision is not as easily applicable as for the convolutional codes. However, soft
decoding of block codes could be potentially interesting for satellite transmissions if a good
decoding algorithm could be implemented. This remains an important research topic in FEC.

On the other hand, convolutional coding with soft decision Viterbi decoding is now a standard
technique for satellite communications. This technique benefits mainly from the use of the soft
decision, making full use of the channel information to improve the performance by about 2 dB with
respect to the hard decision. A very simple definition of the soft decision can be made in terms of
the quantization level at the output of the matched filter of the demodulator. If this quantization is of
1 bit, no reliability measure can be obtained from it and a hard decision is concerned. A soft
decision must have a quantization level higher than 1 bit, from 2 bits up to infinity (unquantized). A
reliability measure is available from the soft decision that is useful to improve the performance. This
issue has been treated in § 4.2.3; some practical problems related to the soft decision will be further
discussed in Appendix 3.2.
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The association of both techniques results in an even more powerful FEC scheme: the concatenated
coding system. This powerful FEC scheme has been introduced into satellite transmission systems
in recent years, for a considerable increase of the service quality without a sensible expansion of
bandwidth. While the inner code, with Viterbi decoding, can correct a large part of random errors
and very short error bursts, the residual errors at the outputs of the Viterbi decoder tend to be
grouped in bursts. Using a properly chosen interleaving that cuts the error bursts into shorter ones, a
high rate Reed-Solomon code can be used as the outer code in order to correct most of these
dispersed error bursts to achieve a very low bit-error rate. The introduction of concatenated coding
and trellis-coded modulation into satellite communications are the most remarkable events in this
domain.

3.3.5.4 Performance of error correcting coding techniques

An FEC system can improve the quality of a digital transmission link and this improvement can be
appreciated from the following two aspects:

* abit-error rate reduction, closely related to the service quality criterion; or

* asaving in the Ey/Nj (or in C/Ny) to be considered in the link budget.

The Ey/Nj or C/Nj saving is often called the coding gain, expressed in dB. It can be expressed as the
difference in Ey/Nj or in C/Ny, at a certain BER value, of the coded system and the reference non-

coded one. In the comparison between different transmission schemes, Ep/Ng is usually used
because it is independent of the coding scheme.

AG = (Ey/Ng)ref — (Ep/Ng)cod [dB]

The merit of a coding system can also be appreciated in terms of the savings in C/Nj and C/N, the
carrier-to-noise density ratio, and the carrier-to-noise ratio, their relations to Ey/Ng are given as:

[C/No] = [Ey/No] + 10 log Ry, [dB] [C/N] = [Ey/No] + 10 log Ry — 10 log W [dB]

A coding gain in Ey/Ny means in general a gain in C/N but the coding gain in C/N depends on the
bandwidth expansion with respect to the reference system. It is however possible to have a coding
gain without a bandwidth expansion using trellis-coded modulation (TCM), § 4.2.3.
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Merit of channel coding in a digital transmission system

The Ey/Ng coding gains are nearly 5.2 dB and at least 6 dB for the bit-error ratios (BER) of 10> and
1077 respectively. When compared to uncoded BPSK there is no bandwidth expansion and the C/N
coding gains are also nearly 5.2 dB and at least 6 dB. If uncoded QPSK is chosen as reference, a

bandwidth expansion of a factor of 2 exists, and the gains in C/N become respectively 8.2 dB and
9 dB.

Channel coding is a very efficient technique to improve transmission performance. It decreases the

necessary Ep/Ng (and thus the transmit power) to achieve a given BER objective, reducing the cost
of other system components such as RF elements and antennas.
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3.3.5.,5 Typical parameters of error correcting techniques
The following Table 3-5 presents a short list of FEC techniques along with their performance.
TABLE 3-5
Typical techniques of FEC and their performance/complexity
Code Decoding technique Gain Gain Bit rate Complexity
(BER=10") | (BER=10"
Convolutional codes Threshold decoding 1.5-3.0 2.5-4.0 Very high Low
Convolutional codes Viterbi decoding (soft 4.0-5.0 5.0-6.5 High High
decision)
Convolutional codes Sequential decoding (hard 4.0-5.0 6.0-7.0 High Low
decision)
Convolutional codes Sequential decoding (soft 6.0-7.0 8.0-9.0 Medium Low
decision)
Concatenated codes Viterbi inner and algebraic 6.5-7.5 8.5-9.5 High Medium
(convolutional & RS) outer
Concatenated codes (short block | Soft inner and algebraic 4.5-5.5 6.5-7.5 Medium High
& RYS) outer
Short block linear codes Soft decision 5.0-6.0 6.5-7.5 Medium High
Block codes (BCH & RS) Algebraic decoding (hard 3.0-4.0 4.5-5.5 High Medium
decision)
Remarks:

With the above-mentioned classical techniques, a higher coding gain is obtained generally with
a lower rate code, and consequently with more bandwidth expansion.

The complexity may be evaluated by the number of computations in the decoding algorithm but
must take into account commercial considerations, such as the cost of development. A VLSI
decoder chip may be considered as cheap when developed in large quantities (for example
Viterbi and RS decoders).

A specific code should be evaluated in association with a modulation scheme. For example, a
binary 1/2 convolutional code and its higher rate punctured ones must be associated with a
QPSK modulation. (For a definition of punctured codes, see Appendix 3.2.) An RS code is best
concatenated to an inner code which is well adapted to a suitable modulation scheme. See also
Appendix 3.2 for a generality about the Reed-Solomon codes.

A single RS code is not well matched directly to digital modulation. See § 4.2.3 f