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Preface

The first edition of The Satellite Communication Applications Handbook estab-
lished an important milestone in industry publications by defining the different
application segments and providing up-to-date design and development informa-
tion. As with any handbook, a sufficient percentage of the material lost its timeliness
not long after the start of the new millennium. It was imperative, therefore, to
update and expand its content to reflect the changes in application focus and indus-
try structure. We did this in a way to preserve the methodical approach of the first
edition while introducing a considerable amount of new technical and application
information that has been gained through more recent experience and research. The
handbook is intended for anyone interested in satellite communications, whether an
active member of the industry or someone considering entry into one of its seg-
ments. The book can be read sequentially so as to follow the thread of developing
ideas and processes, or it can be used as a reference on any of the specific topics, out-
lined next. A technical background, while helpful, is not necessary for understand-
ing the principles and the majority of concepts in this book.

Throughout the 1990s, the satellite communication industry experienced tre-
mendous growth, surpassing the expectations of all who have contributed to its suc-
cess. The gross revenues in 2000 reached $60 billion, big chunks of which were
contributed by satellite manufacture, launch, satellite transponder sales and leases,
ground equipment supply, and direct-to-home (DTH) TV and very small aperture
terminal (VSAT) data networks. This book provides a comprehensive review of the
applications that have driven this growth. It discusses the technical and business
aspects of the systems and services that operators and users exploit to make money,
serve and protect, and even have fun.

The book is organized into four parts, which deal with the most fundamental
areas of concern to application developers and users: the technical and business fun-
damentals, the application of simplex (broadcast) links to multiple users, duplex
links that deliver two-way interactive services, and regulatory and business affairs
that drive investment and financial performance. The 13 chapters of the book fall
nicely into these general categories.

Chapters 1 through 6 follow the first edition rather closely—they have been
changed only to account for some of the new features developed over the interven-
ing 7 years. Part I consists of the first three chapters. Chapters 1 and 2 provide the
basis for designing any satellite communications application, which includes finding
the most appropriate structure for and suppliers of systems and technology. As in
the first edition, Chapter 2 takes the reader through the entire process of designing a
satellite link with the methodology of the link budget (explained line by line). Issues

XV
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for the space segment are covered in Chapter 3 and now include details on both ana-
log (bent-pipe) and digital onboard processing repeaters. The reason we include this
here is because of the close tie between the application and the construction of the
satellite repeater, particularly if it is of the digital processing variety.

Chapters 4 through 6 (Part II) are presented as in the first edition to review the
scope and detail of creating a satellite television application and system. The basics
are covered in Chapter 4 from the standpoint of service possibilities: entertainment
TV for local TV stations and cable, videoconferencing and business video, and dis-
tance learning. Chapter 5 covers the range of digital TV standards such as MPEG 2
and the H series of the International Telecommunication Union (ITU) standards.
This provides the base for Chapter 6, which deals with the largest single application
segment in our industry—DTH television broadcasting.

New to the handbook (Chapter 7, also in Part II) is the application called Digital
Audio Radio Service (DARS), now an established service in the United States thanks
to XM Satellite Radio and Sirius Satellite Radio. Borne out of the innovative World-
Space system that provides satellite radio programming to Africa, DARS is begin-
ning to have the same strategic impact on terrestrial AM and FM radio as DTH had
on cable and over-the-air TV. Part III consists of Chapters 8 through 11 and deals
with two-way interactive applications for data and voice. Two chapters, rather than
one, are now devoted to the important topic of VSAT networks for provision of
two-way interactive data communications. Focusing on Internet-based services
(e.g., IP networks), Chapters 8 and 9 cover the enhanced capabilities of satellite-
delivered interactive data to homes and businesses. Chapter 8 reviews the uses of
star and mesh VSAT networks for various applications, and Chapter 9 provides
technical criteria and guidelines for how a VSAT network is sized and optimized.

Chapters 10 through 13 follow the same content flow as Chapters 8 through 11
in the first edition. In Chapter 10, which covers fixed telephony networks, we have
added material on the all-important topic of voice over IP (VoIP) over satellites. This
adds to the foundation of satellite telephony for providing basic communications in
remote locations and for temporary operations. Mobile telephony is covered in
Chapter 11, from both geostationary Earth orbit (GEO) and non-GEO perspectives.
Most of the Mobile Satellite Service (MSS) providers continue to use GEO satellite
platforms to extend service beyond ships to include handheld devices and IP-based
satellite modems. The technical and operational issues of providing MSS applica-
tions are covered in detail in this chapter.

To conclude the second edition, we provide updated regulatory and business
guidance in Chapters 12 and 13, respectively (Part IV). The procedures and issues
surrounding how one obtains a satellite orbit slot and Earth station license are cov-
ered in Chapter 12. In some ways, the process has been simplified, such as with the
2001 edition of the Radio Regulations of the International Telecommunication
Union. Issues of gaining access and licenses in specific countries continue to be a
challenge, and so we cover this topic to give readers a head start in the process.
Finally, the business of satellite communication is described in Chapter 13, where
the industry is divided up by the elements of a typical satellite application. This
gives developers of new applications a framework for organizing and managing
the process of going from the idea to a revenue-generating resource or entire
network.



Preface XVii

Anyone entering this exciting field at this time has many options to consider and
many avenues to follow. Fortunately, there is a great deal of useful information and
experience available to anyone who wishes to do the research and explore its many
dimensions. The origin of this book comes from the author’s journey of more than
30 years as an independent consultant and educator, at Hughes Electronics,
COMSAT, Western Union, and the U.S. Army Signal Corps (where one really learns
how to communicate). Teachers and other presenters may contact the author by
e-mail at bruce@applicationstrategy.com for additional help in using this book as a
text for a technical or business course on satellite communication.
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Evolution of Satellite Technology and
Applications

Communication satellites, whether in geostationary Earth orbit (GEO) or non-
GEOQ, provide an effective platform to relay radio signals between points on the
ground. The users who employ these signals enjoy a broad spectrum of telecommu-
nication services on the ground, at sea, and in the air. In recent years, such systems
have become practical to the point where a typical household can have its own satel-
lite dish. That dish can receive a broad range of television programming and provide
broadband access to the Internet. These satellite systems compete directly in some
markets with the more established broadcasting media, including over-the-air TV
and cable TV, and with high-speed Internet access services like digital subscriber
line (DSL) and cable modems. In addition, GEO and non-GEO satellites will con-
tinue to offer unique benefits for users on the go with such mobile services as two-
way voice and data, and digital audio broadcasting. The accelerated installation of
undersea fiber optics that accompanied the Internet and telecom boom of the late
1990s put more capacity into service than markets could quickly absorb. Curiously,
these new operators claimed that satellites were obsolescent. Quite to the contrary,
satellite communication continues to play an increasing role in backbone networks
that extend globally. Just how well we employ satellites to compete in markets
depends on our ability to identify, develop, and manage the associated networks
and applications.

To this end, this book shows how satellite technology can meet a variety of
human needs, the ultimate measure of its effectiveness. My first work, Introduction
to Satellite Communication [1], established the foundation for the technology and
its applications. These have progressed significantly since the late 1980s; however,
the basic principles remain the same. Satellite communication applications (which
we will refer to as simply satellite applications) extend throughout human activ-
ity—both occupational and recreational. Many large companies have built their
communications foundations on satellite services such as cable TV, direct-to-home
broadcasting satellite (DBS), private data networks, information distribution, mari-
time communications, and remote monitoring. For others, satellites have become a
hidden asset by providing a reliable communications infrastructure. Examples
abound in their use for disaster relief by the Red Cross and other such organiza-
tions, and for instant news coverage from areas of conflict. In the public and mili-
tary sectors, satellite applications are extremely effective in situations where
terrestrial lines and portable radio transceivers are not available or ineffective for a
variety of reasons.
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We can conclude that there are two basic purposes for creating and operating
satellite applications, namely, to make money from selling systems and services (effi-
cient communications) and to meet vital communications needs (essential communi-
cations). The composition of satellite communication markets has changed over the
years. Initially, the primary use was to extend the worldwide telephony net. In the
1980s, video transmission established itself as the hottest application, with data
communications gaining an important second place position. Voice services are no
longer the principal application in industrialized countries but retain their value in
rural environments and in the international telecommunications field. Special-
purpose voice applications like mobile telephone and emergency communications
continue to expand. The very fact that high-capacity fiber optic systems exist in
many countries and extend to major cities worldwide makes satellite applications
that much more important as a supplementary and backup medium. Satellites are
enjoying rapid adoption in regions where fixed installations are impractical. For
example, ships at sea no longer employ the Morse code because of the success of the
Inmarsat system. And people who live in remote areas use satellite dishes rather than
large VHF antenna arrays to receive television programming.

Satellite operators, which are the organizations that own and operate satellites,
must attract a significant quantity of users to succeed as a business. As illustrated in
Figure 1.1, the fixed ground antennas that become aligned with a given satellite or
constellation create synergy and establish a “real estate value” for the orbit position.
Some of the key success factors include the following:

* The best orbit positions (for GEO) or orbital constellation (for non-GEO);

* The right coverage footprint to reach portions of the ground where users exist
or would expect to appear;

* Service in the best frequency bands to correspond to the availability of low-
cost user terminal equipment;

Figure 1.1 A neighborhood created by a GEO satellite with many fixed antennas aligned with it.
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* Satellite performance in terms of downlink radiated power and uplink receive
sensitivity;
* Service from major Earth stations (also called teleports) for access to the ter-

restrial infrastructure, particularly the Public-Switched Telephone Network
(PSTN), the Internet, and the fiber backbone;

* Sufficient funding to get the system started and operating at least through a
cash-flow break-even point.

Optimum footprint and technical performance allow a satellite to garner an
attractive collection of markets. Importantly, these do not necessarily need to be
known with precision when the satellite is launched because new users and applica-
tions can start service at any time during the operating lifetime of the satellite (typi-
cally 15 years). Anywhere within the footprint, a new application can be introduced
quickly once ground antennas are installed. This provides what is called high oper-
ating leverage—a factor not usually associated with buried telecom assets such as
fiber optic cables and wireless towers.

Ultimately, one can create a hot bird that attracts a very large user community
of antennas and viewers. Galaxy I, the most successful cable TV hot bird of the
1980s, established the first shopping center in the sky, with anchor tenants like
HBO and ESPN and boutiques like Arts & Entertainment Channel (A&E) and The
Discovery Channel. Many of the early boutiques have become anchors, and new
boutiques, like The Food Network and History International, arrive to establish
new market segments. New hot birds develop as well, such as Astra 1 in Europe and
AsiaSat 3S in Asia. Users of hot birds pay a premium for access to the ground infra-
structure of cable TV and DBS receiving antennas much like tenants in a premium
shopping mall pay to be in an outstanding location and in proximity to the most
attractive department stores in the city. In the case of cable TV, access is everything
because the ground antenna is, in turn, connected to households where cable serv-
ices are consumed and paid for. DBS delivers direct access to subscribers, bypassing
cable systems. For a new satellite operator to get into an established market often
requires them to subsidize users by paying some of the switching costs out of
expected revenues. From this experience, those who offer satellite services to large
user communities know that the three most important words in satellite service
marketing are LOCATION, LOCATION, and LOCATION! This refers to the fac-
tors previously listed. Stated another way, it is all about connectivity to the right
user community.

Satellite operators, who invest in the satellites and make capacity available to
their customers, generally prefer that users own their own Earth stations. This is
because installing antennas and associated indoor electronics is costly for satellite
service providers. Once working, this investment must be maintained and upgraded
to meet evolving needs. On the other hand, why would users want to make such a
commitment? There are two good reasons for this trend toward ownership of the
ground segment by the user: (1) the owner/user has complete control of the network
resources, and (2) the cost and complexity of ownership and operation have been
greatly reduced because of advances in microcircuitry and computer control. A typi-
cal small Earth station is no more complex than a cellular telephone or VCR. As a
result of strong competition for new subscribers, DBS and the newer S-DARS have
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to subsidize receiver purchases. Larger Earth stations such as TV uplinks and inter-
national telephone gateways are certainly not a consumer item, so it is common for
several users to share a large facility in the form of a teleport.

User organizations in the public and private sectors that wish to develop their
own unique satellite networks have a wide array of tools and technologies at their
disposal (which are reviewed in detail in this book). One need not launch and operate
satellites as on-orbit capacity may be taken as a service for as long or as short a period
as needed. On the other hand, it can be bewildering when one considers the complex-
ity of the various satellite systems that could potentially serve the desired region and
community. The associated Earth stations and user terminals must be selected, pur-
chased, installed, and properly integrated with applications and other networks that
they access. Happily for the new user, there are effective methodologies that address
this complexity and thereby reduce risk and potentially cost. Satellite communica-
tions can also reduce entry barriers for many information industry applications. As a
first step, a well-constructed business plan based on the use of existing satellites could
be attractive to investors. (More on finance can be found in Chapter 11.)

The history of commercial satellite communications includes some fascinating
startup services that took advantage of the relatively low cost of entry. The follow-
ing three examples illustrate the range of possibilities. The Discovery Channel made
the substantial commitment to a Galaxy I C-band transponder and thereby gained
access to the most lucrative cable TV market in North America. Another startup,
Equatorial Communications, pioneered very small aperture terminal (VSAT) net-
works to deliver financial data to investors. Their first receive-only product was a
roaring success, and in 1985 the company became the darling of venture capitalists.
Unfortunately, they broke their sword trying to move into the much more compli-
cated two-way data communication market. Their technology failed to gain accep-
tance, and the company disappeared through a series of mergers. SpeedCast was
founded in Hong Kong in 2000 to allow content providers and information services
to overcome the limited broadband infrastructure in the Asia-Pacific region. Utiliz-
ing existing C-band capacity on AsiaSat 3C, SpeedCast built the needed hub in Hong
Kong at the terminus of broadband capacity on a trans-Pacific fiber optic cable.

Several U.S. corporations attempted to introduce DTH satellite broadcasting at
a time when cable TV was still establishing itself. The first entrants experienced
great difficulties with limited capacity of existing low- and medium-power Ku-band
satellites, hampering the capacity of the networks and the affordability of the home
receiving equipment. Europe and Japan had problems of their own in finding the
handle on viable DTH systems, choosing first to launch high-power Ku-band satel-
lites with only a few operating channels. It was not until BSkyB and NHK were able
to bring attractive programming to the public exclusively on their respective satel-
lites that consumers moved in the millions of numbers.

In the United States, the only viable form of DTH to emerge in the 1980s was
through the backyard C-band satellite dish that could pull in existing cable TV pro-
gramming from hot birds like Galaxy I and Satcom 3R. In the 1980s there were
already millions of C-band receive dishes in North America. This clearly demon-
strated the principle that people would vote with their money for a wide range of
attractive programming, gaining access to services that were either not available or
priced out of reach. Early adopters of the dishes purchased these somewhat
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expensive systems because the signals were not scrambled at the time. A similar
story can be told for Asia on the basis of Star TV, which continues to provide
advertiser-supported C-band satellite television to the broad Asian market. HBO
and other cable networks in the United States changed the equation markedly when
they scrambled their programming using the Videocipher 2 system, resulting in a
halt to the expansion of backyard dishes. This market settled back into the dol-
drums for several years. In today’s world, C-band home dishes are rare in the United
States and Europe but have a significant following in tropical regions that effectively
employ this band.

In 1994, Hughes Electronics introduced its DIRECTV service through three
high-power satellites colocated at 101° EL (all receivable by a single Ku-band home
dish). With more than 150 digitally compressed TV channels, DIRECTV demon-
strated that DTH could be both a consumer product and a viable alternative to
cable. As an important footnote, DIRECTV shared one of the satellites with another
company called USSB; however, the latter was subsequently bought out to aggre-
gate all programming under one trademark. An older competing service, PrimeStar,
was first introduced by TCI and other cable operators as a means to serve users who
were beyond the reach of their cable systems. DIRECTV moved to acquire this com-
petitor, resulting in a quantum increase of subscribers. A single competitor
remained in the form of EchoStar with their DISH Network. DIRECTV was first to
be acquired by DISH, but as a result of U.S. government objections, the acquirer
would be News Corp.

Satellite communication applications can establish a solid business for compa-
nies that know how to work out the details to satisfy customer needs. A stellar
example is the mobile satellite service business pioneered by Inmarsat. Through a
conservatively managed strategy, Inmarsat has driven its service from initially pro-
viding ship-to-shore communications to being the main source of emergency and
temporary communications on land. Whether we are talking about reporters cover-
ing a conflict in southern Asia or the provision of disaster relief in eastern Europe,
lightweight Inmarsat terminals fit the need.

Satellite Network Fundamentals

Every satellite application achieves its effectiveness by building on the strengths of
the satellite link. A satellite is capable of performing as a microwave repeater for
Earth stations that are located within its coverage area, determined by the altitude
of the satellite and the design of its antenna system. The arrangement of three basic
orbit configurations is shown in Figure 1.2. A GEO satellite can cover nearly one-
third of the Earth’s surface, with the exception of the polar regions. This includes
more than 99% of the world’s population and economic activity.

The low Earth orbit (LEO) and medium Earth orbit (MEO) approaches require
more satellites to achieve this level of coverage. Due to the fact that non-GEO satel-
lites move in relation to the surface of the Earth, a full complement of satellites
(called a constellation) must be operating to provide continuous, unbroken service.
The trade-off here is that the GEO satellites, being more distant, incur a longer path
length to Earth stations, while the LEO systems promise short paths not unlike
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Figure 1.2 The three most popular orbits for communication satellites are LEO, MEO, and GEO.
The respective altitude ranges are 500 to 900 km for LEO, 5,000 to 12,000 km for MEO, and
36,000 km for GEO. Only one orbit per altitude is illustrated, even though there is a requirement
for constellations of LEO and MEO satellites to provide continuous service. The standard GEO orbit
is perfectly circular and lies in the plane of the equator; other 24-hour orbits are inclined and/or
elliptical rather than circular.

those of terrestrial systems. The path length introduces a propagation delay since
radio signals travel at the speed of light. This is illustrated in Figure 1.3, which is a
plot of orbit period and propagation delay for various altitudes. Depending on the
nature of the service, the increased delay of MEO and GEO orbits may impose some
degradation on quality or throughput. The extent to which this materially affects the
acceptability of the service depends on many factors, such as the degree of interactiv-
ity, the delay of other components of the end-to-end system, and the protocols used
to coordinate information transfer and error recovery. This is reviewed in detail in
Part IIT of this book, which consists of Chapters 8-11.
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Figure 1.3 A graph that plots orbit period in hours versus the mean altitude of the orbit in kilo-
meters. One-way (single-hop) propagation delay is indicated at the top in milliseconds.



1.1

Satellite Network Fundamentals 9

Three LEO systems have begun service since the publication of the first edition
of this handbook: Orbcomm, Iridium, and Globalstar. Orbcomm was designed for
two-way messaging service, while Iridium and Globalstar were designed for mobile
telephony. Early advertising for Iridium suggested that with one of their handheld
phones, you could be reached anywhere in the world. This would be the case only if
you remained out of doors with a clear view of the sky from horizon to horizon.
Globalstar had a slightly less ambitious claim that its service was cheaper than that
of Iridium. While these systems could deliver services, all have resulted in financial
failures for their investors. The non-GEO system that has yet to begin operation at
the time of this writing is ICO Communications (ICO originally stood for interme-
diate circular orbit, but that was subsequently dropped when they spun the com-
pany off) and its MEO constellation. The developers of this system explain that
their strategy does not rely on service to handheld telephones and such instruments,
but rather is a means to provide near-broadband service to small terminals.

Except for Orbcomm, which is in VHF band, all of the satellites just discussed
have microwave repeaters that operate over an assigned segment of the 1- to 80-
GHz frequency range. As microwaves, the signals transmitted between the satellite
and Earth stations propagate along line-of-sight paths and experience free-space
loss that increases as the square of the distance. The spectrum allocations are given
in the following approximate ranges, as practiced in the satellite industry:

* L-band: 1.5 to 1.65 GHz:

* S-band: 2.4 to 2.8 GHz;

* C-band: 3.4 to 7.0 GHz;

* X-band: 7.9 to 9.0 GHz;

* Ku-band: 10.7 to 15.0 GHz;
* Ka-band: 18.0 to 31.0 GHz;
* Q-band: 40 to 50 GHz;

* V-band: 60 to 80 GHz.

Actual assignments to satellites and Earth stations are further restricted in order
to permit different services (and the associated user community) to share this valu-
able resource. In addition to microwaves, laser systems continue to be under evalua-
tion. Rather than being simple repeaters, laser links require modulated coherent
light sources and demodulating receivers that include mutually tracking telescopes.
An example of such a device is shown in Figure 1.4. So far, commercial laser links
are not in use, but there is interest in them principally to allow direct connections
between satellites—called intersatellite links or cross links.

Applications are delivered through a network architecture that falls into one of
three categories: point-to-point (mesh), point-to-multipoint (broadcast), and mul-
tipoint interactive (VSAT). Mesh-type networks mirror the telephone network.
They allow Earth stations to communicate directly with each other on a one-to-one
basis. To make this possible, each Earth station in the network must have sufficient
transmit and receive performance to exchange information with its least effective
partner. Generally, all such Earth stations have similar antennas and transmitter
systems, so their network is completely balanced. Links between pairs of stations
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Figure 1.4 lllustration of a laser intersatellite link by the Artemis satellite. (Courtesy of ESTECH.)

can be operated on a full-time basis for the transfer of broadband information like
TV or multiplexed voice and data. Alternatively, links can be established only when
needed to transfer information, either by user scheduling (reservation system) or on
demand (demand-assignment system).

A broadcast of information by the satellite is more efficient than terrestrial
arrangements using copper wires, fiber optic cables, or multiple wireless stations. By
taking advantage of the broadcast capability of a GEO satellite, the point-to-
multipoint network supports the distribution of information from a source (the
hub/uplink Earth station) to a potentially very large number of users of that infor-
mation (the remote Earth stations, also called receive-only terminals). Any applica-
tion that uses this basic feature will usually find that a GEO satellite is its most
effective delivery vehicle to reach a national audience.

Many applications employ two-way links, which may or may not use the broad-
cast feature. The application of the VSAT to interactive data communication appli-
cations has proven successful in many lines of business and more recently to the
public. As will be covered in Chapter 8, a hub and spoke network using VSATs can
be compared to almost any terrestrial wide-area network topology that is designed
to accomplish the same result. This is because the satellite provides the common
point of connection for the network, eliminating the requirement for a separate
physical link between the hub and each remote point. Other interactive applications
can employ point-to-point links to mimic the telephone network, although this tends
to be favored for rural and mobile services. The incoming generation of satellite and
ground equipment, which involves very low-cost VSATs, is reducing barriers to
mass market satellite networks.

The degree to which satellite communications is superior to terrestrial alternatives
depends on many interrelated factors. Experience has shown that the following fea-
tures tend to give satellite communication an advantage in appropriate applications:

* Wide area coverage of a country, region, or continent;
* Wide bandwidth available throughout;

* Independent of terrestrial infrastructure;

* Rapid installation of ground network;
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* Low cost per added site;
* Uniform service characteristics;
* Total service from a single provider;

* Mobile/wireless communication, independent of location.

While satellite communications will probably never overtake terrestrial tele-
communications on a major scale, these strengths can produce very effective niches
in the marketplace. Once the satellite operator has placed the satellite into service, a
network can easily be installed and managed by a single organization. This is possi-
ble on a national or regional basis (including global using at least three GEO satel-
lites). The frequency allocations at C-, Ku-, and Ka-bands offer effective
bandwidths of 1 GHz or more per satellite, facilitating a range of broadband serv-
ices that are not constrained by local infrastructure considerations. Satellites that
employ L- and S- bands constrain bandwidth to less than 100 MHz but may propa-
gate signals that bend around obstacles and penetrate nonmetallic structures.
Regardless of the band, the satellite delivers the same consistent set of services at
costs that are potentially lower than those of fixed terrestrial systems. For the long
term, the ability to serve mobile stations and provide communications instantly are
features that offer strength in a changing world.

Originally, Earth stations were large, expensive, and located in rural areas so as
not to interfere with terrestrial microwave systems that operate in the same fre-
quency bands. These massive structures had to use wideband terrestrial links to
reach the closest city. Current emphasis is on customer premise Earth stations—sim-
ple, reliable, low cost. An example of a modern small VSAT is illustrated in Figure
1.5. Home receiving systems for DTH service are also low in cost and quite incon-
spicuous. The current generation of low-cost VSATs introduced since 2002 encour-
age greater use of bidirectional data communications via satellite. As terminals have
shrunk in size, satellites have grown in power and sophistication. There are three
general classes of satellites used in commercial service, each designed for a particu-
lar mission and capital budget. Smaller satellites, capable of launch by the Delta II
rocket or dual-launched on the Ariane 4 or 5, provide a basic number of transpond-
ers usually in a single frequency band. Satellite operators in the United States, Can-
ada, Indonesia, and China have established themselves in business through this class
of satellite. The Measat satellite, illustrated in Figure 1.6, is an example of this class

Figure 1.5 Example of a VSAT for broadband communications. (Courtesy of Gilat Satellite
Communications.)
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Figure 1.6 The Measat 1 satellite provides services to Malaysia and throughout Southeast Asia.

of vehicle. The introduction of mobile service in the LEO involves satellites of this
class as well. Moving up to the middle range of spacecraft, we find designs capable
of operating in two frequency bands simultaneously. AsiaSat 3S, shown in Figure
1.7, provides 24 C-band and 24 Ku-band transponders to the Asia-Pacific market. A
dual payload of this type increases capacity and decreases the cost per transponder.
Finally, some satellites serve specialized markets such as GEO mobile satellites
that connect directly with specially designed handheld phones. An example of one of
these satellites, Thuraya, is shown in Figure 1.8 with its 12-m antenna deployed.

Figure 1.7 AsiaSat 3C is a hybrid C/Ka satellite with a total of 48 transponders.
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Figure 1.8 Thuraya 1 provides high-power mobile satellite links to handheld terminals. (Courtesy
of Boeing Satellite Systems.)

Also, the trend to use the smallest possible DTH home receiving antenna and to
cover the largest service area combine to demand the largest possible spacecraft.
The total payload power of such satellites reaches 15 kW, which is roughly 12 times
that of Measat. At the time of this writing, there are drawing board designs for satel-
lites that can support payload powers of up to 20 kW. An example of this is the
2020 program from Space Systems/Loral.

While most of the money in satellite communications is derived from the broad-
cast feature, there are service possibilities where remote Earth stations must trans-
mit information back to the hub Earth station (and this is not necessarily by
satellite). Examples of such return link applications include:

* Control signals to change the content of the information being broadcast (to
achieve narrow casting on a broadcast link);

* Requests for specific information or browsing of documents (to support Inter-
net or intranet services);

* Responsive information to update the record for a particular customer;

* Point-to-point information that one remote user wishes to be routed to
another remote user (like e-mail).

Adding the return link to the network tends to increase the cost of the remote
Earth station by a significant amount since both a transmitter and controller are
required. However, there are many applications that demand a two-way communi-
cation feature. The relative amount of information (bandwidth) on the forward and
return links can be quantified for the specific application, as suggested in Figure 1.9.
Most of the bandwidth on GEO satellites is consumed in the forward direction, as
indicated by the area in the lower right for TV broadcast or distribution. There are
also uses for transmitting video in both directions, which is indicated in the upper
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Figure 1.9 The approximate relationship of bandwidth usage between the forward link (hub
transmit) and return link (remote transmit) in satellite applications.

right-hand corner. Cutting the bandwidth back on the forward link but not on the
return link supports an application where bulk data is transferred from a remote to a
centralized host computer. Reduced bandwidth in both directions expands the
quantity of user channels to offer low data rate switched service for fixed and mobile
telephone markets.

These general principles lead to a certain set of applications that serve telecom-
munication users. In the next section, we review the most popular applications in
preparation for the detailed evaluations in the remaining chapters.

1.2 Satellite Application Types

Applications in satellite communications have evolved over the years to adapt to
competitive markets. Evolutionary development, described in [1], is a natural facet
of the technology because satellite communication is extremely versatile. This is
important to its extension to new applications yet to be fielded.

1.2.1 Broadcast and Multicast of Digital Content

The first set of applications follow the predominant transmission mode of the GEO
satellite—that of point-to-multipoint information distribution. We have chosen to
focus exclusively on the broadcast and multicast of content in digital form to a com-
munity of users. In the past, signals were transmitted in their original analog form
using frequency modulation (FM). While some of this equipment is still in use
around the world, it is being phased out. One of the main reasons for this is that sig-
nals in digital form can be compressed appreciably without impairing their quality.
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A bandwidth compression factor of 10 to 20 is now common, with the primary
benefit of reducing transponder occupancy per channel of transmission, thereby
increasing useful capacity. Rather than paying, say, $1.5 million per TV channel per
year, transponder cost is reduced to $250,000 or less. Therefore, analog ground
equipment has become expensive to operate even if its sunk cost is zero.

Once in digital form, information can be managed in a wide variety of manners
and forms. The resulting bit stream can be expanded to include different content,
addressable to subsets of users or even an individual user. In addition to the current
heavy use of satellites to transmit digital TV channels, we see new applications in
digital content distribution appearing and developing. These new applications may
employ features of the Internet in terms of permitting Web browsing; however, mul-
ticast techniques are better suited to the GEO platform than the Internet itself.

1.2.1.1 Entertainment Television (Network, Cable, and Direct Broadcast Satellite)

Commercial TV is the largest segment of the entertainment industry; it also repre-
sents the most financially rewarding user group to satellite operators. The four fun-
damental ways that the satellite transfers TV signals to the ultimate consumer are:

* Point-to-multipoint distribution of TV network programming contribution
from the studio to the local broadcast station;

* Point-to-point transmission of specific programming from an event location
to the studio (alternatively, from one studio to another studio);

* Point-to-multipoint distribution of cable TV programming from the studio to
the local cable TV system;

* Point-to-multipoint distribution of TV network and/or cable TV program-
ming from the studio directly to the subscriber (i.e., DTH).

It may have taken 10 or more years for the leading networks in the United States
and Europe to adopt satellites for distribution of their signals, but since 19835, it has
been the main stay. Prior to 19835, pioneering efforts in Indonesia and India allowed
these countries to introduce nationwide TV distribution via satellite even before the
United States had made the conversion from terrestrial microwave. European TV
providers pooled their resources through the European Broadcasting Union (EBU)
and the EUTELSAT regional satellite system. Very quickly, the leading nations of
Asia and Latin America adopted satellite TV delivery, rapidly expanding this popu-
lar medium to global levels.

Over-the-Air TV Broadcasting

The first of the four fundamental techniques is now standard for TV broadcasting in
the VHF and UHF bands, which use local TV transmitters to cover a city or market.
The satellite is used to carry the network signal from a central studio to multiple
receive Earth stations, each connected to a local TV transmitter. This has been
called TV distribution or TV rebroadcast. When equipped with uplink equipment,
the remote Earth station can also transmit a signal back to the central studio to
allow the station to originate programming for the entire network. U.S. TV net-
works like CBS and Fox employ these reverse point-to-point links for on-location
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news reports. The remote TV uplink provides a transmission point for local sporting
and entertainment events in the same city. This is popular in the United States, for
example, to allow baseball and football fans to see their home team play an away-
from-home game in a remote city. More recently, TV networks employ fiber optic
transmission between studio and broadcast station, and between stadium and stu-
dio; but the satellite continues to be the alternate flexible routing system.

Satellite transmissions have gone digital, as discussed previously, but broadcast
stations depend heavily on the conventional analog standards: NTSC, PAL, and
SECAM. In developed countries, governments are encouraging broadcasters to dig-
itize their signals to open up bandwidth for more TV channels and for use in other
radio services such as mobile telephone. In the United States, many local stations
provide some quantity of their programming in digital form, offering high-definition
television in some cases.

Revenue for local broadcast operations is available from two potential sources:
advertisers and public taxes. Pay TV services from cable, satellite, and local micro-
wave transmissions permit greater revenue when TV watchers become monthly sub-
scribers. In some countries, nationally sponsored broadcasters are supported
directly through a tax or indirectly by government subsidy. Since its beginnings in
the United States, TV provided an excellent medium to influence consumer purchase
behavior. In exchange for watching commercials for soap, airlines, and automo-
biles, the consumer is entertained for nothing. This has produced a large industry in
the United States as stations address local advertisers and the networks promote
nationwide advertising. The commercial model was also adopted in Latin America.

An alternative approach was taken in many European countries and in Japan,
where government-operated networks were the first to appear. In this case, the con-
sumer is taxed on each TV set in operation. These revenues are then used to operate
the network and to produce the programming. The BBC in the United Kingdom and
NHK in Japan are powerhouses in terms of their programming efforts and broad-
cast resources. However, with the rapid introduction of truly commercial networks,
cable TV, and DTH, these tax-supported networks are experiencing funding
difficulties.

Public TV in the United States developed after commercial TV was well estab-
lished. Originally called Educational TV, this service existed in a fragmented way
until a nonprofit organization called the Public Broadcasting Service (PBS) began
serving the nation by satellite in 1978. The individual stations are supported by the
local communities through various types of donations. Some are attached to univer-
sities; others depend on donations from individuals and corporations. PBS itself
acquires programming from the member stations and from outside sources like the
BBC. Programs are distributed to the members using satellite transponders pur-
chased by the U.S. government. It must therefore compete with other government
agencies for Congressional support. PBS programming is arguably of better quality
than some of the popular shows on the commercial networks. Even though PBS
addresses a relatively narrow segment, its markets are under attack by even more
targeted cable TV networks like A&E, The Discovery Channel, The Learning Chan-
nel, The History Channel, Home and Garden TV, and the Food Network. All of
these competitors built their businesses on satellite delivery to cable systems and
DTH subscribers.
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The local airwaves provide a reasonably good medium to distribute program-
ming with the added benefit of allowing the local broadcaster to introduce local
programs and advertising. Satellite transmission, on the other hand, is not limited
by local terrain and thus can be received outside the range of terrestrial trans-
mitters, extending across a nation or region. In extreme cases where terrestrial
broadcasting has been destroyed by war or conflict, or has not been constructed
due to a lack of economic motivation, satellite TV represents the only effective
alternative.

Cable Television

Begun as a way to improve local reception in rural areas, cable TV has established
itself as the dominant force in many developed countries. This was facilitated by
organizations that used satellite transmission to distribute unique programming for-
mats to cable subscribers. The cable TV network was pioneered by HBO in the
1970s. Other early adopters of satellite delivery include Turner Broadcasting, War-
ner Communications, and Viacom. By 1980, 40% of urban homes in the United
States were using cable to receive the local TV stations (because the cable provided a
more reliable signal); at the same time, the first nationwide cable networks were
included as a sweetener and additional revenue source. During the 1980s, cable TV
became an $8 billion industry and the prototype for this medium in Europe, Latin
America, and the developed parts of Asia.

By 2002, about 80 million U.S. households were connected to cable for TV,
with about 6 million benefiting from broadband Internet access through two-
way cable technology. The vitality of the cable industry actually benefited from
the digital DTH revolution, which forced cable systems to digitize and expand
services.

Cable TV networks, discussed in Chapter 4, offer programming as a subscriber
service to be paid for on a monthly basis or as an almost free service like commercial
TV broadcasting. HBO, Showtime, and the Disney Channel are examples of pre-
mium (pay) services, while The Discovery Channel, CNN, and MSNBC are exam-
ples of commercial channels that receive most of their revenue from advertisers. The
leading premium channels in North America and Europe are successful in financial
terms, but the business has yet to be broadly accepted in economies with low-
income levels.

Cable TV became the first to offer a wide range of programming options that
are under the direct control of the service provider. The local cable system operator
controls access and can therefore collect subscription fees and service charges from
subscribers. If the fees are not paid, the service is terminated. Wireless cable, a con-
tradiction in terms but nevertheless a viable alternative to wired cable, uses portions
of the microwave spectrum to broadcast multiple TV channels from local towers. It
has proven effective in urban areas in developing economies where the density of
paying subscribers is relatively high, such as Mexico City and Jakarta, Indonesia.
Just as in the case of DTH, wireless cable depends on some form of conditional
access control that allows the operator to electronically disconnect a nonpaying
user. Theft of signals, called piracy, is a common threat to the economic viability of
wired and wireless cable (as it is to DTH, discussed next).
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Direct-to-Home Broadcasting Satellite

The last step in the evolution of the satellite TV network is DTH. After a number of
ill-fated ventures during the early 1980s by USCI, COMSAT, CBS, and others, DTH
has established its niche in the broadcasting and cable spheres. BSkyB in the United
Kingdom, NHK in Japan, DIRECTV and EchoStar in the United States, Sky Latin
America, and STAR TV in Asia are now established businesses, with other broad-
casters following suit. Through its wide-area broadcast capability, a GEO satellite is
uniquely situated to deliver the same signal throughout a country or region at an
attractive cost per user. The particular economics of this delivery depend on the fol-
lowing factors.

* The size of the receiving antennas: Smaller antennas are easier to install and
maintain and are cheaper to purchase in the first place. They are also less
noticeable (something that is desirable in some cultures).

* The design of the equipment: This is simple to install and operate (this author’s
Digital Satellite System (DSS) installation, needed to receive DIRECTV, took
only 2 hours—that is, 105 minutes to run the cables and 15 minutes to install
and point the dish).

* Several users can share the same antenna: This is sensible if the antenna is rela-
tively expensive, say, in excess of $1,000; otherwise, each user can afford his
or her own. A separate receiver is needed for each independent TV watcher
(the same now applies to digital cable service).

* The number of transponders that can be accessed through each antenna (typi-
cally 32): Due to the high power required as well as concerns for single-point
failure, DTH operators place more than one satellite in the same orbit position
in order to achieve the desired total transponder count. The more channels
that are available at the same slot, the more programming choices that the user
will have.

* The number of TV channels that can be carried by each transponder (typically
10): Capacity is multiplied through digital compression and statistical multi-
plexing techniques discussed in Chapter 6.

Inclusion of local TV channels in the United States: This simplifies home
installation and meets a government mandate that satellites “must carry”
these channels to all potential markets.

The ideal satellite video network delivers its programming to the smallest practi-
cal antenna on the ground, has a large number of channels available (200 or more),
and permits some means for users to interact with the source of programming. A
simple connection to the PSTN allows services to be ordered directly by the sub-
scriber; alternatively, a broadband connection is offered either over the satellite or
through wireline or wireless access.

1.2.1.2 Content Delivery Networks

A content delivery network (CDN) is a point-to-multipoint satellite network that
uses the broadcast feature to inject multimedia content (particularly Web pages and
specific content files such as software updates and films) into remote servers and
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other types of caching appliances. The basic structure of a CDN is illustrated in Fig-
ure 1.10. The remote cache could be a dedicated server connected to the local infra-
structure of the Internet. This greatly reduces the delay associated with accessing
and downloading the particular content. Another style of CDN is to put the content
directly into the PC hard drive; for this to work, the PC must have a direct electrical
connection to the remote CDN terminal.

The first CDNs appeared during the Internet boom of 1999-2000; many have
not survived the shakeout. However, some organizations are using and developing
CDNis as a structure to propagate content to remote locations to bypass the cost and
congestion of the terrestrial Internet. The ground equipment and software to create
a CDN may be blended with that used for digital TV, as will be discussed in Chapter
5. The fact that the content appears to be local to the user enhances the interactive
nature of the service. Thus, the central content store does not directly process
requests from users.

1.2.1.3 Satellite Delivered Digital Audio Radio Service

We conclude the discussion of point-to-multipoint applications with an introduc-
tion to digital audio broadcasting (DARS). By focusing on sound programming
without a visual element, S-DARS addresses itself to networks where (1) spectral
bandwidth is limited, (2) users are mobile in their cars and boats, and/or (3) iso-
lated from major sources of radio and other mass media. While DARS is a term
generally reserved for terrestrial digital radio, the version we are interested in is sat-
ellite delivered digital audio radio service (S-DARS). The first to introduce S-DARS
principally as a solution to (3) was WorldSpace, a startup company with the vision
of delivering multichannel radio programming to the underdeveloped regions of
Africa and Asia. Subsequently, the FCC auctioned off L-band spectrum for
S-DARS for the U.S. market. XM Satellite Radio and Sirius Satellite Radio imple-
mented 100 digital audio radio services that are comparable to FM broadcasting.
Both companies launched S-band satellites in 2001 and initiated service on a com-
mercial basis in 2002. Through a package of subscription radio channels as well as
conventional advertiser supported formats, XM and Sirius serve subscribers in
MPEG 2
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Figure 1.10 Structure of a content delivery network with reliable file transfer. (Courtesy of
Scopus.)
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Satellite construction and launch was hardly a challenge for S-DARS; however,
producing the appropriate receiving terminal proved to be more time consuming
than the original business plans considered. Examples of the types of units offered
for S-DARS service are shown in Figure 1.11. As in any satellite communications
service, a line-of-site path is usually required; thus, the antenna must be in plain view
of the geostationary orbit. Vehicular installations are best; however, obstructions
like tall buildings, trees, tunnels, and overpasses may block the signal. This are coun-
tered through three techniques: receiver storage of several seconds of channel
stream, allowing for catch-up when a blocked receiver again “sees” the satellite; use
of two or more satellites to increase the probability of a line-of-sight path; and
rebroadcast of the satellite signal into concrete canyons and inside tunnels through
the use of land-based “gap filler” relays.

1.2.2 Voice and Telephony Networks

Voice communications are fundamentally based on the interaction between two
people. It was recognized very early in the development of satellite networks that the
one-way propagation delay of one-quarter second imposed by the GEO tends to
degrade the quality of interactive voice communications, at least for some percent-
age of the population. However, voice communications represent a significant satel-
lite application due to the other advantages of the medium. For example, many
developing countries and lightly inhabited regions of developed countries continue
to use satellite links in rural telephony and as an integral part of the voice network
infrastructure. Furthermore, an area where satellite links are essential for voice com-
munications is the mobile field. These developments are treated in detail in Chapters
10 and 11.

The PSTN within and between countries is primarily based on the requirements
of voice communications, representing something in the range of 50% to 60% of all
interactive traffic. The remainder consists of facsimile (fax) transmissions, low- and
medium-speed data (both for private networks and access to public network services
such as the Internet), and various systems for monitoring and controlling remote
facilities. Direct access to the Internet via a dial-up modem will be a supporting fac-
tor for the PSTN in coming years. The principal benefit of the PSTN is that it is truly

Figure 1.11 Sanyo WorldSpace receiver.
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universal. If you can do your business within the limits of 3,000 Hz of bandwidth
and can tolerate the time needed to establish a connection through its dial-up facil-
ity, the PSTN is your best bet.

Propagation delay became an issue when competitively priced digital fiber optic
networks were introduced in the 1990s. Prior to 1985 in the United States, AT&T,
MCI, and others were using a significant amount of analog telephone channels both
on terrestrial and satellite links. An aggressive competitor in the form of U.S. Sprint
invested in an all-digital network that employed fiber optic transmission. Sprint
expanded their network without microwave or satellite links and introduced an all-
digital service at a time when competition in long distance was heading up. Their
advertising claimed that calls over their network were so quiet “you can hear a pin
drop.” This strategy was so successful that both MCI and AT&T quickly shifted
their calls to fiber, resulting in rapid turn-down of both satellite voice channels and
analog microwave systems.

A similar story is told in Europe, Latin America, and Asia, albeit at a slower
pace in most countries due to the persistence of local monopolies. In time, fiber links
and digital voice switching have become the standard of the PSTN.

The economics of satellite voice communications are substantially different
from that of the fiber-based PSTN, even given the use of digital technology with
both approaches. With low-cost VSAT technology and high-powered satellites at
Ku- and Ka-bands, satellite voice is the cheapest and quickest way to reach remote
areas where terrestrial facilities are not available. It will be more attractive to install
a VSAT than to extend a fiber optic cable over a distance greater than a few hundred
meters. A critical variable in this case is the cost of the VSAT, which dropped from
the $10,000 level in 1995 to as low as $1,500 in 2003. Fiber, however, is not the
only terrestrial technology that can address the voice communication needs of sub-
scribers. Fixed wireless systems have been installed in developing countries to rap-
idly turn up telephone services on the local loop. Low-cost cordless phones or
simple radio terminals are placed in homes or offices, providing access to the PSTN
through a central base station. The base stations are concentrating points for traffic
and can be connected to the PSTN by fiber or even satellite links. The cost of the
base station and network control is kept low by not incorporating the automatic
hand-off feature of cellular mobile radio. Instead, user terminals of different types
make the connection through the closest base station, which remains in the same
operating mode throughout the call. The ability of the wireless local loop to support
Internet access at 56 Kbps depends on the degree of compression used to provide
sufficient channel capacity.

High-speed Internet access has been introduced on wireline local loops through
the class of technologies known as DSL. Using the basic approach of frequency divi-
sion multiplex (FDM), DSL adds the baseband bandwidth needed to allow bidirec-
tional transfer speeds of 100 Kbps to as much as 1 Mbps over copper twisted-pair.
In the absence of copper, traditional fixed wireless local loop networks cannot sup-
port DSL-like services. More recently, some service providers have begun to offer
wireless Internet access using the IEEE 802.11b standard (also called Wi-Fi). The
advantage of this approach is that the spectrum is unlicensed in the United States
and most other countries and therefore freely available (although potentially
crowded); furthermore, many individuals already carry Wi-Fi modems within their
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laptops. Likewise, to add high-speed access to satellite telephony amounts to provid-
ing the appropriate bandwidth over the same or even another VSAT. The notion
that bandwidth is free certainly does not apply to wireless systems, whether speak-
ing of the local or satellite varieties.

New classes of public network services may appear in coming years under the
general category of Broadband Integrated Services Digital Networks (B-ISDN). The
underlying technology is asynchronous transfer mode (ATM), a flexible high-speed
packet-switched architecture that integrates all forms of communications [2]. ATM
services can be delivered through fiber optic bandwidths and advanced digital
switching systems. ATM includes the following capabilities:

* High-speed data on demand (384 Kbps to 155 Mbps, and greater);
* Multichannel voice;

* Video teleconferencing and video telephone;

* Video services on demand;

* High-resolution color images;

* Integrated voice/data/video for enhanced Internet services.

Due to the high cost of upgrading the terrestrial telephone plant for ATM serv-
ices, many of these services will not appear in many places for some time. However,
they represent the capability of the coming generation of public networks being
implemented around the globe. Even in the absence of a public B-ISDN, the ATM
approach has been applied within private LANs and campus networks, interconnec-
tion between LANs to form a WAN, and within the backbone of the Internet itself
by Tier 1 Internet service providers (ISPs) like UUNET and Genuity.

Fiber optic networks are attractive for intra- and intercity public networks and
can offer broadband point-to-point transmission that is low in cost per user. The
economics of long-haul fiber dictate that the operator must aggregate large volumes
of telephone calls, private leased lines, and other bulk uses of bandwidth in order to
make the investment pay. In 2002, the financial failure of several new fiber carriers
illustrates the dilemma they face. Yet this is easier to do with a satellite because it
provides a common traffic concentration point in the sky. The bandwidth is used
more effectively (a principle of traffic engineering), and therefore the network can
carry more telephone conversations and generate more revenue regardless of where
the demand arises.

Satellite networks are very expandable because all points are independent and
local terrain does not influence performance. Consider the example of the largest
German bank, Deutsche Bank, which needed to offer banking services in the new
states of the former East Germany. The telecom infrastructure in East Germany in
1990, while the best in the Soviet Block, was very backward by Western European
standards. Deutsche Bank installed medium-sized Earth stations at new bank loca-
tions and was then able to offer banking services that were identical to those of their
existing branches in the West. In a more recent example, the devastation caused in
Afghanistan during years of repression and the ensuing conflict destroyed any sem-
blance of telecommunications infrastructure. Existing GEO satellites in the region
provide the bandwidth, and low-cost satellite Earth stations are introduced at cities,
towns, and villages to restore reliable communications for the entire country.
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Another excellent example is the early VSAT network deployed by Wal-Mart
department stores, reviewed later in this chapter.

1.2.3 Data Communications and the Internet

Satellite networks are able to meet a wide variety of data communication needs of
businesses, government agencies, and nongovernmental organizations (NGOs),
which include charities and religious groups. The wide-area coverage feature com-
bined with the ability to deliver relatively wide bandwidths with a consistent level of
service make satellite links attractive in the developing world as well as in the geo-
graphically larger developed countries and regions. Furthermore, the point-to-
multipoint feature renders GEO satellites superior to the terrestrial Internet for the
distribution of IP-based multimedia content such as Web pages and movies.

The data that is contained within the satellite transmission can take many forms
over a wide range of digital capacities. The standard 36-MHz transponder, familiar
to users of C- and Ku-bands worldwide, can transfer up to 80 Mbps, which is suit-
able for wideband applications and multimedia. Most applications do not need this
type of bandwidth; therefore, a somewhat diminished transponder capacity is often
divided up among users who employ a multiple access system of some type. In fact,
the multiple access techniques used on the satellite mirror the approaches used in
wireless networks, local area networks (LANSs), and wide area networks (WANs)
over terrestrial links. As in any multiple access scheme, the usable capacity decreases
as the number of independent users increases. Satellite data networks employing
VSATSs offer an alternative to terrestrial networks composed of fiber optics and
microwave radio. There is even a synergy between VSATs and the various forms of
terrestrial networks, as both can multiply the effectiveness of their counterpart.

This is the principle of complementarity, where the relative advantages of satel-
lite networks are combined with those of fiber optics and fixed and mobile wireless
to address the widest range of needs. Some of the must successful users of VSATs are
familiar names in North American consumer markets. Wal-Mart, the largest U.S.
department store chain, which has opened outlets in Europe, Latin America, and
China, was an early adopter of the technology and has pushed its competitors to use
VSATs in much the same manner that they pioneered the megastore. With their
Earth station hub at the Arkansas headquarters, Wal-Mart centralizes its credit
authorization and inventory management functions. Chevron Oil likewise was first
among the gasoline retailers to install VSATSs at all of their company-owned filling
stations to speed customer service at the pump, prevent fraud, and gain a better
system-wide understanding of purchasing trends.

While telephone networks like the PSTN are standardized, data networks cover
an almost infinite range of needs, requirements, and implementations. In business,
information technology (IT) functions are often an element of competitive strategy
[3]. In other words, a company that can use information and communications more
effectively than its competitors could enjoy a stronger position in the ultimate mar-
ket for its products or services. This is a subset of the general principle of competi-
tive strategy as outlined by Michael E. Porter in his seminal book of the same title
[4]. A data communication system is really only one element of an architecture that
is intended to perform business automation functions. However, defining the right
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architecture and putting the associated hardware, software, and network pieces in
place is often a tall order. As cited previously, major corporations have found that a
properly designed and managed satellite data network can overcome some of the
most challenging difficulties in this area.

A given IT application using modern client/server computing networks or
broadband multimedia will demand efficient transfer of data among various loca-
tions and users. Satellite communication introduces a relatively large propagation
delay, but this is only one factor in the overall response time. There are many con-
tributors to response time: the input data rate (in bits per second), the propagation
delay through the link, the processing and queuing delay in data communication
equipment, and any contention for a terrestrial data line or computer processing ele-
ment. This is shown in Figure 1.12. Each of these contributors must be considered
carefully when comparing terrestrial and satellite links.

Propagation delay from a satellite link could reduce the throughput if there is
significant interaction between the two ends of the link. The worst case condition
occurs where the end devices need to exchange control information to establish a
connection or confirm receipt. Modern data communication standards, like Trans-
mission Control Protocol/Internet Protocol (TCP/IP) and Systems Network Archi-
tecture/Synchronous Data Link Control (SNA/SDLC), guard against the loss of
throughput by only requesting retransmission of blocks of data that have errors
detected by the receiver. One the other hand, Frame Relay and ATM, two very
popular link-layer protocols in heavy use for WANs, do not guarantee reliable data
delivery in this manner. To optimize throughput, there is a need to test and tune the
circuit for the delay, type of information, error rate, and resulting protocol and
application performance. Still, suppliers of VSAT network hardware and software
include protocol acceleration to compensate for the added delay of a GEO satellite
connection.

End-to-end data transfer delay on a GEO satellite link can be made to be lower
than on a terrestrial telephone circuit. Consider a telephone circuit with an input
rate of 48 Kbps; it will take 0.5 second (500 ms) to pass a block of 3,000 bytes (or
24,000 bits). This is calculated by dividing the number of bits by the data rate in bits
per second (24,000/48,000). The terrestrial PSTN will add a little to this, perhaps 50
ms, yielding a total of about 550 ms. We all experience (and can measure) this type
of delay when connected to the Internet through a dial-up modem. The 260-ms
propagation delay for a GEO satellite link increases the total delay to about 760 ms,
about 50% greater than the landline service. Now if we were to expand the satellite
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Figure 1.12 The total end-to-end latency for data transfer results from several components:
access lines, equipment processing, uplink and downlink propagation, and data processing in
servers.
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link to 2 Mbps, the direct transfer time for the 3,000 bytes would be
24,000/2,000,000, or 12 ms. The total delay of 270 + 12 = 282 ms of the satellite
link is now substantially less than the 550 ms for the terrestrial connection. As long
as the satellite network can deliver superior transfer speed (e.g., bandwidth) to the
terrestrial alternative, it will have an advantage.

One can have a requirement that favors the terrestrial link. Suppose the PSTN is
all fiber and has excellent transmission properties (which is the case in developed
regions and modern cities). Now, it is possible to input data at 512 Kbps. The total
terrestrial delay is only about 100 ms, which is significantly shorter than for the sat-
ellite link. However, we must actually obtain 512 Kbps throughout the PSTN,
something that is not particularly consistent. If you establish an international con-
nection to many countries in the world, you would find that 512 Kbps is not feasible
on an end-to-end basis. The satellite systems of the world, however, can produce
links of sufficient quality to permit data transfer at 2 Mbps or higher; whether this is
attractive on a financial basis depends on the local availability of consumer-grade
DSL or cable modem services.

Satellite links maintain an important position as part of the backbone of the
Internet. These are particularly valuable for hooking ISPs in developing countries
and second cities to major nodes in the United States, Europe, Japan, and other
popular access points. The links provide bidirectional data transfer at rates between
about 256 Kbps and 155 Mbps, depending on the expected demand and the finan-
cial ability of the particular ISP. Under the basic rules of connection, a lower tier ISP
will need to pay the Tier 1 ISP for this type of access; often, the Tier 1 ISP will pro-
vide the backhaul satellite circuit as part of the service. Private companies also use
such point-to-point links as part of an internal WAN to bypass points of congestion
in public networks and to allow medium and high data rate services like video tele-
conferencing. In general, point-to-point links are established for an extended period
using fixed Earth stations and dedicated GEO satellite bandwidth. Demand-
assigned services such as those provided using VSAT networks may be employed for
connection-oriented applications and when temporary service is required.

1.2.4 Mobile and Personal Communications

The world has experienced an explosion in the demand for wireless telephone and
data communications, typically of a mobile nature. The basis for this is the technol-
ogy of cellular radio systems, which connect vehicular and handheld mobile phones
to the public network as if they had access by wire [5]. Availability of cellular radio
at a reasonable cost has allowed a much larger subscriber base to develop than was
even possible during earlier generations of mobile phone technology. The allure of
terrestrial cellular led to the development and operation of two non-GEO MSS sys-
tems: Iridium and Globalstar. While both systems began operation, neither suc-
ceeded in the marketplace. The Inmarsat GEO satellite system grew in a much more
gradual and sustained manner. As a result, Inmarsat successfully offers a range of
low and medium speed digital services to user terminals on ships, aircraft, and vehi-
cles, as well as many operated by individuals.

While the satellite industry has been working to compete with conventional cel-
lular telephone, the telephone and mobile radio business has been working to
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produce a more capable wireless service. With digital cellular and Personal Commu-
nications Network (PCN) and Personal Communications Service (PCS) having
become the mainstay, existing and new operators have begun to pursue the third
generation (3G) cellular market. As readers are aware, this was an expensive
endeavor by the operators, some of which teetered on the edge of bankruptcy due to
the high cost of acquiring the new spectrum at auctions from governments. There
are two standards vying for the 3G market: IMT-2000, being pursued by the GSM
camp, and CDMA2000, the banner for Qualcomm’s CDMA system that follows the
IS-95 standard. The pure form of these 3G systems may never appear; however, each
has variants that address the need for greater channel capacity, improved voice qual-
ity, and the introduction of higher throughput for data. That the cellular networks
will grow in capability and service performance is not in doubt. Thuraya and Inmar-
sat 4 represent the satellite response to 3G, assuming an interesting future in mobile
communications.

References

[1]  Elbert, B. R., Introduction to Satellite Communication, Norwood, MA: Artech House,
1987.

[2]  Elbert, B. R., and B. Martyna, Client/Server Computing—Architecture, Applications, and
Distributed Systems Management, Norwood, MA: Artech House, 1994.

[3] Elbert, B. R., Networking Strategies for Information Technology, Norwood, MA: Artech
House, 1992.

[4] Porter, M. E., Competitive Strategy, New York: The Free Press, 1980.

[5] Macario, R. C. V. (on behalf of the Institution of Electrical Engineers), Personal and Mobile
Radio Systems, London, England: Peter Peregrinus, 1991.



Satellite Links, Multiple Access Methods,
and Frequency Bands

2.1

Satellite links employ microwave frequencies above 1 GHz—the upper end is lim-
ited to about 30 GHz for currently active uses. Frequencies above 30 GHz, or
equivalently, wavelengths smaller than 1 cm (including optical wavelengths), are
the subject of research and development and are discussed briefly at the end of this
chapter. The microwave engineering process is no different from the practice
developed during and immediately after World War II, when the application of
this medium was accelerated for radar and communications. While the principles
remain the same, many innovations in digital processing, microelectronics, soft-
ware, and array antennas allow more options for new applications. In this chap-
ter, we briefly review the basics of the satellite link and relate it as much as possible
to the needs of the application. Multiple access systems, including frequency divi-
sion multiple access (FDMA), time division multiple access (TDMA), and code
division multiple access (CDMA), are also discussed and their strengths and weak-
nesses identified. Once this review is completed, we consider the popular fre-
quency bands used in commercial satellite communication (i.e., L, S, C, X, Ku, and
Ka) along with higher frequencies (Q- and V-bands), as well as space-based optical
communications.

The information that follows introduces the engineering side of developing sat-
ellite communication applications. Readers who have a technical background
should have little difficulty following along with the engineering-related discussion
and format of the link budget. This is approached as a review and is not a substitute
for a more detailed engineering evaluation of the specific transmission systems,
losses, and signal impairments that would be experienced in a particular design (in
particular, see [1-3]). Nontechnical readers may wish to skim the text concerning
microwave link engineering and instead focus on the final sections that consider
multiple access methods and frequency band selection.

Design of the Satellite Link

The satellite link is probably the most basic in microwave communications since a
line-of-sight path typically exists between the Earth and space. This means that an
imaginary line extending between the transmitting or receiving Earth station and
the satellite antenna passes only through the atmosphere and not ground obstacles
(the impact of obstacles is considered in our discussion of mobile services in Chapter
11). Such a link is governed by free-space propagation with only limited variation
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with respect to time due to various constituents of the atmosphere. Free-space
attenuation is determined by the inverse square law, which states that the power
received is inversely proportional to the square of the distance. The same law applies
to the amount of light that reaches our eyes from a distant point source such as an
automobile headlight or star. There are, however, a number of additional effects
that produce a significant amount of degradation and time variation. These include
rain, terrain effects such as absorption by trees and walls, and some less-obvious
impairment produced by unstable conditions of the air and ionosphere.

It is the job of the communication engineer to identify all of the significant con-
tributions to performance and make sure that they are properly taken into account.
The required factors include the performance of the satellite itself, the configuration
and performance of the uplink and downlink Earth stations, and the impact of the
propagation medium in the frequency band of interest. Also important is the effi-
cient transfer of user information across the relevant interfaces at the Earth stations,
involving such issues as the precise nature of this information, data protocol, timing,
and the telecommunications interface standards that apply to the service. A proper
engineering methodology guarantees that the application will go into operation as
planned, meeting its objectives for quality and reliability.

The RF carrier in any microwave communications link begins at the transmit-
ting electronics and propagates from the transmitting antenna through the medium
of free space and absorptive atmosphere to the receiving antenna, where it is recov-
ered by the receiving electronics. Like your automobile FM radio or any other wire-
less transmission, the carrier is modulated by a baseband signal that transfers
information for the particular application. The first step in designing the microwave
link is to identify the overall requirements and the critical components that deter-
mine performance. For this purpose, we use the basic arrangement of the link shown
in Figure 2.1. This example shows a large hub type of Earth station in the uplink and
a small VSAT in the downlink; the satellite is represented by a simple frequency-
translating type of repeater (e.g., a bent pipe). Most geostationary satellites employ
bent-pipe repeaters since these allow the widest range of services and communica-
tion techniques. Bidirectional (duplex) communication occurs with a separate
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Figure 2.1 Critical elements of the satellite link.
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transmission from each Earth station. Due to the analog nature of the radio fre-
quency link, each element contributes a gain or loss to the link and may add noise
and interference as well.

The result in the overall performance is presented in terms of the ratio of carrier
power to noise (the carrier-to-noise ratio, C/N) and, ultimately, information quality
(bit error rate, video impairment, or audio fidelity). Done properly, this analysis can
predict if the link will work with satisfactory quality based on the specifications of
the ground and space components. Any uncertainty can be covered by providing an
appropriate amount of link margin, which is over and above the C/N needed to deal
with propagation effects and nonlinearity in the Earth stations and satellite
repeater.

2.1.1 Meaning and Use of the Decibel

Satellite application engineers are more comfortable working with sums and differ-
ences than with multiplication and division (which is how the link actually relates to
the real world). The decibel (dB) has been settled upon as the most convenient met-
ric because, once converted into decibels, complex factors can be added and sub-
tracted on paper with a calculator (or even in your head) because any number that is
either a ratio of two powers or a power expressed in watts can be converted to deci-
bels. This employs the base-10 logarithm (or common logarithm):

Power ratio in decibels = 10 log (P,/P,) (2.1)

where P, is the output of the device or link, and P, is its input. Table 2.1 provides
this conversion for integer values of the ratio of P, to P,. The first entry for the
number 1.0 represents the ratio of two equal power values. The output power does
not change for a ratio of 1, and the corresponding decibel value is 0 dB. If the power
increases from this point by 12%, the power ratio is 1.12, which corresponds to a
0.5-dB increase. All decibel values are relative to the starting point; so if we increase
the power again by 12% we must add another 0.5 dB, giving a total increase of 1 dB.
According to Table 2.1, a 1-dB increase corresponds to a change of 26 % or, equiva-
lently, multiplication of the original value by 1.26. This is also equal to 1.12 multi-
plied by 1.12. The decibel column has a single decimal place to correspond to
reasonable therefore measurement accuracies.

Table 2.1 can be used to represent changes that go in the opposite direc-
tion—that is, where the ratio of the output power to the input is less than one. For
example, if the output is 1 and the input is 10, then the ratio is 0.10. Using the for-
mula, the decibel value is =10 dB. When we invert the relationship between the
power values, we simply put a minus sign in front of the decibel value. In Table 2.1,
dividing by 2 (instead of multiplying by 2) produces a =3-dB change (instead of a
+3-dB change).

An experienced satellite application engineer maintains several values of
this table in his or her head and uses basic arithmetic to quickly analyze the main
factors in a particular link. We call this “decibel artistry,” the rules for which are as
follows.
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Table 2.1 Conversion Between Power
Ratios, Percentage Changes, and Decibels

Power Ratio % Change  Decibels

1.0 0 0
1.12 12 0.5
1.26 26 1.0
1.41 41 1.5
1.59 58 2.0
2.00 100 3.0
2.51 151 4.0
3.16 216 5.0
3.98 298 6.0
5.01 401 7.0
6.31 531 8.0
7.94 694 9.0
8.91 791 9.5
10.0 900 10.0
20.0 — 13.0
100.0 — 20.0
500.0 — 27.0
1,000.0 — 30.0

1. 10log(x) = X expressed in decibels (note the use of common logarithms). The
true ratio may use a lower-case symbol while the corresponding decibel
variable is upper case.

2. Power ratios are expressed in decibels.

3. Voltages must first be squared to convert to power; that is, 10 log(V,/V,)’ or,
equivalently, 20 log(V,/V,), a formula often seen in the radio and sound
world.

4. Increases are positive when expressed in decibels; decreases are negative.

5. 10 log(1/x) = =10 log(x) = -X.

6. By definition, the numerical ratio 0 expressed in decibels is —co.

7. For each multiplication by 10, add 10 dB; for each division by 10, subtract
10 dB.

8. Power relative to 1W is expressed as dBW; that is, 1W is identically equal to
0 dBW.

9. Power relative to 1 mW (0.001W) is expressed in dBm; that is, 1 mW is
identically equal to 0 dBm; also, 0 dBW = 30 dBm, and =30 dBW =0 dBm.

A proficient decibel artist can do a rough mental link analysis by remembering
these rules along with a few values from Table 2.1. For example, if the power at the
transmitter is doubled, then it has increased by 3 dB. If the power is cut in half, then
it decreases by the same 3 dB (rule 5). The net result is no change at all; that is, +3,
-3, nets 0. A 10-dB increase simply means that the power has increased by a factor
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of 10 (rule 7). If we multiply by 100, then we have introduced 20 dB, which is two
increases of 10 dB (rule 7 again).

The following is a practical example that demonstrates the power of decibel art-
istry. Say that a satellite radiates a power of 100W toward us on the Earth. If we
want the effective power to be 200W instead, then we are looking for a 3-dB
increase. This is found by taking the ratio 200/100 = 2, which is converted to 3 dB in
Table 2.1. If we need the effect of 2,000W, then according to rule 7, we must add
another 10 dB, giving a total increase from 100W of 13 dB. When we discuss the
link budget, it will be shown that the signal that reaches the geostationary satellite
from the Earth at a frequency of 6 GHz is approximately 1/10” of the transmitted
power. The corresponding reduction in signal strength (called the path loss) is by a
total of 200 dB. A minus sign should be in front of this value; however, in link analy-
ses, we show losses as positive numbers under the assumption that they will be sub-
tracted from the transmitted power.

In summary, the essential value of decibels is that they help to express what is
important in the microwave link over a wide range of very weak to very strong sig-
nals. You can easily adjust powers and gains up and down using decibel values
obtained from a scientific calculator; alternatively, you can memorize the first 5 to
10 values of Table 2.1 and do the calculations in your head. It has been the experi-
ence of this author that it is adequate to work in tenths of decibels (0.1 dB), as this
represents the smallest increment that can be measured in practice. The overall link,
to be discussed in the next section, tends to be forgiving as long as you identify and
quantify the more significant elements. The most accurate and effective approach is
to use a software tool that incorporates the correct formulas and presents the results
in a clear and consistent manner. We will address such methodologies later in this
chapter.

2.1.2 Link Budgets and Their Interpretation

The link between the satellite and Earth station is governed by the basic microwave
radio link equation:

2
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where p, is the power received by the receiving antenna; p, is the power applied to
the transmitting antenna; g, is the gain of the transmitting antenna, as a true ratio; g,
is the gain of the receiving antenna, as a true ratio; c is the speed of light (i.e.,
approximately 300 x 10° m/s); R is the range (path length) in meters; and fis the fre-
quency in hertz.

Almost all link calculations are performed after converting from products and
ratios to decibels. This uses the popular unit of decibels, which is discussed in detail
in the previous section. The same formula, when converted into decibels, has the
form of a power balance [the decibel equivalent of each variable is shown as a capi-
tal letter rather than the lower-case letter of (2.2)]:

P, =P, +G, +G, -20log(f R) +1476 (2.3)
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The received power in this formula is measured in decibel relative to 1W, which
is stated as dBW. The last two terms represent the free-space path loss (A,) between
the Earth station and the satellite. Being a loss, the sum of 20 log(f [R) =147.6 is a
positive number that is subtracted from the decibel of the power and gain that pre-
cede it in (2.3).

If we assume that the frequency is 1 GHz and that the distance is simply the alti-
tude of a GEO satellite (e.g., 35,778 km), then the path loss equals 183.5 dB; that is,

P =P +G, +G, -1835 (2.4)

for f=1 GHz and R = 35,788 km.
We can correct the path loss for other frequencies and path lengths using the
formula:

A, =1835 +20log(f) +201log(R/35788) (2.5)

where A, is the free-space path loss in decibels, f is the frequency in gigahertz, and D
is the path length in kilometers. The term on the right can be expressed in terms of
the elevation angle from the Earth station toward the satellite, as shown in Figure
2.2 and given in the equation:

R =426437,[1-0295577 x(cos ¢ cos ) (2.6)

where ¢ is the latitude and 0 is the longitude of the Earth station minus that of the
satellite (e.g., the relative longitude).

Substituting for R in (2.5), we obtain the correction term in decibels to account
for the actual path length. This is referred to as the slant range adjustment and is
plotted in Figure 2.3 as a function of the elevation angle, 6.

The link power balance relationship in (2.3) considers only the free-space loss
and ignores the effects of the different layers of the Earth’s atmosphere. The follow-
ing listing identifies the dominant contributors that introduce additional path loss,
which can vary with time. Some are due to the air and water content of the tropo-
sphere, while others result from charged particles in the ionosphere. A general quan-
titative review of ionospheric effects is provided in Table 2.2 [4]. This includes
effects of Faraday rotation, time delay, refraction, and dispersion. It is clear from the

Figure 2.2 Definition of the slant range distance, R, between the Earth station and the GEO satel-
lite. The Earth station elevation angle, 6, is with respect to the local horizon.
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Table 2.2 Estimated Maximum lonospheric Effects in the United States for One-Way Paths at an
Elevation Angle of About 30°

Effect 100 MHz 300 MHz 1 GHz 3 GHz 10 GHz

Faraday rotation™ 30 rotations 3.3 rotations 108° 12° 1.1°

Excess time delay 25 ms 2.8 ms 0.25 ms 28 ns 2.5 ns

Absorption (polar) 5 dB 1.1 dB 0.05 dB 0.006 dB 0.0005 dB

Absorption (mid Lat) <1 dB 0.1dB <0.01 dB <0.001 dB <0.0001 dB

Dispersion 0.4 ps/Hz  0.015 ps/Hs 0.0004 ps/Hz 0.000015 ps/Hz 0.0000004
ps/Hz

*Rotation of angle of linear polarization.

data that ionospheric effects are not significant at frequencies of 10 GHz and above,
but must be considered at L-, S-, and C-bands (L being the worst).
Derived from ITU-R Reports 565-3, 263-4, 263-5, and 263-6.

* Tropospheric (gaseous atmosphere) effects:

* Absorption by air and water vapor (noncondensed): This is nearly constant
for higher elevation angles, adding only a few tenths of decibels to the path
loss. It generally can be ignored at frequencies below 15 GHz.

* Refractive bending and scintillation (rapid fluctuations of carrier power) at
low elevation angles: Earth stations that must point within 10° of the hori-
zon to view the satellite are subject to wider variations in received or trans-
mitted signal and therefore require more link margin. Tropospheric
scintillation is time varying signal attenuation (and enhancement) caused by
combining of the direct path with the refracted path signal in the receiving
antenna.

* Rain attenuation: This important factor increases with frequency and rain
rate. Additional fade margin is required for Ku- and Ka-band links, based on
the statistics of local rainfall. This will require careful study for services that
demand high availability, as suggested in Figures 2.4 and 2.5. A standard-
ized rain attenuation predictor, called the Dissanayake, Allnut, Haidara
(DAH) model is available for this purpose [1]. Rain also introduces scintilla-
tion due to scattering of electromagnetic waves by raindrops, and in a later
section we will see that the raindrops also radiate thermal noise—a factor
that is easily modeled. In addition, rain beading on antenna surfaces scatters
and in very heavy rains can puddle on feeds, temporarily providing high
losses not accounted for in the DAH and thermal noise models.

* Tonospheric effects:

* Faraday rotation of linear polarization (first line of Table 2.2): This is most
pronounced at L- and S-bands, with significant impact at C-band during
the peak of sunspot activity. It is not a significant factor at Ku- and Ka-
bands.

* Tonosphere scintillation (third and fourth lines of Table 2.2): This is most
pronounced in the equatorial regions of the world (particularly along
the geomagnetic equator). Like Faraday rotation, this source of fading
decreases with increasing frequency, making it a factor for L-, S-, and

C-band links.
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Figure 2.4 Rain climactic zones for ITU Regions 1 and 3; rainfall intensity as 0.01%.

At frequencies above C-band (i.e., above 7 GHz), rain introduces a substantial
amount of loss that must be taken into account in the link design. Regions with
intense thunderstorm activity, particularly in the tropics, tend to complicate link
design at Ku-band and above, and offer some challenge at C-band as well. As dis-
cussed in the next section, proper engineering practice includes the provision of
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Figure 2.5 The rain attenuation, in decibels, for C- and Ku-bands, as related to the rain climactic
zones in Figure 2.4.



36

Satellite Links, Multiple Access Methods, and Frequency Bands

several decibels of margin above the minimum required. Margin represents extra
power in the link that cushions against fades and equipment properties not known
with sufficient accuracy (e.g., to within 0.1 dB). In mobile communications, it has
become practice to include margin for short-term terrain blockage, as when a vehicle
travels under trees or past a tall building. If the mobile link is stable and not experi-
encing a fade, then the margin shows up as better signal quality.

As readers are aware, rainfall is not a predictable phenomenon from year to
year. On average, the statistics follow some patterns that have aided in the design of
links in rainy regions, like those indicated in Figure 2.4. This information, based on
the DAH rain model developed by Intelsat and adopted by the ITU, provides an indi-
cation of how the typical rainfall of a region must be considered in link design. Prop-
erly engineered satellite links at the higher frequencies may be as dependable as one
operating in the popular C-band [1]. In Figure 2.5, rain attenuation is plotted for the
worst rain regions (N and P) at C- and Ku-bands. Readers should keep in mind that
this information applies for a general case in the Asia-Pacific region, based on the
DAH model. A particular design may, under some situations, involve a thorough
study of local rainfall statistics for a system operating a Ku- and Ka-band. This is
advised where rain attenuation could be substantially different from a general case
in the DAH model.

The satellite application engineer can select a desired value of availability such
as 99.9% (along the x-axis of Figure 2.5), which determines the required amount of
link margin to counter the most extreme rain attenuation condition (along the
y-axis). The link should experience outage for 0.1% of the time during the rainiest
month. This equates to 72 minutes during that month or a maximum of 8.8 hours
for the year. It is clear from the example in Figure 2.5 that more rain margin must be
provided at Ku-band than at C-band for the same link availability. In the case of Ka-
band, the corresponding margin is of the order of three times, in decibels, that of
Ku-band. The link budget provides the vehicle for finding the best combination of
power and gain to achieve this result.

2.2 Link Budget Example

Satellite application engineers need to assess and allocate performance for each
source of gain and loss. The link budget is the most effective means since it can
address and display all of the components of the power balance equation, expressed
in decibels. In the past, each engineer was free to create a personalized methodology
and format for their own link budgets. This worked adequately as long as the same
person continued to do the work. Problems arose, however, when link budgets were
exchanged between engineers, as formats and assumptions can vary. Our approach
is to provide a basic understanding of the link budget process; then, we suggest using
a standardized link budget software tool that performs all of the relevant calcula-
tions and presents the results in a clear and complete manner.

We will now evaluate a specific example using a simplified link budget contain-
ing the primary contributors. This will provide the reader with a typical format and
some guidelines for a practical approach. Separate uplink and downlink budgets are
provided; our evaluation of the total end-to-end link presumes the use of a bent-pipe
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repeater. This is one that transfers both carrier and noise from the uplink to the
downlink, with only a frequency translation and amplification. The three constitu-
ents are often shown in a single table, but dividing them should make the develop-
ment of the process clearer for readers. The detailed engineering comes into play
with the development of each entry of the table. Several of the entries are calculated
using straightforward mathematical equations; others must be obtained through
actual measurements or at least estimates thereof. This particular example is for a
C-band digital video link at 40 Mbps, which is capable of transmitting 8 to 12 TV
channels using the Motion Picture Experts Group 2 (MPEG 2) standard. Digital TV
standards are covered in detail in Chapter 5.

2.2.1 Downlink Budget

Table 2.3 presents the downlink budget in a manner that identifies the characteris-
tics of the satellite transmitter and antenna, the path, the receiving antenna, and the
expected performance of the Earth station receiver. The latter contains the elements
that select the desired radio signal (i.e., the carrier) and demodulates the useful
information (i.e., the digital baseband containing the MPEG 2 “transport” bit
stream). Once converted back to baseband, the transmission can be applied to other
processes, such as demultiplexing, decryption, and digital-to-analog conversion
(D/A conversion).

Figure 2.6 provides the horizontal downlink coverage of Telstar V, a typical
C-band satellite that serves the United States. Each contour shows a constant level
of saturated effective isotropic radiated power (EIRP) (the value at saturation of the
transponder power amplifier). Assuming the receiving Earth station is in Los Ange-
les, it is possible to interpolate between the contours and estimate a value of 35.5
dBW. A wideband carrier for TV transmission could consume all of this power.

Table 2.3 Link Budget Analysis for the Downlink (3.95 GHz, C-Band)

Item  Link Parameter Value Unit Computation
1 Transmit power (10W) 10.0  dBW Assumption
2 Transmit waveguide losses 1.5 dB Assumption
3 Transmit antenna gain 27.0 dBi U.S. Continental coverage
4 Satellite EIRP (toward LS) 35.5 dBW 1-2+43
5 Free-space loss 196.0 dB (2.4)

6 Atmospheric absorption (clean air) 0.1 dB Typical

7 Receive antenna gain(3.2m) 40.2 dBi

8 Receive waveguide loss 0.5 dB

9 Received carrier power -121.7 dBW 4-5-6+7-8

10 System noise temperature (140K) 21.5 dBK

11 Earth station G/T 18.2 dB/K 7-8-10

12 Boltzmann’s constant -228.6 dBW/Hz/K

13 Bandwidth (25 MHz) 74.0 dB Hz

14 Noise power -133.1 dBW 10+12+13

15 Carrier-to-noise ratio 11.4 dB 9-14
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Alternatively, the power could be shared using one of the multiple access methods
described in Section 2.3. We review the details of this particular link budget for
those readers who wish to gain an understanding of how this type of analysis is per-
formed. This material may be skipped by the nontechnical reader.

The following parameters relate to the significant elements in the link (Figure
2.1) and the power balance equation, all expressed in decibels. Most are typically
under the control of the satellite engineer:

* Transmit power (P,);

* Antenna gain at the peak (G,) and beamwidth at the —=3-dB point (6,,);
* Feeder waveguide losses (L,);

* EIRP in the direction of the Earth station (Figure 2.5);

* Receiver noise temperature (T,);

* Noise figure (NF).

System noise temperature (T, ) is the sum of T, and the noise contribution of the
receive antenna (7).

The overall Earth station figure of merit is defined as the ratio of receive gain to
system noise temperature expressed in decibels per Kelvin—for example, G/T=G, -
10 log (T, ). This combines two factors in the receiving Earth station (or satellite),
providing a standard specification at the system level. The same can be said of EIRP
for the transmit case. Reception is improved if either the gain is increased or the
noise temperature is decreased; hence the use of a ratio.

Each of the link parameters relates to a specific piece of hardware or some prop-
erty of the microwave path between space and ground. A good way to develop the
link budget is to prepare it with a spreadsheet program like Microsoft Excel or
Lotus 1-2-3. This permits the designer to include the various formulas directly in the
budget, thus avoiding the problem of external calculation or the potential for arith-
metic error (which still exists if the formulas are wrong or one adds losses instead of
subtracting them). Commercial link budget software, such as SatMaster Pro from
Arrowe Technical Services, does the same job but in a standardized fashion.

The following comments and clarifications relate to each item in Table 2.3, with
additional references made to the rules of decibel artistry in the previous section.

1. The transponder onboard the satellite has a power output of 10W,
equivalently 10 dBW.

2. The microwave transmission line between the satellite power amplifier
output and the spacecraft antenna absorbs about 40% of the output,
converting it into heat. This total loss of 1.5 dB (Table 2.1, line 4) includes
some absorption in microwave filters used to combine carriers and other
microwave components that are part of the waveguide assembly. It is the
practice to represent this type of loss (and most others to be discussed) as a
positive number and then to simply subtract it in the link budget.

3. The satellite is engineered to cover a particular area of the Earth, called the
coverage area or footprint (see Figure 2.6). The area of the footprint is
primarily what determines the gain of the antenna, there being an inverse



40

Satellite Links, Multiple Access Methods, and Frequency Bands

relationship. According to antenna theory, the product of gain and
illuminated area is a constant. For example, a doubling of the area reduces
the gain at the edge by a factor of two (e.g., 3 dB). Gain is expressed in
decibels relative to an isotropic antenna (e.g., an antenna that transmits
equally in all directions about a sphere), in the units of dBi. The isotropic
antenna (with its gain of 0 dBi) is a physical impossibility but is nevertheless
used as a standard for comparison. A value of 27 dBi at the edge of the
footprint results for an area roughly the size of the United States, Brazil,
China, or Indonesia. For example, a gain of 27 dBi means that the power
radiated in the direction of interest is 500 times (see Table 2.1) that from an
isotropic antenna that is fed with the same input power.

. This EIRP specifies the maximum radiated power per transponder in the

direction of a specific location on the Earth. When we look at the downlink
footprint of a satellite (Figure 2.6), it is really a gain contour plot with a
conversion factor that depends on the spacecraft repeater and losses. We see
contours of constant EIRP, labeled in dBW, computed by adding the input
power in dBW (after internal transmission losses) to the antenna gain.
Smaller concentric contours indicate higher EIRP levels associated with the
peak of the beam, like height contours on a topographical map. The
maximum value, indicated by X’s at just one or two locations in the overall
footprint, would favor these locations on the ground. It is a common practice
to select a contour with good EIRP performance across the expected
coverage region. This gain data is measured by the spacecraft manufacturer
in a special indoor facility called an anechoic chamber or outdoors on a
far-field antenna range. Subsequent to launch, the contours are verified in
orbit to be sure that nothing has changed since ground testing.

. Free-space loss is the primary loss in the satellite link, amounting to 183 to

213 dB for frequencies between 1 and 30 GHz for a GEO satellite. In days
prior to the use of PC software, it was convenient to calculate the free-space
loss as the sum of the loss for the link from the subsatellite point (e.g., the
shortest possibly path length) and the small incremental loss to account for
the real path length (e.g., the slant range), provided in Figure 2.3. To use this
figure, we need to know the elevation angle from the Earth station toward
the satellite. This is determined from the latitude and longitude of the Earth
station and the longitude of the satellite. For Los Angeles and Telstar V, the
elevation angle is approximately 30°. The worst-case value of slant range
loss adjustment is 1.4 dB for a 0° elevation angle toward the satellite.
Pointing an Earth station antenna at the local horizon would produce a link
with substantial fading from tropospheric scintillation and ducting and is not
recommended.

. At C-band, the elements of clear air absorb a small amount of microwave

energy as the wave passes through the lower atmosphere. This absorption
loss increases as the elevation angle to the satellite decreases; that is, the more
air there is to go through, the greater this loss. This loss also increases
significantly with moisture content, particularly rain, although this is treated
separately in the link budget. For stations mounted on high-flying aircraft,
this absorption is effectively 0 dB. The value of 0.1 dB in the table is typical
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for an elevation angle greater than 30° under the condition of normal
humidity.

7.In this example, the receiving antenna has a diameter of 3.2m (10 ft). The
following formula, based on the physical properties of a circular aperture
antenna, provides a good estimate:

G=10log(110nf*D*)

where f is in gigahertz and D is the diameter in meters. The aperture
efficiency, #, indicates how effectively the circular aperture is in
transforming the received electromagnetic energy into an electrical signal at
the output of the antenna feed. A typical value of 0.65 (expressed as 65%) is
used in this example. Again, we state the gain in terms of dBi to indicate that
we are comparing this antenna to the isotropic model.

8.Waveguide or cable loss between the antenna feed and low-noise amplifier
(LNA) or low-noise block converter (LNB) reduces the received signal and
increases link noise by nearly the same proportion. We have included 0.5 dB
of loss for this effect. The cable that connects the LNB to the receiver does
not directly impact the performance because it is after the relatively high
gain (usually greater than 50 dB) provided by amplifier stages following the
low noise preamplifier stage.
9.Received carrier power is calculated directly by the power balance method.
This computed value of =121.7 dBW includes all of the gains and losses in
the link. It is an absolute measure in terms of power as received by an
isotropic antenna; however, we cannot tell at this point if the signal strength
is sufficient for good reception. This will have to wait until we consider the
uplink and the threshold performance of the demodulator.
10.The noise that exists in all receiving systems is the main cause of
degradation. The system noise temperature includes contributions from the
LNB, antenna, and transmission line. The LNB is rated in terms of its noise
temperature, typically in the range of 20 Kelvin (20K) to 75K at C-band.
(The Kelvin scale starts at absolute zero, which is where electron kinetic
energy is zero, and hence noise is nonexistent.) The antenna itself collects
background noise from space and the local terrain, typically adding about
40K at C-band. We have assumed a combined system noise temperature of
140K, allowing 60K for the LNB, 45K for the antenna, and 35K for the
feeder line. The noise temperature introduced by the loss of the feeder line is

calculated from:
-1
T, = %@90

where T, is the noise temperature contribution of the line, and / is the line
transmission factor (I = 1) calculated from the decibel line loss, L:

[=10""°
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11.Earth station G/T is the difference in decibels between the net antenna gain
and the system noise temperature converted to decibels; that is,

G/T=G~L~-10log(T.,)

where L is the line loss between the antenna and the LNB, and T is the
receiving system noise temperature.

12.-14.The noise power (in watts) that reaches the receiver is equal to the
product kTB, where k is Boltzmann’s constant (1.38062 x 107 W/Hz/K), T
is the equivalent noise temperature, and B is the noise bandwidth of the
carrier in hertz. In the link budget, we use the decibel equivalents of these
factors and hence can use addition instead of multiplication. The noise
bandwidth for the digital carrier in this carrier is assumed to be 25 MHz for a
quaternary phase shift keying (QPSK) signal, which corresponds to a symbol
rate of approximately 20 Msps. The system information rate is calculated by
multiplying the symbol rate by 2 (because QPSK transfers 2 bits per symbol)
and by the coding rate for the particular type of forward error correction
(FEC) employed. The standard way to represent a coding rate is a ratio of
input (uncoded) to output (coded) bit rates. For the digital video (DVB-S)
standard (discussed in Chapter 5), the FEC coding rate is itself the product of
the rate for convolutional coding (such as 0.75) and block coding (typically
the ratio of 188/204). This arrangement delivers an information rate of
approximately 27.6 Mbps. The resulting noise power for the 25-MHz carrier
bandwidth is =133.1 dBW.

15.The difference in decibels between the received carrier power and the noise
power is the carrier-to-noise ratio. As mentioned in item 9, we cannot
determine at this point if 11.4 dB is adequate for the overall link.

The downlink budget is now complete and may be put aside for the moment as
we proceed to the uplink.

2.2.2 Uplink Budget

We next perform nearly the same calculation for the uplink, providing an estimate
of the carrier-to-noise ratio as measured at the output of the spacecraft antenna sys-
tem. The uplink budget is also used to determine the EIRP of the transmitting Earth
station (see notes for line 20, Table 2.4). To do this properly, we must know a par-
ticular specification of the satellite ahead of time; this is the receive saturation flux
density (SFD), also called the flux density to saturate (FTS). Saturation in this
case refers to the maximum output of the satellite transponder power amplifier,
which in turn produces the saturated EIRP in the downlink. For typical C- and Ku-
band satellites with national and regional footprints, the SFD is in the range of —80
to =95 dBW/m2 (the more negative the number, the less power is required to
achieve saturation). The process we use to estimate uplink power is to solve the link
budget equation for the EIRP needed to produce the SFD that is specified for the
particular satellite. Otherwise, the calculation of uplink C/N is the same as for the
downlink.
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Table 2.4 Link Budget Analysis for the Uplink (6.175 GHz, C-band)

Item  Link Parameter Value Units Computation
16 Transmit power (850W) 29.3 dBW

17 Transmit waveguide losses 2.0 dB

18 Transmit antenna gain (7m) 50.6 dBi

19 Uplink EIRP from Boston 77.9 dBW 16-17 + 18
20 Spreading loss 162.2 dB(m?

21 Atmospheric attenuation 0.1 dB

22 Flux density at the spacecraft -84.4 dBW/m® 19-20-21
23 Free-space loss 200.4 dB

24 Receive antenna gain 26.3 dBi

25 Receive waveguide loss 0.5 dB

26 System noise temperature (450K) 26.5 dB(K)

27 Spacecraft G/T -0.7 dB/K 24 -25-26
28 Received C/T -122.9 dBW/K 19-23-21+27
29 Boltmann’s constant -228.6 dBW/Hz/K

30 Bandwidth (25 MHz) 740  dBHz

31 Carrier-to-noise ratio 31.7 dB 28-29-30

Table 2.4 presents the link budget from the transmitting Earth station to the sat-
ellite, reviewed in this section. Since this link budget is very similar to that of the

downlink, we occasionally refer to the previous explanations for items 1 through
15.

16.The Earth station high-power amplifier (HPA) provides sufficient power to
operate the satellite transponder at saturation. Here, 850W was derived to
provide sufficient uplink EIRP to achieve an SFD value at the satellite of
approximately -85 dBW/m’.

17.An allocation of 2 dB is made to account for the loss between the HPA and
the Earth station antenna feed. This is consistent with 40m of flexible
waveguide at a loss of 0.05 dB per meter.

18.A 7-m Earth station antenna diameter provides 50.6 dBi of C-band gain,
according to the formula given in item 7.

19.Uplink EIRP must be sufficient to saturate the satellite transponder. We
determine its value from the saturation flux density requirement of the
satellite in item 22.

20.The spreading loss allows us to convert from Earth station EIRP to the
corresponding value of flux density at the face of the satellite receive
antenna. It is calculated as 10 log(4TR; ), where R} is the slant range. The
units are in dB(m?).

21.The atmospheric loss at 6 GHz is slightly greater than at 4 GHz, but both
values are typically small enough to be ignored.

22 It is customary in commercial satellite communications to specify the uplink
driving signal to the transponder in terms of the flux density. The SFD, in
particular, is that which causes the transponder to transmit the maximum
EIRP in the downlink. Once you know the SFD for the satellite, you can
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compute the required EIRP for the Earth station through the reverse of the
calculation:

Uplink EIRP = Spreading Loss + Atmospheric Loss — SFD

Figure 2.7 provides the SFD for Telstar V in the form of a coverage footprint.
This is based on the antenna gain and takes account of the repeater gain
between the antenna and the transponder power amplifier.

23. At this point, we revert to a direct calculation of carrier power received at the
satellite. We use the free-space loss in lieu of the spreading loss for certain
types of uplink calculations. Free-space loss is calculated according to the
method in item 5 and (2.5). Alternatively, we could have used the spreading
loss and added a term that is the area of an isotropic antenna at this
frequency [i.e., 10 log(A*/4T).

The next set of calculations are used to predict the receive G/T of the satellite,
based on typical spacecraft antenna and receiver characteristics. In reality, the G/T is
specified for the particular satellite. This example provides the approach used to
assess G/T in a satellite design and is shown for illustrative purposes only.

24.The spacecraft antenna is designed to cover a particular geographic area,
here assumed to be the United States. The typical design provides a minimum
value of 27 dBi, although 26.3 dBi is shown.

25.An allocation of 0.5 dB is made for the loss between the spacecraft antenna
and the receiver front end (which employs an LNA and downconverter).

26.The typical C-band satellite has a system noise temperature of 450K
(equivalently, 26.5 dBK), which includes 270K for the antenna temperature
(microwave “brightness” of the Earth in noise terms), 50K for the waveguide
line, and 130K for the receiver itself. Because the uplink receiver is already
exposed to over 300K of background noise, it has become the practice to
design the receiver for excellent linearity, flatness of frequency response, and
reliability.

27.The third key satellite performance parameter is the G/T, or receiving system
figure of merit. As stated in the explanation of item 10, G/T is the difference
between the net antenna (including waveguide loss) and the system noise
temperature expressed in decibels. The G/T and SFD differ by a fixed
constant since both are dependent on the gain of the spacecraft antenna.
From the specific example in Figure 2.6, G/T = —=(SFD + 85.1) dB/K. A
formula of this type would be specified for each satellite design.

28.The value of C/T received by the satellite is calculated from the power
balance as

C/T=EIRP-A, -A,, +G/T

where A, is the free-space loss and A, is the atmospheric loss.
29.-31. These values are considered in the same manner as item 12. The value
of uplink C/N presented in this item (i.e., 31.7 dB) is substantially higher
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Peak: 3.8 dB/K

Satellite position: 97.0° W

Figure 2.7 The uplink coverage footprint of the Telstar V satellite, located at 97° WL. The contours are indicated with the SFDM in the direction of the Earth

station.
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than the downlink value in item 12 (i.e., 11.4 dB). Under this condition, the
downlink will dominate the overall link performance, as discussed in the
next section.

The repeater in this design is a simple bent pipe that does not alter or recover
data from the transmission from the uplink. The noise on the uplink (e.g., N in the
denominator of C/N) will be transferred directly to the downlink and added to the
downlink noise computed in Section 2.2.1. The process for doing this is reviewed in
the next section. In a baseband processing type of repeater, the uplink carrier is
demodulated within the satellite and only the bits themselves are transferred to the
downlink. In such case, the uplink noise only produces bit errors (and possibly frame
errors, depending on the modulation and multiple access scheme) that transfer over
the remodulated carrier. This is a complex process and can only be assessed for the
particular transmission system design in a digital processing satellite.

2.2.3 Overall Link

The last step in link budgeting for a bent-pipe repeater is to combine the two link
performances and compare the result against a minimum requirement—also called
the threshold. Table 2.5 presents a detailed evaluation of the overall link under the
conditions of line-of-sight propagation in clear sky. We have included an allocation
for interference coming from sources such as a cross-polarized transponder and
adjacent satellites. This type of entry is necessary because all operating satellite net-
works are exposed to one or more sources of interference. The bottom line repre-
sents the margin that is available to counter rain attenuation and any other losses
that were not included in the link budgets. Alternatively, rain margin can be allo-
cated separately to the uplink and downlink, with the combined availability value
being the arithmetic product of the two as a decimal value (e.g., if the uplink and

Table 2.5 Combining the Uplink and the Downlink to Estimate Overall Link

Performance

Item _ Link Parameter Value Units Computation
32 Uplink C/N (31.7 dB) 1,479.1 Ratio 31

33 N/C 0.000676  Ratio

34 Downlink C/N (11.4 dB) 13.8 Ratio 15

35 N,/C 0.0724 Ratio

36 Total thermal noise (N,/C) 0.0731 Ratio 33 +35

37 Total thermal C/N,, 13.7 Ratio

38 Total thermal C/N,, 11.4 dB

39 Interference C/I (18.0 dB) 63.1 Ratio Assumption
40 e 0.015848  Ratio

41 Total noise (N, + I)/C 0.0889 Ratio 36 +40

42 Total C/(N,, +I) 11.2 Ratio

43 Total C/(N,, +1) 10.5 dB

44 Required C/N 8.0 dB Equipment
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downlink were each 99.9%, then the combined availability is 0.999 x 0.999 = 0.998
or 99.8%). We have included itemized remarks as for the previous examples.

32.The uplink C/N (line 12) is converted to a true value (not decibels) using the
transformation, x = 10%"”,

33.This is simply the inverse, which provides the uplink noise in a normalized
form.

34. and 35. See comments for items 32 and 33.

36.This is an important step in the overall evaluation. The normalized uplink
and downlink noise terms (items 34 and 35) are added together. Section
2.2.4 provides the procedure for this calculation. We see that the downlink
noise is much larger than the uplink noise (because the downlink C/Nis 20.3
dB lower). In fact, the uplink only contributes about 1% of the total.

37.The inverse of item 31 is the total C/N,,, in normalized units (not decibels).
The subscript, th, indicates that the noise comes from thermal sources in the
Earth station and satellite repeater.

38.This is the combined C/N,, in decibels.

39.An estimated C/I value of 18 dB is shown on this line. As reviewed in Section
2.2.4, we would perform several interference calculations based on the likely
sources of interference into the system. Cross-polarized interference will
come from transmissions to and from the satellite on the same frequency but
in the opposite polarization. For most common dual-polarized satellites, this
would be from 25 to 35 dB below a saturated carrier. Adjacent satellite
interference would be calculated based on the performance of the adjacent
satellite, the orbit separation, and the sidelobe characteristics of the Earth
station. While a detailed discussion is beyond the scope of this book, the
latter can be estimated using the following formula (as prescribed by the
ITU) [5]. For an offset angle, 0, for the main beam greater than 100D/A
(corresponding to a peak gain greater than about 48 dBi), the sidelobe gain
at 0 can be estimated from:

G(6) =29 -25log6 in dBi

The angle 6 is measured from the Earth station location and is the angle
between the line of sight to the desired satellite and that to the interfering
satellite. Due to the local geometry, 0 is slightly larger than the orbit spacing
(hence, the estimate of G(6) is conservatively high for the interference effect).
This formula is a worst case and there are more detailed specifications that
may be appropriate. If the interfering satellite has the same EIRP in the
direction of our Earth station, then the maximum value of C/I is simply the
peak gain of the antenna minus the sidelobe gain, G(6), given by this
formula. Any difference in EIRP between the interfering and desired
satellites will either increase (interfering satellite is weaker) or decrease
(interfering satellite is stronger) the resultant C/I. The particular case just
considered is for downlink interference; there is a corresponding uplink
interference case to be evaluated separately. Further details on the



48 Satellite Links, Multiple Access Methods, and Frequency Bands

consideration of interference within the frequency coordination process are
discussed in Chapter 12. At C-band there might also be terrestrial
interference since this band is often shared with microwave links.

40.See comments for items 32 and 33.

41.-43. With all of the noise and interference sources included, we now have
the combined C/N for the uplink and downlink using the same formula as in
item 36. This is the value that we expect to measure at the input to the
receiving Earth station demodulator.

44.The required value of C/N is specified for the receiver digital demodulator.
This characteristic is determined from the demodulator design and can be
verified in the laboratory. Digital receivers usually include FEC and therefore
can operate at lower values of C/N than analog (FM) demodulators. The
actual operating C/N is set by a maximum allowable error rate for the type of
service provided. This cannot be specified in general as it depends heavily on
the type of coding and the tolerance of the end-user device to errors and other
signal degradations. Digital demodulator threshold is typically specified not
by C/N but rather using the ratio of the energy per bit to noise density
(E/N,), commonly called the “Eb-No” in the trade. The numerator is
calculated by dividing the carrier power, C, by information bit rate, R,. The
noise density, N, is obtained by dividing the noise power, N, by the
bandwidth of the carrier, B. Consequently, the conversion is simply:

Eb
N

22
Rh

Z|lo

0

Some specific guidelines for threshold in digital video are provided in
Chapter 5.

45.The link margin is simply the difference between the total C/N and the
required value. It provides a cushion against variations in the link that the
budget does not include directly. Obviously, if we included every possible
degrading factor, there would be no need for any excess or “system”
margin—which is a goal in link design. External forces that can pull the link
down from the value on this item include rain attenuation (the biggest single
factor), atmospheric fading due to ducting, ionospheric scintillation, antenna
misalignment, and satellite motion. As stated previously, all of these factors
can be (and often are) included as individual entries. Some system or excess
margin may be appropriate to cover risk that hardware performance may fall
short, that installation could be imperfect, and that operating procedures
may not be fully adequate to maintain service quality under all conditions.

2.2.4 Additional Sources of Noise and Interference

Since most satellites will have neighbors in orbit that operate on the same frequen-
cies, we need to include the contribution of orbital interference. Chapter 12 contains
a more detailed discussion of this subject. In a typical link, orbital interference could
add 30% or more to the total thermal noise, although the precise amount is
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determined by the number of satellites, their spacing, and the types of signals in
operation on both the desired and interfering satellites. Another source of noise is
intermodulation distortion produced in the transponder and the Earth station HPA.
The contribution here could be as much as 100% of the total thermal noise (i.e., it
could be equal). C-band links also include the interference caused by terrestrial
microwave stations that are within range of the receiving Earth station. The obvious
advantage of using a band not shared with such microwave stations is that this par-
ticular interference source is not present.

We can extend the budget shown in Table 2.5 to include the additional sources
of link noise. In general, we can apply the following formula for total link C/N (ther-
mal noise, distortion, and interference):

C _U\Iup +Ndwn +1M +prnl +£ +Il[|
N

=0 0
FC C C C C cCp

total

This rather imposing formula simply states that you can combine all of the con-
tributions together by first converting each C/N to a true ratio, invert each to show
its relative noise contribution, add up the noise contributions in this form, and then
invert the sum. The result is the total C/N,, as a true ratio. As a last step, convert the
total C/N to a decibel value and compare it to the requirement, as in items 43 to 45.

Link budget analysis is probably the most important engineering discipline in
designing a satellite application. We recommend that you take the time to get a basic
understanding so that you may at least be able to ask the right questions. A low cost
yet very effective software tool for this is SatMaster Pro, offered by Arrowe Techni-
cal Services of the United Kingdom (http://www.arrowe.com). The product runs on
MS Windows computers and is attractively priced. A free trial version (which lacks
features needed to save and print files) can be obtained from the Web site as well as
the full product. SatMaster Pro can be used for single link analysis for a pair of
Earth stations using a variety of popular modulation schemes; the Multi-link
(MLink) version permits computation of a satellite serving a network of hundreds
of sites in a single pass.

2.3 Multiple Access Systems

Applications employ multiple-access systems to allow two or more Earth stations to
simultaneously share the resources of the same transponder or frequency channel.
These include the three familiar methods: FDMA, TDMA, and CDMA. Another
multiple access system called space division multiple access (SDMA) has been sug-
gested in the past. In practice, SDMA is not really a multiple access method but
rather a technique to reuse frequency spectrum through multiple spot beams on the
satellite. Because every satellite provides some form of frequency reuse (cross-
polarization being included), SDMA is an inherent feature in all applications.
TDMA and FDMA require a degree of coordination among users: FDMA users can-
not transmit on the same frequency and TDMA users can transmit on the same fre-
quency but not at the same time. Capacity in either case can be calculated based on
the total bandwidth and power available within the transponder or slice of a
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transponder. CDMA is unique in that multiple users transmit on the same frequency
at the same time (and in the same beam or polarization). As will be discussed, this is
allowed because the transmissions use a different code either in terms of high-speed
spreading sequence or frequency hopping sequence. The capacity of a CDMA net-
work is not unlimited, however, because at some point the channel becomes over-
loaded by self-interference from the multiple users who occupy it. Furthermore,
power level control is critical because a given CDMA carrier that is elevated in
power will raise the noise level for all others carriers by a like amount.

Multiple access is always required in networks that involve two-way communi-
cations among multiple Earth stations. The selection of the particular method
depends heavily on the specific communication requirements, the types of Earth sta-
tions employed, and the experience base of the provider of the technology. All three
methods are now used for digital communications because this is the basis of a
majority of satellite networks. The digital form of a signal is easier to transmit and is
less susceptible to the degrading effects of the noise, distortion from amplifiers and
filters, and interference. Once in digital form, the information can be compressed to
reduce the bit rate, and FEC is usually provided to reduce the required carrier power
even further. The specific details of multiple access, modulation, and coding are
often preselected as part of the application system and the equipment available on a
commercial off-the-shelf (COTS) basis. The only significant analog application at
this time is the transmission of cable TV and broadcast TV. These networks are
undergoing a slow conversion to digital as well, which may in fact be complete
within a few years of this edition’s publication.

2.3.1 Frequency Division Multiple Access

Nearly every terrestrial or satellite radio communications system employs some
form of FDMA to divide up the available spectrum. The areas where it has the
strongest hold are in single channel per carrier (SCPC), intermediate data rate (IDR)
links, voice telephone systems, VSAT data networks, and some video networking
schemes. Any of these networks can operate alongside other networks within the
same transponder. Users need only acquire the amount of bandwidth and power
that they require to provide the needed connectivity and throughput. Also, equip-
ment operation is simplified since no coordination is needed other than assuring that
each Earth station remains on its assigned frequency and that power levels are prop-
erly regulated. However, intermodulation distortion (IMD) present with multiple
carriers in the same amplifier must be assessed and managed as well.

As discussed in Chapter 13, the satellite operator divides up the power and
bandwidth of the transponder and sells off the capacity in attractively priced seg-
ments. Users pay for only the amount that they need. If the requirements increase,
additional FDMA channels can be purchased. The IMD that FDMA produces
within a transponder must be accounted for in the link budget; otherwise, service
quality and capacity will degrade rapidly as users attempt to compensate by increas-
ing uplink power further. The big advantage, however, is that each Earth station has
its own independent frequency on which to operate. A bandwidth segment can be
assigned to a particular network of users, who subdivide the spectrum further based
on individual needs. Another feature, discussed in Chapter 10, is to assign carrier
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frequencies when they are needed to satisfy a traffic requirement. This is the general
class of demand assigned networks, also called demand-assigned multiple access
(DAMA). In general, DAMA can be applied to all three multiple access schemes pre-
viously described; however, the term is most often associated with FDMA.

2.3.2 Time Division Multiple Access and ALOHA

TDMA is a truly digital technology, requiring that all information be converted into
bit streams or data packets before transmission to the satellite. (An analog form of
TDMA is technically feasible but never reached the market due to the rapid accep-
tance of the digital form.) Contrary to most other communication technologies,
TDMA started out as a high-speed system for large Earth stations. Systems that pro-
vided a total throughput of 60 to 250 Mbps were developed and fielded over the past
25 years. However, it is the low-rate TDMA systems, operating at less than 10 Mbps,
which provide the foundation of most VSAT networks. As the cost and size of digital
electronics came down, it became practical to build a TDMA Earth station into a
compact package. Lower speed means that less power and bandwidth need to be
acquired (e.g., a fraction of a transponder will suffice) with the following benefits:

* The full cost of a transponder can be avoided.
* The uplink power from small terminals is reduced, saving on the cost of trans-
mitters.

* The network capacity and quantity of equipment can grow incrementally, as
demand grows.

Considerable information on the capabilities and design of VSAT networks is
provided in Chapter 9.

TDMA signals are restricted to assigned time slots and therefore must be trans-
mitted in bursts. This is illustrated in Figure 9.4 for a hypothetical TDMA time
frame of 45 ms. The time frame is periodic, allowing stations to transfer a continu-
ous stream of information on average. Reference timing for start-of-frame is needed
to synchronize the network and provide control and coordination information. This
can be provided either as an initial burst transmitted by a reference Earth station, or
on a continuous basis from a central hub (discussed in detail in Chapter 9). The
Earth station equipment takes one or more continuous streams of data, stores them
in a buffer memory, and then transfers the output toward the satellite in a burst at a
higher compression speed. At the receiving Earth station, bursts from Earth stations
are received in sequence, selected for recovery if addressed for this station, and then
spread back out in time in an output expansion buffer. It is vital that all bursts be
synchronized to prevent overlap at the satellite; this is accomplished either with the
synchronization burst (as shown) or externally using a separate carrier. Individual
time slots may be preassigned to particular stations or provided as a reservation,
with both actions under control by a master station. For traffic that requires consis-
tent or constant timing (e.g., voice and TV), the time slots repeat at a constant rate.

Computer data and other forms of packetized information can use dynamic
assignment of bursts in a scheme much like a DAMA network. There is an adapta-
tion for data, called ALOHA, that uses burst transmission but eliminates the



52

Satellite Links, Multiple Access Methods, and Frequency Bands

assignment function of a master control. ALOHA is a powerful technique for low-
cost data networks that need minimum response time. Throughput must be less than
20% if the bursts come from stations that are completely uncoordinated because
there is the potential for time overlap (called a collision). This is illustrated in Figure
9.5 for slotted ALOHA, which is a variant that requires that bursts start and end
within the timing intervals. The most common implementation of ALOHA employs
a hub station that receives all of these bursts and provides a positive acknowledge-
ment to the sender if the particular burst is good. If the sending station does not
receive acknowledgment within a set “time window,” the packet is re-sent after a
randomly selected period is added to prevent another collision. This combined
process of the window plus added random wait introduces time delay, but only in
the case of a collision. Throughput greater than 20% brings a high percentage of col-
lisions and resulting retransmissions, introducing delay that is unacceptable to the
application. In Chapter 9, we review the performance of ALOHA and compare it to
TDMA on a performance basis.

An optimally and fully loaded TDMA network can achieve 90% throughput,
the only reductions required for guard time between bursts and other burst overhead
for synchronization and network management. The corresponding time delay is
approximately equal to one-half of the frame time, which is proportional to the
number of stations sharing the same channel. This is because each station must wait
its turn to use the shared channel. ALOHA, on the other hand, allows stations to
transmit immediately upon need. Time delay is minimum, except when you consider
the effect of collisions and the resulting retransmission times.

The standard digital modulation used is phase shift keying (PSK), with the most
popular form being quaternary PSK (abbreviated QPSK). The advantage of QPSK is
that it doubles the number of bits per second that are carried within a given amount
of bandwidth. QPSK modems are now integrated into cellular phones, Inmarsat ter-
minals, and VSATs; the receive portion is also a standard feature of every DBS
receiver. Modulator and demodulator design are important to link operation and
performance. Variants such as minimum shift keying (MSK) and Gaussian MSK
(GMSK) have appeared on the market to better utilize the low power of solid-state
transmitters. In FDMA, the modem operates more or less continuously and thresh-
old performance can be optimized. Modems for TDMA must operate in the burst
mode, meaning that the demodulator must acquire and reacquire the signal rapidly
to capture data from different Earth stations operating on the same frequency.

The most important parameter in digital transmission is the bit error rate (BER).
Common requirements in satellite communications are digitized telephone (voice) at
10™, medium and intermediate data rate data transmission at 10”7, and digital video
at 10", The BER can be reduced (e.g., going from 10~ to 10™") by using FEC within the
modem, a feature that takes advantage of custom VLSI and DSP chips. These codes
automatically correct errors in the received data, yielding a significant improvement
in the error rate, which is delivered to the end user. The trade-off with FEC is an
increase in data rate (to include the extra FEC bits) in exchange for a decrease in the
error rate by at least three orders of magnitude. The precise improvement depends on
the percentage of extra bits and the FEC coding and decoding algorithms. Perform-
ance has been further improved by performing two encodings of the data through a
process called concatenation (see the discussion of the DVB standard in Chapter 5).
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More recently, concatenation has been extended through turbo codes, which
increase the effectiveness of FEC at least another order of magnitude for the same
E,/N, and bandwidth. Alternatively, the turbo code principle reduces the required
E/N, by 1 to 2 dB, which directly helps the link budget bottom line.

Data communication systems use protocols to control transfer of information.
These are arranged in a hierarchy of layers that define how communicating nodes
and end computing devices control data transfer and verify that no data are cor-
rupted [6]. The standard layers, according to the Open Systems Interconnection
(OSI) model (starting from the lowest) are: (1) the physical layer, (2) the link layer,
(3) the network layer, (4) the transport layer, (5) the session layer, (6) the presenta-
tion layer, and (7) the application layer. Each layer provides services, defined by the
protocol, to the layer immediately below it. For satellite applications, the physical
layer refers to the actual Earth station equipment that multiplexes and modu-
lates/demodulates the information; thus, this layer includes all of the baseband and
RF transmission equipment from originating Earth station, through the satellite,
and to the destination receiving Earth station. This is certainly the case for a bent-
pipe satellite repeater, although digital processing satellites can incorporate features
of the link and network layers to achieve various switching and multiplexing func-
tions and enhance throughput. The link layer defines the protocol structure of every
block of data and how requests for retransmission are processed. Detection of
errors at the link and network layers is afforded by parity check bits and cyclic
redundancy check (CRC) computations. For data, error is also addressed by the
end-to-end devices that employ automatic retransmission (character or block ori-
ented). Block-oriented protocols like the high-level datalink control (HDLC), which
use the “look back N” scheme, are the most effective for satellite links, with signifi-
cant propagation delay. Fortunately, these tolerant link layer protocols have
become standard in all data communication applications. The transport layer, like
TCP of the Internet Protocol, provides these functions as well. Higher layers are out-
side of the network and are associated with the software applications that require
communication services.

TDMA is a good fit for all forms of digital communications and should be con-
sidered as one option during the design of a satellite application. The complexity of
maintaining synchronization and control has been overcome through miniaturiza-
tion of the electronics and by way of improvements in network management sys-
tems. With the rapid introduction of TDMA in terrestrial radio networks like the
GSM standard, we will see greater economies of scale and corresponding price
reductions in satellite TDMA equipment.

2.3.3 Code Division Multiple Access

CDMA, also called spread spectrum communication, differs from FDMA and
TDMA because it allows users to literally transmit on top of each other. This feature
has allowed CDMA to gain attention in commercial satellite communication. It was
originally developed for use in military satellite communication where its inherent
antijam and security features are highly desirable. CDMA was adopted in cellular
mobile telephone as an interference-tolerant communication technology that
increases capacity above analog systems. Some of these claims are well founded;
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however, it has not been proven that CDMA is universally superior as this depends
on the specific requirements. For example, an effective CDMA system requires con-
tiguous bandwidth equal to at least the spread bandwidth. Two forms of CDMA are
applied in practice: (1) direct sequence spread spectrum (DSSS) and (2) frequency
hopping spread spectrum (FHSS). FHSS has been used by the OmniTracs and Eutel-
Tracs mobile messaging systems for more than 10 years now, and only recently has
it been applied in the consumer’s commercial world in the form of the Bluetooth
wireless LAN standard. However, most CDMA applications over commercial satel-
lites employ DSSS (as do the cellular networks developed by Qualcomm).

A simplified block diagram of a basic DSSS link is provided in Figure 2.8. The
basic principle of operation is that an input data stream of R, bps at A is mixed with
a pseudorandom scrambling bit sequence at B with a rate n times R,. The value of n
is generally in the range of 10 to 1,000, which has the effect of multiplying the band-
width of the output at C by the same factor. The higher the value of n, the greater the
spread bandwidth and the greater the protection from interference and jamming. A
modulator converts the baseband version of the signal to an RF carrier at D using
standard PSK or QPSK. The output is the spread spectrum signal that can be sub-
jected to link noise at E. Interference from other CDMA carriers as well as other sig-
nals could also be introduced. Often, the bandwidth of an interfering carrier is much
less than that of the spread spectrum signal, which translates into suppression of the
interference at the CDMA receiver.

At F, the combination of spread spectrum signal, noise, and interference is
applied to the receiving PSK demodulator to recover the baseband spread spectrum
signal. A mixer is used to multiply the baseband by the same pseudorandom
sequence that was used in the transmitter. However, the difference here is that the
signal baseband at G has been modulated by the original data. This difference
between the received signal code pattern and that of the raw chip sequence is what
allows the receiver to recover the original data at I. For this to occur, the receiver’s
pseudorandom sequence must precisely synchronize itself with the incoming signal.

A
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R, bits per second B
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Pseudo-random bit sequence,
: . E
chip rate = n - R, bits per second f Other CDMA
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Figure 2.8 A DSSS communication channel for the application of CDMA over satellite link. The
receiver at the bottom synchronizes to the desired spread spectrum carrier using the technique of
correlation detection. Despreading of the synchronized received carrier also causes nonsynchro-
nized and interfering carriers to be spread further, making them appear like very wideband noise
in the narrowband detector.
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This is accomplished by the technique of correlation detection wherein the locally
generated spreading sequence is slid in time past the incoming signal until they can
be exactly superimposed on each other. Once synchronized, the output at I contains
the original bit pattern along with the noise and interference acquired along the sat-
ellite transmission path. The bit timing circuitry can recover the original pulses and
square shaping is restored. The output data stream at J contains the original data
plus occasional errors (inverted bits) that result from noise and interference that
remains after the despreading process. However, there is a significant reduction in
the effect of interference-induced errors because the despreading process does just
the opposite to any interference carrier; namely, it spreads it out over a bandwidth
related to 7 times R,. The jamming margin by which the receiver rejects narrowband
interference is approximately 10logn.

As an introduction to nontechnical readers, consider the following summary of
the features of spread spectrum technology (whether DSSS or FHSS):

* Simplified multiple access: no requirement for coordination among users;

* Selective addressing capability if each station has a unique chip code
sequence—provides authentication: alternatively, a common code may still
perform the CDMA function adequately since the probability of stations hap-
pening to be in synch is approximately 1/

* Low-power spectral density: bandwidth is spread by the code over a band-
width, which is n times that of the original data; this reduces the radiated
power spectral density in inverse proportion;

* Relative security from eavesdroppers: the low spread power and relatively fast
direct sequence modulation by the pseudorandom code make detection diffi-
cult;

* Interference rejection: the spread-spectrum receiver treats the other DSSS sig-
nals as thermal noise and suppresses narrowband interference.

Selective addressing means that each transmission is automatically identified as
to its source by the specific code that spreads the signal in the first place. Further
addressability comes from a unique word that is attached to a data header, identify-
ing the source or recipient. Through this and the remaining features, spread spec-
trum permits many stations to operate on the same frequency channel because only
one of the signals will be detected by any given receiver. However, the undesired
spread spectrum signals will appear as noise that will still degrade the total C/N per-
formance. The consequence of this particular feature is that it is extremely difficult
to accurately determine the maximum number of signals to simultaneously share
the same channel.

CDMA has special features that make it advantageous under certain conditions.
For example, in a multibeam satellite system, CDMA permits the same frequencies
to be used in adjacent beams. Unlike FDMA or TDMA, however, the CDMA sig-
nals from these beams will add to the total noise budget. If these conditions of
appropriateness are not satisfied, then CDMA may not excel in capability and, in
fact, can bring with it a penalty relative to FDMA or TDMA. The difficult part is
determining the real situation well ahead of an expensive implementation project.
This is because the loading of CDMA transmissions on top of each other may follow
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an unpredictable pattern. Individual carriers must be controlled in power since the
carriers by their nature look to the system like noise. A given carrier that is, say, 6 dB
above the proper level will introduce four times the expected interference (the origi-
nal plus the effect of three more). On average, the network could experience an
excessive loading of self-interference.

The detailed design of the spread-spectrum receiver is critical to proper CDMA
operation because it incorporates all of the features of a good PSK modem plus the
ability to acquire the spread signal. A significant part of the challenge is that the sig-
nal power density, measured in watts per hertz, is already less than the noise power
density in the receiver. Stated another way, the RF C/N is actually less than one (i.e.,
negative in terms of decibels) because the information is below the noise level.

A typical CDMA receiver must carry out the following functions in order to
acquire the signal, maintain synchronization, and reliably recover the data:

* Synchronization with the incoming code through the technique of correlation
detection;

* Despreading of the carrier;

* Tracking the spreading signal to maintain synchronization;

* Demodulation of the basic data stream;

* Timing and bit detection;

* Forward error correction to reduce the effective error rate;

The first three functions are needed to extract the signal from the clutter of noise
and other signals. The processes of demodulation, bit timing and detection, and FEC
are standard for a digital receiver, regardless of the multiple access method.

The bottom line in multiple access is that there is no single system that provides a
universal answer. FDMA, TDMA, and CDMA will each continue to have a place in
building the applications of the future. They can all be applied to digital communica-
tions and satellite links. When a specific application is contemplated, our recom-
mendation is to perform the comparison to make the most intelligent selection.

2.4 Frequency Band Trade-Offs

Satellite communication is a form of radio or wireless communication and therefore
must compete with other existing and potential uses of the radio spectrum. During
the initial 10 years of development of these applications, there appeared to be more
or less ample bandwidth, limited only by what was physically or economically justi-
fied by the rather small and low powered satellites of the time. In later years, as satel-
lites grew in capability, the allocation of spectrum has become a domestic and
international battlefield as service providers fight among themselves, joined by their
respective governments when the battle extends across borders. So, we must con-
sider all of the factors when selecting a band for a particular application.

The most attractive portion of the radio spectrum for satellite communication
lies between 1 and 30 GHz. The relationship of frequency, bandwidth, and applica-
tion are shown in Figure 2.9. The scale along the x-axis is logarithmic in order to
show all of the satellite bands; however, observe that the bandwidth available for
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Figure 2.9 The general arrangement of the frequency spectrum that is applied to satellite communica-
tions and other radiocommunication services. Indicated are the short-hand letter designations along with
an explanation of typical applications. Note the logarithmic scale and that frequency ranges are the general
ranges and do not correspond exactly to the ITU frequency allocations and allotments.

applications increases in real terms as one moves toward the right (i.e., frequencies
above 3 GHz). Also, the precise amount of spectrum that is available for services in
a given region or country is usually less than Figure 2.9 indicates. Please refer to the
latest edition of the ITU Radio Regulations available for purchase at the ITU Web
site (http://www.itu.int) or relevant domestic allocations in the country of interest.
Chapter 12 provides a review of the regulatory process.

The use of letters probably dates back to World War II as a form of shorthand
and simple code for developers of early microwave hardware. Two band designa-
tion systems are in use: adjectival (meaning the bands are identified by the following
adjectives) and letter (which are codes to distinguish bands commonly used in space
communications and radar).

Adjectival band designations, frequency in gigahertz:

Very high frequency (VHF): 0.03-0.3;
Ultra high frequency (UHF): 0.3-3;

Super high frequency (SHF): 3-30;
Extremely high frequency (EHF): 30-300.

Letter band designations, frequency in gigahertz (differs slightly from Chapter 1):
L: 1.0-2.0;

S: 2.0-4.0;

C: 4.0-8.0;

X: 8-12;

Ku: 12-18;
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Ka: 18-40;
Q: 40-60;
V: 60-75;
W: 75-110.

Today, the letter designations continue to be the popular buzzwords that iden-
tify band segments that have commercial application in satellite communications.
The international regulatory process, maintained by the ITU, does not consider
these letters but rather uses band allocations and service descriptors listed next and
in the right-hand column of Figure 2.9:

* Fixed Satellite Service (FSS): between Earth stations at given positions, when
one or more satellites are used; the given position may be a specified fixed
point or any fixed point within specified areas; in some cases this service
includes satellite-to-satellite links, which may also be operated in the intersat-
ellite service; the FSS may also include feeder links for other services.

Mobile Satellite Service (MSS): between mobile Earth stations and one or
more space stations (including multiple satellites using intersatellite links).
This service may also include feeder links necessary for its operation.

* Broadcasting Satellite Service (BSS): A service in which signals transmitted or
retransmitted by space stations are intended for direct reception by the general
public. In the BSS, the term “direct reception” shall encompass both individual
reception and community reception.

* Intersatellite Link (ISL): A service providing links between artificial satellites.

The general properties of these bands are reviewed in [3]. Suffice it to say, the
lower the band in frequency, the better the propagation characteristics. This is coun-
tered by the second general principle, which is that the higher the band, the more
bandwidth that is available. The MSS is allocated to the L- and S-bands, where
propagation is most forgiving. Yet, the bandwidth available between 1 and 2.5
GHz, where MSS applications are authorized, must be shared not only among GEO
and non-GEO applications, but with all kinds of mobile radio, fixed wireless, broad-
cast, and point-to-point services as well. The competition is keen for this spectrum
due to its excellent space and terrestrial propagation characteristics. The rollout of
wireless services like cellular radiotelephone, PCS, wireless LANs, and 3G may con-
flict with advancing GEO and non-GEO MSS systems. Generally, government users
in North America and Europe, particularly in the military services, have employed
selected bands such as S, X, and Ka to isolate themselves from commercial applica-
tions. However, this segregation has disappeared as government users discover the
features and attractive prices that commercial systems may offer.

On the other hand, wideband services like DTH and broadband data services
can be accommodated at frequencies above 3 GHz, where there is more than 10
times the bandwidth available. Add to this the benefit of using directional ground
antennas that effectively multiply the unusable number of orbit positions. Some
wideband services have begun their migration from the well-established world of C-
band to Ku- and Ka-bands. In the following sections we provide some additional
comments about the relative merits of these bands. These should be considered as
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starting points for evaluating the proper frequency band and are not substitutes for
a detailed evaluation of the relative cost and complexity of different approaches.
Higher satellite EIRP used at Ku-band allows the use of relatively small Earth sta-
tion antennas. On the other hand, C-band should maintain its strength for video dis-
tribution to cable systems and TV stations, particularly because of the favorable
propagation environment, extensive global coverage, and legacy investment in
C-band antennas and electronic equipment.

2.4.1 Ultra High Frequency

While the standard definition of UHF is the range of 300 to 3,000 MHz (0.3 to 3
GHz), the custom is to relate this band to any effective satellite communication
below about 1 GHz. Frequencies above 1 GHz are considered in the next sections.
The fact that the ionosphere provides a high degree of attenuation below about 100
MHz makes this the certain low end of acceptability (the blockage by the iono-
sphere at 10 MHz goes along with its ability to reflect radio waves, a benefit for
ground-to-ground and air-to-ground communications using what is termed sky
wave or “skip”). UHF satellites employ circular polarization (CP) to avoid Faraday
effect, wherein the ionosphere rotates any linear-polarized wave. The UHF spec-
trum between 300 MHz and 1 GHz is exceedingly crowded on the ground and in
the air because of numerous commercial, government, and other civil applications.
Principal among them is television broadcasting in the VHF and UHF bands, FM
radio, and cellular radio telephone. However, we cannot forget less obvious uses
like vehicular and handheld radios used by police officers, firefighters, amateurs, the
military, taxis and other commercial users, and a variety of unlicensed applications
in the home.

From a space perspective, the dominant space users are military and space
research (e.g., NASA in the United States and ESA in Europe). These are all narrow
bandwidth services for voice and low-speed data transfer in the range of a few thou-
sand hertz or, equivalently, a few kilobytes per second. From a military perspective,
the first satellite to provide narrowband voice services was Tacsat. This experimen-
tal bird proved that a GEO satellite provides an effective tactical communications
service to a mobile radio set that could be transported on a person’s back, installed
in a vehicle, or operated from an aircraft. Subsequently, the U.S. Navy procured the
Fleetsat series of satellites from TRW, a very successful program in operational
terms. This was followed by Leasat from Hughes, and currently the UHF
Follow-On Satellites from the same maker (now Boeing Satellite Systems).

From a commercial perspective, the only VHF project that one can identify is
OrbComm, a low data rate LEO satellite constellation developed by Orbital Sci-
ences Corporation. OrbComm provides a near-real-time messaging service to inex-
pensive handheld devices about the size of a small transistor radio. On the other
hand, its more successful use is to provide occasional data transmissions to and
from moving vehicles and aircraft. Due to the limited power of the OrbComm satel-
lites (done to minimize complexity and investment cost), voice service is not sup-
ported. Like other LEO systems, OrbComm as a business went into bankruptcy; it
may continue in another form as the satellites are expected to keep operating for
some time.
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2.4.2 L-Band

Frequencies between 1 and 2 GHz are usually referred to as L-band, a segment not
applied to commercial satellite communication until the late 1970s. Within this 1
GHz of total spectrum, only about 30 MHz of uplink and downlink, each, was ini-
tially allocated by the ITU to the MSS. The first to apply L-band was COMSAT with
their Marisat satellites. Constructed primarily to solve a vital need for UHF commu-
nications by the U.S. Navy, Marisat also carried an L-band transponder for early
adoption by the commercial maritime industry. COMSAT took a gamble that MSS
would be accepted by commercial vessels, which at that time relied on high-
frequency radio and the Morse code. Over the ensuing years, Marisat and its succes-
sors from Inmarsat proved that satellite communications, in general, and MSS, in
particular, are reliable and effective. By 1993, the last commercial HF station was
closed down in favor of satellite links. With the reorganization and privatization of
Inmarsat, the critical safety aspects of the original MSS network are being trans-
ferred to a different quasigovernmental operating group.

As is familiar to readers, early MSS Earth stations required 1-m dish antennas
that had to be pointed toward the satellite. The equipment was quite large, complex,
and expensive. Real demand for this spectrum began to appear as portable, land-
based terminals were developed and supported by the network. Moving from rack-
mounted to suitcase-sized to attaché case and finally handheld terminals, the MSS
has reached consumers.

The most convenient L-band ground antennas are small and ideally do not
require pointing toward the satellite. We are all familiar with the very simple cellular
whip antennas used on cars and handheld mobile phones. Common L-band anten-
nas for use with Inmarsat are not quite so simple because there is a requirement to
provide some antenna gain in the direction of the satellite so a coarse pointing is
needed. Additional complexity results from a dependence on circular polarization to
allow the mobile antenna to be aligned along any axis (and to allow for Faraday
rotation). First generation L-band rod or mast antennas are approximately 1m in
length and 2 cm in diameter. This is to accommodate the long wire coil (a bifilar
helix) that is contained within. The antenna for the handheld phone is more like a fat
fountain pen.

While there is effectively no rain attenuation at L-band, the ionosphere does
introduce a source of significant link degradation. This is in the form of rapid fading
called ionospheric scintillation, which is the result of the RF signal being split into two
parts: the direct path and a refracted (or bent) path. At the receiving station, the two
signals combine with random phase. Then, the signals may cancel, producing a deep
fade. Tonospheric scintillation is most pronounced in equatorial regions and around
the equinoxes (March and September). Both ionospheric scintillation and Faraday
rotation decrease in frequency increases and are nearly negligible at Ku-band and
higher. Transmissions at UHF are potentially more seriously impaired and for that
reason, and additional fade margin over and above that at L-band may be required.

From an overall standpoint, L-band represents a regulatory challenge but not a
technical one. There are more users and uses for this spectrum than there is spectrum
to use. Over time, technology will improve spectrum efficiency. Techniques like digi-
tal speech compression and bandwidth efficient modulation may improve the utili-
zation of this very attractive piece of spectrum. The business failure of LEO systems
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like Tridium and Globalstar had raised some doubts that L-band spectrum could be
increased. One could argue that more lucrative land-based mobile radio services
(e.g., cellular and wireless data services) could end up winning over some of the L-
band. This will require never-ending vigilance from the satellite community.

2.4.3 S-Band

S-band was adopted early for space communications by NASA and other govern-
mental space research activities around the world. It has an inherently low back-
ground noise level and suffers less from ionospheric effects than L-band. DTH
systems at S-band were operated in past years for experiments by NASA and as
operational services by the Indian Space Research Organization and in Indonesia.
More recently, the ITU allocated a segment of S-band for MSS and Digital Audio
Radio (DAR) broadcasting. These applications hold the greatest prospect for
expanded commercial use on a global basis.

As a result of a spectrum auction, two companies were granted licenses by the
FCC and subsequently went into service in 2001-2002. S-band spectrum in the
range of 2,320 to 2,345 MHz is shared equally between the current operators, XM
Radio and Sirius Satellite Radio. A matching uplink to the operating satellites was
assigned in the 7,025- to 7,075-MHz bands. Both operators installed terrestrial
repeaters that fill dead spots within urban areas. With an EIRP of nominally 68
dBW, these broadcast satellites can deliver compressed digital audio to vehicular
terminals with low gain antennas.

As a higher frequency band than L-band, it will suffer from somewhat greater
(although still low) atmospheric loss and less ability to adapt to local terrain. LEO
and MEO satellites are probably a good match to S-band since the path loss is inher-
ently less than for GEO satellites. One can always compensate with greater power
on the satellite, a technique used very effectively at Ku-band.

2.4.4 C-Band

Once viewed as obsolete, C-band remains the most heavily developed and used piece
of the satellite spectrum. During recent World Radiocommunication Conferences,
discussed in Chapter 12, the ITU increased the available uplink and downlink band-
width from the original allocation of 500 to 800 MHz. This spectrum is effectively
multiplied by a factor of two with dual polarization and again by 180, assuming 2°
spacing between satellites. Further reuse by a factor of between two and five takes
advantage of the geographic separation of land coverage areas. The total usable
C-band spectrum bandwidth is therefore in the range of 568 GHz to 1.44 THz,
which compares well with land-based fiber optic systems. The added benefit of this
bandwidth is that it can be delivered across an entire country or ocean region.
Even though this represents a lot of capacity, there are situations in certain
regions where additional satellites are not easily accommodated. In North America,
there are more than 35 C-band satellites in operation across a 70° orbital arc. This is
the environment that led the FCC in 19835 to adopt the then radical (but necessary)
policy of 2° spacing. The GEO orbit segments in Western Europe and east Asia are
becoming just as crowded as more countries launch satellites. European
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governments mandated the use of Ku-band for domestic satellite communications,
delaying somewhat the day of reckoning. Asian and African countries favor C-band
because of reduced rain attenuation as compared to Ku- and Ka-bands, making
C-band slots a vital issue in that region.

C-band is a good compromise between radio propagation characteristics and
available bandwidth. Service characteristics are excellent because of the modest
amount of fading from rain and ionospheric scintillation. The one drawback is the
somewhat large size of Earth station antenna that must be employed. The 2° spacing
environment demands antenna diameters greater than 1m, and in fact 2.4m is more
the norm. This size is also driven by the relatively low power of the satellite, itself the
result of sharing with terrestrial microwave. High-power video carriers must gener-
ally be uplinked through antennas of between 7m and 13my; this assures an adequate
signal and reduces the radiation into adjacent satellites and terrestrial receivers.

The prospects for C-band are good because of the rapid introduction of digital
compression for video transmission. New C-band satellites with higher EIRP, more
transponders, and better coverage are giving C-band new life in the wide expanse of
developing regions such as Africa, Asia, and the Pacific.

2.4.5 X-Band

Government and military users of satellite communication established their fixed
applications at X-band. This is more by practice than international rule, as the ITU
frequency allocations only indicate that the 8-GHz portion of the spectrum is desig-
nated for the FSS regardless of who operates the satellite. From a practical stand-
point, X-band can provide service quality on par with C-band; however, commercial
users will find equipment costs to be substantially higher due to the thinner market.
Also, military-type Earth stations are inherently expensive due to need for rugged
design and secure operation. Some countries have filed for X-band as an expansion
band, hoping to exploit it for commercial applications like VSAT networks and
DTH services. As discussed previously, S-DARS in the United States employs
X-band feeder uplinks. On the other hand, military usage still dominates for many
fixed and mobile applications. This segregation helps maintain a degree of security
for military users for whom availability of a larger consumer market would not nec-
essarily be considered advantageous. X-band is likewise shared with terrestrial
microwave systems, somewhat complicating frequency coordination.

2.4.6 Ku-Band

Ku-band spectrum allocations are somewhat more plentiful than C-band, compris-
ing 750 MHz for FSS and another 800 MHz for the BSS. Again, we can use dual
polarization and satellites positions 2° apart. Closer spacings are not feasible
because users prefer to install yet smaller antennas, which have the same or wider
beamwidth than the correspondingly larger antennas for C-band service. Typically
implemented by different satellites covering different regions, Ku regional shaped
spot beams with geographic separation allow up to approximately 10X frequency
reuse. This has the added benefit of elevating EIRP using modest transmit power;
G/T likewise increases due to the use of spot beams. The maximum available Ku-
band spectrum could therefore amount to more than 4 THz.
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Exploiting the lack of frequency sharing and the application of higher power in
space, digital DTH services from DIRECTV and EchoStar in North America ush-
ered in the age of low-cost and user-friendly home satellite TV. The United King-
dom, continental Western Europe, Japan, and a variety of other Asian countries
likewise enjoy the benefits of satellite DTH. As a result of these developments, Ku-
band has become a household fixture (if not a household word).

The more progressive regulations at Ku-band also favor its use for two-way
interactive services like voice and data communication. Low-cost VSAT networks
typify this exploitation of the band and the regulations. Being above C-band, the
Ku-band VSATs and DTH receivers must anticipate more rain attenuation. A
decrease in capacity can be countered by increasing satellite EIRP. Also, improve-
ments on modulation and forward error correction are making terminals smaller
and more affordable for a wider range of uses. Thin route applications for telephony
and data, discussed in Chapters 8, 9, and 10, benefit from the lack of terrestrial
microwave radios, allowing VSATs to be placed in urban and suburban sites.

2.4.7 Ka-Band

Ka-band spectrum is relatively abundant and therefore attractive for services that
cannot find room at the lower frequencies. There is 2 GHz of uplink and downlink
spectrum available on a worldwide basis (500 MHz of this spectrum has been allo-
cated to non-GEO satellites, particularly Teledesic, and another 500 MHz for fixed
wireless access). In addition, the fact that ground antenna beamwidths are between
one-half to one-quarter the values that correspond at Ku- and C-bands means that
more satellites could conceivably be accommodated. Conversely, with enough
downlink EIRP, smaller antennas will still be compatible with 2° spacing. Another
facet of Ka-band is that small spot beams can be generated onboard the satellite
with achievable antenna apertures. (Practical implementations need multiple reflec-
tors to allow feed spacing and avoid scan loss.) The design of the satellite repeater is
somewhat more complex in this band because of the need for cross connection and
routing of information between beams. Consequently, there is considerable interest
in the use of onboard processing to provide a degree of flexibility in matching satel-
lite resources to network demands.

The Ka-band region of the spectrum is perhaps the last to be exploited for com-
mercial satellite communications. Research organizations in the United States,
Western Europe, and Japan have spent significant sums of money on experimental
satellites and network application tests.

From a technical standpoint, Ka-band has many challenges, the biggest being
the much greater attenuation for a given amount of rainfall (nominally by a factor
of three to four, in decibel terms, for the same availability). This can, of course, be
overcome by increasing the transmitted power or receiver sensitivity (e.g., antenna
diameter) to gain link margin. Some other techniques that could be applied in addi-
tion to or in place of these include (1) dynamic power control on the uplink and
downlink, (2) reducing the data rate during rainfall, (3) transferring the transmis-
sion to a lower frequency such as Ku- or C-bands, and (4) using multiple-site diver-
sity to sidestep heavy rain-cells. Consideration of Ka-band for an application will
involve finding the most optimum combination of these techniques.
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The popularity of broadband access to the Internet through DSL and cable
modems has encouraged several organizations to consider Ka-band as an effective
means to reach the individual subscriber. Ultra-small aperture terminals (USATs)
capable of providing two-way high-speed data, in the range of 384 Kbps to 20
Mbps, are entirely feasible at Ka-band. Hughes Electronics filed with the FCC in
1993 for a two-satellite system called Spaceway that would support such low-cost
terminals. In 1994, they extended this application to include up to an additional 15
satellites to extend the service worldwide. The timetable for Spaceway has been
delayed several times since its intended introduction in 1999. Almost at the same
time, several strong backers introduced another proposal called Teledesic, which
would employ the same Ka band from LEO satellites—up to 840 in number (later
reduced to 288, then again to 30). While this sounds amazing, strong support from
Craig McCaw, founder of McCaw Cellular (now part of AT&T Wireless), and Bill
Gates (cofounder of Microsoft) lent apparent credibility to Teledesic. In 2001, Tele-
desic purchased an interest in ICO and delayed introduction of the Ka-band LEO
system. A further development occurred in 2003 when Craig McCaw bought a con-
trolling interest in L/S-band non-GEO Globalstar system.

While the commercial segment has taken a breather on Ka-band, the same can-
not be said of military users. The U.S. Navy installed a Ka-band repeater on some of
their UHF Follow-On Satellites to provide a digital broadcast akin to the commer-
cial DTH services at Ku-band. It is known as the Global Broadcast Service (GBS)
and provides a broadband delivery system for video and other content to ships and
land-based terminals. In 2001, the U.S. Air Force purchased three X- and Ka-band
satellites from Boeing Satellite Systems. These will expand the Ka-band capacity by
about three on a global basis, in time to support a growth in the quantity and quality
of Ka-band military terminals. The armed services, therefore, are providing the
proving grounds for extensive use of this piece of the satellite spectrum.

2.4.8 Q- and V-Bands

Frequencies above 30 GHz are still considered to be experimental in nature, and as
yet no organization has seen fit to exploit this region. This is because of the yet more
intense rain attenuation and even atmospheric absorption that can be experienced
on space-ground paths. Q- and V-bands are also a challenge in terms of the active
and passive electronics onboard the satellite and within Earth stations. Dimensions
are extremely small, amplifier efficiencies are low, and everything is more expensive
to build and test. For these reasons, few have ventured into the regime, which is
likely to be the story for some time. Perhaps one promising application is for ISLs,
also called cross links, to connect GEO and possibly non-GEO satellites to each
other. To date, the only commercial application of ISLs is for the Iridium system,
and these employ Ka-band.

2.4.9 Laser Communications

Optical wavelengths are useful on the ground for fiber optic systems and for limited
use in line-of-sight transmission. Satellite developers have considered and experi-
mented with lasers for ISL applications, since the size of aperture is considerably
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smaller than what would be required at microwave. On the other hand, laser links
are more complex to use because of the small beamwidths involved. Control of
pointing is extremely critical and the laser often must be mounted on its own control
platform. In 2002, the European Space Agency demonstrated a laser ISL called
SILEX, which was carried by the Artemis spacecraft. The developers of this equip-
ment achieved everything that they intended in this government-funded program.

2.4.10 Summary Comparison of the Spectrum Options

The frequency bands just reviewed have been treated differently in terms of their
developmental timelines (C-band first, Ka-band last) and applications (L-band for
MSS and Ku band for BSS and DTH). However, the properties of the microwave
link that relate to the link budget are the same. Of course, properties of different
types of atmospheric losses and other impairments may vary to a significant degree.
This requires a careful review of each of the terms in the link budget prior to making
any selection or attempting to implement particular applications.
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Issues in Sioace Segment and Satellite
Implementation

With the global adoption of the technology, satellite communications has brought
with it a number of issues that must be addressed before an application can be
implemented. Satellite capacity is only available if the right satellites are placed in
service and cover the region of interest. Considering the complexity of a satellite and
its supporting network, applications can be expensive to install and manage. If the
issues are addressed correctly, however, the economic and functional needs of the
application will be satisfied.

A viable satellite communications business is built on a solid technical founda-
tion along the lines discussed in the previous two chapters. In addition to frequency
band and bandwidths, such factors as orbit selection, satellite communications pay-
load design, and the network topology have a direct bearing on the attractiveness of
service offerings. The satellite operator must make the decision whether to launch a
satellite with one frequency band or to combine payloads for multiple-frequency
operation (called a hybrid satellite); whether or not to design the payload and net-
work around an onboard digital processor is another question. As the payload
becomes more unique, the demands on the market and supporting technologies
increase. In addition, the business and operation should consider and properly
address all of the issues that this chapter raises. We also review the current state of
the art in bus design as it has a bearing on payload power and flexibility.

The remainder of this chapter goes into contingency planning from the perspec-
tive of the operator and the user. The reliability and flexibility of satellite applica-
tions cannot be assured without thorough analysis and proper implementation. For
example, a satellite operator should implement a system with multiple satellites so
that no single event can terminate vital service to users. Users, on the other hand,
must approach satellite communications with an open mind and open eyes. They
might arrange for backup transponder capacity for use in the event of some type of
failure. Both parties may also need to obtain insurance to reduce financial loss. The
information that follows provides background on some of the more critical areas
that often hamper the introduction and smooth operation of effective systems.
Readers should also consider how other potential problems not identified here
could adversely impact their services and plan accordingly.

67
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3.1 Satellite Selection and System Implementation

Many of the issues that must be considered by the operators of terrestrial telephone,
television, and cellular networks must also be faced by providers of satellite applica-
tions. What is different is the need to split the application between space and ground
segments. The most basic type of space segment, shown in Figure 3.1, employs one
or more GEO satellites and a tracking, telemetry, and command (TT&C) ground
station. The associated ground segment can contain a large quantity of Earth sta-
tions, the specific number and size depending on the application and business. For
example, there would be as few as 10 Earth stations in a backbone high-speed data
network, but in the millions of TV receive-only terminals in a major DBS system.
The ground segment is very diverse because the Earth stations are installed and oper-
ated by a variety of organizations (including, more recently, individuals). Impor-
tantly, we have moved out of the era when the space and ground segments are
owned and operated by one company.

Due to the size of the investment and the complexity of the work, the satellite
operator is usually a tightly organized company with the requisite financial and
technical resources. It engages in the business of providing satellite capacity to the
user community within the area of coverage. There are more than 50 commercial
satellite operators in 25 different countries; however, the industry is dominated by
six companies who provide most of the global transponder supply. Capacity can be
offered on a wholesale basis, which means that complete transponders or major por-
tions thereof (even the entire operating satellite, in some cases) are marketed and

§ Space segment
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TT&C Earth station
Satellite control center

Hub or gateway @z @ @'

Earth station @z
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Figure 3.1 Elements of a satellite system, including the space segment and the ground segment.
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sold at a negotiated price. Each deal is different, considering the factors of price
(lease or buy), backup provisions, and the term. The retail case comes into play
where the satellite serves the public directly, such as in MSS and BSS networks. We
consider such business issues in detail in Chapter 13.

To create the space segment, the satellite operator contracts with one of the
approximately 12 spacecraft manufacturers in the world for many of the elements
needed for implementation. Historically, most operators took responsibility for
putting the satellite into operation, including the purchase and insurance of the
launch itself. More recently, some contracts have required in-orbit delivery of the
satellite, which reduces the technical demand and some of risk on the satellite pur-
chaser. However, satellite buyers still need a competent staff to monitor the con-
struction of the satellites and ground facilities, and to resolve interface and
specification issues. This can be accomplished with consultants, the quality of which
depends more on the experience of individuals than on the cost or size of the con-
sulting organization. The experienced spacecraft consultants include Telesat Can-
ada, The Aerospace Corporation, and SESG Global. Individuals, such as retirees
from spacecraft manufacturers, can provide excellent assistance at much lower cost.
However, they can be difficult to find.

The capacity demands of cable TV and DTH systems are pushing us toward
operating multiple satellites in and around the same orbit position. Successful satel-
lite TV operators like SES and PanAmSat have been doing this for some time, devel-
oping and improving the required orbit determination and control strategies. This
considers accurately determining the range of the satellite, since we are talking
about separating satellites by tenths of degrees instead of multiple degrees. A few of
the smaller operators of domestic satellites like Telenor, Thaicom, and NHK double
the capacity of an orbit slot by operating two smaller satellites rather than launching
a single satellite with the larger combined payload capacity. On the other hand,
employing a larger satellite with double or quadruple the number of transponders
will generally significantly reduce incremental costs at some increase in risk.

Implementation of the Earth station network can follow a wide variety of paths.
One approach is to purchase the network as a turn-key package from a manufac-
turer such as ViaSat (Carlsbad, California), Hughes Network Systems (German-
town, Maryland), Alcatel (Paris, France), or NEC (Yokohama, Japan). This gives
good assurance that the network will work as a whole since a common technical
architecture will probably be followed. There are systems integration specialists in
the field, including L3 Communications STS, Globecomm Systems, Inc. (both of
Hauppauge, New York), IDB Systems (Dallas, Texas), and ND SatCom (Friedri-
chshafen, Germany), which manufacture and purchase the elements from a variety
of manufacturers and perform all of the installation and integration work, again on
a package basis. The application developer may take on a significant portion of
implementation responsibility, depending on its technical strengths and resources.
Another strategy for the buyer is to form a strategic partnership with one or more
suppliers, who collectively take on technical responsibility as well as some of the
financial risk in exchange for a share of revenue or a guarantee of future sales. Some
of the smaller and very capable satellite communications specialists, such as Shiron
Satellite Communications (http://www.shiron.com) and EMS Technologies, Inc.
(Norcross, Georgia), can provide a targeted solution.
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The operations and maintenance phase of the application falls heavily on the
service provider and in many cases the user as well. The service may be delivered and
managed through a large hub or gateway Earth station. This facility should be sup-
ported by competent technical staff on a 24-hour per day, 7-day per week basis
(called 24-7)—either on site or remotely from an NOC. Such a facility might be
operated by the integrator or supplier and shared by several users or groups of users.
This is a common practice in VSAT networks and cable TV uplinking. Inexpensive
user terminals, whether receive-only or transmit and receive, are designed for unat-
tended operation and would be controlled from the hub. The systems integrator can
operate portions or the entire network, including maintenance and repair of equip-
ment. A properly written contract or Service Level Agreement (SLA) with a compe-
tent supplier often gives functional advantages for the buyer, such as backup services
and protection from technical obsolescence. Other risks to be addressed are
reviewed at the end of this chapter.

The satellite communications industry keeps evolving as satellite operators dis-
cover how to enter the businesses of their users and as users experiment with becom-
ing satellite operators. In the case of the former, Hughes Communications created
the DIRECTV service to produce much more revenue than would be possible
through the wholesale lease of the required Ku-band satellite capacity. On the other
hand, PanAmSat was started up by the former management of the Spanish Interna-
tional Network, which was the leading Spanish language network in the United
States. As these companies have discovered, their counterpart’s business is quite dif-
ferent in the nature of the respective investment.

A basic issue on the space segment side is the degree to which the satellite design
should be tailored to the application. Historically, C- and Ku-band satellites in the
FSS are designed for maximum flexibility so that a variety of customer’s needs can
be met. A typical FSS transponder may support any one of the following: an ana-
log TV channel, 4 to 10 digital TV channels, a single 60-Mbps data signal such as
would come from a wideband TDMA network, or an interactive data network
of 2,000 VSATs. The satellite operator may have little direct involvement in these
applications. Alternatively, they may invest in these facilities to provide value-added
services.

The alternative is to design the payload to meet the requirements for a specific
type of signal, tailored for one application. The latest generation of BSS satellites
provides high levels of RF power to deliver the signal to very small antennas, and
may have less uplink than downlink coverage. These satellites are very effective for
broadcasting but would be less suitable for two-way communications from VSATs.
At the other end of the range are the MSS constellations, where the antennas and
transponder electronics are specifically designed to receive the very low power sig-
nals coming from portable terminals and handheld phones similar to cellular
phones. The downlink transmit power, on the other hand, is much higher per voice
channel than is typical of an FSS design. With all of this, the satellite must provide a
high degree of frequency reuse since the bandwidth available at L-band is only on
the order of 30 MHz. As a consequence of specialization, systems like DIRECTV
and Globalstar are inflexible when it comes to adapting to substantially different
applications. On the other hand, these tailored satellites deliver the service that is
intended and do it with relative efficiency.
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One trend is toward more highly tailored satellites, which could accelerate as
the transponder itself becomes digital in nature. Digital processing offers many
benefits, such as much greater flexibility in channel routing and antenna beam con-
trol. The trade-off is that once internals of the repeater are made of silicon, the sig-
nal format may need to remain nearly constant throughout the life of the satellite.
Looking ahead a decade or more, satellite technology will evolve so that the flexibil-
ity of today’s fixed bandwidth analog transponder might be available in the digital
repeater mode.

The ground segment is also undergoing an evolutionary process, where the first
designs were versatile, multipurpose (voice, TV, and data), and expensive. Over
time, the Earth station has become more specific to the purpose and lower in price.
Digital implementation of analog functions like the modem now permit very sophis-
ticated small Earth stations that can sell for about the price of a PC.

The choice of level of integration of the ground and space segment activities is a
strategic decision of the satellite operator and application developer. There are some
operators who have launched spacecraft with no specific thought as to how their
space segment services will function with the ground segment of prospective users.
In contrast, other operators have simulated their hypothetical communication net-
work performance at every step from when the concept is defined to factory tests to
in-orbit. These results have been fed back into the design of critical elements of the
satellite and ground user equipment. If the integration between these is very tight,
such efforts are mandatory. The choice somewhat depends on how unique the
spacecraft payload and frequency band are in relation to alternative systems and
services. We begin the discussion of satellite system issues with a review of some of
the most important trade-offs in satellite design. The two halves of the satellite—the
communications payload and the spacecraft bus—are presented in Table 3.1 and
reviewed next.

3.2 Communications Payload Configurations

Communications payloads are increasing in capability and power, getting more
complex as time passes. Examples include the newer DTH missions, which are
designed to maintain maximum EIRP and digital throughput for up to 32 high-
power transponders in the downlink. Likewise, state-of-the-art MSS satellites have
large, deployable antennas to allow portable terminals and handheld phones to
operate directly over the satellite path. Onboard digital processors are likewise
included as a means to improve the capacity and flexibility of the network, a capa-
bility for multibeam Ka-band satellites.

Some traditional issues are still with us. One of the most basic is the selection of
the frequency band, which was addressed in Chapter 2. Suppose that the operator
wants to be able to address the widest range of applications and has consequently
decided to implement both C- and Ku-band. With today’s range of spacecraft
designs, one can launch independent C- and Ku-band satellites. This was done in the
first generation of the Ku-band SBS and C-band Galaxy systems in the United
States. Each satellite design can be optimized for its particular service. The alterna-
tive is to build a larger spacecraft that can carry both payloads at the same time. The
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Table 3.1

Subdivision of a Typical Communications Satellite into the Subsystems of the
Communications Payload and Spacecraft Bus

Major Subsystem

Element

Function

Communications ~ Repeater and Provide all communications relay and processing
payload antenna system functions
Microwave repeater Basic weak signal reception of the uplink and high-
power transmission to the downlink
Onboard processor May be analog or digital; intended to divide band-
widths and communications traffic for proper routing
between the uplink and downlink
Antenna system Captures electromagnetic waves on the uplink side
and radiates electromagnetic waves on the downlink
side
Spacecraft Power, control, The vehicle that powers and protects the payload
bus and structure of the through all phases of the mission and operation

spacecraft vehicle

Power subsystem

Telemetry and
command

Attitude control
and propulsion

Thermal control

Structure

Provides prime power from solar arrays and energy
storage using batteries to provide power during
eclipse

Allow ground operations to monitor and control
the entire satellite (payload and bus)

Manage and control the spacecraft vehicle in orbit
and keep it properly aligned with the Earth
throughout its lifetime

Maintain a suitable temperature environment for all
subsystems

Contain all of the subsystems and protect them

during launch and deployment on orbit

first such hybrids were purchased in the early 1980s by INTELSAT (Intelsat V),
Telesat Canada (Anik B), and Southern Pacific Railway (Spacenet). The hybrid satel-
lites launched by INTELSAT also permit cross-band operation, with the uplink
Earth station at one band (e.g., Ku-band) and the downlink at the other (C-band).

A third overall design issue deals with the coverage footprint, which has a direct
bearing on the design of the spacecraft antenna system. The two basic alternatives
are to either create a single footprint that covers the selected service area or to divide
the coverage up into regions that each gets its own spot beam. These two approaches
have significant differences in terms of capacity, operational flexibility, and techni-
cal complexity.

3.2.1 Single-Frequency-Band Payload

The single-frequency payload represents the most focused approach to satellite
design. The concept was first introduced by Early Bird (Intelsat I) in 1965 and
advanced in 1975 by the 24-transponder Satcom spacecraft built by RCA Astro-
space (now absorbed into Lockheed Martin). Beyond 2000, single-band payloads
have become targeted toward specific applications in TV and mobile communica-
tions. The TV marketplace is dominated by cable TV and DTH, where the quantity
of available TV channels at the same orbit position becomes important. The
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majority of the cable TV satellites for the United States, including some of the Gal-
axy and AMC series, are single-frequency designs, optimized to the requirements of
the cable TV networks. This considers all of the technical, operational, and financial
factors in providing service. From a technical prospective, the transponder gain and
power is made to match the Earth stations used to uplink and receive the signals.
What is more important to this class of customer is that the capacity must be there
when needed. Because nearly all U.S. families receive satellite-delivered program-
ming, the cable TV networks put a very high value on the reliability of getting the
capacity to orbit and operating once it gets there.

The satellite operators that address cable markets therefore need excellent plans
for launch and on-orbit backup (discussed further at the end of this chapter). In
brief, experience has shown that the best way to do this is to construct a series of
identical satellites and launch them according to a well-orchestrated plan. This must
consider how the capacity is sold to the cable programmers as well as the strategy
for replacing existing satellites that reach end of life. The single-band satellite can fit
well into such a plan. Matters are more complicated when an operator wishes to
replace individual C- and Ku-band satellites with a dual-frequency hybrid satellite.
The benefit of doing this is reduced investment cost per transponder and simpler
operation, but the common timing and orbit slot required might be incompatible.

A second area of the TV market where single-band satellites are preferred is in
DTH. Spacecraft for SES-Astra, DIRECTV, and EchoStar/DISH are single-band
designs tailored to the specific requirements of their respective DTH networks. This
considers the quantity of transponders, the size of the receiving antenna (and there-
fore the satellite EIRP), the signal format (which determines the transponder band-
width, channel capacity, and quality), and the coverage area. Taken together, these
factors have enormous leverage on the economics and attractiveness of the service,
second only to the programming. The delivery of the signal to millions of small
dishes demands the highest EIRP that is feasible with a given state of the art. DBS
satellites tend to push the limits on power, as opposed to mass (often referred to as
weight, but technically mass since the satellite is in a zero-g environment). This
leaves little left over for C- or L-band repeater elements, which, if included, could
force a compromise of some type. (A possible exception, for smaller markets, is con-
sidered in the next section.)

The cost of a high-power DTH satellite is often more than that of, say, a C-band
satellite that serves cable TV. This should not be a concern because of the much
larger quantity of receiving antennas. In fact, in [1] we demonstrate that to achieve
an optimum G/T for a network of 10 million receivers, the satellite EIRP must be
approximately 50 dBW. By optimum, we mean that the total cost of the satellite and
all of the receiving Earth stations is at a minimum. Lower EIRP demands that dishes
must be larger, raising the cost of the ground segment faster than the savings in the
satellite. Going in the direction of increasing satellite EIRP is likewise unattractive
since the increase in satellite cost outweighs the savings in receive dishes. In other
words, the high investment cost of the satellite is ultimately very economical on a
cost-per-user basis. Increasing satellite EIRP allows smaller receive dishes; however,
a limit at around 55 dBW and 45 cm, respectively, is imposed by the adjacent satel-
lite interference. This happens to be the design point for most major DBS networks,
reflecting the preference of consumers for compact antennas.
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3.2.2 Multiple-Frequency-Band Hybrid Payloads

Hybrid satellites were first introduced by INTELSAT at C- and Ku-bands with the
launch of Intelsat V. A third L-band payload was added to Intelsat V-A for use by
Inmarsat. The first domestic hybrid, Anik B, was operated by Telesat Canada in the
late 1970s; and two American companies—Sprint Communications and American
Satellite Corporation (both since merged into GTE and the satellites subsequently
sold to Americom)—were also early adopters. The idea behind the use of the hybrid
was to address both the C- and Ku-band marketplaces at a reduced cost per trans-
ponder. During the 1990s, satellite operators pursued much larger spacecraft plat-
forms like the 8-kW Lockheed Martin A2100, the Boeing 601-HP, and the Astrium
Eurostar.

Even higher powers are provided by the Boeing 702 and Loral 1300S series,
which reach 15 to 20 kW of prime power. Illustrations of these spacecraft are shown
in Figure 3.2. This class of vehicle can support almost 100 transponders, allowing a
full DBS repeater to be combined with the high end of C-band services. A criticism
leveled at the 15 kW and greater design is that the operator may be putting too many
eggs in one basket. However, the other side of the coin is that these designs simplify
operation (only one spacecraft need be operated at the orbit position) and markedly
reduce the cost per transponder.

3.2.3 Shaped Versus Spot Beam Antennas

The coverage pattern of the satellite determines the addressable market and the
flexibility of extending services. The traditional and most successful approach to

SS/Loral 1300S Astrium-Space

19 kw 9 kw
6200 kg at launch 3200 kg at launch

LM A 2100 AX
3600 kg at launch

Figure 3.2 Large-capacity GEO spacecraft.
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date is the shaped area-coverage beam that serves a country or region of a hemi-
sphere. This type of antenna pattern permits one signal to be delivered across the
entire footprint from a bent-pipe transponder. While versatile, this approach limits
the overall satellite throughput bandwidth as well as the effective spacecraft
antenna gain (and hence EIRP) at the boundary. The opposite principle of frequency
reuse through multiple spot beams is gaining favor for high EIRP MSS satellites like
Thuraya and Inmarsat 4; in addition, systems that employ Ka-band to provide
broadband Internet access likewise use the multiple spot beam approach. This sec-
tion reviews the characteristics and trade-offs between these two means of serving
users on the ground.

For a constant transponder output power, the EIRP varies inversely with the
beam area. Stated another way, for a given spacecraft antenna configuration, the
product of gain (as a ratio) and area is a constant. We can estimate the gain of any
particular area of coverage using the following relationship:

G 027,000/ ¢ (3.1)

where G is the gain as a ratio, and @ is the average diameter of a circular coverage
area, measured from GEO in degrees. Measuring coverage in degrees comes about
because the full Earth extends across approximately 17° as viewed from GEO,
resulting in a minimum gain at beam edge of 27,000 / 17° = 93.4 or 19.7 dBi. This
value would be further reduced by the aperture efficiency, which depends on the
design of the antenna (horn, reflector, or array). A beam of one-tenth this angular
diameter would have one-hundredth the area, but the gain would increase by 100
(or 20 dB) to a total of 39.7 dBi.

Figure 3.3 provides an illustration of how the gain and area are related for two
differing coverage areas: the country of Colombia and the continent of South Amer-
ica. The Colombian market would be served with a national beam that is directed
exclusively toward this country, delivering high gain and no direct frequency reuse

Figure 3.3 Coverage options: single country (Columbia) versus entire continent (South America).
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(other than through cross-polarization). From an orbit position of 65 WL, the pic-
ture of the land area shows heavy grid lines that are 1° apart. By counting grid
squares, we can estimate the landmass of Colombia to cover approximately 2.8 deg’.
A national coverage antenna would of necessity reach beyond the border and is
slightly larger at 4.6 deg’. In comparison, the landmass and example antenna cover-
age of South America are approximately 40 and 52 deg’, respectively. Because the
area in square degrees of the South American beam is 10 times that of Colombia’s,
the gain over the entire continent is a full 10 dB less. One could, of course, maintain
the same level of EIRP by increasing downlink transmitter power by 10 dB as well.

An alternative that is shown in Figure 3.4 subdivides the coverage area many
times over using small spot beams. Assuming that each beam is 0.4° in diameter, it
will take approximately 38 such spots to provide the full national coverage. As the
size of the spot is only 0.126 deg’, the gain increases substantially by approximately
15 dB compared to the area beam. The 28 spot beams are arranged in a 7-beam
reuse pattern with one-seventh of the allocated spectrum assigned into each spot.
Spots that reuse the same piece of spectrum are separated by two adjacent spots that
are noninterfering. This need to isolate spots applies to FDMA and TDMA; CDMA
offers the possibility of not subdividing the spectrum but rather allowing interfer-
ence to overlap in adjacent beams. To use these beams more effectively, the satellite
can have an onboard beam-routing scheme.

The general relationship among the coverage area, beam size, and number of
beams is indicated in Figures 3.5 and 3.6. The first graph allows us to estimate the
directivity of a beam of a given area, measured in square degrees. For the case of
Colombia, which extends approximately 2.8 deg” as viewed from GEQ, the satellite
can deliver about 40-dBi gain. A doubling of the area to include, say, Venezuela will
reduce gain by 3 dB to about 37 dBi. Extending further to cover all of South America
in one 50-deg” beam pushes the gain down all the way to 27 dBi. A word of caution
about the directivity numbers: these are approximate values that do not include the
relevant losses in a real antenna system. Also, we have not evaluated the actual beam
shaping that would be provided during the design of the antenna system. These
numbers are intended to provide a general feel for the relationships.

Figure 3.4 Comparison of multiple spot beam coverage versus single country shaped beam.
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Figure 3.5 An estimate of directivity in dBi versus beam area in square degrees.
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The second figure plots the number of beams required to cover either Colombia
or all of South America. This is the concept behind Figure 3.4, which indicates that
it would take about 38 spots of 0.4° each to fully cover the country. Beam area is
plotted along the x-axis to be consistent with the previous figure. The information
tells us that it can take a very large number of beams to cover a large landmass. On
the other hand, the gain of such beams is substantially higher and the potential for
frequency reuse much greater when considering a high density of small spot beams.
There are two application areas where the multiple-beam approach appears to be
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the most appropriate: L-band MSS networks to serve handheld phones, and Ka-
band FSS networks for advanced broadband communications to inexpensive per-
sonal VSATs. As discussed in Chapter 2, L-band spectrum is very limited and we
must incorporate as much frequency-reuse as possible. This, coupled with the diffi-
cult requirement of serving low-power handheld phones, demands a large reflector
antenna with many small spot beams. Service to mobile users would be restricted by
the resulting link budget to something in the range of 50 to 150 Kbps. The band-
width is more ample at Ka-band, so the major concern is with delivering high digital
bandwidths (up to 20 Mbps) to an antenna of less than 1m.

The choice among the coverage alternatives depends on the interaction of the
technical and business factors that confront the satellite operator (who may also be
the application provider). From a pure marketing perspective, the single area cover-
age approach is the most flexible since you can deliver both individual services and
broadcast services as well. The wide beamwidth produces a relatively low antenna
gain, and the only frequency reuse is from cross-polarization. Moving toward multi-
ple spot beams can greatly improve the attractiveness of the service to large quanti-
ties of simple, inexpensive Earth terminals. The ultimate example is the handheld
satellite phone, which demands the greatest quantity of beams and their correspond-
ing high gain. When we move in this direction, we restrict the range of services that
can be delivered. Broadcasting of video and other content is impractical because
bandwidth must be provided within each and every beam to be served. A way
around this might be to use dynamic beam forming to create an area footprint for
the transmission in question.

3.2.4 Analog (Bent-Pipe) Repeater Design

The repeater is that portion of the communications payload that transfers communi-
cation carriers from the uplink antenna to the downlink antenna of the spacecraft. In
established C- and Ku-band satellite systems, the repeater is divided into transpond-
ers, each of which can transmit a predefined amount of bandwidth and downlink
power. It is common practice to call a repeater a transponder and vice versa,
although repeater is the more general term. Transponder, on the other hand, more
typically refers to one RF channel of transmission, which can be assigned to one cus-
tomer or group of customers for a common purpose (transmitting a multiplex of TV
channels or providing a VSAT network).

In the following, we review the traditional type of transponder, called the bent
pipe, along with newer concepts employing digital onboard processing (OBP). An
OBP repeater may provide a more sophisticated system for routing analog channels
(and hence can offer greater flexibility for bent-pipe services) or may demodulate the
bit streams onboard for efficient routing, multiplexing, or additional processing. As
one moves toward increasing levels of complexity, the satellite becomes more and
more a part of an overall network of ground stations and is inseparable from it. This
tends to increase performance and effectiveness for a specific network implementa-
tion but renders the satellite less flexible in terms of its ability to support different
traffic types not considered prior to launch. The development time for an OBP
repeater will generally take extra months or years as compared to the bent pipe,
introducing the risk that the market for the planned application could be missed.
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Each transponder of a bent-pipe repeater receives and retransmits a fixed-
bandwidth segment to a common service area. There is a simple mathematical rela-
tionship between the number of transponders and the total available bandwidth
that is provided by the particular spectrum band. Simply stated, the number of
transponders equals the total bandwidth divided by the bandwidth per transponder.
There will be 10% to 15% guard band due to filtering at the edges of each trans-
ponder. The example of a six-transponder design in Figure 3.7 has a single wide-
band receiver that takes the entire uplink frequency band, typically 500-MHz wide,
amplifies and transfers the same 500 MHz to the corresponding downlink band.
The bank of input filters, labeled F1 through F6, subdivides the total bandwidth
into 72-MHz segments (11.3 MHz less than straight division would indicate), each
amplified to a high level by a dedicated power amplifier. The individual outputs of
six amplifiers (each on a different frequency) are summed with minimum loss in an
output multiplexer composed of six reactively coupled waveguide filters. The result-
ing spectrum of 500 MHz (less the guardbands) is applied to the transmitting
antenna system of the satellite, which typically broadcasts these signals across a
common footprint.

The engineering design of the transponder channel is a high art because a multi-
tude of specifications and manufacturing issues must be considered. Parameters in
the link budget like receive G/T, transmit EIRP, transponder bandwidth, and inter-
modulation distortion have a direct impact on users. These should be specified for
every application. A multitude of others, like gain flatness, delay distortion, spuri-
ous and phase noise, and AM-to-PM conversion, are often of less concern to some
applications but potentially vital to others. Wideband digital transmission at 155
Mbps in a 54-MHz transponder is an exception because these distortions can sig-
nificantly reduce throughput or increase the EIRP requirement for the same
throughput. The driver/limiter/amplifier (DLA) in Figure 3.7 provides a degree of
control over data transfer by adjusting the input power and possibly correcting
some of the nonlinear distortion.

Wideband | To

; receiver LPF P transmit
recenve | (500-MHz
antenna o ndwidth)

From

antenna

Legend:

F1  Bandpass filter for channel 1
DLA Driver/limiter/amplifier

A High-power amplifier

LPF  Lowpass filter

Figure 3.7 A simple bent-pipe satellite repeater with six transponders.
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Typical transponder characteristics for the bent-pipe design are listed in Table
3.2. Actual values will vary from design to design, in response to the type of ampli-
fier, the frequency of operation, and design choices for the intended service. Some
examples of how repeater parameters can be related to particular signal types are
shown in Table 3.3. To do this properly, the designer must fully understand the sig-
nals being transferred and the distortions to those signals caused by the various ele-
ments of the transponder. With the advent of 1-GHz PCs and signal analysis
software, this optimization can be performed in minutes. However, the issue
remains about whether it is wise to design the transponder for a particular signal and
corresponding application. A useful alternative is to utilize a compromise design to
accommodate a variety of expected signal types. This is actually how the first 36-
MHz transponders were designed for INTELSAT IV, which was based on transfer-
ring one analog FM TV carrier or a multiplexed telephone baseband containing up
to 1,600 voice channels. Today, the 36-MHz transponder is the standard for bent-
pipe satellites that serve analog and digital applications.

If the signal format does not change during the lifetime of the satellite, the trans-
ponder is eligible for optimization. Consider first if you will operate the transponder
with only a single carrier over a wide bandwidth or if you will carry multiple carriers
in the same transponder. The DTH transponder has characteristics that are deter-
mined first by the frequency assignments filed for (see Chapter 7) and second by the
type of signal modulation (analog or digital). Advanced repeaters that use digital sig-
nal processing offer a great deal of flexibility in routing traffic and permitting inex-
pensive user terminals to gain access to a range of mobile and fixed services;
however, they may not have the greater than 30-dB range level flexibility (dynamic
range) of the standard bent-pipe transponder. Alternatively, the processor function
can be implemented with analog components that nevertheless have a degree of
flexibility. The MSAT satellites operated by AMSC and Telesat Mobile contain

Table 3.2 Typical Transponder Characteristics in a Bent-Pipe Repeater
Typical Value

-96.0 dBW/m’
-10 dB with respect to saturation
by two equal carriers

~20 dB at 8-dB IBO, (with

linearizer on)
16 dB at 4-dB output backoff

<40° from saturation to —20-dB
input backoff

Characteristic

Gain (saturation flux density)

Linearity for multiple carriers
(C/3IM) at saturation

Linearity for multiple carriers

(C/3IM) with backoff
Noise power ratio (NPR)

Nonlinear phase shift
(AM-to-PM conversion)

Amplitude frequency response
(gain flatness)

Out-of-band attenuation
(input channel separation)

Cross-polarization isolation
(XPOL)

Frequency tolerance and stability
Gain (attenuation) control

Gain stability

+-0.25 dB over useful bandwidth
—-30 dB in adjacent channel
30 dB (linear)

10 in the translation frequency
0 to 18 dB in 2-dB steps

+1.5 dB over lifetime
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Table 3.3 Specific Signal Types and the Transponder Characteristics That Can Be Optimized for
Improved Performance

FM video TWT AM/AM and AM/PM,; filter group delay characteristics
Wideband digital data  Gain slope, group delay; TWT AM/AM and AM/PM

SCPC Gain flatness and amplitude nonlinearity

Wideband TDMA Linearity, gain flatness, and transient response of the power supply
VSAT operations Gain flatness/linearity and frequency stability

Mobile SCPC Noise power ratio

surface acoustic wave (SAW) filters that, when combined with commandable
down/upconverters and switching, allow the ground network operator to alter the
bandwidths and routing of SCPC bandwidth segments. This controls the balance of
traffic and permits the operator to isolate sources of interference. Processors of this
design have been offered to the market by ComDev of Canada, and one is carried on
Anik F2.

The selection of the bent-pipe transponder has implications for users of satellite
capacity. Bent pipes are nearly transparent to the user and can be subdivided in
power and bandwidth, as discussed previously in this section. Moving toward the
more sophisticated designs, the satellite becomes integrated with the network and
transparency is lost. One of the first specialized commercial repeaters was carried
aboard the Spacenet ITIR satellite. This was the Geostar payload, which introduced
an L-band vehicular position determination service in the United States. Geostar
contracted with the spacecraft manufacturer to have additional antennas and
receivers installed on the satellite and paid Spacenet for the operation and use of
their payload. Later, Geostar failed as a business. The special transponder could not
be reassigned to some other revenue producing application although it was kept
operating. The spectrum for this application was subsequently reallocated by the
ITU.

3.2.5 Digital Onboard Processing Repeater

The digital OBP repeater is a significant advancement from the analog versions that
merely interconnect frequency channels using microwave filters and mechanical
switches. At the core of OBP is digital signal processing (DSP), a computational
process reduced to solid-state electronics that converts an information signal from
one form into another unique form. Historically, the DSP was programmed on a
multipurpose digital computer as a way to save the time and energy of doing the
transform mathematically with integral calculus. The most well-known DSP
process is the fast Fourier transform (FFT), which is related to both the Fourier
transform and Fourier series taught to all electrical engineering students. It takes a
signal in the time domain (i.e., a waveform) and converts it into a collection of fre-
quencies (i.e., a frequency spectrum). The inverse FFT does just the opposite, trans-
forming a frequency spectrum into a time waveform.

When in either digital format, we can multiply, filter, and modulate the signals
to produce a variety of alternate signal types. In this manner, a digital processor can
perform the same functions in software that would have to be done with physical
hardware elements like mixers, filters, and modulators. Modern DSP chips and
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systems can operate over many megahertz of bandwidth, which is what we need to
build an effective digital repeater. To do this, the calculation speed must be in the
gigahertz range. More recently, OBP has taken on many other roles where the actual
bits on the RF carrier are recovered and reconstructed with minimum error,
switched and routed, and remodulated onto other RF carriers in the downlink. This
permits the OBP to act as a conventional packet switch and multiplexer, common to
what is employed in land-based data communications networks. The specific con-
figuration of the OBP repeater is created for the expected network environment,
including the specific telecommunications applications to be provided to end users.

3.2.5.1 Generic Processing Repeater Architecture

A block diagram of a hypothetical digital processing repeater is shown in Figure 3.8.
The antenna and wideband receivers perform their traditional analog functions,
while filtering and switching occur in the digitized sections of the repeater. This is
indicated within the box at the center of the figure. The majority of OBP repeaters
are used to transfer traffic between multiple beams on the uplink and downlink, as
would be the case in an MSS L-band or broadband Ka-band satellite. Each uplink
beam is first low noise amplified and then down-converted to an intermediate fre-
quency (IF) that is suitable for input to the digital onboard processor.

The first function at the input of the processor is to convert the incoming fre-
quency spectrum into a digital data stream. This is accomplished by the analog-to-
digital (A/D) converter using pulse code modulation (PCM). For an IF bandwidth of
50 MHz, the A/D converter must sample at a speed greater than 100 MHz and con-
vert each sample thus taken into a specified number of bits. The number of bits, in
turn, is determined by such factors as the acceptable signal-to-noise ratio (inversely,
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Figure 3.8 Block diagram of a generic digital processing repeater with multiple spot beams,
demodulation/remodulation, packet switching, and low-level beam forming.
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quantization error) and the dynamic range of input signals. The selection of the
number of quantization levels and hence the number of bits per sample determines
the amount of degradation to signal quality attributable to the processor. For exam-
ple, if we assume 150 million samples per second and 10 bits per sample, then the
A/D converter must output data at the speed of 1.5 Gbps. Since this is the data per
beam, the total data processing capability of the A/D function is 1.5 Gbps times the
number of beams. This does not include the processing associated with either the
inverse digital-to-analog (D/A) conversion process, nor any of the processing done
within the OBP itself. We can see that the processing power of a broadband repeater
can be high indeed.

The digitized channels can be routed either as narrow frequency bands or pack-
ets. To route frequency bands, the OBP needs to select specific channels, cross con-
nect them to the associated downlink, and reassign the frequencies so as to create a
contiguous band. The process for packets requires the additional step of demodula-
tion and potentially forward error correction to deliver the appropriate bit streams
to packet switching elements. Other functions that are possible include automatic
gain control, phase adjustment (as part of a phased array antenna system), channel
multiplexing, linearization, and interference cancellation. After all of the processing
is complete, the data is reconverted back into its analog form (i.e., D/A conversion).

While the functions are shown as discrete components, they are actually per-
formed mathematically by the processor and memory chips that implement the
desired functionality. This means that the processor is designed for a specific pur-
pose. To convert the processor analog output to the transmit band, each channel is
fed to a hardware upconverter that translates from the intermediate frequency range
to the RF downlink band. From this point, the signals are amplified in a conven-
tional power amplifier and applied to the appropriate transmit antenna of the
satellite.

The onboard digital processor is controlled from the ground to set up the rout-
ing instructions and other aspects appropriate to the network. As development con-
tinues, it will be possible to transfer the entire uplink/downlink bandwidth through
each port on the processor. This only requires greater processor speed, something
that one expects to see as the technology is improved over time.

The digital processor repeater was applied commercially in Iridium, which went
into service in 1999-2000 incorporating routing, demod-remod, and packet switch-
ing functions. Subsequently, ACeS was launched into GEO MSS service with the
ability to route narrowband frequency channels between remote handheld termi-
nals and the gateway; likewise, the Thuraya GEO MSS satellite added functionality
for dynamic beam forming and direct handheld-to-handheld connectivity. OBP-
based repeaters have also been developed for Ka-band satellites that could reach
orbit in the mid-2000s. High capacity and sophistication for the processing function
translate into the size, mass, and power consumption of the processor itself. In com-
parison to the typical microprocessor found in a personal computer, the digital
repeater processor needs substantially more capacity and tailored functionality.
To accomplish this, the OBP employs an architecture that is typically composed of
general purpose computer processors, programmable gate arrays, DSP chips, and
specialized very large scale integrated (VLSI) circuits and application-specific inte-
grated circuits (AISCs). These tend to run at a much higher speed and therefore
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consume more power. Table 3.4 suggests the technical issues and trade-offs required
in the design, manufacture and test of the modern OBP repeater [2].

Another consideration is the degree of redundancy that needs to be included.
Certain common functions, like clocks, memory, and power supplies, can be made
redundant. But the actual channel processing elements would normally be single
string. Redundancy must then be provided by including extra strings such that
excess capacity may be reallocated in case of a partial failure. The OBP must also be
adaptable to ground control and management, a function associated with all land-
based digital networks. This must be extended to the payload from the conventional
NOC used by telecommunications operators, which in this case, are charged with
providing an end-to-end service that meets commercial quality of service (QoS)
objectives. This will involve expanding the TT&C link for network management
and optimization functions and extending to the network provider.

3.2.5.2 Classification of Processing Repeater Designs

Digital onboard processing repeaters are individually designed for a specific mission
and therefore are not interchangeable unless produced from the exact same design.
We can try to put them into classifications regarding the manner in which the uplink
signals are transferred to the downlink, the types of signal processing on board, and
whether the carriers are demodulated to recover the bit streams.

A classification matrix of OBP repeaters is presented in Table 3.5, based on mis-
sions that have been defined and in some cases launched as of this writing. Within
each, there are a wide variety of alternatives, and, in fact, some from one category
intersect with others. In the limit, one can imagine an OBP repeater with the

Table 3.4 Considerations in the Design and Production of a Functional Onboard
Processing Repeater

¢ Design and performance considerations
¢ Analog to digital quantizing (bits per sample)
e Number of A/D and D/A operations
e Fast Fourier transform size
e Number of points
e Amplitude granularity
e Sampling rate
e Frame overlapping factor
e Time window
e Ripple
e In-band interference
e Physical and electrical considerations
e Proper interfacing of analog IF circuitry to the A/D function of the processor
¢ Design and specification of ASICs and multichip modules (MCM:s)
e Control signals: parallel and serial buses, precise timing
e Power distribution: voltage and regulation
¢ Reliability: 20-year lifetime, radiation shielding, thermal, redundancy, monitoring
¢ Gain and phase matching of IF upconversion and downconversion
e Testing: complex processing and connection, different techniques at different stages

e Packaging: consumption within allowable budget, integration of thermal control heat
pipes, location of mounting hardware
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Table 3.5 General Classification of Onboard Digital Processing Repeaters

Packet Routing

RF Switching IF Routing  Beam Forming Demod/remod (with demod/remod)
FDMA ACeS,ICO  Thuraya Skyplex mulitplexer Iridium
TDMA Intelsat 6 Inmarsat 4 (HOT BIRD 5) Tridium
CDMA Voice-span Military

intelligence and speed to be able to detect any type of uplink signal, recover the bits,
and dynamically transfer the resulting data to the most appropriate downlink chan-
nel. This is, after all, the role of routers on the Internet and it is possible that a simi-
lar type of device could ultimately find its way on board a satellite.

Satellites that provide frequency reuse through multiple spot beams are candi-
dates for OBP because any analog approach is inherently inefficient and inflexible (a
possible exception is the Beamlink FDMA routing repeater by Com-Dev). The proc-
essor on board Intelsat 6 performed a basic time-division switching function on the
full 250-MHz bandwidth of the uplink. TDMA is used on the uplink side to sepa-
rate carrier bursts according to the desired downlink beam. Switching is done at RF
using PIN diode switches, which chop the time frame according to a prestored defi-
nition of traffic flow. See our previous work for a more complete description of this
somewhat basic approach, which was installed on the ACTS satellite as well [1].
This approach, while efficient in terms of channel capacity (because the downlink
amplifier is operated at saturation), had the disadvantage that Earth stations trans-
mit at 100 Mbps or greater. Thus, it was intended for large Earth stations, which
were rather expensive, and the entire strategy of RF switching has largely been
retired by commercial industry in favor of long-haul fiber.

The U.S. military introduced CDMA onboard a satellite during the 1990s to
provide secure and antijam communications. The OBP was one of the first to
include A/D conversion as part of the repeater. Subsequently, AT&T Bell Laborato-
ries proposed to combine CDMA with demod/remod as part of the now-defunct
Voice-span Ka-band project. The complexity and cost of this approach was beyond
what commercial industry could produce at the time in 1997. At the same time,
Hughes Space and Communications adapted their military processor experience to
the MSS market with the IF routing repeater design. Lacking the complexity and
features of CDMA and demod/remod, this approach permits low-power (and there-
fore low-cost) user terminals to transmit narrowband information to the OBP
wherein channels are selected and routed at IF to the appropriate downlink. This is
reviewed further in Section 3.2.5.4.

A very useful step that was introduced by Boeing Satellite Systems was digital
beam forming on Thuraya. This takes a fixed feed array and through appropriate
phase and amplitude adjustment, permits the satellite operator to shape beams to
meet traffic requirements after placement into service. Inmarsat selected EADS to
produce a similar OBP for their fourth generation satellite. An early demod-remod
repeater was put on the HOT BIRD § satellite of Eutelsat, thus offering format con-
version in space. The concept is that individual uplinks can transmit one video chan-
nel per carrier (e.g., SCPC) and the OBP demodulates and multiplexes as many as
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six into one TDM stream. Motorola empolyed demod/remod in Iridium by putting a
packet switch inside the repeater.

3.2.5.3 Properties of Demodulation/Remodulation OBP

As shown in Figure 3.9, a demod/remod repeater looks nearly identical to the bent
pipe, but with a demodulator and modulator added to each channel. The minimum
function of this combination is to prevent the direct addition of uplink noise to the
downlink noise. Instead, uplink RF noise is transferred to the baseband of the signal
where it causes a specific amount of impairment such as increased error rate. The
uplink will threshold at a point determined by the demodulator on board the satel-
lite, while the downlink will threshold at a point determined by the demodulator in
the receiving Earth station. The only impairment is the additional errors caused by
uplink noise, which in many cases is substantially fewer than result in the downlink.
Another benefit is that the downlink EIRP will be stable because the carrier that is
applied to it is generated in the satellite modulator and not the uplinking Earth sta-
tion. This same effect is produced by a limiter on the input side of the TWT; how-
ever, a limiter is highly nonlinear and cannot be used with multiple carriers.

Some missions might suffice with demod/remod capability alone. For example,
we could build a very effective satellite that broadcasts data to millions of receivers
where the uplinks come from a variety of locations and sources. The OBP provides
the integration of data and proper formatting for distribution. The only variation in
downlink received power will be that caused by fading along the path between the
satellite and the receiving Earth station. Uplink RF noise will introduce errors in the
satellite demodulator, which will be transferred directly to the downlink. For exam-
ple, if the uplink produces an error rate of 10~ and the downlink produces an error
rate of 107, then the combined error rate is 1.1 x 10”. This condition might corre-
spond to the uplink C/N being only 1 dB greater than the downlink. Figure 3.10 pro-
vides an example of how this compares to the bent-pipe repeater, offering up to a
3-dB improvement. The increase in error rate of 10% is almost immeasurable in the
recovered data. In comparison, without demod/remod, a 1-dB difference would
reduce the total C/N by 2 dB. The error rate for the received data would now be two
orders of magnitude less than the downlink by itself, or 10™.

Once we have recovered the original data in the satellite, it is likely that we
would want to do some additional digital processing and switching. Figure 3.8

shows a baseband switch inside the repeater, similar in function to a digital
o

UPV . ‘ w\‘/\/nlink
C/N,,
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Figure 3.9 Features of demod/remod repeater; bit errors are transferred from uplink to downlink,
not noise.
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Figure 3.10 Demod/remod improvement over a bent-pipe repeater.

N

telephone exchange that switches 64-Kbps channels or a router of the type used by
an ISP. With the former, we might set up and connect telephone calls using the
switch in the sky. Telephone and switched data can be offered directly to the public,
allowing users to pay only for the services that they use. In contrast, bent-pipe trans-
ponder capacity cannot easily be sold on a per-minute basis because of the difficulty
of managing access. The model of the Internet router allows the satellite to provide a
hub in the sky that more or less transparently transfers IP data.

3.2.5.4 FDMA IF Channel Routing Repeater

The IF channel repeater is one OBP approach that has gained some prominence in
the MSS field. Perhaps it will be adapted to FSS once adequate processing speed is
achieved. For the moment, programs like Thuraya, ICO, ACeS, and Inmarsat 4
make clear that the system works and delivers an effective service comparable to
what one can obtain from GSM and GPRS networks on the ground. The basic con-
cept is illustrated in Figure 3.11, which shows the function elements of a multiple-
beam L- or S-band satellite. The uplink for each beam (on the upper left side) has 30
MHz of available bandwidth in the MSS allocations, which is shared by a group of
individual channels coming from different user terminals. Once digitized, the OBP
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selects channels by the process of filtering (as would be done in an analog repeater
with physical bandpass filters) using the transfer function of the following type [3]:

W, (mT,+dDT.)fo M

y(mT, +dDT,) v ;Wﬁgmk X, (k) F(k)

The term on the left side of the equation is the time-domain representation of the
selected frequency channel after translation on the downlink channel. On the right,
the summation represents the range of the uplink channels that are selected using fil-
ter funtions F(k). The ratio in front of the summation takes care of time domain
conversion.

Referring back to Figure 3.11, the mixer blocks and vertical arrows represent
the frequency translation and cross-connection to the appropriate downlink path on
the right side of the OBP. Dynamic beam forming is provided at this point in
Thuraya and Inmarsat IV. This is suggested in Figure 3.12 where another digital
processing function is introduced after the downlink carriers are compiled [2]. The
formulation for doing this is bascially as follows:

z(mTy + dDTx) = % M;;W}\th §C WldHf N I:Xdc (h + Hc ) I:Fc (h +Hc )

The summation on the far right contains the downlink frequencies, which are
basically equal in power and not adjusted for the phased array. The terms X, pro-
vide the desired amplitude adjustment while phase adjustment is indicated in the
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Figure 3.11 Block diagram of an FDMA channel routing repeater. In the uplink for each beam
(on the upper left side), the available bandwidth is shared by a group of individual channels com-
ing from different user terminals. Once digitized, the OBP selects particular channels, cross-
connects and translates them in frequency, and delivers them to the appropriate downlink path on
the right side of the OBP. Once converted back to the analog domain, the new aggregate of chan-
nels is transmitted in the downlink on the upper right.
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Figure 3.12 MSS OBP payload with dynamic beam forming.

exponent W. Once converted back to the analog domain by the summation on the
immediate right of the equal sign, the new aggregate of channels is transmitted in
the downlink on the upper right of Figure 3.11.

3.2.5.5 Demod/Remod and Bit Stream Combining in the Skyplex Multiplexer

The Eutelsat HOT BIRD § satellite was one of the first to carry a commercial OBP.
Rather than being for narrowband information channels, Skyplex introduced a
technique for combining high-speed megabit per second digital channels into an
even higher information rate. Designed specifically for use in video distribution
service (the mission of HOT BIRD), Skyplex allows multiple uplink sites to indi-
vidually originate a video channel. The multiplexing of this together into a multi-
channel MPEG stream is performed in orbit by Skyplex, rather than within a
broadcast center Earth station (discussed in Chapter 4). Its functionality is illus-
trated in Figure 3.11. Additional background on HOT BIRD can be found in Sec-
tion 6.8.4.

For Skyplex to perform is orbital multiplexing role, it was necessary for Eutelsat
and the spacecraft contractor, Alcatel, to alter the standard DVB-S processing sys-
tem. As illustrated in Figure 5.13, the standard DVB-S scheme employs concate-
nated forward error correction to produce a very low error rate at the home

/Ch 1\ /Ch 2\ /Ch 3\ /Ch 4\ /Ch5\ /Ch6\ I(BF;)Titnk)
N\ v v ¥

e Downconversion to common IF

* Demodulation and baseband processing
e Descrambling and data recovery

e TDM multiplexing of multichannel stream
® QPSK modulation and upconversion

- l Output
/ Composite downlink spectrum \ (Downlink)

Figure 3.13 Demod/remod and bit stream combining as part of the Skyplex multiplexer. Each
uplink channel (1 through 6) originates from a different Earth station, using FDMA in this example.
However, the channels may alternatively be transmitted by TDMA as the Skyplex OBP includes the
necessary burst demodulator.
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receiver. A multiplexer on board the satellite would have required the full receive
side of this coding scheme in order to reproduce the necessary MPEG 2 stream. The
availability of a high power uplink meant that one could rely on just the outer
(Reed-Solomon) code and incorporate the inner (convolutional) code on the down-
link. This arrangement is illustrated in Figure 3.14.

3.2.6 Repeater Power and Bandwidth

As satellite applications target more toward end users, the demand increases for
smaller ground antennas and, as a consequence, higher satellite power. Satellite
operators tend to seek a marketing advantage by having greater EIRP in the newest
generation of spacecraft. A key parameter for spacecraft design in this environment
is the efficiency of conversion from dc (supplied by the solar panels and batteries) to
RF (power amplifier output). An overall comparison of the two basic types of power
amplifiers is provided in Table 3.6. Traveling-wave tubes tend to have the highest
efficiency and are appropriate for broadcasting and digital information distribution.
TWTs above 250W have challenged developers because of a lack of adequate on-
orbit experience. In comparison, 100W to 200W amplifiers are viewed as depend-
able, and experience with the generation launched in the 1990s has been very good.
Higher power levels are obtained by paralleling pairs of amplifiers. The direction
that manufacturers are going now is to integrate a standard TWT with a driver/line-
arizer that increases gain and cancels a significant amount of nonlinearity. This
reduces intermodulation distortion for multiple carriers and/or sideband regrowth
for wideband digital signals

Solid-state power amplifiers have become popular for power up to about 50W
and may offer longer life because they do not contain a clear-cut wearout mecha-
nism. High-power GaAs FET devices are delicate and must be maintained at a rela-
tively cool temperature over life. SSPAs operate at low voltage and high current and
can fail randomly due to design or manufacturing defects (particularly where leads
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Figure 3.14 Skyplex repartition of DVB channel to accommodate multiplexing of six individual
MPEG video channels onboard a satellite.
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are bonded to substrates). A given SSPA uses many FETs arranged in parallel combi-
nations, requiring that all FETs be functioning in order to provide the rated power
output. Examples of FET types found in SSPAs include Gallium Arsenide (GaAs),
High Electron Mobility Transistors (HEMT), and Indium Phosphide (InP). This
same sequence indicates step increases in performance in terms of electron mobility,
efficiency, and power output.

TWTAs have maintained their lead over SSPAs because they function as a gen-
erator that can be inherently very efficient because energy of the moving element
(the electron beam) can be conserved by recycling (via multiple collectors). The state
of the art for space TWTs is now four collectors in a direct-radiating case, giving
dc-to-RF efficiencies over 70% at Ku-band. TWTs demonstrate a 20-year lifetime
through extensive on-orbit experience, even though they have a well-known wea-
rout mechanism in the cathode. The last item in Table 3.6 indicates the maximum
operating temperature of the amplifier, which is indicated at 80°C. This corre-
sponds to the case where the TWT transfers most of its dissipated heat through the
baseplate. An alternate configuration uses a finned arrangement on the collector,
allowing the hot end to radiate directly into space. In this case, at least part of the
TWT could run above 100°C.

The high-voltage power supplies of TWTs continue to be a source of concern
due to their complexity and potential for high-voltage failure. High-efficiency
SSPAs are essentially fast switches with output transformation networks tuned to
specific frequency channels to maximize power output and efficiency, resulting in a
bandwidth that is substantially less than what can routinely be obtained from
TWTs. These differences complicate the choice of the type of amplifier, which can-
not be made until the full requirements of the mission are understood and
documented.

Table 3.6 also contains a number of secondary parameters that may or may not
be significant in a particular application. Power level, bandwidth, gain, and effi-
ciency have direct consequences for the service and spacecraft design. The mass of
the amplifier, including its power supply, is important to the size and cost of the

Table 3.6 Comparison of Spacecraft Power Amplifiers Using Typical Values,
Without Linearization

Characteristic TWTA SSPA
Frequency bands L through Ka+ L through Ka+
Power output 10W to 200W SW to SOW (1W at Ka)
Bandwidth 20% 5%
Gain 40 to 60 dB 6 to 20 dB (input driver
amplifier can be added)
Efficiency 40% to 65% 25% to 40%
Mass 1.5t05.5 kg 0.5 to 2 kg
Linearity: — —
C/IM at maximum power 12 dB 16 dB
AM-to-PM conversion 5°/dB 2.5°/dB
Maximum phase shift 40° 20°
Conduction-cooled 80°C 30°C

maximum temperature
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satellite itself. In some missions, the quantity of amplifiers may indeed be limited by
mass. Another consideration is the mass of the thermal control elements needed to
remove heat and thereby control amplifier temperature (particularly important for
SSPAs and high-power TWTAs). SSPAs and low-power TWTAs may be conduction
cooled through mounting surfaces using heat pipe technology. As the power of the
tube increases, direct radiation becomes an option.

Linearity specifications are very important in high-speed digital transmission
and multiple-carrier applications for VSATs and mobile communications. While
this tended to favor the SSPA, current TWTAs can come close through the addition
of a linearizer.

With all of the effort that goes into designing and building a powerful and effi-
cient amplifier, there exists the vital importance of minimizing the RF loss between
antenna and the amplifier. An output loss of 2 dB results in a diversion of 58 % of the
amplifier power into resistive heating. This has a direct bearing on the satellite as a
whole, because an efficiency improvement means that less total dc power needs to be
provided by the bus. Waste power also turns into heat that must be removed from
the spacecraft. Another factor due to high power is multiplication breakdown in the
output waveguide and antenna feed. A lot of attention has been focused on minimiz-
ing this loss and thus maximizing the radiated power. Techniques like shaped reflec-
tors with single-feed horns were introduced with this in mind.

Transponder bandwidth is next in importance to users. For a given application,
the signal bandwidth determines the minimum transponder bandwidth required;
anything more than that usually cannot be used effectively. Analog video applica-
tions generally require bandwidths in the range of 23 to 72 MHz, as summarized in
Table 3.7. A VSAT network or other SCPC application could require less bandwidth
and hence can share a transponder with other users. The most common approach in
spacecraft design is first to determine the minimum acceptable bandwidth for any
service that can be anticipated. The designer divides the available bandwidth (typi-
cally 2 x 500 MHz) by the service channel bandwidth to set a number of transpond-
ers to be carried (usually in the range of 16 to 48). Considering the required EIRP,
coverage, sparing, life, and if it fits an existing spacecraft bus, then one is done and
can start working on a detailed spec. If not, one iterates by increasing the trans-
ponder bandwidth and looking harder at the available buses.

A more detailed kind of optimization has been performed in recent years using
advanced computer analysis and simulation techniques. Using an engineering work-
station and sophisticated signal analysis software like the Signal Processing

Table 3.7 Typical Bandwidths Found in C- and Ku-Band Bent-Pipe Repeaters

Frequency Band

(Downlink) ITU-Designated Service  Bandwidth  Derived from
C-band FSS, shared with 36 MHz 1 video carrier
(3.7-4.2 GHz) terrestrial fixed service 72 MHz Dual carrier or SCPC
Ku-band FSS, not shared with 27 MHz 1 video carrier

(11.7-12.2 GHz)  terrestrial fixed service 36 MHz 1 video carrier

54 MHz Dual carrier or SCPC
Ku-band BSS, not shared 27 Mhz 1 video carrier
(12.2-12.7 GHz)
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Workbench (SPW) or PC software like SystemView by Elanix or MathCAD, the sat-
ellite engineer can determine which transponder parameters have a significant
impact on the overall link and spacecraft design. There are two types of analyses,
namely, the analog/digital approach, which looks at the signal as it passes through
the linear and nonlinear elements of the repeater; and the discrete time model, which
generates simulated traffic (telephone calls or data messages, as appropriate). Either
or both might be used for a given system. The critical step in using computer analy-
sis is first to calibrate the model on a real-world system such as an operating satellite
link or a laboratory table-top model. Once calibrated, the computer model is useful
for testing various equipment arrangements and technical specifications. The
approach is very powerful because you can theoretically include everything that can
possibly impact performance and thereby adjust relevant characteristics. During the
construction of the system or even after it is in operation, the application engineer
can reanalyze the links to pull out more capability or troubleshoot problems that
arise over time.

3.2.7 Additional Payload Issues

This section discusses a number of additional issues in the design or implementation
of the communication payload. While not exhaustive, we provide some ideas and
food for thought for specifying a spacecraft to be constructed. These factors
may also be considered by users who are in the market to purchase transponder
capacity on a long-term basis, or if the spacecraft is still under construction by the
manufacturer.

Satellites operating at higher frequencies like Ku- and Ka-band might be fitted
with one or more transmitting beacons for reception by communication Earth sta-
tions. This provides a reference for determining the amount of rain attenuation
being experienced on the link. Another use is as an independent control channel for
onboard communication functions such as the digital repeater discussed earlier in
this chapter. The command link from the TT&C Earth station must function at all
times, which means that the command receiver must be permanently on and physi-
cally connected to appropriate antennas. No switches or other interaction with the
communication part of the repeater should be allowed. Command encryption might
have to be considered for very secure operation, but this also should not interfere
with safe operation in the case of an emergency.

Generally, the uplink coverage footprint should be as nearly identical to the
downlink as possible. This allows transmitting Earth stations to be located any-
where in the entire area of coverage. However, there are systems like DTH and MSS
with only a few ground transmitters (at the broadcast center or gateway) in the fixed
uplink part of the spectrum, so consideration may be given to restricting the uplink
coverage area. This provides an improvement in spacecraft G/T and SFD, which in
turn can improve link quality and availability. Alternatively, smaller uplink anten-
nas can be used, which is a consideration at Ka-band where large antennas are
expensive and more complex to operate. Another uplink issue is the appropriate use
of uplink power control (UPC) to maintain carrier power at the satellite during
heavy rain. UPC has proven effective in Ku-band VSAT hubs and Ka-band video
uplinks, where an entire network is dependent on the reception of a strong and
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stable broadcast channel. There are concerns for the accuracy and responsiveness of
the UPC control loop because any error will translate into a potential for network
instability and loss of service. To this end, the UPC should be thoroughly tested prior
to operation and maintained in proper working order for as long as it must function.
Level control in individual user terminals is also an option, but here it is the service
to the single user that is the consideration. This is particularly important in MSS,
where mobile terminals can experience deep fading due to multipath and terrain
blockage. The reaction time of the UPC will impact service performance and, on an
aggregate basis, network capacity for CDMA in particular.

There can be a high degree of design interaction between the antenna and
repeater. Top-level design requirements must be allocated to subsystems according
to issues of performance, cost, mass, and risk. Components, subsystems, and the
entire payload will need to be tested and retested on the ground and in space. A com-
petent analysis and budgeting scheme should define the interfaces and account for
the uncertainties on both sides. The approach for sparing the amplifiers and other
critical devices needs careful consideration as well, in addition to the overall require-
ment to isolate and remove any potential single-point-failure mode in the spacecraft
or ground segment.

There are other techniques for addressing the greater rain attenuation at Ka-
band and higher. A simple type of radome over a ground antenna will greatly reduce
the attenuation due to water on the reflector and feed. This could amount to nothing
more than a roof that extends above and forward of the reflector, but not within the
collimated beam. Site diversity, where two locations are provided to assure that one
or the other has a working link to the satellite, provides substantial improvement in
service availability. The cost of providing a second site and the interconnecting link
can be mitigated if multiple locations are required for other reasons. For example, a
major television network in the United States with ground facilities on both coasts of
the country can transfer the video feed by fiber to the uplink that is not experiencing
rain fade. It will likewise provide redundancy to counter sun outage, equipment fail-
ure, and any kind of local disruption or disaster.

TT&C requirements must be considered at the same time as the communication
payload is designed and optimized. Most satellites include TT&C frequencies at the
upper or lower edge of the communication band. However, this may not be appro-
priate if existing ground tracking stations cannot employ the same frequencies. In
this case, another band, such as C or Ku, may have to be employed and the requisite
equipment included on the satellite. The correct number of telemetry points and
commands needs to be determined and compared to what the system can provide. In
commercial satellites, telemetry is needed to assure reliable operation and to permit
troubleshooting in the event of a problem. While it is not usually needed for deep
engineering study, adequate telemetry is nevertheless vital to the long-life operation
of the entire network.

3.3 Spacecraft Bus Considerations

The spacecraft vehicle, more particularly the bus, must fulfill the requirements of the
communication mission, typically lasting 15 years in the case of GEO. Hughes
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pioneered the spin stabilization technique for GEO, while European and other U.S.
manufacturers pursued the three-axis early on, gaining experience with the
nonspinner. Spinners are simpler than three-axis; hence, they tend to be trouble-
free. However, three-axis can deliver more power at less overall launch mass and,
hence, are preferred for high-power missions (like DTH and MSS). Needing to
remain competitive, Hughes adopted the three-axis design and continues to manu-
facture them as Boeing Satellite Systems. Large classes of three-axis made by
Alcatel, Astrium, Boeing, Lockheed Martin, and Loral have the capability of pro-
viding 15 kW or more for commercial and government missions. Orbital Sciences,
Alenia, and TAI produce small to medium power three-axis satellites, challenging
the low-power spinner.

3.3.1 Three-Axis Bus Stability and Control

While three-axis satellites are technically and operationally more complex than ear-
lier spinners, they nevertheless are capable of providing reliable service. The key is
to provide sufficient redundancy and protection from failures that take the satellite
out of service. Regardless of spacecraft configuration, operations personnel and
users have to contend with on-orbit problems that result from flaws in the design,
manufacture, or operational procedures.

Control of a three-axis spacecraft relies on the low spin momentum of the vehi-
cle and the complexity that comes from the need to sense and correct for attitude
error (which results in mispointing of the footprint or spot beams). There are funda-
mentally two means for maintaining an inertial reference and degree of control.
The first is the “zero-momentum” system that uses three reaction wheels, each
along a different orthogonal axis, to allow correction in any of the three directions.
Each wheel can spin in either direction, thus affording forward and reverse control.
The second, more common approach, is the “momentum bias” system where a
wheel provides the net momentum along a virtual spin axis. A pair of such wheels
are needed to assure a redundant system. In reality, the former “zero momentum”
approach needs some net momentum to provide a basis for antenna pointing.

An emergency in either design occurs from loss of pitch lock, where the body
slowly rotates around the north/south direction (perpendicular to the equatorial
plane). As long as the wheel is kept within certain speed limits, the spacecraft will
tend to remain erect and stable. Problems in three-axis recovery from loss of lock
have occurred in the past due to (1) improper use of thrusters (they should have been
kept off), (2) inappropriate onboard autonomous protection software that switched
the wheel(s) off, (3) lack of sensor (or memory-stored) information so that an
autonomously recovering spacecraft does not know where to turn to expect the sun,
and (4) operating mistakes made during a problem situation such as one of the
above. Depending on where the sun sensors are mounted and how much risk the
operator takes, the recovery can take up to 24 hours, during which communication
service is almost surely lost. The newer designs are more intelligent and robust, and
therefore these problems should become a thing of the past. In any case, it is possible
to override such undesirable modes by ground command; using these commands
properly is also a key to the safe operation of any spacecraft. The remaining
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problem area is the failure of a critical unit or function that cannot be performed
otherwise.

Having a stable platform that does not succumb to spin-ups and loss of attitude
control is paramount for satellite communication. Users expect their satellite opera-
tor to provide dependable service; in fact, they would prefer not to have to worry or
even think about issues raised in this section. Selecting the particular bus design and
the safeguards at all steps of the manufacture and operation are essential to achiev-
ing this result. For this reason, most operators prefer not to be the first in line for a
new bus design. Users should gain an understanding of the key issues and review the
design and operating history of satellites they intend to use. Users who lease or pur-
chase transponders on a full time basis are typically provided with a monthly report
that delineates the satellite health and performance issues.

The responsibility for keeping the spacecraft antenna beam aligned properly
with the coverage area falls to the attitude control system (ACS). While a detailed
discussion of ACS design and performance is beyond the scope of this book, we
want to identify this area as one of potential concern. Spinning satellites can main-
tain pointing throughout their missions due to the high gyroscopic stiffness pro-
duced by rotation of most of the mass of the body. Two directions of control are
provided: around the spin axis through adjustment of the despin rate, and north-
south using a single motor-actuator. Pointing accuracy can be maintained to about
+0.05° in this manner. However, there is precession of the spin axis over time that
causes error along the third axis, called yaw. This is corrected through ground-
commanded correction maneuvers using the onboard propulsion system. In noncir-
cular antenna patterns and arrays of multiple beams, yaw error can be maintained as
tightly as needed by more frequent corrections.

The situation with regard to three-axis spacecraft is more complex because the
vehicle has a potential for tumbling most of the time. The low rotational inertia can-
not guarantee beam alignment so the ACS must be in constant control. Interaction
of this system with flexible structures like solar panels and antenna reflectors is
another consideration. Finally, thruster firings to perform station-keeping and
unload momentum wheel inertia cause large attitude transients, which are several
times the steady-state pointing error. The overall pointing error thus derived may be
of the order of £0.15°, which can produce footprint EIRP and G/T degradation of 1
dB or more. This will depend on the steepness of the slope of the antenna gain pat-
tern. If this is an issue, then the antennas themselves may require their own pointing
mechanisms and means of measuring beam alignment.

3.3.2 Spacecraft Power Constraints

The demand for more downlink RF power has consequences for the design, size, and
mass of the spacecraft bus. This is in addition to any impact on the communication
hardware, such as power amplifiers and waveguides, which resulted from the use of
a high power level. We review in qualitative terms the most significant impacts on
the spacecraft bus. Readers who need to quantify the impact should work closely
with the spacecraft designer or manufacturer, who is in the best position to evaluate
new requirements and their impact on the spacecraft.
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3.3.2.1 Power System Limit (Panel Area and Mass)

The most direct impact of increased RF power is the requirement for greater dc
power from the electrical power system on board the satellite. The spinner and
three-axis designs approach the generation of prime power in a slightly different
manner. Generally speaking, flat solar panels on the three-axis can be extended in
area, while the cylindrical panels on the spinner cannot exceed the dimensions and
volume available within the launch vehicle shroud. Current spinners can generate
approximately 2,300W of dc power, of which about 2,000W are available for the
payload. The 300W of difference between the two values is needed to power the
bus. The comparable numbers for the three-axis are approximately 15,000W and
12,500W for total prime power and available payload power, respectively. Three-
axis bus designs that are currently on the drawing board promise up to 20 kW of
prime power.

The beginning-of-life power output of the solar panel can be achieved with rea-
sonably good accuracy, although precise on-ground measurements are typically not
possible beyond solar cell string level. In orbit, the solar cells in the panel are
exposed to the space radiation environment, which consists of free electrons, pro-
tons, and UV energy. Most of this charged flux emanates from the sun and follows
the 11-year solar cycle. Another source of degradation is surface contamination
from outgassing of spacecraft materials that deposit on the panels. Panel designers
use projections of the radiation flux that have been compiled by respected organiza-
tions like the U.S. National Aeronautics and Space Administration (NASA) and the
European Space Agency (ESA). However, no model can predict with certainty what
the environment will be for a particular mission. Instead, the approach is to use a
reasonably conservative estimate of the environment over the solar cycles in ques-
tion. In the cycle that peaked around 1990, there were a number of unexpectedly
large proton events, the worst of which caused as much as a 1% drop in panel
power output. Since panels at launch have around 25% excess power, a 1% drop
only becomes an issue near end-of-life.

Early cells were of n-on-p silicon. More efficient cells were introduced in the
1990s, using GaAs semiconductor material. This increased power by up to a factor
of two, making 8-kW systems feasible. There was a period of dual junction use and
then a quick transition to triple-junction cells, which employ gallium indium phos-
phide/gallium arsenide/germanium (GalnP/GaAs/Ge). This cell is a sandwich that,
aside from the three rectifying solar cell junction, contains two connecting “tunnel”
junctions, one between the top GalnP cell and the middle GaAs cell, and the other
between the middle GaAs cell and the bottom Ge cell. For correct functioning, all
three solar cell junctions need to supply the same current. Complex structures like
this convert nearly 30% of incident solar into electrical power.

A last word about solar arrays: the flat arrays on three-satellites are very
exposed to the environment and undergo approximately [200°C temperature swing
between the heat of normal sunlit operation and the extreme cold during eclipses.
Despite the apparent simplicity of the requirements for a reliable solar wing, achiev-
ing long-term mission requirements is not easy. Statistics show that at least 5% of
all spacecraft flown have higher than expected solar array power degradation,
and, if anything, recent trends with arrays above 10 kW indicate even greater
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degradation. Luckily, these problems are usually not sudden-death killers and
operational workarounds are possible.

3.3.2.2 Battery System Limit (Volume and Mass)

Assuming that the payload must operate in eclipse as well in sunlight, the power
required by the payload would also demand battery capacity. There are two tech-
nologies available today for commercial spacecraft, namely, nickel cadmium (NiCd)
and nickel hydrogen (NiH,). NiCd batteries are similar in concept to standard
rechargeable NiCd batteries found in home electronic equipment. However, the par-
ticular configuration employed in space is designed for much longer life, low mass,
and greater discharge capacity. Recently, it has been proposed that satellites employ
lithium ion batteries similar to what is used in laptop computers and other portable
consumer devices. The other technology, NiH,, has also been used since the mid-
1980s on small spacecraft like the Boeing 376 GEOs and Orbital Orbcomm little
LEOs as well as the largest hybrids launched today. NiH, can obtain 50% to 100%
greater charge capacity for the same mass as NiCd. Up until recently, NiH, was only
found on the larger satellites but is now available on the smaller spinners as well.
Battery technology choice has to do with the spacecraft configuration and depends
on the total power required and the capability of the spacecraft design to manage
battery temperature and charge. NiH,, if built properly, is quite robust to charge
state extremes, whereas NiCd and lithium are more sensitive.

Some services could employ a satellite with reduced eclipse capacity. For
instance, MSS is really a telephone network in space, where subscribers make calls
according to their own particular usage patterns. On an aggregate basis, telephone
calling follows a predictable pattern of rising in the morning and hitting a peak,
called the busy hour, sometime in the early to mid-afternoon. Not having all of the
power available at 2 a.m. would be an acceptable compromise, provided that the
payload and power system are designed for this kind of variability. This argument
has also been used to justify locating BSS satellites to the west of the area service,
putting the peak of eclipse after midnight. While this saved battery mass, later opera-
tors have chosen to power their broadcasting satellites for the full 24-hour period, so
as not to disappoint late-night viewers.

3.3.2.3 Thermal System Capacity

The thermal control subsystem of the spacecraft must remove excess heat so that
internal temperatures do not exceed design limits at any time during the life of the
satellite. Any increase in input and output power will introduce more heat that the
thermal system must reject. With the growth in power demand and packing density
of electronics, spacecraft manufacturers have adopted the heat pipe as an effective
means to move heat from the source to the external radiating surface. A heat pipe is
a long tube containing a substance that can transition between liquid and gaseous
states. As with any classical refrigeration cycle, the liquid is converted to gas at the
hot end, flowing to the cool end that radiates directly to space. The gas condenses,
releases its heat, and returns through the pipe to the hot end. High-power three-axis
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satellites have evolved to become cages of heat pipes that move heat from points of
high concentration, such as underneath high-power TWTAs and batteries, to exter-
nal surfaces that can radiate the heat to space. If we generate more heat, then greater
radiation surface as well as possibly more heat pipe capacity is needed. This is not a
trivial change because it could require extensive rearrangement of the spacecraft
structural system and additional mass to provide more thermal control capability.
In some cases, physical volume constraints could preclude adding the needed ther-
mal control facilities. One alternative is to design all electronic and mechanical
equipment to operate over a wider temperature range. Another alternative is to
design radiators that deploy away from the main body, using flexible heat pipes to
transfer the heat across the joint that moved. If these steps are not taken correctly,
the result will be a hotter spacecraft and a potential reduction in lifetime and per-
formance. For users, there is little that one can do except to ask the right questions
of the satellite operator or manufacturer. They should be able to demonstrate by
analysis and measurement how their spacecraft will fare over the operating life. Fur-
thermore, large radiator areas will also require significant heaters when the payload
is off or only partially in service.

3.3.2.4 Propellant Capacity and Loading

Along with the increase of the spacecraft power and thermal control support, the
satellite engineer must consider the propellant load to maintain lifetime. For a given
type of propulsion system and propellant, any increase in dry mass of the spacecraft
will require the same proportional increase in propellant mass. We typically want to
keep the satellite within a north/south and east/west box that is no greater than 0.2°
on each side. Most of the station-keeping propellant is required to control the incli-
nation, that is, north/south station-keeping. Obviously, if the need for north/south
station-keeping can be eliminated, then substantially less propellant will be
required. This can work for MSS missions where users employ broad-beam or
tracking antennas but is probably not feasible for broadband applications with
fixed dish antennas like DTH and VSAT networks.

It is possible to improve thrust performance without adding propellant by
increasing the specific impulse (1)), which measures thrust per unit mass (in units of
seconds) of the propellant. In typical GEO and non-GEO spacecraft designs, I | is in
the range of 170 seconds to 300 seconds. The conventional reaction control system
(RCS) formerly employed hydrazine as a single propellant and used a blow-down
system with a simple gas pressurant. Moving to a bipropellant system with mono-
methyl hydrazine and nitrogen tetroxide oxidizer, along with a regulated system to
maintain constant pressure during apogee burns, increased station-keeping I by up
to 50% on the long burns used in north/south station-keeping. Short thrust pulses
for momentum dumps or attitude correction bring bipropellant performance way
down because the thruster does not have time to reach full operating temperature,
but are luckily normally a small fraction of the thrusting required.

Of recent interest are various forms of electric and ion propulsion, including
xenon-ion propulsion systems (XIPS) from Boeing, Arc Jets from Olin, and Hall
Effect thrusters produced in Russia. These state-of-the-art propulsion technologies
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yield values of I in excess of 1,000 seconds. The main issue with any of these new
concepts (some of which have been around for a decade or more) is that of life
expectancy. This is being addressed through life-test programs and, in conjunction
with on-orbit experience, will prove the dependability. Additional issues are wide
thrust exhaust plumes and thermal inputs to the host spacecraft.

The trend in GEO satellites has been to reach as long a life as possible, extending
past 10 years to 20 years or more. If we were to move back to 10 years or even 8
years, it would be possible to reduce total propellant mass. This requires a proper
analysis of the mission, which is beyond the scope of this book. However, it is possi-
ble to have the satellite operator or manufacturer determine the amount of the
required propellant. A shorter lifetime may often have little impact on profitability
of the investment because of the effect of discounting the later years of revenue. It
might also be possible to increase lifetime by using a different launch vehicle to place
the satellite into transfer orbit. In most missions, some of the propulsion system pro-
pellant is reserved for orbit corrections and even for the perigee kick function. If the
launcher can be depended on to carry out more of these functions (or with improved
accuracy), then RCS propellant can be saved for station-keeping. Evaluation of this
also requires a thorough analysis by the launch vehicle provider.

If in the final analysis you determine that there must be an increase in propellant
load, then there still is the consideration of tank capacity. If the demand is going to
be significantly greater than current designs, larger tanks can be installed. A first
impact is the difficulty of integrating the larger tanks. A second impact is the struc-
tural loading during launch of the larger and heavier (full) tanks. A final considera-
tion is the qualified lifetime impulses of the station-keeping thrusters. Such changes
can have a significant impact on the overall design, including its ability to qualify for
launch on a particular launch vehicle. Therefore, a thorough evaluation of such a
proposed change is justified.

In summary, the required radiated RF power has a significant and possibly
major impact on the spacecraft, so it has to be carefully considered. To do this right,
one must involve many parties—the satellite operator, the spacecraft manufacturer,
and possibly the launch service provider. This is not an impossible task provided it is
dealt with in a thorough manner.

3.4 Contingency Planning

Satellite operators and users must engage in contingency planning, which involves
making arrangements for backup satellite capacity and succession when operating
satellites reach end of life. For operators, this is a matter of maintaining the business
in the face of possible launch and on-orbit failures. Users of these satellites share that
concern and would probably not use a given satellite system if capacity is not avail-
able in the event of a failure. Providing the backup and replacement capacity is
costly and if done wrong can lead to a disastrous result for all parties. For all of these
reasons, operators and users can participate in the solution to providing continuity
of orbital service.
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3.4.1 Risks in Satellite Operation

The following subsections identify risks that affect the delivery of space segment
service to users. We offer some basic approaches to the resolution of each of these
risks. However, this is not a substitute for a detailed plan that is compiled for the
unique circumstances of the particular operator and/or user.

3.4.1.1 Launch Failure

The satellite operator and user must make provision for the distinct possibility that
a given launch will not be successful. Spacecraft manufacturers can provide a vari-
ety of services to compensate for the probability of approximately 10% that the sat-
ellite will not reach its specified orbit and provide service. For example, the contract
for the satellite might include a provision for a second spacecraft to be ready for
backup launch within a specified period after the failure. The contract might even
provide for delivery in orbit by a specified date, which implies that the spacecraft
manufacturer will have to go through the (expensive) steps that would otherwise
fall upon the operator. In the end, however, the operator pays the costs of covering
the risk.

It is not unusual for a satellite operator to offer an attractive deal on one or
more transponders aboard a satellite that has not been launched. With a significant
savings, there is strong motivation to pursue this type of offer. The considerations
would be (1) the newness of the design (e.g., it is better to employ a proven design
that is essentially a copy of one that is flying successfully), (2) the stage of construc-
tion (e.g., in final test with no open issues or already shipped to the launch site), and
(3) employing a proven launch vehicle (e.g., one that has a success record of at least
90% and that has not undergone any changes in technology or process). The con-
tract for the purchase should consider the possibility that the satellite may never
reach orbit, allowing for a return of deposit and use of alternative capacity. Trans-
ponders on a successor or replacement satellite may be attractive provided that the
timetable is still of interest for the particular application.

Other steps that an operator can take include having an on-orbit satellite avail-
able to maintain the service during the period between the failure and the next
launch. This is covered later in this chapter, under the topic of succession strategy.
On the user side, some form of contingency plan must be put together. This could
involve contracting with another satellite operator to have backup transponders
available in the event that the new satellite does not go into operation on time.

3.4.1.2 Loss of On-Orbit Lifetime

Newcomers to satellite communication may have a somewhat negative view of sat-
ellite operations, possibly driven by highly visible launch and on-orbit failures along
with the business failure of at least two major LEO satellite systems. The actual
experience is that most satellites live out their life expectancies and can be counted
upon to provide service for a duration of 10 to 15 years. There are exceptions where
some kind of catastrophic failure after launch ended the satellite’s life prematurely,
but the percentage of these is in the low single digits.
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An important but often overlooked task of the satellite operator is the proper
and efficient maintenance of orbit control. Many GEO satellites enter service using a
single TT&C Earth station with one antenna. This has adequate ranging accuracy if
the satellite is to be controlled to 0.2° on each side of the station-keeping box. As
more satellites are added to the same orbit position, improved accuracy becomes a
requirement. Improved ranging methods, which may include a second TT&C sta-
tion, are then needed to provide range data to enhance the orbit determination
process. This allows the software to come up with an accurate orbit more quickly.
For non-GEO operators there is also the need to maintain multiple satellites and to
coordinate the arrangement of multiple orbits to assure continuous service. Non-
GEO systems are different in that many of the satellites are not in view of TT&C sta-
tions at any given time.

Even with the excellent experience to date at GEO, the risk of loss is so great that
operators and users must have contingency plans. If the risk of reduced lifetime
could be anticipated by a few years, then the parties can simply plan on launching
the replacement ahead of the originally planned date. Launch failure can be coun-
tered by making a first attempt at replacement at least 18 to 24 months prior to the
deadline, thus allowing an adequate window to construct and launch a carbon copy.
This introduces very little disruption in the normal planning cycle. Planning for an
unexpected loss of life, such as that experienced when a satellite abruptly loses a sig-
nificant fraction of its transponder capacity, means having an extra satellite avail-
able in orbit. Rather than sitting idle, this on-orbit spare can be employed for
preemptible services that are discontinued when and if the satellite is needed. Pre-
emptible services will produce revenues that help offset the investment and operat-
ing cost of the spare.

3.4.1.3 Reduced Technical Capability

Any organization that is engaged in a high-technology activity is exposed to the risk
that it will not be able to maintain a sufficient level of technical competence. This
depends on the people who work for the company and includes their qualifications
and level of training. Historically, companies and government agencies have
attempted to build competence through in-house education programs and on-the-
job training. There has been a trend in recent years to require that new people come
to the company already trained, either because they worked for another organiza-
tion in the same or a similar line of business or because of their individual educa-
tional experiences. This reduces the training burden on companies but increases the
risk from poaching—the tendency of companies to lure qualified people away from
each other with attractive offers of employment.

In satellite operation and application, loss of technical capability has not been a
problem in developed countries, probably because of the outflow of engineers and
technicians from the defense and aerospace industries. People are also becoming
available as large telecommunications companies downsize to become more com-
petitive and as many Internet and wireless startups fail as businesses. Eventually, this
overhang will diminish as more and more people reach retirement age. We will, at
that point, depend on the production level of new engineering and other technical
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graduates. As a consequence, satellite communication organizations may find it
more and more difficult to maintain adequate staff.

A related aspect of this problem is that the technical demand on an organization
can increase as new classes of satellite systems and communications technologies are
introduced on a large scale. The transfer from analog to digital video along with the
popularity of DTH put pressure on the satellite job market, but organizations, uni-
versities, and individuals responded to fill the void. Experienced people in the indus-
try also have demonstrated flexibility, possibly because of the range of services
available on satellite networks worldwide. For many of us, the fact that the business
is getting more complicated makes it that much more interesting and challenging.

3.4.1.4 Loss of Ground Facilities

Ground facilities tend to be less reliable than the satellites that they support. Part of
the reason is that they are exposed to many environmental risks, such as flood,
Earthquake, fire, wind, theft, and civil unrest. The equipment within an Earth sta-
tion or control center is designed to perform its function for 5 to 10 years, not 15 to
20. In addition, ground facilities are dependent on external support to keep them
running. Some of this can be countered through backup means, such as an uninter-
ruptible power supply (UPS), local water storage or supply, and storage of large
quantities of supplies and spare equipment. At some point, however, the ground
facility will not be able to fulfill its role either as a control point for the satellite or as
a communication node.

Assuming that we have taken appropriate measures to strengthen a particular
facility against the expected hazards, the only thing that remains is to provide an
independent backup. For a satellite operator, this means having a backup TT&C
station and satellite control center. This type of strategy provides a very high degree
of confidence that service will be maintained even if the primary site goes out of
service. The physical facilities can probably be more easily replaced than the people
who operate them. As stated under the section on reduced technical capability, hav-
ing qualified people available can become a challenge. If we routinely have one
operating site to control the satellites, it would be quite a burden to try to maintain a
backup site with qualified staff as well. Most of the time, this staff will have little to
do and therefore might not be as experienced as those who work at the main operat-
ing site. This may be countered by providing routine training and exercises for the
staff and by rotating qualified people between the two locations or by assigning
complementary prime and backup roles, so that each site nominally works at less
than a peak capability, which is only reached in contingencies.

For satellite users and their communication Earth station facilities, the trend has
been for the sites to be unattended. Trained staff would normally be located at the
network control center and at distributed maintenance facilities. The key here is to
have enough staff deployed at different locations so that there is inherent diversity in
the operation. A concern is with a single network control point and the possibility
that it will be knocked out. The best approach here is to have at least two such facili-
ties, each supporting half of the network. In the event of an outage, the other facility
takes over management of the entire network.
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In the 1990s, ground facilities were a valued asset and cost a great deal to pur-
chase and develop. This situation has turned around due to many well-equipped
Earth stations and teleports coming on the market as their owners seek to reduce
capital obligations (or just go bankrupt). In every major city in the developed world,
it is possible to either rent space or purchase a working facility on the cheap. Once
done, obligations to pay fall to the new owner, so one should do a proper evaluation
before making a commitment.

3.4.1.5 Harmful Interference

Any radiocommunication service is potentially a victim of harmful radio frequency
interference, which can be either accidental or intentional. A complete discussion of
the regulatory aspects of this issue is covered in Chapter 12. In this instance, we are
concerned with accidental or intentional disruption of legitimate satellite transmis-
sion by another party. By harmful we mean that authorized services are disrupted or
rendered unsatisfactory to users. This is different from unacceptable interference,
which is a term in frequency coordination to indicate that the calculated interference
level is above some detection threshold. The vast majority of harmful interference
events are accidental in nature, resulting from an error in operation or an equipment
failure of some type. This means that whatever the cause, the interference will be
found and corrected as a matter of course because the error or failure produces a
direct loss of performance for the unknowing perpetrator.

Intentional interference is rare and often quite notorious. In many countries,
particularly in the developed world, intentionally causing harmful radio frequency
interference is a crime. This has been an effective deterrent, mainly because the law-
ful operators want it that way. Satellite communication is particularly vulnerable
because any transmitter on the ground that is within the satellite footprint can be a
source of harmful interference if it has sufficient EIRP. In area-coverage systems, it is
difficult but not impossible to locate the source. Most of our efforts are expended on
monitoring all of the transponders in the downlink so that interference can
be observed as soon as it appears. This is augmented with good direct telephone
communication with users, which are usually the first to notice an interference
event.

The key to controlling and eliminating harmful interference is to constantly
maintain this type of vigilance over the system. As soon as any interference is
detected, the operations staff must move quickly to identify the source and demand
correction. In the vast majority of the cases, this is effective in a matter of minutes.
The remaining cases take longer to correct, sometimes hours or days if the source
cannot be isolated quickly. The approach here is to reduce the impact of the interfer-
ence by moving users to different frequencies or different transponders. This allows
the problem to be studied more carefully without the pressure of having to maintain
service.

Intentional interference is a source of anxiety among satellite operators and
users alike. There is always the possibility that a radio pirate might either take over
an existing legitimate Earth station or build one for the express purpose of causing
some kind of abuse (harm or theft). In the rare cases where this has happened (only
three that this author can recall), the perpetrator was identified and prosecuted. It
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turns out that the type of person who would do this sort of thing has emotional
problems. This allows the police and other authorities to track down the individual.
In the meantime, people in the industry are given the opportunity to think about
how this kind of disruption can be detected more quickly and how to prepare for the
next episode. It provides an opportunity for all to increase the level of vigilance.
Looking at the international environment, there is no common police force other
that the rules of the road provided by the ITU. Therefore, interference problems
involving satellites of different countries require some diplomacy in their resolution.

3.4.1.6 Sabotage

Another source of intentional disruption is the physical type, which we call sabo-
tage. Since the satellite is controlled from the ground, it is conceivable that someone
might attempt to vandalize an operating TT&C station. Any high-power Earth sta-
tion used for TV uplinking might also be used to jam the command frequency or
even take control, given the proper command encoding equipment. The newer gen-
eration of commercial satellites tends to have secure command systems to make a
takeover a very remote possibility.

Most Earth stations that are capable of causing sabotage to the satellite are pro-
tected with security perimeters. The amount of this type of physical security will
depend on the risk. In the United States, it is normal practice to provide security
fences, doors, and even guards. Facilities in remote areas might have less physical
security, but some minimum amount is still justified. Recall the old adage that most
locks are designed to keep an honest person honest.

Satellite control facilities that provide government communications services
must be protected to the fullest. This is a special case and is really beyond the normal
scope of commercial affairs. However, the thought processes that the government
applies can be useful to protect high-value installations. It is always prudent to think
about what type of attack might be possible and what could be done to minimize the
risk or impact. Some time spent in anticipation of this kind of event is well worth the
effort. For example, the only thing that may need to be done is to use the physical
security that is already in place but is currently not being used. For example, security
doors with TV monitors might be installed but are deactivated as a matter of con-
venience. If the risk increases for some reason, then all you might need to do is to
reinstate the use of these doors and TV monitors. Computer systems are very capa-
ble of providing greater security than is used on a routine basis. Tightening security
might only be a matter of using and changing the access control mechanisms
(including passwords) already provided in the operating systems and data commu-
nications network.

3.4.2 Available Insurance Coverage

The policies and procedures described in the previous section deal with the opera-
tional impact of risk. There is always the financial impact of loss, for which insur-
ance is an effective preventive measure. We consider some of the more common
types of insurance that can be purchased by satellite operators and users.
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3.4.2.1 Launch Insurance

A completed but unlaunched satellite stands between an 85% and 95% chance on
the average of successfully reaching orbit (GEO, MEO, or LEO) and being capable
of a planned start of service. Some launch vehicles and supporting services have
achieved the higher end of the range, including Arianespace’s Ariane 3 and 4 launch
vehicles and McDonnell Douglas’s Delta 2 series. Lockheed Martin’s Titan and
Atlas Centaur have nearly as good a record as the leaders. The launch vehicles avail-
able from China Great Wall Industry Corporation of the People’s Republic of China
are potentially good performers, but the record to date is still advancing from the
low end of the scale. And lastly, fully developed Russian launch vehicles like Proton
and Zenit are popular in the commercial marketplace.

Planning for GEO systems is on the basis of launching one or two satellites at a
time and amounts to betting against “snake eyes” on the toss of dice. As we shall see
later in the chapter, building a multiple-satellite GEO system is a step-by-step basis
and can proceed more or less in a serial manner. Global LEO systems like Iridium
and Globalstar, discussed in Chapter 11, cannot start service with a single satellite
but require an initial operating constellation of dozens of working satellites. On a
relative basis, one launch by itself does not pose as much of a financial risk as with
GEO systems. On the other hand, a serious problem with the design or manufactur-
ing process of the launch vehicle used to create the LEO or MEO constellation can
halt implementation and the start of service by between 6 months and 1 year.

The simple fact is that launching satellites is a risky business and demands every
possible step to assure the financial and operational viability of the user and the sat-
ellite operator. Spacecraft manufacturers may or may not bear part of the risk,
depending on the nature of the particular contract. They, too, need to consider how
to insure their financial exposure. Launch insurance is generally available to the par-
ties who stand to lose in the event of a failure to reach orbit or maintain service after
an initial operating period. The satellite operator can purchase coverage equal to the
purchase price of the spacecraft and launch vehicle. This is typically increased to
assure that all of the expected cost of a replacement is included. To do this, the
number may be adjusted upward for inflation between the contracted price (which is
probably 2 to 3 years old) and the time when a negotiation for the new spacecraft
and launch would happen. Alternatively, the operator may use option prices that
were previously negotiated with the manufacturer and launch vehicle provider. The
last item to be included is the cost of the next launch insurance policy.

Operators of LEO and MEO networks take an entirely different stance with
respect to launch insurance. Some may prefer to self-insure, meaning that no specific
launch insurance with be purchased. By purchasing sufficient extra spacecraft and
launch vehicles, they will provide the needed insurance against the expected failure
rate of the launch vehicle systems employed. This will not protect them from a sys-
tematic problem with a particular system, but the operator could reduce risk by
selecting a second source early in the program.

Major users who purchase transponders for the life of the satellite can also
obtain launch insurance. In the 1980s, cable TV networks like HBO and Turner
Broadcasting purchased such insurance from the same sources as the operators. The
issue here is that there could be a very substantial insurance liability placed on a sin-
gle launch, representing such a large loss as to be uninsurable. The same applies to a
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multiple launch where two satellites are insured. The simple answer to this kind of
problem is to stay within the limits imposed by the marketplace. If the risk associ-
ated with a particular launch exceeds what the insurers will cover, then the insured
might get together and divide their risk.

The entities that require the insurance have multiple sources for coverage,
depending on the country of origin. Often an insured party will work with its exist-
ing underwriter. In the (distant) past, much of the coverage found its way to the
largest insurance market in the world for high-risk activities—Lloyds of London. As
many readers know, Lloyds is not an insurance company but rather a coordinator.
They represent literally thousands of insurers, called names. These are companies
and even individuals who attempt to make money by betting against disaster.
Unfortunately, there have been more disasters in the satellite, shipping, air, and
other industries to make the business of being a name rather unattractive. The
launch insurance game is now in the hands of a new breed of underwriter who tends
to take less risk by charging high premiums in the range of 20% to 30% and further
sells much of the risk onward to large reinsurers.

Other insurance coverage is typically bundled in with the purchase price of the
satellite and launch vehicle. There is risk of financial and human life loss due to
some kind of catastrophe at the launch site. This is a rare, but not unknown, type of
loss. The providers of hardware and services typically insure against these losses.
Failure to launch on time is typically not a risk borne by providers, except possibly
that the spacecraft manufacturer could, under contract, be held to such a claim. This
depends on the particular arrangements made ahead of time.

3.4.2.2 On-Orbit Life Insurance

Commencing with the initiation of service, satellite operators usually insure their
operating satellites against loss of lifetime. The price of this coverage is proportional
to the value of the satellite reduced by the number of years already expended in
orbit. A direct analogy is the kind of warranty that automobile tire manufacturers
provide, which is reduced by either the years remaining or the consumed tread.

The cost of life insurance has been in the range of 1.5% to 4% per year. Owners
of transponders can also purchase life insurance, or, alternatively, it could be pro-
vided as part of the transponder purchase agreement (i.e., similar to the tire war-
ranty). Users who rent their satellite capacity have no direct need to insure the
remaining life because they simply do not have to pay if the capacity is not available
due to a satellite failure. Their situation could be difficult, however, if they have not
made other provisions for replacement service.

3.4.2.3 General Liability Coverage

There is a wide variety of other insurance coverage that is valuable to those engaged
in the satellite communications field. Some examples include standard workman’s
compensation insurance, insurance for loss during transportation of equipment,
patent liability coverage, insurance to provide replacement of lost facilities or serv-
ices, and liability insurance to cover the intentional and unintentional actions of
employees and management. There is likely to be a need for insurance against
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liability for injury or damage that result from a launch failure or the possibility that a
satellite may reenter the atmosphere before it reaches its final orbit.

3.4.3 Space Development—Estimating Lead Time

Communication spacecraft used in GEO, MEO, and LEO networks require a con-
siderable time for the design and manufacturing cycles. These last from as long as 6
years for a complex new design with an OBP to as little as 12 months for a very
mature design with some existing inventory of parts or subsystems. A typical GEO-
class spacecraft of standard design will be contracted to take about 24 months to
deliver to the launch site from the time that the manufacturer is authorized to pro-
ceed with construction, and will probably take closer to 36 months. The launch serv-
ice provider also will require lead time to arrange for construction of the launch
vehicle and to reserve the launch site. The resulting waiting time to launch could be
as long as 30 months once the order is placed. This means that the developer of a
new application or system must allow sufficient lead time.

An overall timeline for a typical spacecraft development program is shown in
Figure 3.15. This takes the perspective of the satellite operator or developer of an
application that is dependent on the availability of a new satellite type. It allows for a
precontract period of about 6 months to collect business and technical requirements
and to prepare technical specifications. The period could be shortened if the require-
ments are standard and no new development is required, such as for a “plain
vanilla” C-band satellite for video distribution. On the other hand, if we are talking
about a new concept for which no precursor exists, the precontract period could last
1 or 2 years.

The satellite operator will normally procure the spacecraft according to a com-
petitive process to provide some confidence that the best performance under reason-
able terms have been obtained. This considers the technical, cost, and schedule
requirements for the project. Such a procurement may take anywhere from 3 to 6
months or more, depending on the same circumstances mentioned previously. We
assume in Figure 3.15 that a decision has been made during the precontract period
on the supplier and specifications. The supplier will proceed with the design engi-
neering portion of the program, culminating with a preliminary design review (PDR)
some time around the sixth month. The PDR will be evaluated by management from
the supplier as well as the satellite operator/buyer and its technical and business
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Figure 3.15 A typical spacecraft design and manufacturing program (24-month delivery).
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staff. Once completed and progress affirmed, the spacecraft supplier will move into
the detailed design and manufacturing phase. At some point, perhaps 12 months
from start, a critical design review (CDR) will be held for the same reviewers with
the objective of ratifying that the spacecraft program is proceeding correctly.

Units may now be integrated into systems and tested for compliance with the
specifications of the satellite. During the integration and test (I&T) phase, the sub-
systems are installed in the spacecraft and tested both in ambient air and in a cham-
ber that simulates the space environment. The objectives here include:

* Build a spacecraft that is capable of surviving the launch and initial deploy-
ments;

* Demonstrate that the satellite will meet its performance specifications
throughout its operating lifetime and under all expected on-orbit conditions;

* Demonstrate that the satellite can be operated effectively by radio control
through the TT&C system;

* Verify that the spacecraft will withstand the space environment, which
includes solar radiation and heating, cooling with battery discharge during
eclipses, spacecraft electrostatic charging, and contamination from external
and internal sources.

After the spacecraft completes the I&T phase, it is ready to be shipped to the
launch site where it is again checked for integrity and operability and placed on top
of the launch vehicle to be tested once again. The launch site preparations take
between 1 and 2 months, depending on the type of vehicle and the number of space-
craft to be launched at the same time. Also to be arranged are the tracking stations
and services that allow the satellite manufacturer and operator to conduct transfer
orbit operations and initial on-station testing. Once launched, the satellite is tracked
and commanded through the various phases, thoroughly tested and put into service.
If this is a new type of network service, then users may need to conduct network
checkout testing to demonstrate that everything is in working order and ready for
commercial service.

3.4.4 Satellite Backup and Replacement Strategy

Under the assumption that an operator’s satellites will work as planned, one must
still plan for replacement of the satellites at end of life. This can be a complex and
somewhat uncertain process because of (1) the time needed to design and manufac-
ture the replacement satellite (not to mention the time it takes to figure out what
kind of satellite to buy), and (2) the operating lifetime of a particular satellite, which
is only known within something on the order of a plus or minus 3 months accuracy.
An example of a replacement strategy for a hypothetical satellite system consist-
ing of three orbit positions is shown in Figure 3.16. As this suggests, the best and
simplest approach is to start with the current orbital arrangement and build a series
of timelines (arrayed from the top to the bottom of the page). The satellite operator
in this example starts in 2004 with three operating satellites: F1 and F2, launched in
1994, and F3, launched in 1997. This particular situation might have come about
because F1 and F2 were launched within 6 months of each other to provide a
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2004
Start of scenario

2005
F2 retired;
F3 takes over

2006
F1 retired;
F1R launched

2007
F2R launched

Figure 3.16 A typical satellite replacement scenario.

reliable system of two satellites; since both reached orbit successfully, the third satel-
lite, a launch spare, could be delayed until demand materialized. The operator chose
to place F3 into service in 1997 as an on-orbit spare and use it for occasional video
and other preemptible services. This provides high confidence that at least two satel-
lites will be available. We assume here that the operating lifetime of each satellite is
approximately 12 years.

The satellite operator purchased two replacement spacecraft (F1R and F2R) for
delivery and launch in 2005 and 2006. This will ensure continuity of service, pro-
vided that both launches are successful and as long as either F1 or F2 exceeds its
specified life by at least a year. Figure 3.16 indicates that in 2005, F3 will be taken
out of service and drifted over to F2’s orbit position. This will allow F3 to take over
for F2 when its lifetime runs out. Next, the replacement for F1, called F1R, will be
launched in 2006 so that services can be transferred to it in a timely manner. In 2007
F2R will be launched and placed into F3’s old orbit position, which will have been
vacant for about a year. This scenario provides high confidence that at least two
orbit positions will be maintained during the entire transition. If there had been a
launch failure, then F3 would have lasted long enough to permit another spacecraft
to be built and launched.

Satellites that work but are running out of propellant can be extended in lifetime
by switching to inclined-orbit operations. In this mode, a small amount of propel-
lant is reserved to maintain the assigned orbit longitude. Inclination is allowed to
build up (at a rate of approximately 0.8° per year), requiring that Earth station
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antennas track to satellite during its north-south excursion every day. MSS systems
are generally operated in this mode because of the broad beamwidths of user termi-
nal antennas and because antennas on ships and airplanes must track to compensate
for relative motion. Also, large antennas in C-, X-, Ku-, and Ka-band networks must
track to deal with normal station-keeping and so extending life through inclined-
orbit operation could be allowed with little impact. The fact that the satellite is
operating beyond its years allows the operator to offer a deep discount; alterna-
tively, it provides a means to hold an important orbit slot until a replacement can be
launched.

Obviously, there are many possible replacement scenarios and it makes sense to
examine as many as can be imagined. There are financial as well as regulatory con-
siderations. While this is done, users of the system must be kept informed so they
understand how the operator is replacing the satellite that makes their respective
businesses possible. This is very critical because experience has shown that an
operator who practices good replacement planning will tend to have better accep-
tance in the marketplace. The same goes for the application developer and user.
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Television represents approximately 70% of commercial communications satellite
use, and it is very suited to the characteristics of the medium. The point-to-
multipoint nature of video communications fits the wide-area broadcast feature of
the satellite link. The ability of a satellite to serve a particular TV market is simply
determined by the coverage area footprint. Thus, the Galaxy satellites are optimized
to serve the 50 United States, the JSAT satellites cover Asia, and the SES-Astra satel-
lites are intended for services to the broader European region. The TV signals them-
selves must be consistent with the technical and content characteristics of the region
served, aiming for one or more particular user segments. The important segments
include network broadcasting to local over-the-air TV stations, cable TV (CATV)
systems, and DTH subscribers who own their own dishes. A complete discussion of
the DTH segment is provided in Chapter 6.

Figure 4.1 provides a framework for the discussions in this chapter. Of funda-
mental importance are the standards used in the creation, organization, and distri-
bution of the programming product. In the analog domain, the same format is used
during each stage of preparation and delivery. This imposes tight specifications on
the transmission performance of the channel, particularly the video signal-to-noise
ratio (S/N) and various impairments that distort the picture. These are covered at
the end of this chapter. Digital formats, which are more tolerant of noise and distor-
tion, are described in Chapter 5. During the preparation of the product, the general
view is that no impairment should be introduced. In digital terms, this means that
the highest data rate possible should be used. Distribution of the signal to the con-
sumer can be with the lowest data rate that is consistent with an adequate perceived
quality—the quality generally going down with the data rate due to compression
artifacts.

The attractive nature of modern TV programming is a tribute to the technology
and skill used to put the product together. The other vital aspect of this medium is
the range of possible applications to which the product is put to use. Commercial
network broadcast is the broad category that includes the various forms of enter-
tainment television. Once carried out as a local service, network broadcasting is
now an international medium. Businesses also exploit the live-action nature of tele-
vision through private broadcasting and two-way interactive video teleconferenc-
ing. In the case of the latter, the medium provides the means to engage in
interpersonal communication where the content is also supplied in real time. For the
sake of simplicity, we divide the satellite TV industry roughly into entertainment
programming and business TV (the economic value of the entertainment sector sub-
stantially outweighing the business sector).
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The delivery of the product is determined by the equipment used to receive it
coupled with the mechanism used to pay for it. With DTH systems, individuals can
receive the signal with consumer equipment, providing the most direct connection
between the programming supplier and the public. On the other hand, the supplier
will often want to restrict distribution to those who have paid for it or to those for
whom it is intended for a variety of other reasons. Restrictions on delivery can be
based on geography or association with a group. In the following sections, we
review the categories of satellite video applications as a means to better define the
requirements for each.

4.1 Entertainment Programming

The ultimate consumer of TV programming is the household. In modern times, peo-
ple have more available time for recreation and are therefore looking for the best
value [1]. Beyond a doubt, this is from the home TV set. There are approximately
100 million homes with television sets in the United States. The average time spent



4.1 Entertainment Programming 117

viewing TV in each of these homes is about 8 hours. In advanced economies, the
quality of this programming is quite high and everybody can find something that
they enjoy. The price of doing this on an hourly basis, after you have purchased the
set, is nearly zero. Adding more variety usually means spending more disposable
income. For any other form, such as movies on the screen, sporting events, and live
theatrical events, the price per hour is much higher. Computer games, like VHS
tapes and DVDs, are costly on a per-purchase basis, but can be replayed ad infini-
tum. But programming is still going to be the best entertainment buy, even when
obtaining it through pay services over cable and satellite.

The nature of TV programming is quite subtle, as its value is determined by the
size and type of audience that it draws. By far, the most valuable programming is
that which is developed for and used in the major commercial TV networks that
broadcast their signals through local transmitters and over cable TV systems. The
total revenue of the U.S. TV networks is about $60 billion, which now exceeds what
newspapers collect from their advertisers. About one-fifth of this revenue goes to
the national networks themselves, with the rest divided up among the local TV sta-
tions, cable TV networks, and DTH operators. The most attractive type of pro-
gramming is that which appeals to a broad cross-section of the public divided into
certain key age groups. Behind this is the money that comes from manufacturers,
retailers, and service providers, who advertise what they sell through the TV
medium.

The following discussion suggests what the nature is of this most valuable seg-
ment of programming, based on the lineup of TV shows and their relative popular-
ity [2]. Since our first edition, a new classification of programming, called reality
television, has appeared (dubbed “Voyeur TV” by The Economist). This gained
popularity with Survivor on CBS. The format is real-life to the extent that “normal”
human beings (not actors) are left to fend for themselves in some “hostile” environ-
ment such as a desert island or remote jungle. Whether the situations and partici-
pants actually represent reality is debatable. At the time of this writing, Fox
Television Network led the ratings with a reality show called American Idol: The
Search for a Superstar. American Idol is a hybrid of a talent search (like Ted Mack’s
Original Amateur Hour) and a reality contest show (like Survivor) where contest-
ants can vote each other off the program. In the case of American Idol, amateurs
audition in front of three critics who lay it on the line without mercy. The apparent
brutality of the criticism lends to the drama and humor of the spectacle of people
being rather foolish. Eventually, after thousands of auditions—shown on screen like
the classic Candid Camera TV series—one person prevails as the surviving “Ameri-
can Idol.” The show has been enormously popular, having approximately 50%
audience of all TV watchers during the finals held in May 2003.

Coming to an end after many seasons, is NBC’s Friends, a situation comedy (sit-
com) that stars several of the most popular thirty-something actors and actresses
who play out their personal lives within the context of apartment living in New
York City. This particular program appeals to the most sought-after age group by
advertisers—that is, 18- to 45-year olds. It has been on top at NBC for 3 years. One
might ask if its popularity is due to the story line or to the cast—and the answer
must be both. Another very good draw is the Law & Order franchise, a detec-
tive/prosecution hybrid drama that has spun off similar programs under the same
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brand. Still a top-five series, Law & Order gave NBC a valuable brand and ave-
nue for very substantial revenue through cable syndication.

A category of global appeal is that of sporting event coverage. The baseball
leagues in North America and soccer leagues in Europe and Latin America are big
draws for TV audiences. Special events, such as the Olympic Games and the World
Cup, draw audiences in the billions—something quite incredible when you think
about it (only satellites could achieve this end). Recent innovations in sports cover-
age come from providing coverage of the local team no matter where they play in the
nation or world. This requires replication of the functions of origination and the
contribution of multiple programming inputs (feeds) to the studio for eventual dis-
tribution. The satellite and terrestrial telecommunications facilities required for this
in a major country can be substantial.

One could spend a lot of time studying the different programs, their makeup,
and source of popularity. The business is very dependent on the creativity of the
writers, producers, directors and actors—just like in the movies. Also, what is popu-
lar this year can lose appeal with the passage of time. All popular shows have sub-
stantial value as reruns on cable TV networks and independent TV stations. Law &
Order, for example, is very successful as a rerun on the TNT and A&E cable net-
works at the same time that new shows in the series are appearing on NBC.

The national network TV programs discussed previously are produced and first
released in the United States. This is because the United States still represents the best
market in the world for English-language programming and because the networks
and their program producers are based in the United States. Many of these programs
are distributed throughout the world, resulting in substantial additional revenues
for their producers. In Europe, the quality of satellite-delivered programming tends
to be higher (in commercial value) than what passes through the terrestrial net-
works. This probably evolved because TV stations were largely installed and oper-
ated by governments as a public service and not as a business. The same could be
said of TV in Asia and other parts of the world. For this reason, services from Sky of
the United Kingdom, RTL of Luxembourg, and Canal Plus of France have become
powerhouses and mainstays in the programming field. The programming mix on
these systems includes locally developed shows and, more particularly, many of the
most popular entertainment shows from the U.S. networks and studios. The Sky
services, in particular, are offered by British Sky Broadcasting (BSkyB), formed from
the merger of Sky, controlled by News Corp., and British Satellite Broadcasting. The
combined company reached 10 million subscribers in 2003 through a combination
of cable and DTH access, split roughly 33% and 66 %, respectively.

In Asia, the Japanese probably enjoy the most extensive mix of commercial tele-
vision broadcasts and networks. This is because of the economic status of the coun-
try and the great appetite of the Japanese for entertainment and information. There
is an extensive infrastructure of microwave and fiber, as well as several TV stations
in each major city. Satellite DTH is available from Sky PerfecTV, a service that
reaches nearly 10 million households. Much of the programming is locally pro-
duced, but there is an interest in American TV shows and movies as well. Hong
Kong and Singapore also have excellent local broadcasting services in multiple lan-
guages to reflect the diverse population. Some of these stations, particularly TVB in
Hong Kong, are extending themselves throughout Asia in response to the rapidly



4.1 Entertainment Programming 119

growing demand for TV. Cable TV has become fairly popular in these cities, but
DTH services are generally lacking.

The Star TV services, initiated by Hutchison Wampoa and sold in 1993 to News
Corp., are attracting audiences through C-band DTH and cable TV. This supple-
ments and in some cases substitutes for local TV in areas where broadcasting is
weak or nonexistent. Star began its operation at the start of the 1990s using the
relaunched Westar 6 satellite AsiaSat 1 and a second satellite, AsiaSat 2, which went
into service in 1996. The coverage of these satellites extends throughout Asia and all
the way to the Middle East, making the programming services available to more
than two-thirds of the world’s population. Programming is a mix of U.S.- and
European-derived entertainment, news, music, and regional movies. Some of the
channels are locally produced in Hong Kong and at least one service is originated
for distribution in India. That U.S. programming maintains its popularity in Europe
and Asia is a source of concern to the national governments that may have a policy
of encouraging local content and culture. On the other hand, the satellites that
deliver these services, particularly the Astra and Eutelsat series in Europe, are the
recognized hot birds where ground antennas remain focused.

It is worth mentioning the great interest in using the Internet as a distribution
mechanism for video and audio content. The notion that the Internet could play a
substantial role and even supplant commercial and satellite broadcast was prema-
ture at the least and no doubt part of the “new economy” boom that led to the “tech
wreck” of 2000. The Internet has great strengths in allowing everyone to exchange
data and to access stores of information available on Web servers literally anywhere
in the world. However, the networks that extend these resources to the end user are
typically of limited bandwidth and quality. This makes it impossible to assure deliv-
ery of the wide bandwidth needed for commercial programming. We will address
the subject of broadband interactive satellite networks later in this book.

While programming can be distributed through land-based systems and even
over the Internet, satellites have been the principal carrier of commercial TV mate-
rial. When satellites first became popular for TV transmission, it was a simple mat-
ter to format the signal for distribution. As discussed in Section 4.4, the analog
signal format that comes from the camera is essentially the same format used in pro-
duction and transmission and for viewing by the home receiver. With the introduc-
tion of digital TV, new formats are being exploited in certain situations. The typical
low-cost home TV receiver is still the same. In fact, television itself was first demon-
strated at the 1939 World’s Fair, where large numbers of people saw it. Early receiv-
ers became available in 1940s for limited broadcast reception. According to Paul
Resch, a television industry observer and expert, one of the original receivers would
still take the signal off the air today—except, of course, for Channel 1, which has
been reassigned to mobile radio. Interestingly, the same principle applies to the first
telephones in that you could receive a call over most telephone lines. However, time
marches on and digital television sets (like digital cell phones) are popular due to the
added features they offer.

Program distribution systems throughout the industry employ all or some of the
architecture shown in Figure 4.2. There are many options as to how this architec-
ture can be implemented, but the most economical approach is to combine these ele-
ments into a single facility. This is unique to the satellite industry, where one
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organization can create, distribute, and sell a product from one location. Network
broadcasters like ABC and Fox in the United States, Star TV in Hong Kong, and
Tokyo Broadcasting in Japan exploit the efficiency of this arrangement. The basic
functions provided are:

* Program origination in a studio;
* Display of prerecorded material, on film, tape, or disk;
* Program contribution by terrestrial links to remote studios and other venues;

* Program contribution by satellite links (typically C-band) from remote venues
and other sources;

* Reception of material using electronic news gathering (terrestrial microwave);
* Reception of material using Ku-band satellite news gathering (SNG);

* Recording and playback using tape and disk media;

* Editing of these various inputs into the actual program to be broadcast;

* Relay of programming captured from satellite links;

* Transmission from the studio to a satellite uplink (either C- or Ku-band);

* Transmission from the studio to a local broadcast transmitter and tower;

* Control and switching by computer of input and output video and audio sig-
nals to prepare program material for recording and distribution.

The selection and use of combinations of these functions depend on the type of
programming and service involved. For example, some programmers produce all of
their own material, including sports event coverage, news, and movies, and there-
fore require the most extensive and reliable facilities. NBC, for example, has redun-
dant broadcast centers in New York City and Burbank, California. A smaller
operation like the Disney Channel in Singapore will emphasize the local replay of
tape and the retransmission of programming that is received over a Pacific Ocean
satellite. The least impressive arrangement that this author has seen was a pair of
tape machines connected to a video uplink that represented the complete program
distribution system for a startup cable TV subscription movie channel.

One of the most important features of modern broadcast centers is the use of
backhaul circuits, many of which are provided over other satellites. As indicated in
Figure 4.2, there are several backhaul inputs available at the facility. The satellite
capacity that is used for this could be from a pool of available transponders that is
maintained by the network. In markets like the United States and Europe, occasional
video services from larger satellite operators provide the temporary transponders
when needed at a substantially lower cost. The TV network or station reserves the
transponder ahead of time and arranges for an uplink for use during the program-
ming event. Backhaul is also available over fiber optic networks. A company called
Vyvyx in the United States uses the fiber optic network of Williams Communica-
tions to make occasional connections between networks like Fox Television with
football stadiums around the country.

The truck in the center of the figure indicates how SNG service is introduced so
that the network may cover an event no matter where it is located (compact trans-
portable “flyaway” stations are also used). TV networks and stations own these
trucks since they provide a great deal of versatility and flexibility in covering remote
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venues and events. The typical SNG truck includes a 2.4-m antenna and 400-W Ku-
band transmitter, along with a limited quantity of production equipment to permit
some local editing. The one condition of using SNG and occasional video service, of
course, is that the location has access to a satellite that can also be received at the
broadcast center. This could be a problem with coverage of very remote places, par-
ticularly in other countries. A double-hop arrangement would then have to be made
with an international service provider such as Intelsat or PanAmSat.

4.1.1 Network Broadcast

The network broadcast to TV stations originates from the video uplink shown in
Figure 4.1 (this particular feature is not shown in Figure 4.2 but could be added to
one of the program contribution antennas). A typical network feed can last from a
few hours per day, during evening prime time, to a full 24-hour service. The basic
characteristic is that the feed contains network-wide programs intended for local
rebroadcast by TV stations. U.S. commercial networks have begun transmitting
separate regional distribution feeds of the same program but containing targeted
advertising and other announcements. In North America, each TV station is sepa-
rately owned and managed. There are also groups of stations under common owner-
ship, including stations in major cities like New York, Chicago, Los Angeles, and
San Francisco that are owned by the national networks themselves.

Network broadcasting in free-market economies has generally been supported
by advertisers who pay to have their message put in front of the mass market. Well-
known brands like Coca-Cola, Sony, Nestlé, and Texaco got that way through the
medium of commercial television. As far as the sponsor is concerned, the most
important piece of material to be transmitted is the advertising message. The rest is
used as a draw for the audience, and the larger the audience the better. This is not
meant as a condemnation, because all of us can enjoy much of the programming that
is created with advertising dollars. Rather, we need to understand that the econom-
ics of network programming in the main are driven by the need to influence buying
behavior (e.g., revenue to advertisers).

National brands can be advertised via the network feed, but much of the pro-
gramming and advertising can be generated at the local level. In the United States,
there has been a government mandate to encourage local control of broadcast TV.
This means that the local TV station must include facilities to create as well as dis-
tribute program content, including news and commercials. Local sports events are
popular, so the station needs to be able to collect sports feeds. This includes the
situation when, say, the Los Angeles Dodgers go to New York to play the New York
Mets baseball team. The L.A. sports announcers follow the team to New York
where they occupy a broadcast booth at the stadium. Their coverage of the away-
from-home game is carried by satellite (under special arrangement or as a network
feed) back to the hometown, where it can be broadcast locally.

Local stations also receive compensation from the network with which they are
affiliated. This source of revenue has declined as the networks have sought to reduce
costs in the face of competition from cable TV and DTH. There have been a number
of new startup networks in the United States, most notably the now established and
highly successful Fox TV network and later UPN, which is backed by Paramount.
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The money appears to be there in national advertising, but getting an adequate
share of it is becoming more of a challenge.

In Chapter 5, we review developments in various forms of digital TV, including
Digital Video Broadcast (DVB) and high-definition television (HDTV). U.S. TV net-
works have been participating in the technical development and political debate
that concerns HDTV. It is the policy of the FCC that HDTV will be made available
(which it is on a somewhat limited basis); however, the timetable was delayed in
2001 to allow more time for discussion and development of the market for home
receivers. These are available at prices beginning around $1,000, although a really
satisfactory projection system costs in excess of $5,000. As of September 1, 2003,
approximately 1 million HDTV sets had been purchased in the United States.

In much of Europe, Latin America, and Asia, stations within a country can be
controlled by the national network. Their primary support in the past has been from
government funding, the motivation for which can be quite varied. As the premier
government broadcaster, the BBC of the United Kingdom is acclaimed for the intel-
ligence they put into the presented material. They have been free to use their judg-
ment to decide what is best for the viewing public. Some of its programming makes
its way to the United States to be enjoyed on public television and some cable net-
works. The BBC is under scrutiny to show that it continues to deserve subsidy from
the U.K. populace. A similar situation exists in the United States with respect to PBS,
which currently depends on U.S. government support. PBS is the national program-
ming exchange and distributor for programming that is largely created by public TV
stations. Ironically, PBS was the first to adopt satellite distribution at a time when
the commercial network broadcasters relied on terrestrial microwave. Commercial
TV thrives in the open economies of countries like the Philippines, Turkey, and now
Poland. It is interesting to note that Turkey, now with its own satellites, is second
only to the United States in the number of privately owned TV stations, and Polish
households may actually watch more hours of TV than the people of any other
country.

4.1.2 Cable TV

The cable TV industry was created by the simple need to improve TV reception in
remote areas. Distant VHF and UHF broadcasts are received by high-gain antennas
on mountaintops or tall towers, which can be shared by residents of a given commu-
nity. In fact, the original name of the service was community-antenna TV (CATV),
an acronym that is still in use. This type of business did not become an industry as it
is today until the introduction of pay-TV services delivered privately to the cable TV
system by geostationary satellite and on tape. The availability of a wider array of
programming has made cable TV attractive to urban residents. Now, with a single
cable access, we receive the local TV channels (including some that are just out of
range or from nearby cities), national cable TV networks, pay-per-view (PPV) mov-
ies and events, and international programming as well. Video on demand (VoD) has
been rolled out in some areas to allow subscribers to determine the starting time as
well as the film.

The same cable plant is capable, with suitable upgrade, of two-way services,
with the main application being Internet access using cable modems. This feature is
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introduced by using the spectrum below 50 MHz (e.g., below Channel 2) on the
cable and has allowed many cable systems to become very profitable while satisfying
their customers’ need for high-speed access. Facilitated by the Data Over Cable Serv-
ice Interface Specification (DOCSIS) of Cable Labs, cable is possibly the most popu-
lar means of accessing the Internet at high speed. DOCSIS is also recognized as a
global standard by ITU-T SG9. The downstream speed is approximately 1 Mbps
and the upstream is typically more than 256 Kbps, making this service a benchmark
of comparison for broadband communications to the subscriber.

4.1.2.1 Cable System Architecture

An example of the design and layout of a typical cable TV system is shown in Figure
4.3 [3]. The signals are distributed by a branching network composed of 75-Q coax-
ial cable and wideband distribution amplifiers, which provide acceptable signal
quality to homes. The topology of the network must be tailored for maximum effi-
ciency of distribution and lowest investment and maintenance costs. The five major
parts of this type of distribution network—head end, trunk cable, distribution cable,
drop cable, and set-top-box—are reviewed next.

The head end is comprised of receiving antennas and equipment that provide TV
signals to be distributed. Cable TV head ends include VHF and UHF antennas and
C- and Ku-band satellite receiving dishes, along with the required number of TV
receivers to demodulate the channels and transfer them to the cable network. For
analog TV, each channel is modulated onto a separate frequency for transfer to the
cable itself. The channel plan (e.g., specific placement of TV channels in the band-
width of the cable) is designed to maximize capacity. This is aided by not having to
avoid particular frequencies in the RF spectrum that were not assigned to TV sta-
tions. This is possible because of the electrical shielding on the cable that suppresses
radio energy from the outside.

Trunk cables bring the collection of channels from the head end to the neighbor-
hood to be served, usually on a point-to-point basis. Amplifiers are introduced at
appropriate distances to maintain adequate signal strength and S/N. If the distance
to be covered is extremely long, it may be preferable to use a terrestrial line-of-sight
microwave link or fiber optic cable. Another use of trunk cable is to allow multiple
head-end sites to connect to a common equipment room that houses the video
receivers and distribution amplifiers.

Distribution cables (or feeder cables) branch out from the terminating point of
the trunk cable and run past the homes in the neighborhood. There would be many
distribution cables needed to cover a large community. This tends to maintain a bet-
ter signal quality in terms of S/N and distortion because the video signals do not have
to pass through as many individual amplifiers. Also, the failure of one feeder line or
amplifier only affects a relatively small group of homes. Problems and power out-
ages along the distribution cables are the principal causes of service degradation and
interruption.

Drop cable to the home connects from the distribution cable to a tie point akin
to the telephone box or electric power meter connection. From the home connec-
tion, internal coaxial cable is used to bring the signals to the TV set-top box. Cable
TV systems differ in the number of channels that they are capable of carrying. This
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Figure 4.3 Typical layout of a cable TV distribution network within a local community.

depends, of course, on the bandwidth of the cabling plant and amplifiers as well as
the tuning capability of the set-top box. The lowest capacity systems deliver about
50 channels as they only operate in a 350-MHz bandwidth, between 50 and 400
MHz. These systems are still found in rural areas and in small cluster communities.
In developing countries, such a capacity would be viewed as substantial, so a design
with this limitation would still be very attractive on a near-term basis. However, the
clear trend is toward systems with 100 channels of capacity over a single cable,
occupying a bandwidth of 500 MHz. Doubling the capacity to 200 channels is done
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by adding a second cable so that each home is served with a pair of cables. What is
attractive about the dual cable is that it can be upgraded for two-way
communications.

In modern plant design, trunk and distribution coax are replaced by fiber optic
cables and optical repeaters, as this technology is more reliable, lower in loss, and
more cost-effective on a long-term basis. The first step is called hybrid fiber coax
(HFC), by which the video from the head end is digitized and routed around the met-
ropolitan area on the fiber backbone. The actual distribution to neighborhoods
would continue to use analog coax. The HFC approach also allows the cable opera-
tor to share telephone company fiber plant, although the video codecs, which are
very costly, have to be added. The next step in applying fiber optics is called “fiber to
the curb,” where the fiber extends through the distribution cable but not to or into
the home. The transmission over the fiber distribution cable could either be analog
or digital. This is a natural extension that leaves the expensive and difficult last step
to new construction and future upgrades. A converter at each tie point transfers the
channels from lightwave to the loop coax cable. This uses many of the benefits of
fiber without having to replace existing loops and set-top boxes.

A set-top box (or consumer electronics unit) allows the subscriber to select par-
ticular channels for viewing and to control which channels are available under any
particular service plan or option. The basic set-top box merely contains a downcon-
verter that can translate one channel from the available spectrum to, say, channel 3
or 4, where it can be picked up by a standard TV set. This duplicates what goes on in
a TV tuner and VCR but supports a more efficient spectrum arrangement than is
used over the air. The next section discusses the evolution of this important element
of cable TV.

4.1.2.2 Set-Top Box

The set-top box (STB) was originally introduced to provide a convenient interface
between the cable drop and the home entertainment system (TV, VCR, surround
sound system, DVD player, hard drive, and so forth). In addition, the STB improves
quality through higher received signal level. Channel filtering may also be more
effective. This is because the channels are adjacent to each other on the cable,
whereas over-the-air broadcasts allow more guard band between channels within a
common broadcast area. This scheme was adhered to in the United States so that the
selectivity of the standard TV tuner could be relaxed [4]. The box also screens out
over-the-air radiation that could interfere with cable signals. Cable signals are typi-
cally delayed in time due to the lower speed of propagation over cable and longer
path as compared to the air medium. Functionality for descrambling and condi-
tional access, discussed in Chapter 6, is incorporated for controlling service. Data
can be delivered over the cable to the set-top box, either as a separate channel or
through the vertical blanking signal of the video. The latter is limited by the speed
and capacity that can be delivered.

The design and function of the digital STB box is shown in Figure 4.4. This
model is in many ways similar to the DIRECTV Satellite System (DSS) used by
DIRECTYV in the United States and the European DVB standard. The video is digit-
ized at the source and distributed over the satellite or terrestrial network. The
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Figure 4.4 The next generation of the TV set-top box, including addressable features and digital
decompression. An interface to an external device such as a PC is provided.

electronics that are needed to perform the decoding and demultiplexing functions
are available through wide adoption of the MPEG 2 standard (discussed in Chapter
5). Produced in mass quantities using standard chips, the digital cable set-top box is
used for one-way delivery. The additional functions in Figure 4.4 include the on-
screen program guide and menus that allow the subscriber to customize the service.
Two-way services such as data communication and telephone are usually intro-
duced using a second cable that allows upstream communications. Digital sound is
offered in the same manner, with the number of channels limited only by the avail-
ability of source material (one video channel is capable of supporting 50 stereo
audio channels). A popular option in the United States is to include a hard drive that
allows the subscriber to record one episode or all within a prescribed period. In this
manner, the scriber gains full control of viewing, allowing the delay of a particular
broadcast (to leave the room) and time-shifting for personal scheduling conven-
ience. Introduction of HDTV into cable has begun in the United States and certainly
impacts STB design. As will be discussed in Chapter 5, HDTV demands nearly 20
Mbps per channel but can be contained within the nominal bandwidth of a conven-
tional analog TV signal.

4.1.2.3 Signal Quality and Security

Signal quality at the subscriber end is intended to be better than what reaches the
typical home through over-the-air broadcasting. This, of course, depends on how
well the home would be able to receive the TV signal with a roof antenna of some

kind. The NTSC, PAL, and SECAM standards (defined in Section 4.4.1) have been
around for a long time, and their quality is reasonably well understood. In 1959, the
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U.S. Television Allocations Study Organization (TASO) devised a five-point scale to
allow viewers to rate the quality of different levels of noise in the picture. The scale is
described in Table 4.1, indicating a six-level scale that covers the range of (1) Excel-
lent to (6) Unusable. In the context of cable TV, viewers expect to experience a level
of fine to excellent—that is, TASO grades 2 and 1. Cable generally must deliver a
S/N of 46 to 47 dB. The empirical data presented in Table 4.2 would suggest that
this level of S/N would meet TASO 1 or 2, meaning that the picture is fine to excel-
lent. This would be the value that arrives at the home receiver and therefore includes
all contributions from the source material and origination processing, satellite link,
Earth station, and cable plant. This approach was taken much further by the ITU in
the creation of the ITU-R BT.500 series of reccommendations. Further information
on the digital aspects of BT.500 is reviewed in Chapter 5.

Distortion must be within acceptable limits, which is one of the more challeng-
ing aspects of cable design for analog TV. This is because the amplifiers along the
cable each add intermodulation noise to the total distortion budget. A summary of
noise and distortion requirements for analog cable plant design is provided in Table
4.3. These analog parameters make sense when the satellite and cable distribution
systems provide an analog transmission channel. When we move to the digital for-
mat for everything but the TV receiver itself, it no longer makes any sense to view the
problem in this manner. As discussed in Chapter 5, the process of digitizing and
compressing the analog TV signal introduces impairments that cannot be removed.
Based on human subjective evaluation, the viewing quality is equivalent to or better
than what the standard analog cable system is capable of delivering. With the digital
set-top box, all of the impairment is produced at the sending end and the resulting
picture would be the same even if the encoder were directly connected without the
satellite link and cable in the middle. The key parameter for the link itself is bit error
rate as opposed to S/N. If the BER is less than about one error per 10 million infor-
mation bits sent (107), picture quality will be completely stable and acceptable. This
will not be the case if more errors are produced than this threshold value.

Security in conventional cable TV systems is needed to prevent unauthorized
viewing. This comes into play when the cable-operating company offers different
levels of service: a basic level, which includes local TV stations plus 5 to 10 basic
cable networks like CNN, TBS, ESPN, and the Weather Channel. The next level
might add 10 more basic services, like The Discovery Channel, Arts and Entertain-
ment (A&E), and MTV. There might even be a third level with basic services that

Table 4.1 The TASO Picture Quality Rating Scale Used in Subjective Evaluation of Video
Signal-to-Noise Ratio

Number Name Description

1 Excellent The picture is of extremely high quality—as good as you can desire.

2 Fine The picture is of high quality, providing enjoyable viewing; interference
is perceptible.

3 Passable The picture is of acceptable quality; interference is not objectionable.

4 Marginal The picture is poor in quality, and one wishes they could improve it;

interference is somewhat objectionable.

5 Inferior The picture is very poor but watchable; definitely objectionable
interference is present.

6 Unusable The picture is so bad, one could not watch it.
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Table 4.2 The Relationship Between Measured
S/N of the Video Signal and the Viewing Quality
Video SIN

(dB) (Weighted) Viewing Quality

40 Snow objectionable in picture
42 Snow clearly visible

44 Snow just perceptible

46 No snow visible

Table 4.3 Video Quality Objectives for Analog Cable Plant Design
(NTSC Video Standard)

Parameter Abbreviation _ Value
Signal-to-noise ratio S/N 46.0 dB
Composite second-order distortion ~ CSO -53.0dB
Composite triple-beat interference CTB -53dB
Signal into TV receiver 1 mV

0 dBmV

adds a regional sports channel and a comedy network like Comedy Central. Higher
charges are incurred if the subscriber takes the premium (i.e., pay TV) channels,
which do not carry advertising and therefore are paid for exclusively with sub-
scriber revenues. The cable operator must be able to restrict the watching within the
same home to allow only the subscribed-for channels to be available.

There are two security techniques in popular use, both of which are very low in
cost. The cheapest approach is to insert a jamming waveform on the particular fre-
quency channel and provide the paid subscriber with the ability to remove the signal
within the set-top box. This type of protection is very poor since the means to evade
it is very simple in electronic terms. The next in cost is the use of a negative trap,
which is a band stop filter that removes or distorts a specific channel or a contiguous
band of channels. The negative trap filter affects all TV sets in the same household
since it is placed in the incoming line.

The direction that the industry is taking in security is to use signal scrambling
and addressability of the STB. This is the same technique pioneered on satellite TV
networks. The scrambling is accomplished either by (1) suppressing the synchroni-
zation signal, which is needed in the TV set to lock on to the (analog) scanning
waveform; or (2) baseband scrambling, which modifies the video and audio in a
pseudorandom manner, requiring the set-top box to have prior knowledge of the
random pattern of scrambling. Both of these approaches are combined with
addressability, which allows the cable operator to activate a given channel on the
set-top box. Upon customer order, the cable operator transmits a unique code over
the cable that causes the set-top box to descramble the channel in question.

4.1.2.4 Cable Service and Programming

Cable subscribers pay a monthly access fee for use of the infrastructure. Rights to
provide this type of service are usually granted by the local community government
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as a monopoly franchise. In recent years, the monopoly privilege has come under
attack as new entrants wish to offer a wider array of services, including interactive
video and data. This aspect will be covered later in this chapter.

There are two classes of cable TV channels: advertiser-supported and pay (also
called subscription or premium). These channels were selected based on their view-
ership and general appeal. An advantage of an advertiser-supported channel is that,
in theory, the channel can be transmitted in the clear without scrambling. The only
issue is to provide a measure of the audience size, which will satisfy potential adver-
tisers. In reality, advertiser-supported channels must be scrambled to protect the
copyrights of producers and owners of the programs. The producer charges the pro-
grammer such money for the right to distribute the movie to a specific market (say a
country or even a city). Reception in a nonauthorized region must be curtailed. Also,
some ad-supported channels, such as CNN and ESPN, are able to charge small but
significant subscriber fees to defray some of the expense of producing programs. On
the one hand, sports programming is less expensive than dramatic series to produce,
but expensive on the other hand due to high royalty fees paid to professional sports
leagues and universities.

Typical advertiser-supported channel formats include:

* News (24-hour): This can be either a general-interest service like CNN,
MSNBC, Fox News Channel, and Sky News, or one that focuses on a particu-
lar aspect such as the Weather Channel or CNBC (financial news).

* Sports: This may be 24-hour like the news channels or limited in time to corre-
spond to when certain types of sporting events are held. ESPN is by far the
most popular sports channel in the world and happens to have the largest
viewership in the United States as well. European sports networks include Sky
Sports and Eurosport.

Super stations: Originated by Turner Broadcasting as WTBS, a super station is
principally a local TV station that is redistributed by satellite throughout the
country or region. This is more of a novelty in the United States where TV sta-
tions are usually restricted to local service. In most countries, there are
national stations that rebroadcast the same signal nationwide and, hence, by
this definition, are already super stations.

* Movie channel (old release): Theatrical movies have long been a popular form
of TV programming. The satellite-delivered cable channel dedicated to movies
is popular as well. Through advertiser support, the subscriber does not pay an
additional fee for the service but must endure the commercials. Examples of
24-hour movie channels that are advertiser-supported include TNT and USA,
which are general interest, and American Movie Classics (AMC) and Bravo,
which choose to display older films that have enduring appeal. Similar services
are available in Europe through Sky and in Asia as part of the StarTV package.

* Science and other special interest: Cable TV has long had the promise of
encouraging channel formats directed at selected audiences. This particular
category is potentially of general interest but would not survive in over-the-air
broadcasting except possibly in government-supported educational programs.
The Discovery Channel (TDC) first appeared in the United States in 1984 and
was an instant success. It selected program material that had originally
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appeared on PBS. However, the difference here is TDC is advertiser-supported
while PBS is not. TDC has since grown by adding new channel formats to
focus on home improvement, travel, and nature. Another immensely popular
special interest channel is Arts and Entertainment, a cable network offering
cultural programming from the BBC, PBS, and internal production sources,
augmented by reruns of popular TV network series like Law & Order and
NYPD Blue.

* Home and leisure: This is a new genre, appearing and gaining popularity
around 2000. Again a spinoff of the PBS network, home and leisure provides
24-hour access to programs relating to the home itself (Home and Garden
Television, HGTV), cooking and food (The Food Network), travel (The
Travel Channel), and home projects that almost anyone can do (Do It Your-
self Network, DIY). Ziff Davis brought us ZDTV (now TechTV) in the late
1990s as a prime source for cutting-edge information about PCs and the
Internet.

The advertiser-supported cable TV channel represents an interesting opportu-
nity as a new venture. This is because there is literally an unlimited number of possi-
ble formats and subsequent subscriber markets. Any of those described previously
can spin off new formats (like DIY from HGTV) and totally new ideas may sprout
from the creative mind. The cable medium allows a new channel to reach a reasona-
bly large viewer base that is hungry for new entertainment. There are a number of
issues that a new entrant must address before attempting to get started in what has
become a very competitive field. The programming idea itself is not the most diffi-
cult part. Rather, the first problem is startup capital to acquire the transponder
space, uplink facility, and studio. This must be available 24 hours a day. The staff to
run these facilities must be familiar with the business and able to manage this type of
operation on a very professional basis. As a way to overcome this hurdle, AT&T
Broadband and Ascent Media established media centers in Los Angeles, California,
to allow a startup to get on the air with no direct investment.

Viewers will not accept anything less than the high production values that are
standard in cable and over-the-air broadcasting. The other side of the coin is that
conventional TV channels have more general appeal and can draw very large audi-
ences. Their greater access and viewership means that they obtain higher advertising
revenues from national advertisers like Coca-Cola, General Motors, and McDon-
alds. This then provides the money needed to produce the most attractive program-
ming that, not coincidentally, makes the channel more attractive than cable to
advertisers. Narrowly focused channels can exist on cable because some metropoli-
tan areas have relatively high concentrations of specific viewers. The Chinese Chan-
nel, for example, is viable within major cities like Los Angeles, New York, and San
Francisco, where the Mandarin-speaking population totals more than 1 million.
Cable systems that serve these communities would offer the Chinese Channel,
which delivers potential customers to a specialized type of advertiser.

Another major challenge that the new entrant faces is gaining access to the sub-
scriber base. Cable subscribers cannot on their own cause a new channel to appear
on their cable system. Rather, it is the cable system operator who controls technical
access and the purse strings as well. In many developed countries, cable TV systems
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are often massed under a national operator or holding company, called a multiple
systems operator (MSQO). This means that the national operator controls a substan-
tial quantity of potential subscribers and hence can make or break the new program-
mer. For this reason, a new service will have to make it very attractive to the MSO by
doing such things as allowing them to keep any subscription fees that are collected
plus a portion of the ad revenue. It is even not without precedent for the fledgling
programmer to have to give up some of its equity in order to reach the subscribers.
Having gained access, the programmer can then approach the advertisers to start the
flow of ad revenue.

Premium or pay channels are not advertiser supported but rather are paid for
entirely by the subscriber through a monthly fee. The amount varies from as little as
$5 to as much as $15 per month, depending on the quality of the programming and
the ability of the subscriber base to pay. Delivery of the channel must be controlled
through one of the security techniques described earlier in this chapter. The need for
this was verified in the early 1980s with the development of the backyard dish indus-
try in the United States. In that particular case, homeowners were encouraged to
spend between $3,000 and $10,000 for a C-band receiving system because they
could receive free cable channels, including the pay services like HBO and Disney.
This was possible because none of the services were scrambled at the time. After HBO
and others began scrambling (around 1986), backyard dish sales nearly halted and
this new industry almost collapsed. The advent of Ku-band DTH services with their
inherent quality and capacity has propelled the home dish business to new heights,
and except in developing regions the “big ugly dish” (BUD) of the 1980s is declining.

Movie channels are clearly the most viable form of premium channel as they can
attract a large audience and revenue. For HBO, the world market leader, premium
service means gaining a significant percentage of cable subscribers. Not all subscrib-
ers, however, will choose to pay the significantly higher cost of this service, but for
those who do, it delivers a continuous flow of movies that include at least one new
hit a week as well as innovative series and special programs that cannot be found
elsewhere. Leaders in the premium channel business also produce their own movies
and specials. HBO, for example, is a credible movie studio of its own, having pro-
duced many movies for its cable services and for the box office as well. They are also
in the business of producing special events such as musical concerts featuring
famous stars. These are shown on the premium channel and find their way to other
outlets such as theatrical movies and advertiser-supported cable channels. Examples
of the series include Band of Brothers, an award-winning drama series about a real
infantry company in the 101st Airborne Division during World War II, and The
Sopranos, an extremely popular series about a modern-day mob family that com-
bines humor with gore and obscenity (allowed because of the “private” nature of the
broadcast).

Movie channels cost a lot of money to produce because of the high cost of
acquiring the material and the need to collect revenues from every watcher on a
monthly basis. The cable provides a degree of security itself with the cable operator
taking responsibility for collecting the revenue. They keep a percentage of what the
subscriber pays for the cable network service.

The cost of acquiring and/or developing programming for a pay TV channel
far exceeds anything else, including the investment or operating cost of satellite
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transponders. The purchase of recent-release movies dictates whether the channel
can survive or even make money. In the early 1990s when British Satellite Broad-
casting (BSB) was competing with Sky TV for market share and for movie material
as well, the cost of programming skyrocketed. This severely weakened BSB, who
subsequently merged with Sky to form British Sky Broadcasting, which is controlled
by News Corp. (the force behind Sky).

The Walt Disney Company entered the subscription cable TV business in the
early 1980s and achieved success with their Disney Channel. This concentrates on
children’s entertainment and family-oriented (Disney) movies. It is a premium serv-
ice without advertising, something that many parents appreciate because their chil-
dren are not bombarded with ads for toys and junk food. The Disney Channel is
successful but has not reached the market size of HBO. Other Disney activities in
TV include the production of TV series, game shows, and movies, as well as the sale
of box office hits on videocassette. In 1996, Disney made its move into mainstream
TV broadcasting by acquiring ABC with its network, TV stations in leading mar-
kets, and ESPN.

The final category of premium service is pay-per-view, a system for delivering
single events to the subscriber for a specified one-time charge. PPV was introduced
as a form of closed-circuit transmission of sporting events, particularly professional
boxing. To view the event, customers purchase a ticket and then go to a designated
viewing location such as a theater or bar to witness the event live on a screen or large
monitor. Over time, the cable networks and cable TV systems figured out how to
use the cable distribution system and the set-top box to permit PPV in the home. A
popular PPV event may draw greater than 15% of the available subscribers [5].

Recent release movies were added in the mid-1980s over the first PPV network,
Viewer’s Choice. An issue at the time was the release “window” that defines the
delay, measured in months, between when the film is first shown in the United
States in regular theaters and when it is made available through cable’s PPV facility.
Tied to this is the release window for DVD and videocassettes. While the movie stu-
dios and distributors do not make this kind of information readily available, the
sequence seems to be the theatrical release in the United States and other global mar-
kets, followed within 3 to 6 months by DVD and videocassettes, followed by PPV
and then premium cable channels. In 2002, the DVD window has been reduced in
some cases to little over 1 month due to its popularity. All three of these media pro-
vide the studios with a nice boost of revenue, where the ultimate viewer pays by the
increment and the studio gets a discernible share. The total period is approximately
9 months, give or take a few months.

Not long after the U.S. theatrical release, the film is distributed to theaters
around the world. Non-U.S. exhibition of films has become an important source of
revenue to the studios, which may explain why the DVD, cassette, and PPV release
windows can be delayed as much as another 6 months. The key point in all of this is
that the studios and distributors optimize the release timing to obtain the maximum
amount of revenue from a given movie in the shortest possible period of time. PPV
networks, then, must compete with DVD and cassette rental and purchase, as well
as the successive showing of the same movies over the premium cable channels, the
latter obtaining their movies perhaps 2 months later. Not all movies find their way
to PPV, for reasons that only the studios know.
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There are a number of variants of PPV that are generally recognized. In its most
primitive form, the subscriber must reserve the particular program well in advance
and the service provider then provides a special access device such as a descrambler
or inverse trap to be connected prior to viewing. An improved form results with an
addressable set-top box, which allows the cable operator to activate the show
remotely. The subscriber must still make an advance reservation over the telephone,
anywhere between 1 month and 1 hour in advance of the event or show. The order-
ing and setup of program delivery is entirely manual.

The final variant is called impulse PPV (IPPV), which is made possible by the
modern set-top box and some type of interactive connection between the subscriber
and the cable system operator. The simplest scheme uses a telephone hookup
whereby the box automatically dials the operator to request the PPV event. This can
be done literally within minutes of the event. Interactive cable eliminates the need for
the telephone call because the request is made using a data communication network.
Alternatively, the set-top box can authorize and then descramble the show without
going back to the cable operator. Subsequently, the box calls back to report an
aggregate number of PPV viewings. This particular technique is used in DTH-
delivered PPV, which is discussed in Chapter 6.

Vendors of cable equipment have found it difficult to implement true IPPV in
many systems and so are offering variants that come under the category of “near”
IPPV. The problem with this is, what exactly is near IPPV? One approach is to
broadcast the same movie on several channels at the same time but to stagger the
start times by between 20 minutes and 1 hour, a technique called multiplexing. For a
90-minute movie, for example, this would require either three or four channels. The
viewer would only have to wait a maximum of 20 or 30 minutes to the start of the
movie (the average wait time would be half this amount). Access control to this can
be done by the set-top box without intervention from the cable operator. The movies
could be delivered all the way from the cable TV network, there only being the
requirement that several simultaneous channels be used over the satellite. As we
move to digital compression and transmission, this multiplexed form of IPPV will no
doubt become more affordable and popular, particularly for STBs with hard drives.

VoD, introduced earlier in this section, is a scheme that employs a suite of disc
players and management equipment at the head end. Through a two-way cable sys-
tem, a special STB at the subscriber can review what movies are available and initi-
ate the request to start. The playback equipment needed to originate the movies can
be located at the cable head end or studio. This could be attractive for a large system
where the usage justifies the investment and operating cost. The more common but
less interactive form is to have the origination point at the uplink to the program dis-
tribution satellite.

4.2 Educational TV and Distance Learning

Satellite delivery of educational TV programs and courses is a relatively small niche
in the overall business of video distribution. While it got its start in the United States
by the terrestrial medium of microwave transmission, its greater appeal is in the
developing parts world where modern teaching and medical processes cannot
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otherwise be offered to remote regions. One must also consider the impact of the
Internet on learning, and in fact on-line training is likely to surpass the broadcasting
approach. Satellite service can support both of these styles of distance education,
and it is possible that a proper blend is going to produce the best results.

4.2.1 University Distance Education

Stanford University developed the first terrestrial closed-circuit education TV net-
work using the instructional television fixed service (ITFS) frequency assignment at
S-band [6]. This special allocation by the FCC allowed the Stanford Instructional
Television Network to serve working professionals in the San Francisco area. Simi-
lar networks were created by UCLA, USC, and the California State University
(CSU) system. Several universities in the CSU system followed suit, as California
State University at Chico (Chico State) began to serve Northern California and Cali-
fornia State Long Beach concentrated on Los Angeles and Orange Counties in
Southern California.

Adding the interactive feature is feasible and, in fact, is done in a number of
installations. The simplest and least expensive approach is to use a dial-up tele-
phone connection and what amounts to a speakerphone. The incoming calls to the
studio are bridged in a conferencing unit to allow all sites to hear the question and
answer. Since the instructor is literally blind as to what is going on in any particular
remote classroom, it is useful to include an indicator light to show from where a
question or comment originates. More sophisticated conferencing systems include a
data channel, which allows several useful features. One or more of the following
facilities can be included, depending on the nature of the instruction:

* A readout that indicates the source of a question or comment;
* A mechanism to collect responses to multiple-choice questions from remote
classrooms, useful for measuring the effectiveness of the teaching;

* Ability to open up (or close) the return sound channel on an individual class-
room basis;

* A forward and return graphics capability to allow students to present their
ideas (instead of a return video channel, which is usually inconvenient and
prohibitively expensive as well); when necessary, this can be accomplished
with standard fax machines;

* A computer networking function to allow exchange of text or files.

Another education network is operated by an organization called the National
Technical University (NTU), which has neither a campus nor its own instructors. All
of its classes are drawn from existing universities around the United States. NTU ini-
tiated operation with analog video but quickly switched to digital compression by
adopting the spectrum saver system from CLI. Professors from more than 50 mem-
ber universities offer courses leading to the M.S. degree in 14 fields, including busi-
ness administration, chemical engineering, computer science, electrical engineering,
engineering management, environmental systems management, management of
technology, manufacturing systems engineering, materials science and engineering,
mechanical engineering, microelectronics engineering, software engineering, and
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systems engineering. Fifteen of the universities that support NTU have studios and
uplinks, and more than 300 courses are offered each semester. In addition, there are
literally hundreds of professional development courses. Delivery methods include
digital satellite broadcast to closed receive points, video tape, CD-ROM, and
Web/Internet. The thousands of students who attend NTU are provided with pre-
pared materials ahead of class, and many of the classes are recorded on tape for closer
study and first-time viewing when classes are unavoidably missed.

An entirely new style of university distance learning was introduced by the
School of Engineering of the University of Wisconsin-Madison. Recognizing that
practicing engineers in all disciplines desire a professional Master’s degree but can-
not easily make themselves physically available for class, UW-Madison developed
the Masters of Engineering in Professional Practice (MEPP). Unlike other Masters
delivered by TV or correspondence, the MEPP program combines an annual week
on campus with a well-disciplined remote-learning course schedule throughout the
year. Students may be literally anywhere in North America or the world, having to
attend a weekly teleconference and to accomplished their lessons through the
medium of the Internet (even some Madison residents have been participants). The
teleconference combines audio with the use of a PowerPoint presentation pushed
through the Internet to each attendee. All the class-members need is to dial into a
standard audio bridge to hear the professor and classmates, and simultaneously con-
nect through the Internet to the UW presentation Web site. By 2003, the program
had graduated three classes, and the evaluations have been excellent.

The experience with university distance education has demonstrated that satel-
lites and telecommunications can support viable programs that meet the needs of
modern-day students. In time, the best features of TV, telephone, and the Internet
will merge into a powerful medium that will expand rather than contract what the
best universities have to offer.

4.2.2 Corporate Education and Interactive Learning Networks

Distance learning has an important place in business, both to facilitate the sale and
service of products and as a revenue generator in its own right. One of the best
examples of this was the Interactive Satellite Education Network (ISEN), operated
for IBM by Hughes Communications between 1983 and 1993. It contained all of the
features in the previous list, employing leading-edge satellite technology (of the time)
for both directions of transmission. As shown in Figure 4.5, it included four instruc-
tor studios and 20 classroom sites around the continental United States. A typical
video receive site (which can transmit voice and low-speed data as well) can present
all four classes at the same time. A typical classroom can hold 16 attendees and has
two monitors to display a live instructor along with a transparency (or, alterna-
tively, any combination of these and a 35-mm slide, computer graphic, or video
tape). Note that this was before the day of PowerPoint and the Internet. The basic
arrangement of these two facilities is shown in Figure 4.6. Attendee access to the
return channel is through a student response unit (SRU) on each desk, which con-
tains the microphone, activation switch, indicator light (showing if the instructor
has put this position “on the air”), and a set of five radio buttons to allow each stu-
dent to indicate a selection to a multiple-choice question from the instructor. The
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Figure 4.5 Geographic locations of studio and student receive sites in the Interactive Satellite
Education Network.

SRU approach has been adopted by many other networks now using the PC and
mouse and can be applied even if the return channel is over a terrestrial network
rather than the satellite.

The success of each class and the network as a whole depend on how well the
service is organized and the resulting impression this makes on students. The IBM
approach was to have a qualified ISEN specialist at each location that would assist
the students with administration of the class, local problems, and equipment opera-
tion. Depending on the frequency of use of a particular location, the administrator’s
role could be a full-time job, a part-time job, or an additional assignment. Manage-
ment of the instructor studio location is even more critical, as will be discussed later
in this section.

Regarding the ISEN technical design, IBM set a very high objective for class
availability. It was the view of management that an outage at one site in 20 would
cause a delay or cancellation of the entire class. To minimize this possibility, C-band
was selected for its lower incidence of rain fade, particularly in the eastern part of
the United States. One 36-MHz transponder on the Galaxy 2 satellite at 74° WL
was sufficient to carry the four video carriers from the studios and the 20 audio/data
carriers from the remote sites. This arrangement is indicated in the spectrum plot in
Figure 4.7. Each video required a full T1 and used discrete cosine transform (DCT)
digital compression (discussed in the next chapter), supplied by NEC. Video was
therefore near-broadcast quality, desired for the premium nature of the service to
IBM customers. ISEN found additional use as a medium for announcing IBM’s new
products to the media and customer community. The audio/data carriers time-share
the frequency slots (shown by the thin carrier lines) while the video carriers, each of
which transfers two TV channels at 1.5 Mbps each, are constant. The display also
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shows the “humps” of intermodulation noise in the transponder, which result from
operating the transponder as close to saturation as possible.

ISEN met all of its technical and operational requirements during its 10-year
lifetime. Several of the Earth stations were located away from the classroom site in
order to avoid terrestrial interference. Most of this backhaul transmission was
obtained from the local telephone company in the form of multiple T1 circuits—pri-
vate microwave was used in one instance since T1 circuits were not available at the
time. The network achieved very high availability, usually in excess of 99.95% for
class delivery, because of the excellent propagation characteristics of C-band. In
fact, the majority of outages were due to equipment failures and interruptions of the
terrestrial links between the classroom sites and Earth stations.

The ISEN approach has found its way into literally every interactive distance
learning system. Such networks that employ satellite, dedicated terrestrial lines, or
the Internet have adopted the SRU approach (typically done on a PC rather than a
separate device), and a display of presentation slides and possibly the instructor as
well. The latter is often limited due to availability of consistent bandwidth through
the channel of the Internet. In time, we would expect to see better transmission serv-
ices appear at reasonable prices using facilities such as VSAT networks, described in
Chapter 9, and videoconferencing with the H.323 standard, discussed later in this
chapter.

4.2.3 Guidelines for Effective Distance Learning

Creating the education network is relatively straightforward. However, more chal-
lenges lie in employing the technology effectively. The following guidelines can
improve the effectiveness of distance learning;:

* Introduce the instructors to the network before they are expected to go “on
camera.” Provide a training session so that they understand how their presen-
tation style must be modified to the requirements of the new medium. Begin
the indoctrination early by bringing the instructors together with the admin-
istrators who will operate the network. Discuss any special arrangements
that are needed on both sides, such as scheduled break times, delivery of
printed support materials, attendance recording, and makeup of the student
body.

* Reassure instructors that they can adapt their teaching styles to meet the new
medium of television. The lack of visual feedback from students will give
some instructors difficulty, but this can be overcome after a few exposures to
educational TV. Audio return and interactive data can give a reasonable fac-
simile.

* Demonstrate all of the facilities ahead of time so that instructors become com-
fortable. Give them time to practice with people at the other end who can pro-
vide feedback. An effective way to practice is to include small groups of peer
instructors who teach in the same field. This reduces some of the uncertainty
in the dialog, which must traverse a considerable distance.

* Provide each new instructor with a mentor or course development expert who
can assist with the mechanics of creating the course. This kind of help removes
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much of the uncertainty in the instructor’s eyes and provides insurance that the
course will be developed consistent with the overall principles and style of the
program.

* Plan and schedule the classes so that there are no surprises on the day of the
class. Make instructors and administrators aware of the schedule and proce-
dures that must be followed. Typically, the equipment and satellite capacity
will need to be scheduled ahead of time, and there will be little if any flexibil-
ity. Supporting materials must be available at the time of the class and hence
will have to be delivered ahead of time (by e-mail, mail, or overnight delivery
service).

* Communicate to all participants the expected benefits of using this medium
rather than focusing on its limitations. Promote the system and the session so
that there is maximum chance for success.

Here are some additional considerations and concepts:

* Current best combination: video outbound, voice and data inbound;

* Observation: satellite-delivered education is a marriage between education
and live TV;

* Requires TV production skills as part of management and support;

* Careful design of “telecourse” content as well as preparing the instructor to
deliver “on air”;

* Grapbhic aids are important: must have better quality;
* Instructor guidelines:

* Ability to effectively communicate, relate to, and interact with their stu-
dents, and have high level of subject-matter expertise;

* Credibility in the eyes of the target student group;

* An open mind and willingness to learn how to apply this medium;

* Have had at least one successful on-camera experience (this can be in the
form of a course pilot in front of a friendly group).

4.3 Business TV

Entertainment and educational TV provide the foundation for the business applica-
tion of the video medium. Businesses can employ private broadcasting, which relies
on the point-to-multipoint nature of the satellite delivery medium, and video tele-
conferencing (VTC), which uses point-to-point two-way links to add the visual ele-
ment to the standard interactivity of voice telephony. These techniques are used
widely in the United States, Europe, and leading Asian nations, although their
growth has been restrained by the cost and complexity of operating the equipment
and arranging private broadcasts, digital long-haul circuits, and VTC events. The
U.S. military services and some government agencies are heavy users of VT C due to
the immediacy and security needs of their communication.

There was an expectation for more rapid adoption of this technology in 2000
because of lower equipment prices and the next generation of digital satellite and
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terrestrial networks that overcame many operational limitations. However, limita-
tions on bandwidth and costs that are still high (in comparison to e-mail and tele-
phone calls) have hampered more widespread use. Adoption will increase with
available bandwidth, as equipment and software suppliers reduce prices to garner
larger markets. Compression and network operating standards also play a role, as
will be discussed later.

4.3.1 Private Broadcasting

Private broadcasting is no different technically from video distribution and one-to-
many educational TV. The originator of the program uses a TV studio and uplink to
create the broadcast, and the signal is received at multiple sites that have simple TV
receive-only antennas and electronics. The broadcast is viewed on TV monitors in
conference rooms and, ultimately, the desktop. Private broadcasts are often sched-
uled and may be employed almost daily in the routine of business. Examples
include:

* Announcements of new product introductions and marketing campaigns, in
heavily marketing-oriented organizations like Frito-Lay and Microsoft;

* Distribution of financial or critical business news that can impact the com-
pany or its customers, which is popular in the financial services industry for
stock brokers like Merrill Lynch and large investment banks like CS First Bos-
ton;

* Instructions on product application and display for merchandising for retail
store chains like Wal-Mart and Sears;

* Public relations—oriented communication between the government and the
press;

* Instructional information and product guidance for representatives and deal-
ers, by major manufacturers like General Motors and IBM.

Any of these applications could justify a dedicated private broadcasting net-
work that operates daily or even several times per day. If the need is less fre-
quent—perhaps once per week or month—then the network can be put together on
an ad hoc basis by renting the studio. This reduces the capital commitment but
increases the operating cost. The only problem with this approach is that, due to the
higher operating cost, it becomes a candidate for cutting when times get bad. On the
other hand, depreciation and maintenance changes, as well as the cost of acquiring
long-term satellite capacity, can be a heavy burden in times of financial need. Occa-
sional capacity and other innovative network offerings that include dynamic band-
width allocation should help overcome this issue.

Many applications for private broadcasting can be satisfied on an ad hoc
basis—that is, without the acquisition of a dedicated studio facility, uplink, and
transponder capacity. Downlinks, on the other hand, would have to be installed on
a more permanent basis and consideration given to which satellite would be the
focus of the ad hoc network. The following are some examples of ad hoc private
broadcasts:
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* Press conferences of top executives who must inform the public of a major
change in strategy or financial performance;

* Announcements by chief executives to the entire employee population across a
wide geographical area, which may occur when there is a change of leadership
or a major acquisition;

* Interviews with political candidates during a national campaign, for distribu-
tion to local TV stations and eventual rebroadcast (the reason why this is pri-
vate broadcasting and not program origination is that the candidate usually
pays for the event from campaign funds);

* Marketing presentations on major new products such as the Microsoft Win-
dows XP PC operating system or the newest Lexus motor car;

* A private TV channel for viewing in retail stores (Wal-Mart) or airports
(CNN).

At a private broadcast, there is usually not a requirement for interactivity
because of the potentially large number of remote locations and attendees. Also, the
person doing the talking is almost always following a written script that does not
allow for interruptions. There may be a question-and-answer period at some point
in the broadcast, which could involve either people in the studio or call-ins over a
return channel (almost always through dial-up telephone). The problem here is the
unpredictability of call-ins, which can put the presenter at a major disadvantage in
front of a potentially large audience that is the target of what is otherwise a well-
prepared presentation (of course, it might be better to use precleared questions that
the presenter is already prepared to answer).

Private broadcasting received a boost by the rising popularity of VSAT networks
in the United States and Europe. As discussed in Chapter 9, a VSAT can be equipped
with either an analog or digital integrated receiver-decoder (IRD) to receive private
TV broadcasts. The cost of this upgrade is small compared to the cost of the VSAT
network and represents an excellent way to increase the return on investment. The
IRD is connected to the downlink using a simple power splitter. The outputs of the
IRD are connected to one or more video monitors located in conference rooms. The
quality of reception is not affected in any way by data or voice services that are pro-
vided by the VSAT indoor unit. The only consideration is that the antenna be of suf-
ficient size to provide an adequate link C/N, derived by a link budget calculation as
discussed in Chapter 2.

There are two options for the uplink for the VSAT private broadcast: either a
dedicated facility that is owned and operated by the corporation or a rented facility
used occasionally. If a separate video carrier is used, the uplink can be completely
separate from the VSAT hub coming from a totally different part of the country.
Some form of scrambling or encryption could be used to secure any proprietary con-
tent. The only condition is that the uplink be capable of transmitting to the same sat-
ellite where the VSATs are pointed. Transponder capacity for the ad hoc event
would be rented from the appropriate satellite operator.

The bottom line in private broadcasting is that it is a traditional TV medium,
where the presenter is a star on the screen. Consequently, considerable effort must
be placed on the visual impression of the scene and the presenter(s). This should be
organized and directed by someone who has experience in TV production.
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4.3.2 Video Teleconferencing

Video teleconferencing links and networks were touted in the 1980s as attractive
ways to reduce business travel costs and improve organization performance by
increasing communication among distant groups. Major U.S. corporations like
ARCO and Citibank invested millions of dollars on special VTC-equipped confer-
ence rooms, video compression codecs, and Earth stations needed to deliver ade-
quate bandwidth. These pioneers demonstrated that it was feasible and that those
participating could fulfill many useful purposes. As time progressed, the cost of the
rooms and codecs came down, along with increased availability of much cheaper
terrestrial communications using the fiber optic networks of the long-distance carri-
ers. The innovator and leader in this field is Sprint Communications, which was first
to go totally fiber in its national long-distance network and continues to lead the
market in providing connectivity for VTC users. Satellite links were subsequently
adopted to the unique needs of VTC when HNS and Spar Telecommunications
(now EMS) began to offer mesh networking systems using larger-sized VSATs
(1.8m to 2.4m). The advantage of this approach is that a VT C can be scheduled and
activated by central control, even though the sites involved are located elsewhere in
the network. The partial transponder bandwidth needed for such a private network
would be leased from a satellite operator, perhaps on a long-term basis. During the
1990s and through 2002, VTC codec equipment became almost a commodity item,
with functionality available in PC software. However, high-quality VTC (an oxy-
moron to some people) still demands the power of the dedicated codec that sells for
prices in excess of $1,000.
Many of the most popular applications for VT C are summarized as follows.

* Routine meetings between members of a team that is engaged in a very large
project: Groups in different locations can interact as frequently as daily,
which can be vital if the project is moving quickly. Projects of this type are
very high valued and often are for a government agency such as the U.S.
Defense Department or the national telecom operator of a country like China.

* Coordination meetings of a joint venture involving groups in different coun-
tries: In this way, the combined organization can cooperate and collaborate
better because they see each other more frequently than they would if face-to-
face meetings were relied upon. This tends to build trust and improve commu-
nication, which are vital for the success of a joint venture business activity par-
ticularly in its formative phase. Likewise, VTCs can deal more effectively
during a period of difficulty by allowing issues to be aired and discussed.

* Routine financial reviews of a multinational corporation that involve many
remote locations: Headquarters financial managers can speak to their coun-
terparts at remote locations, either collectively or one at a time. Not only the
operating numbers but their meanings can be discussed. Any new policies or
practices would be reviewed and comments collected for consideration.

While the majority of VTC installations rely on terrestrial networks, those who
invest heavily in the rooms and equipment can provide a satellite and terrestrial
access. This increases the versatility of the systems, making possible internal as well
as external conferencing. In the case of the latter, the most effective approach is to
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connect to a terrestrial network on both sides. Sprint, for example, serves the United
States, Canada, and many points overseas through connectivity with a large number
of counterpart national network operators. This author, for example, has partici-
pated in such conferences with points in Japan and Singapore.

The standard arrangement of VTC is for point-to-point connectivity as pre-
sented in Figure 4.8 for a typical system. This produces a two-way service where
both sides of the conference can see and hear each other. Each end of the connection
is equipped with cameras, microphones, monitors or TV projection systems, a digi-
tal video compression codec, and a controller. The most expensive item in the system

Earth Terrestrial ISDN, T1/E1 Terrestrial Earth
station interface or IP network interface station
VTC VTC
controller controller
Video Vldgo Video
audio
codec codec
data

‘I Cameras

Monitor

Conference table

R Control box

AR N
Room A

Figure 4.8 Typical arrangement of a two-location VTC network with the ability to use either
satellite or terrestrial links.
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and the one that is most critical to the operation and performance is the codec. To
reduce cost, the codec has been minaturized and integrated with the camera (Figure
4.9). The leading suppliers of VTC codecs in 2003 were Vtel, PolyComm, and Sony.
The standard VTC codec digitizes and compresses the video signal and performs the
reverse function as well. In addition, a typical codec provides separate inputs for
audio, data, and control. The user can interact with the device using either a sepa-
rate control box or a special type of handheld remote controller and on-screen dis-
play. This is advantageous because the older control boxes are not intuitive and
usually do not have on-line instructions available.

The telecommunication aspects of VTC can be provided either by satellite or by
a terrestrial digital network. As shown in Figure 4.8, rooms A and B are to be con-
nected by VTC so that a single meeting will involve both locations. The conference
table is arranged so that attendees can see the video monitors and can be seen on the
other end through the cameras that are mounted on top of the monitors. One cam-
era could provide a wide-area view of all in the room, while a second would point to
the speaker. Microphones on the conference table carry speech and activate the

(b)
Figure 4.9 Examples of VTC devices: (a) Tandberg 1000, and (b) Polycom Viewstation SP.
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appropriate camera. The two ends of the conference would appear either on sepa-
rate monitors or on a split screen of a single monitor. Another feature is the use of a
still projector or computer display to add a graphic capability to the meeting. This
could either be substituted for the live picture or sent simultaneously over the data
channel that is multiplexed with the digital video.

The cameras and monitor of the VTC in Figure 4.8 are connected to a digital
compression codec that performs the processing and multiplexing of all of the inputs
and outputs. Overall operation of the room equipment and the telecommunication
links is managed by a controller, which could be part of the codec or a separate unit.
One function of the controller is to allow the VTC to use either a satellite link or a
terrestrial network, depending on what is available and what is most cost effective
for the particular meeting.

Digital compression of video signals is discussed in detail in Chapter 5. Briefly,
the video signal is first converted from analog to digital format, resulting in a high
bit rate data stream at approximately 100 Mbps. This is substantially higher than
the rate to be transmitted over the link. The data is first processed on a single-frame
basis; that is, spatial compression is performed on the first frame to reduce the quan-
tity of bits used to represent the image. Frame-to-frame processing (temporal com-
pression) then causes only the changes between adjacent frames to be transmitted.
The most popular spatial compression technique is based on the DCT, a mathemati-
cal conversion algorithm that takes the scanned image and produces a set of coeffi-
cients from a corresponding mathematical series. The algorithm is now standardized
as part of the H.320 series of ITU-T specifications, which are discussed later in this
section. These coefficients are then compressed to further reduce the bandwidth.
Instead of sending the picture image, the coefficients are transmitted to the other end
where the image can be recreated. The combined effect of spatial compression and
frame-to-frame compression produces a moving picture image that can closely
approximate the natural motion performance of the original analog TV signal. The
amount of naturalness and the ability to track fast movement is directly dependent
on the degree of compression. In other words, the more compression, the less natural
the resulting TV images but the lower the required transmission speed.

Because of this trade-off, developers of VTC networks must examine the codecs
carefully before committing to a particular brand of equipment and transmission
data rate. Most codecs sold today comply with two ITU-T standards: H.320 for use
with constant bit rate links such as T1/E1 and ISDN basic rate interface (BRI), and
H.323 for use with the Internet Protocol (e.g., the Internet or an intranet). It is highly
desirable to expose prospective users to a typical VTC link of the same design before
making this commitment. Otherwise, it is possible that a great deal of time and
money could be spent on a network that users find unacceptable for their intended
purpose. Vendors often provide demonstrations at expositions and trade shows, but
prospective buyers must be sure that the demonstration is for the same arrangement
that they intend to purchase, such as monitor size and quality, cameras, codec
(including features and standards support), and transmission data rate.

A fully functional codec has multiple line speeds available and, therefore, can
provide different levels of video quality in relation to how much the user is willing to
pay for transmission. These can step through 128 Kbps, 256 Kbps, 384 Kbps, 728
Kbps, and 1.544 Mbps. The general reaction to the motion quality, color, and



4.3 Business TV 147

resolution of these various speeds is that 128 Kbps is barely acceptable and that 384
and 728 Kbps are preferred for typical meetings. If the VTC can transmit full-
motion material like movies and TV spots, then 1.544 or 2.048 Mbps is required.
Teleconferencing codecs are designed for meetings and should not be used to trans-
mit fast-action material like automobile testing and live sporting events.

Since the most popular speeds, and the speeds most available on a national and
international basis, are 128 and 384 Kbps, less expensive boxes that fix these rates
are appearing. The cost differential between the fully variable and the fixed rate
codec is nearly two to one. The codec can also provide transmission security using a
symmetrical encryption algorithm. This would be important for very private trans-
missions that would be transmitted over satellite links or public networks. Use with
the Internet Protocol subjects the service to a variable bit rate and the possibility for
lost or dropped packets. This produces a quality that is potentially lower than from
a dedicated constant bit rate connection, but has the advantage of allowing the serv-
ice to be combined with other data in the total IT environment.

Satellite-based VTC remains a useful application because it bypasses the
remaining limitations of terrestrial networks. The HNS approach, called Intellivi-
sion, is based on FDMA with each station activated on an assigned channel at the
time of transmission. A common control station is used to schedule the conferences
and to control the remote equipment.

Another network uses ViaSat manufactured equipment based on the TDMA
access protocol so that only one frequency is employed. However, the bandwidth of
this channel is proportionately greater because it must support multiple stations in a
burst transmission mode. Both systems are relatively user-friendly, allowing a non-
technical administrator to arrange and manage teleconferences across the diverse
network.

Satellite transmission of two-way VTC raises the interesting possibility of
point-to-multipoint communication (e.g., private broadcasting) and true multipoint
conferencing (e.g., many-to-many connections). The former is obtained by having
only one site transmit and the other sites operate in the receive mode. The audio and
control of the transmission would be in one direction as well. There could be audio
return either over the satellite using some form of multiple access or by separate tele-
phone dial-up connections. Through the concept of a video bridge, the multipoint
VTC allows sites transmit video and audio simultaneously. This means that at a
given location, all participants from all locations can be seen and heard. The video
bridge display looks like the TV game show Hollywood Squares, where the screen is
divided up into a matrix of boxes with separate pictures, one for each location. You
would see each location as a tiny picture among many on the screen. The trouble
with this, or course, is that it would be relatively hard to tell who is doing the talking
at a given time unless the square containing the active talker is highlighted or
expanded in size.

The previous discussion focused on the use of VIC for meetings between
groups at different locations. This has been and continues to be the most valuable
application of the technology. Furthermore, the H.323 standard has been extended
to the desktop through add-on codec equipment from Vtel and Polycom, as well as
with downloadable software by Microsoft (e.g., NetMeeting). The former again
uses the codec integrated with the camera, while the latter relies only on an
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inexpensive Web-cam type of device (such as the Quickcam by Logitech). A diffi-
culty with NetMeeting, however, is that the user must employ a static IP address
such as associated with a private intranet. In the public Internet, IP addresses are
typically assigned dynamically by the ISP. The way around this problem is to have
both users in the VTC connect to a common server, which takes care of the transfer
of H.323 packets. This works but the performance is highly dependent on the load-
ing of the common server as well as the local access service. In time, low-cost desk-
top VTC should increase awareness of the medium and substantially reduce barriers
now prevalent among the user community.

4.4 Analog TV Standards

Television standards define the format and quality of video signals that are intended
for viewing by the general public. They are applied at the origination point where
the picture is acquired and subsequently contributed to the program, to the studio
where programs are prepared, and the distribution link to the broadcast station or
cable TV system that transfers the signal to the ultimate viewer. There is little doubt
that eventually analog standards will give way to digitally based processing, trans-
mission, and display. The current status of the digital standards is covered in Chap-
ter 5. However, the majority of the existing infrastructure of TV sets, local stations,
and cable TV systems is still analog. Anyone contemplating a new TV application or
network will have to consider this factor when determining how they will reach
enough potential viewers to make their venture a success.

Analog TV standards exist for every phase of the process of creating and distrib-
uting video programs to the public. We use the following definitions with regard to
each of these aspects of program delivery.

Origination defines standards for the video format that the camera uses to pres-
ent the video image. These fall into the three recognized color systems: NTSC, PAL,
and SECAM. The standards are defined further, and there are differences that make
the specific details differ from country to country, in some cases.

Transmission defines standards that quantify the allowable distortion and deg-
radation due to carrying the signal from the camera or studio to the point of distri-
bution to the viewer. This format is usually not intended for direct reception by the
public but is designed for minimum degradation in signal quality. Point-to-point
transmission is the normal mode, using fiber optic or coaxial cable, microwave
radio, or satellite links. Point-to-multipoint transmission via satellite or terrestrial
microwave radio towers can be employed to reach the public directly using the same
standard, provided that the end user has an appropriate converter box.

Contribution refers to the original content that is created at a site such as a
sports stadium, meeting or convention hall, or remote studio. The video and audio is
in its raw and unedited form; therefore, it is unsuitable for viewing directly by the
public. For it to be considered a program, the contribution feed is transmitted to the
central broadcast center (Figure 4.2) where it is edited, recorded, and assembled into
the final program. Quality at this point is the best attainable under the circum-
stances. If contribution is from a professional facility of some type, then the format
and quality are comparable to what is produced in a proper studio facility. On the
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other hand, much content originates from portable cameras and highly compressed
digital transmission links that results in severely degraded quality. In this case, it is
the urgency and interest that determines value in the context of the final program.
Distribution defines standards for the allowable degradation as the signal is car-
ried to the ultimate viewer. Originally, this considers the radiation of the TV chan-
nel from local broadcasting stations, directly over the air at VHF and UHF
frequencies. More recently, digital formats like Motion Picture Experts Group
(MPEG) are the popular system for delivery, where each viewer has a set-top box to
convert from the unique distribution format to one of the standard analog formats.
These aspects of the analog TV standards are covered in the following sections.

4.4.1 Video Format Standards

The 1950s and 1960s saw the adoption of analog color TV standards: National
Television System Committee (NTSC) in the United States and Japan and Phase
Alternation Line (PAL) and Séquentiel Couleur Avec Mémoire (SECAM) in Europe.
These standards are used worldwide, and in some cases the same TV receiver is
capable of displaying more than one. For many years, the electronics in receivers
employed vacuum tubes, which are relatively expensive and less stable than solid-
state equivalents. Therefore, first generation TV sets were designed for a minimum
number of parts. Transistor circuits began to replace tubes in the 1960s, greatly
improving both the stability and reliability of home receivers. The first role of digital
circuitry in the 1970s was in the form of digital channel display and remote control.
Later, integrated circuits were introduced to replace nearly all of the active elec-
tronic elements, producing very low cost receivers with far more complexity and
sophistication than the original developers might have thought possible. Picture
quality is generally felt to be as good as can be obtained with these analog systems,
which is still quite acceptable for comfortable viewing of entertainment TV and
many business video applications.

The analog standards are divided according to two properties: the basic black-
and-white signal, also called the luminance, which existed before color was added;
and the technique for adding color (chrominance), namely, NTSC, PAL, and
SECAM. North America and much of South America, as well as Japan and Korea,
support NTSC with 525 lines and 60 fields/30 frames per second. Europe and the
rest of the world adopted 625 lines and 50 fields/25 frames per second and are split
between PAL and SECAM. The luminance creates the black-and-white image dur-
ing the scanning process over the screen of the picture tube. Color is added by phase
modulating a subcarrier frequency that occupies a position within the luminance
baseband frequency range. Table 4.4 summarizes the key parameters for worldwide
TV systems, where the capital letter indicates the international standard designation
(discussed later in this chapter). The table is abbreviated, since it requires more than
50 individual technical characteristics to specify each system properly.

4.4.2 Analog Transmission Standards

The purpose of analog transmission standards is to provide television engineers and
specialists with standardized performance objectives and measurement methods to
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Table 4.4 Summary of Analog TV Standards That Apply Throughout the World, According to
the ITU-R

Basic TV Standard M M N B,D,G,H,N I D, K, K1, L
Color system NTSC PAL PAL PAL PAL SECAM
Video bandwidth (MHz) 4.2 4.2 4.2 S 5.5 6
Broadcast TV channel 6 6 6 8 8 8
bandwidth (MHz) (B:7)
Field frequency 60 60 50 50 50 50

(59:94)
Line frequency 15,750 15,750 15,625 15,625 15,625 15,625
Sound subcarrier 4.5 4.5 4.5 5.5 6 6.5

frequency (MHz)
Video levels (%)

Blanking 0 0 0 0 0 0

Peak-white 100 100 100 100 100 100

Sych tip -40 =40 -40 -43 -43 -43
Difference between 7.25 7.25 0 0 0 0

black and blanking

determine signal quality. In this instance, we are concerned with the link between the
studio and either the local TV station or cable TV head end. Transmission systems
that are used for this purpose include microwave radio, satellite links, fiber optic
cable (used in an analog manner), and coaxial cable. The signal is not normally
available to the public along one of these systems and so analog transmission stan-
dards are not designed for the minimum cost of reception. Rather, they emphasize
the quality of the resulting delivered signal with a minimum of added distortion and
interference noise.

An example of a typical transmission system for point-to-point video transfer is
shown in Figure 4.10. The studio delivers separate video, audio, and data outputs to
a video exciter that is associated with, in this case, a TV uplink Earth station. Point A

3

Video
Audio | vi IF

Studio > Vld?to " Erimsmit
Data ¢ exciter

] 124

station or < Audio Video | IF RF

cable exciter | receive
Data

head end[¢

Figure 4.10 A typical transmission system for point-to-point video transfer.
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represents where the video portion of the information is essentially perfect in a tech-
nical sense. (This may not be the case in practice as source material may be contami-
nated for other reasons.) The transmission system extends from the exciter, which
produces a modulated carrier at the IF frequency (typically 70 MHz), containing the
three components. Translation to the RF transponder channel is performed by a
separate upconverter or as an integral part of the exciter.

The most popular analog technique is to employ FDM to combine the video
with the associated audio channels, as shown in Figure 4.11. The video is trans-
ferred directly across to the low end of the baseband and stops at frequency f,. Each
audio channel is frequency modulated onto a subcarrier on an upper baseband fre-
quency. This particular example provides two audio channels on separate subcarri-
ers at f,, and f,, for stereo audio in the primary language. Audio channels for
multiple languages can be included by adding subcarriers into the baseband. Up to a
total of 10 such subcarriers have been used in practice.

The third subcarrier (at f,) is for a broadcast data channel to be received at the
remote stations or by other downlinks. Some of the possible applications for this
data broadcast include:

* Network control and coordination, for automated operation of remote
antenna, transmitters, receivers, and studio equipment;

* Program information and verbal instructions to allow the distant stations (in
the case of TV broadcasting) to be aware of upcoming events and any special
requirements;

* Data services like teletext that can be delivered to the public along with the
video or offered as a totally independent service for additional revenue;

* A paging channel to provide nationwide paging services through the facilities
of the local broadcast station or an auxiliary transmitting tower.

The composite baseband containing the video and all of the subcarriers is trans-
ferred to the IF carrier using FM. Typical baseband and modulation formats are
shown in Table 4.5, with separate listings provided for NTSC, PAL, and SECAM.
These values are not formal standards but are used in practice around the world on

Fm Fd Fcz Fc3 Fc4

F., Highest video baseband frequency
F., First subcarrier (program sound)
F., Second subcarrier (auxiliary sound)
F., Third subcarrier (orderwire)

F., Fourth subcarrier (data)

Figure 4.11 Arrangement of the video baseband used in analog FM transmission over satellite
links.
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Table 4.5 Recommended Baseband Subcarrier Frequencies Used in
Satellite Video Transmission to Convey Program Audio, Stereo, and
Data (All Frequencies in Megahertz)

Frequency (MHz) NTSC PAL SECAM
Highest baseband frequency, f,, 4.2 5.0 6.0
TV channel width 6.0 6.0 8.0
Primary audio, f,, 6.8 — —
U.S. cable TV
U.S. broadcast 6.2/6.8 — —
SES Astra — 6.5 —
EUTELSAT 6.6 6.6 6.6
INTELSAT 6.6 6.6 6.6
Stereo audio, f, (left/right)
U.S. cable TV (encrypted) — —
U.S. broadcast 5.94/6.12 — —
SES Astra 5.94/6.12 — —
EUTELSAT — 7.02/7.20 —
INTELSAT 6.65 6.65 6.65

the systems indicated in the first column. They are incorporated in commercial video
exciters and receivers from a variety of suppliers in the United States, Europe, and
Japan.

Television engineers who work with transmission systems and standards have
the intention of not degrading the signal in a significant way, expecting that the
eventual distribution process will be less controllable and therefore tend to provide
the bulk of the degradation to quality.

The performance requirements for the video signal, as received at point B in
Figure 4.10, are contained in widely recognized and supported standards of the U.S.
ANSI and the ITU. The Radiocommunication Bureau of the ITU (ITU-R), formerly
known as the CCIR, issues recommendations that apply to the international trans-
mission of TV signals over satellite links. While accepted among nations, the ITU-R
recommendations are not detailed enough to assure commercial service quality and
therefore must be augmented by the specifications discussed in this section. Other
organizations like the EBU have specific standards that apply within a given country
or region.

4.4.2.1 NTSC Transmission Requirements

The requirements for the transmission of the NTSC signal are specific and detailed.
The Electronic Industries Association (EIA) and the Telecommunications Industry
Association (TTA) have produced a well-known standard: EIA/TTA-250-C, “Electri-
cal Performance for Television Systems” [7]. This is an updated version of
RS-250-B, which had been the measurement standard for all North American TV
transmissions up until 1990 when EIA/TIA-250-C was formerly issued. The latest
standard, effectively applied anywhere in the world where the NTSC system is used,
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is used to evaluate the performance of short-, medium-, and long-haul microwave
links, satellite links, and various end-to-end combinations thereof.

The following basic definitions are essential to understanding the role and
application of 250-C.

A short-haul transmission system is usually a simple point-to-point transmis-
sion link (also called a hop) that is of the order of 30 km in length. These links are
used to connect the studio to the broadcasting tower or to a local transmitting Earth
station.

A medium-haul transmission system is a microwave or cable relay system con-
sisting of more than one hop over a distance of between 200 and 4,500 km. Such
systems were popular before the age of satellite transmission and have reappeared
through the introduction of long-haul fiber optic systems.

A satellite transmission system is a single-hop satellite link between a transmit-
ting Earth station and a receiving Earth station through a bent-pipe satellite
repeater. A typical example is shown in Figure 4.10.

An end-to-end network is an interconnection of multiple transmission systems,
consisting of, for example, a satellite transmission system with short-haul micro-
wave transmission systems on both ends. This is the typical case, using various com-
binations of transmission systems that depend on the requirement.

IRE units measure the TV signal, where one IRE unit is 0.01 times the range of
the luminance signal. IRE is the abbreviation for the Institute of Radio Engineers, an
organization that merged with the American Institute of Electrical Engineers to
form the Institute of Electrical and Electronic Engineers (IEEE). The typical time
waveform in Figure 4.12 displays an NTSC signal showing with the blanking level
at 0 IRE units, the maximum (white) video level at 100 IRE, and the synchroniza-
tion waveform negative pulse extending to —40 IRE. In total, the video signal ranges
1V, peak-to-peak. IRE units are only used for 525-line systems (NTSC), while the
625-line systems (PAL and SECAM) refer either to the percentage of maximum
video level or to the actual voltage.

IRE units White level
—_ 100 —
[ 80 —
71amv O
40 —
20 —
T E -
286 mV 20—
l — Color
A A = burst
40 Sync
pulse

Time —>
Figure 4.12 The waveform of a typical line of the NTSC signal.
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Table 4.6 NTSC Television Transmission Performance Requirements (EIA/TIA 250-C, 1990)

Test Parameter Waveform Short Haul Satellite End-to-End
Baseband frequency Multiburst +2.5 IRE +7 IRE +12 IRE
response

Chrominance to Modulated stairstep +2 IRE +4 IRE +7 IRE
luminance gain inequality

Chominance to luminance Modulated stairstep +20 ns +26 ns +60 ns
delay inequality

Differential gain Modulated stairstep 2 IRE (2%) 4 IRE (4%) 10 IRE (10%)
Differential phase Modulated stairstep 0.7° 1.5° 3°
Luminance nonlinearity Modulated stairstep 2% 6% 10%
Chrominance to luminance Three-level chroma 1IRE 2 IRE 4 1RE
intermodulation signal

Chrominance nonlinear Three-level chroma 11IRE 2 1IRE SIRE
gain signal

Chrominance nonlinear Three-level chroma 1° 2° 5°
phase signal

Dynamic gain of video Stairstep with variable 2 IRE 4 IRE 6 IRE
signal APL

Dynamic gain of sync Stairstep with variable 1.2 IRE 2 IRE 2.8 IRE
signal APL

Signal-to-noise ratio 10 kHz to 4.2 MHz, 67 dB 56 dB 54 dB

weighted (any)

The average picture level (APL) is an average taken of the signal level during the
active scan time, not including the blanking and synchronization. In other words, it
is the integrated average of the picture waveform itself for one horizontal line (e.g.,
33.4 ms for NTSC), over the range of 0 to 100 IRE units.

A sample of the specified values for each type of transmission system, summa-
rized from [7] is provided in Table 4.6. This demonstrates the extent and depth of
250-C, which can be difficult to meet unless high-quality equipment (particularly
exciters and receivers) is used. Considerable debate erupted during the early 1980s
over whether digital video links can or should meet RS 250-B. This was first fueled
by the introduction of high-quality, low error rate fiber transmission systems within
major U.S. cities like Los Angeles (in fact, it was within Los Angeles that the ABC
network first experimented with fiber for the 1984 Summer Olympic Games) and
later by the availability of compression systems based on the MPEG-2 standard.

In the interest of brevity and clarity, we have limited Table 4.6 to the cases of
short-haul terrestrial, satellite, and end-to-end transmission systems. The general
trend is that the longer the transmission system and the more components that the
signal must traverse, the larger the specification range of allowed performance. The
three specifications that are emphasized—differential gain, differential phase, and
S/N—are the most critical to the visual quality and color of the received analog sig-
nal and for that reason they have been adopted by the ITU-R for their recommenda-
tions on television transmission over satellites.

Actual measurement of the specifications is accomplished using standard test
waveforms, which are listed in the table and shown in Figures 4.13 through 4.15.
The signals work in the following manner.
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Figure 4.13 The multiburst signal used to measure baseband frequency response as part of
EIA/TIA 250 LC testing.

A multiburst signal (Figure 4.13) measures the frequency response at six dis-
crete frequencies over the video baseband range.

A stairstep signal (Figure 4.14) measures the gain at the color subcarrier fre-
quency at six different brightness levels, from zero (black) to 90% of the maximum
white level.

Three-level chrominance (Figure 4.15) detects any change in the phase of the
color subcarrier (which produces the color or hue) as a function of the amount of
color saturation.
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Figure 4.14 The modulated stairstep signal used to measure amplitude and phase nonlinearity as
part of EIA/TIA 250-C testing.
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Figure 4.15 The three-level chrominance signal used to measure chrominance performance as
part of EIA/TIA 250-C testing.

These and other test waveforms are inserted into horizontal lines during the
nonvisual portions of the vertical blanking interval. Alternatively, the normal TV
signal can be interrupted to allow near-continuous transmission of a particular test
signal.

Television standards also consider the quality of the audio portion of the pro-
gram. These can be stated more succinctly as the required S/N and the allowable
amount of audio distortion in the received signal. Also, satellite networks that
deliver multiple video channels from the same orbit position must also adopt a stan-
dard audio level to prevent contrast between video channels as the viewer tunes the
home receiver across the transponders. This is mostly a concern in analog transmis-
sion systems where levels can drift over time. Standard 250-C specifies that the
audio S/N must be greater than or equal to 66, 58, and 56 dB, for the short-haul, sat-
ellite, and end-to-end cases, respectively, presented in Table 4.6. There is also a
requirement that the time differential of the audio channel with respect to the video
channel fall within the range of +25 to —40 ms.

The profile of 250-C testing is lengthy and complicated, using a test signal gen-
erator and a number of receiving measuring devices. Among the receiving test
devices are the video analyzer and the vector scope. This equipment has been incor-
porated into an automated test system to both speed up and make consistent the
entire procedure. This allows the full suite of 250-C tests to be performed at the
touch of a button (or return key, as the case may be).

4.4.2.2 PAL and SECAM Transmission Requirements

Analog transmission systems that are designed for NTSC already meet many of the
requirements for PAL and SECAM. This is not surprising because both PAL and
SECAM are derived from NTSC with respect to the use of interlaced scanning and
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the manner in which the luminance (black and white) information is carried. As
shown in Table 4.5, PAL and SECAM differ from NTSC in that they use a basic
frame rate of 25 per second as opposed to 30 for NTSC. In addition, with 625 lines
per picture instead of 525, PAL and SECAM actually have better resolution.
Because of these basic differences, PAL and SECAM require more baseband band-
width, in the range of 5 to 6 MHz, as compared to 4.2 MHz for NTSC. This has a
direct impact on the transmission system, which must be designed to carry the
greater bandwidth and to accept the 25-Hz frame rate and corresponding field fre-
quency of 50 Hz. Since we do not increase RF power or bandwidth to compensate,
the resulting S/N that can be achieved with PAL and SECAM is approximately 4 dB
less than for NTSC.

Transmission standards for PAL and SECAM are generally covered under the
ITU-R and its series BT recommendations. The most popular color TV system in the
world, in terms of the number of countries and total population, is PAL. These
countries have the 625-line, 50-Hz setup for the basic TV signal. The only country
in the world with the combination of PAL and a 525-line/60-Hz standard is Brazil
(all neighboring countries in South America have the same NTSC setup as the
United States).

PAL is closest to NTSC in the manner in which the color information is trans-
mitted, using the phase angle of the color subcarrier. Instead of requiring that the
absolute value of phase be carried from camera to TV set, PAL improved upon the
technique by doing it with a phase shift between alternating lines (hence the name,
phase alternation line). This renders PAL less sensitive to several of the impairments
found in the typical analog transmission system. For example, the 250-C specifica-
tion for differential phase on a satellite link is 1.5°, which while significant for
NTSC has effectively no meaning for PAL (or SECAM, for that matter). Both sys-
tems are equally susceptible to differential gain and noise.

The performance requirements for PAL can be determined with standard test
equipment, similar in operation to that for NTSC. Table 4.7 summarizes the most
important requirements for a typical combination of a short-haul microwave and a
point-to-point satellite link. Other requirements apply to PAL and SECAM trans-
missions between studio and distribution point.

This chapter has taken us through common systems for TV distribution and
many of the standards that apply. In Chapter 5, we review the developments in digi-
tal video, particularly compression systems that increase the channel capacity of
the satellite by a substantial factor without reducing the visual quality as seen by the
public. Chapter 6 covers how the foundation of satellite transmission, cable
programming, and digital compression are producing broadcasting satellite
systems.

Table 4.7 Signal-to-Noise Requirements for PAL
Transmission Systems (CCIR Recommendations
421-2 and J22)

Type of Link Video Audio
Short-haul microwave 62 dB 67 dB
Satellite link 52 dB 57 dB

End-to-end link 50 dB 54 dB
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Digita.l Video Compression Systems and
Standards

The television signal conveys a lot of information originating from the analog cam-
era and microphone. As discussed in Chapter 4, the TV systems of the world employ
about 5 MHz of baseband bandwidth. Satellite transmission using FM requires that
this bandwidth be multiplied further to occupy between 27 and 36 MHz. This
amount of bandwidth results in a high-quality signal that can be recovered with
relatively inexpensive receivers. However, the real cost of the analog baseband and
analog FM comes in the inefficient use of space segment. Digital video compression
technology provides the means to greatly reduce this occupied bandwidth. The trick
is to do it without degrading the enjoyment of the recovered signal.

Digital compression plays a very important role in modern video transmission.
Its principal benefits are:

* Reduced transmission bandwidth, which saves space segment costs and
reduces the amount of power needed to transmit an acceptable signal;

* More channels available per satellite, which greatly increases the variety of
programming available at a given orbit position, in turn promoting expanded
services like impulse PPV and home education and making it feasible to
expand a programming service through tailoring (e.g., packaging several dif-
ferent feeds of the same material with different advertising or cultural views)
and multiplexing (i.e., sending the same channel at several different times);

* The potential of using a common format for satellite DTH, cable TV, and ter-
restrial broadcasting;

* Provision of a base for HDTV in the digital mode because the number of bits
per second of a compressed HDTV signal is less than what was previously
required for a broadcast-quality conventional TV signal.

Digital compression was first developed 30 years ago to save bandwidth by a
factor of two on international satellite links. Some of the motivation also came from
the sheer excitement of dealing with a challenge given the technology available at
the time. A system developed by COMSAT Laboratories in 1970 could multiplex
two NTSC signals within the bandwidth of one transponder using a hybrid
approach of analog filtering and digital processing. The system was not adopted
because of the high cost of codecs, even though these researchers proved that a com-
pressed signal could provide acceptable viewing.

Work in digital image processing continued for a very long time, yielding many
innovations in the theory of digital video representation and electronic digital signal

159
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processing. The implementation of video compression has gone through a number
of iterations, resulting finally in very affordable and usable consumer equipment. An
example of this type of equipment is shown in Figure 5.1, produced the EchoStar
DISH Network.

Compression systems that were marketed in the 1980s met a variety of needs,
such as video teleconferencing, PC videophones, distance education, and early intro-
ductions of narrowband ISDN. Some examples of these early applications of digital
video compression are listed in Table 5.1. The quality of the video portion is gener-
ally unacceptable for entertainment programming but probably adequate for a spe-
cific business purpose. For example, the H.320 and H.323 systems are extensively
used for point-to-point meetings to serve the needs of business and government users
(see Chapter 4). The locations can be separated by a few hundred kilometers (as in
the case of communication between subsidiaries located in different cities of the
same state, province, or region) to thousands of kilometers (when international serv-
ice is needed). People who use videoconferencing find it convenient because no sig-
nificant travel is required and more people may participate. Generally, these people

(b)

Figure 5.1 TV receiving equipment for the DISH Network: (a) DTH dish installation, and (b)
EchoStar personal video recorder.
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Table 5.1 Examples of Limited-Motion Digital Video Compression Applications in Use
on Satellites and Terrestrial Networks

Line Characteristic  Typical Line Speed Applications

Digital carrier 3 Mbps Distance education

T1,E1 1.544 Mbps Meetings; distance education

P*64 384 Kbps Teleconferencing; integrated networks
ISDN 128 Kbps PC conferencing; videophones

Voice band dial-up  19.2 Kbps Technical communications, PC conferencing

already know each other and so can recognize who is doing the speaking and even
pick up nonverbal clues from body language. Services that involve basic rate ISDN
and analog dial-up are not attractive in the meeting situation but would prove useful
for desktop applications, as suggested in the table.

A wide range of performance of compression systems results from the relation-
ship between the data rate (which is proportional to the occupied bandwidth) and
the quality of the picture. Data rates below 1 Mbps are possible when quality can be
sacrificed. On the other hand, if the intended application is in the field of education
or entertainment, then significantly more than 1 Mbps is dictated. The first intro-
duction of compression equipment with adequate quality for education applications
was the Spectrum Saver system, mentioned in Section 4.2. With a selectable data
rate of either 3 or 6 Mbps, the user can determine the level of absolute quality
against the cost of satellite transmission. Terrestrial transmission of the Spectrum
Saver was not considered in the development of the facility.

Table 5.2 gives an indication of the relationship between bit rate and applica-
tion in commercial broadcasting. A perfect video reproduction of analog TV stan-
dards (e.g., NTSC, PAL, and SECAM) is achieved with rates of 90 Mbps or greater.
Typical viewers cannot usually tell that anything is impaired when the signal is com-
pressed to a rate of 45 Mbps. Below this value, it becomes subjective. For movies, a
rate as low as 1.5 Mbps, the standard T1 in North America and Japan, is sufficient.
However, for any live action as used in sports, at least 3 Mbps will be needed.

Compression systems that operate at 45 Mbps or greater are designed to trans-
fer the signal without permanent reduction of resolution and motion quality. They
are said to be lossless in that the output of the decoder is identical to the input to the
encoder. In contrast, operation below about 10 Mbps is lossy in that it introduces a
change in the video information that cannot be recovered at the receiving end. Lossy
compression can produce a picture of excellent quality from the viewer’s point of
view at data rates above about 1.5 Mbps. There is an intermediate position called
quasi-lossless wherein a lossy compression service is augmented with the parallel

Table 5.2 Typical Data Rate Requirement for
Production and Distribution of Network TV Signals

Purpose Data Rate (Mbps)
Acquisition (camera) 150
Production (studio) 150

Transmission (distribution)  30-45

Reception (direct-to-home)  3-6
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transmission of an error signal that contains correction data to recreate a lossless
image at a compatible receiver. The application of lossy transmission with reduced
picture quality may be attractive since it can reduce transmission costs (or allow the
user to employ an existing communications system such as a VSAT network).

Our focus in the chapter is on modern compression technology and standards
that are being applied to the consumer marketplace. While drawing on previous
experience, the new approaches provide high-quality images and employ low-cost
set-top equipment. This breakthrough in applying technology revolutionized the sat-
ellite TV industry and caused a major shakeup in cable television (the latter has had
to adopt the digital channel approach of DTH to maintain its dominant position).

5.1 Compression Technology

The analog waveform of the NTSC or PAL standard is very effective in its ability to
provide entertainment and business communications. Enjoyment has been further
enhanced with the addition of stereophonic and surround sound; and additional
services like closed caption and second language are available as well. These systems
are also relatively simple in terms of generation and display. The transmission of the
video signal is relatively straightforward, provided that the link has adequate band-
width and good linearity (reviewed in Section 4.4.2). One advantage of modern digi-
tal modulations is that excellent linearity is not demanded as the information is
conveyed in a bit stream rather in its original analog form.

From a technical standpoint, video sequences scanned at the rate of either 30 or
25 frames per second with 525 or 625 lines, respectively, contain a significant
amount of redundancy both within and between frames. This provides the opportu-
nity to compress the signal if the redundancies can be removed on the sending end
and then restored on the receiving end. To do this, the encoder at the source end
examines the statistical and subjective properties of the frames and then encodes a
minimum set of information that is ultimately placed on the link. The effectiveness
of this compression depends on the amount of redundancy contained in the original
image as well as on the compression technique (called the compression algorithm).

For TV distribution and broadcast applications over satellites, we wish to use
data rates below 10 Mbps per video stream in order to save transponder bandwidth
and RF power from the satellite and Earth station. This means that we must employ
the lossy mode of compression, which will alter the quality in objective (numerical)
and subjective (human perception) terms. A subjective measure of quality depends
on exposing a large quality of the human viewers (subjects) to the TV display and
allowing them to rate its acceptability. The TASO scale shown in Table 4.1 is an
excellent example of such a subjective scale for measuring quality. In the case of digi-
tal TV, the ITU-R has adopted a series of recommendations and reports that further
delineate the process (discussed later in this chapter). It turns out that exposure to
the better perceived quality of good digital video has a tendency to raise expectations
on the part of viewers. This is similar to how telephone subscribers now expect all
voice calls to sound like a terrestrial fiber optic connection.

The ultimate performance of the compression system depends on the sophistica-
tion of the compression hardware and software and the complexity of the image or
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video scene. For example, simple textures in images and low video activity are easy
to encode and no visible defects (called artifacts) may result even with simple encod-
ing schemes. The real test is for scenes with a great deal of detail, including varying
textures, and fast-moving live action. Conventional movies that were filmed at 25
frames per second do not represent a challenge; however, TV coverage of live sport-
ing events will severely test any compression system.

5.1.1 Digital Processing

Any analog signal can be digitized through the two-step process of sampling at dis-
crete time intervals, followed by converting each sample (usually a voltage value)
into a digital code. The latter process is also called quantization because it involves
forcing the measurements to fit onto a scale with discrete steps. The example in
Figure 5.2 shows a simple analog waveform on the top and its quantized version on
the bottom. There are only eight quantization levels, which correspond to a digital
representation of 3 bits per sample (because the numbers 0 through 7 are repre-
sented by the binary numbers 000 through 111). The number of bits determines the
total number of levels that are available to show detail in the image. A superior code
for doing this is the Gray code, wherein there is only a 1-bit change corresponding to
a change of one level [1].

The resulting quality of reproduction can be specified in terms of the signal-to-
quantization noise ratio (S/N,). The more bits per sample, the better the reproduc-
tion, as evidenced by the equation
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Figure 5.2 A simple analog waveform and its quantized version.
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S/N, =3M> (5.1)
where M is the number of bits per sample. Equivalently, in terms of decibels,
S/N, =48 +20log(M) (5.2)

Typical values of M are in the range of 6 to 12, with 8 being the most common.
At this level, the S/N_ is equal is 22.8 dB. This relation indicates that doubling the
number of bits per sample reduces the quantization noise by 6 dB.

A further refinement is to compress the high end of the scale to emphasize the
lower levels and de-emphasize higher levels, a procedure that is inherently easier to
accept by the human watcher or listener. This is the familiar process of companding
used in PCM applied in digital telephone networks. In companding, the sending end
of the link compresses the extremes of the voltage scale (positive and negative) by
applying a nonlinearity before transmission. This nonlinearity is removed on the
receiving end where the inverse process (expanding) is performed. Companding pro-
vides a subjective improvement to the basic quality provided by the quantization
process. If this companding advantage is 30 dB (a typical value), then the S/N, of
22.8 dB in the previous example increases to 52.8 dB in terms of its subjective effect
on humans. At this level, it would be comparable to a high-quality analog telephone
line that has a measured value of S/N above 50 dB. In fact, listeners find the digital
voice channel to be superior to the analog equivalent due to the removal of back-
ground noise and interference. A subjective evaluation of telephone communica-
tions is discussed further in Chapter 11 for mobile satellite service. In the following,
we consider how this performance will affect video images.

According to the Nyquist sampling theorem of communications engineering,
lossless sampling requires that samples be taken at a rate that is twice the highest
baseband frequency. Therefore, for a typical video signal of 5-MHz bandwidth, the
sampling rate would have to be at least 10 million times per second (e.g., 10 MHz).
In the technique of subsampling, the analog information is sampled at a rate lower
than that prescribed by the Nyquist criterion. This causes the spectrum to fold back
over itself, which could produce in-band interference in the recovered signal. How-
ever, if the process is controlled correctly, the folding back can be completely cor-
rected with no interference or information loss. Another approach is oversampling,
which samples at a rate higher than Nyquist’s original criterion. Oversampling is
used in digital processing systems to increase dynamic range and reduce in-band
interference. It would not be recommended for encoding of signals such as video due
to its inefficient use of bandwidth.

Essentially all of the practical encoding and compression systems use subsam-
pling and quantization prior to compression. Subsampling is applied by first reduc-
ing the horizontal and/or vertical dimension of the input video, which in turn
reduces the number of picture elements (pels) that must be coded. At the receiving
end the images are smoothed using the mathematical process called interpolation.
This produces a more natural look to the image. Although done at the receiving end,
interpolation is the first level of compression, ahead of the steps to be taken in the
coding of each image and the compression from frame to frame.

Compression need not be applied uniformly across the standard color television
signal. The black-and-white (luminance) component of the picture has more
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information content and hence requires more bandwidth than the color component
(chrominance). As a result, subsampling is not applied equally to the luminance and
chrominance parts of the picture. Since the human eye is much less sensitive to
chrominance detail, chrominance may be sampled at half the interval of luminance.
Since there are two dimensions, this means that the two chrominance components
together require only half the samples of the luminance. Furthermore, the number
of bits needed per sample for the color information is slightly less than for lumi-
nance. These sampling and quantization aspects are reflected in all of the video com-
pression standards, particularly MPEG.

5.1.2 Spatial Compression (Transform Coding)

Transform coding is the most popular technique for reducing the number of bits
required to represent a digital image. The basic idea is to replace the actual image
data with a mathematically derived set of parameters that can uniquely specify the
original information. The parameters, which are the coefficients of a mathematical
transform of the data, require fewer transmitted bits to be stored or sent than the
original image data itself because they can be compressed further. Examples of
mathematical transforms include Fourier, Laplace, Z, and wavelet. The Fourier
transform is one of the most versatile in communications engineering because it pro-
vides the means to convert between a time waveform representation of a signal (the
time domain) and an equivalent frequency spectrum (the frequency domain). The
math is somewhat complex because it involves integration over an infinite range.
Here are the two key integral formulas that convert time-ordered data to
frequency-ordered data, and vice versa:

F(s) =J': f(x)exp(—iZT[xs)dx (5.3)

where s is the frequency in hertz and i is the square root of =1 (which identifies the
imaginary part in complex algebra).

Applying the same transform to F(s), the time domain representation of the
same signal, we get:

f(w) =J':: F(s) exp(iZT[ws)ds (5.4)

These formulas are useful for analog signals that are continuous in time. For sig-
nals that are first digitized, there are more effective versions of the Fourier transform
that allow efficient computation. The fast Fourier transform was an important
innovation and is still regarded as the basis of comparison for all digital transforms
used in communications engineering. Over the years, the discrete cosine transform
has proven to be the most popular mathematical procedure and is now part of the
JPEG and MPEG series of standards, which will be discussed later in this chapter.
The DCT maintains all calculations in the real domain; that is, it does not require
complex algebra in its application. The mathematical formulation of the DCT in
two dimensions and in the forward direction is
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The DCT is similar to the FFT in that both allow a computer to generate the fre-
quency spectrum for a time waveform and vice versa. Because of this, the DCT could
be described as a way to convert from linear graphic display (which is in two dimen-
sions) to an equivalent series of spatial frequency components. A spatial frequency is
measured in cycles per unit of linear measure (cycles per inch, for example) instead
of cycles per unit time (cycles per second, or hertz). A square wave in terms of a spa-
tial frequency would look like an alternating sequence of black and white squares,
like on a chessboard. In fact, a chessboard image can be transferred very efficiently
using the DCT with a minimum number of bits. Any picture can then be viewed as
the overlay of these frequencies, much the way an analog time signal can be viewed
as the combination of frequency components. The difference with image data is that
the time axis of the signal is replaced with a two-dimensional distance axis, as one
scans across and down the particular picture element.

The basic concept of how the DCT is applied to two-dimensional compression
of an image is shown in Figure 5.3. The image is divided into square or rectangular
segments, and then the transform is applied to each individually. In this particular
example, the image is split into blocks that are N x N pels on each side. If you exam-
ine one of these squares, you can see that a given horizontal string of pels can be rep-
resented by a combination of frequency components in the same way that a time
waveform can be expressed by a combination of sine waves (a Fourier series). The
first step taken by the DCT coder is to represent the block in the form of an N x N
matrix of the pels and then apply the DCT algorithm to convert this into a matrix of
coefficients that represent the equivalent spatial frequencies. The quantity of bits is
further reduced by limiting the number of quantization steps and by removing some
of the obvious redundancy. For example, coefficients that are zero are not
transmitted.

Using frequencies to represent the individual blocks that comprise the image is
very effective from the standpoint of compression and transmission. Information
loss increases as the relative size of the block increases and the number of frequencies
used to represent the content of the block decreases. What you see is that some ele-
ments of the image show up as small squares (like a cubist painting), and some
shaded areas have odd patterns (like herringbones) running through them. In the
worst case, the squares themselves are clearly apparent in the picture. Of course,
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B Nonzero DCT coeffient

Figure 5.3 The zigzag scanning pattern used to collect DCT coefficients with an 8 x 8 block,
selecting nonzero values at the locations of the dots.

when the system is properly optimized and the error rate is acceptable, the DCT per-
forms very well and the image is natural. On close examination of the original as
compared to the previously compressed image, the modifications are clearly dis-
cernible. This does not detract from the enjoyment or utility of the video service,
unless of course one demands a perfect reproduction (which is also impossible in the
case of any of the standard analog TV systems).

5.1.3 Temporal Compression (Frame-to-Frame Compression)

The types of video sequences involved in NTSC, PAL, and SECAM are statistical in
nature and, of course, contain a high degree of redundancy. Stable sequences, such
as what happens when the camera is held in a fixed position during a scene, are
highly correlated because only a few aspects change from frame to frame. Consider
a video segment of the nightly news with a reporter at her chair behind a desk. Dur-
ing the entire time that she is speaking, the foreground and background never
change; in fact, the only noticeable motion is of her head, mouth, and perhaps her
upper body and arms. The result of this is that only the first frame needs to be
encoded in its complete form; the remaining frames must only be updated with
information about the changes. This is possible because interframe (frame-to-
frame) correlation is high and, in fact, two or more consecutive intermediary frames
can be predicted through interpolation (tracing the line from start to end of
sequence and choosing the appropriate intermediate point). The formal way to state
this is that an approximate predication of a pel can be made from the previously
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Motion Projected location

vector, mv in current frame
f

Block in motion

Current frame, N

Previous frame, N — 1

Figure 5.4 A technique for frame-to-frame projection using motion compensation. The motion
vector, my, indicated in frame N — 1 points toward the new location to be used in subsequent
frame N.

coded information that has already been transmitted. For greater resolution, the
error between the predicted value and the previous one can be sent separately, a
technique called differential pulse code modulation (DPCM). Both DCT and DPCM
can be combined to provide a highly compressed but very agreeable picture at the
receiving end.

5.1.4 Motion Compensation

The technique used to reduce the redundant information between frames in a
sequence is called motion compensation. It is based on estimating the motion
between video frames by observing that individual elements can be traced by their
displacement from point to point during the duration of the sequence. Shown in Fig-
ure 5.4, this motion can be described by a limited number of motion parameters that
are defined by vectors. For example, the best estimate of the motion of a given pel is
provided by the motion-compensated prediction pel from a previously coded frame.
To minimize error, both the motion vector and the prediction error are transmitted
to the receiving end. Aggregating nearby pels and sending a single vector and error
for them as a group is possible because there is a high degree of correlation between
adjacent pels as well.

Motion compensation is computation-intensive process, and therefore, it only
became practical for commercial video compression systems in the 1990s. The
MPEG standard was developed in such a way that the encoder provides most of the
computation needed for compression and motion compensation; the receiver is rela-
tively dumb, responding to commands from the encoder on how to perform the
details of the inverse function. In time, the quality of compressed digital video will
improve due to advancements principally on the encoding side. One of these is
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statistical multiplexing of several video channels, which removes excess bits from
relatively slow-action video and making those available to high-action channels
demanding more throughput.

5.1.5 Hybrid Coding Techniques

Two or more coding techniques can be combined to gain a greater advantage from
compression without sacrificing much in the way of quality. A technique commonly
applied is to combine frame-to-frame (temporal) DPCM with the spatial DCT
method. Temporal correlation is first reduced through prediction, and then the
DCT is applied to the prediction. The DCT coefficients in the N x N matrix are
quantized and compressed further. This method is central to the MPEG standard to
be discussed in the next sections.

Hybrid coding can be applied in levels as a way to enhance the quality of a serv-
ice that is tailored to a particular requirement. The basic service using DCT may be
transmitted with maximum compression for minimum cost of transmission.
Enhancement through a second channel that adds the hybrid coding feature would
require more capacity and processing on the sending and receiving ends. This opens
up the possibility of offering a higher quality service with better resolution and
motion performance where bandwidth is available. It is a way of making a service
backward-compatible where the first service is based on the current standard for
MPEG 2 and the next generation is implemented through hybrid coding. However,
there are serious theoretical issues with realizing the benefits of hybrid coding for
providing different levels of viewer quality off the same signal. (Here is a more tech-
nical view of this difficulty: the idea of such a multioutput hierarchical coding is
certainly appealing, but in general there are constraints and suboptimalities that
negate the prospective efficiency gains. The sampling and quantization of a higher
resolution picture by itself may result in a certain set of pixel values. However,
to get that set from a previously coded lower resolution master picture requires
many more details, possibly even more data to transmit than the cleanly encoded
higher resolution picture. In contrast, hierarchical modulation may have a real
benefit because different classes of users can have different capabilities of receiving
equipment. Here, a standard user would receive QPSK, whereas the premium user
would pick from four symbols at each QPSK corner, getting a constrained 16 QAM
constellation.)

The other area of potential improvement in compression performance is
through transforms other than DCT. There are currently two candidates: fractal
coding and wavelets. The details of these methods are beyond the scope of this
book, but their introduction is certainly of interest. Fractal compression has been
investigated for some decades and holds promise for another order of magnitude
reduction in the number of bits per second as compared to the DCT. The basic prin-
ciple is that any graphic object can be divided down (fractured) into elements of a
particular shape (a line, square, star, or irregular shape). It is recognized that fractal
compression is lossy because of the type of decomposition of the image that is
applied, but it will likely find some significant applications in telecommunications
and information storage and retrieval. The wavelet, on the other hand, is a trans-
form related to Fourier. Unlike the Fourier transform, which converts the time
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waveform into a spectrum of frequencies (which are individual sinusoids with infi-
nite time duration), this approach is to use time-limited little waves (wavelets) as
components. The wavelet has already found application on the Internet as a more
efficient compression algorithm than JPEG for images. The advantage of wavelet
compression is that, in contrast to DCT, this algorithm does not divide each image
into blocks, but rather analyzes the whole image. The characteristic of wavelet com-
pression is to get the best compression ratio, while maintaining quality. The JPEG
2000 image file standard includes optional use of wavelet compression.

5.2 ITU Recording and Transmission Standards

The Radiocommunication Sector of the ITU (ITU-R) has long played a role in televi-
sion standards, particularly on the analog side. In moving to digital, their first con-
sideration was in two areas: the recording studio and then digital videoconferencing
(really a telecommunications service, but one that ties back into broadcasting, as we
shall see later). To enter into this particular field, we start at the studios where digital
was first employed and discuss a video standard that predates MPEG, namely,
ITU-R BT.601 (formerly CCIR Recommendation 601). The significance of this
standard is that it was adopted by the international TV production community and
therefore provides an agreed baseline for digital encoding and interconnection. After
this, an overview of the first widely adopted digital TV transmission standards, the
ITU H. series, is presented to provide the requisite background for proper under-
standing of modern digital video.

5.2.1 ITU 601 Uncompressed Digital Television

ITU 601, short for ITU-R BT.601-5, which is now up to revision 5 (i.e., BT.601-5),
is an international standard for component digital television from which was
derived the Society of Motion Picture and Television Engineers (SMPTE) 125M and
EBU 3246E standards. ITU 601 defines the sampling systems, matrix values, and fil-
ter characteristics for both Y, B-Y, R-Y and RGB component digital television. A
basic agreement on this recommendation was reached in 1981 between SMPTE and
the EBU through the efforts of then CCIR Study Group XI. MPEG 1 operates on
noninterlaced video inputs but has been adapted to normal TV for 525- and 626-line
systems. The intersection of MPEG and ITU 601 comes in the form of a transcoder
between the two systems. The focus of ITU 601 is on studio and broadcast center
applications where the bandwidth of communication is less of a problem. The
exception to this, of course, is with respect to storage of video programs for editing
and archival purposes.

ITU 601 is a standard digital video format that can accommodate the three ana-
log TV systems in use throughout the world [2]. The application as a primary studio
format for program acquisition is based on the principle of component coding and
its extensibility to various analog formats. It is a family of standards rather than a
single unified format. Sampling is accomplished with a common sampling rate of
13.5 MHz, which is 858 times the 525 horizontal frequency and 864 times the 625
horizontal frequency. The specific parameters are summarized in Table 5.3. Color-
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Table 5.3 Main Parameters of ITU-R Recommendation 601 (4:2:2)

Analog Standard Input 525 Line/60 Hz 625 Line/50 Hz

Samples per line

Luminance component 858 864

Color component (each) 429 432

Sample frequency

Luminance component 13.5 MHz 13.5 MHz

Color component (each) 6.75 MHz 6.75 MHz

Samples per active digital line

Luminance component 720 720

Color component (each) 360 360

Correspondence between number on a scale of 0-255 on a scale of 0-255

of quantizing bits and signal level

Luminance component 16 (black) to 255 (white) 16 (black) to 255 (white)

Luminance component 128 (no color) +112 128 (no color) £112

(16 to 240 full saturation) (16 to 240 full

saturation)

difference signals are encoded at half this rate because the amount of information
contained in the luminance signal is at least twice that of each of the two color-
difference signals. Frame repeat rates differ for the 525- and 626-line systems, being
29.97 and 25 Hz, respectively. These properties are reflected in ITU 601 by the rela-
tive sampling rates and the corresponding effective bit rates; the ratios that apply to
the luminance channel and the U and V color-difference channels are 4 to 2 to 2,
respectively (designated 4:2:2).

The standard manner by which to transfer ITU 601-encoded video is via the
serial interface, which is lossless and has a bit rate of 216 Mbps. The engineering
community has determined that a gross rate of 243 Mbps is to be employed to allow
other forms of information to be added, particularly stereo audio. The advantage of
using this format is that it is an international standard to which manufacturers and
operators can comply.

ITU 601 is important because of its pioneering status as a worldwide digital
video standard. With a serial information transfer rate of almost 250 Mbps, it is
unlikely that ITU 601 signals will find their way into the home. Rather, it is an inter-
face standard or baseline upon which practical digital compression systems will be
evaluated.

5.2.2 The ITU H. Series Standards

Much of the development of digital video compression, particularly through the
application of DCT, has been for videoconferencing and video telephony applica-
tions [3]. The greater penetration of conferencing technology in industry and gov-
ernment provided the motivation for the ITU to define standards to interface the
codecs and transmission systems from different countries. This has lead to the H
series of specifications, and in particular, the following two popular examples:
H.320 Videoconferencing Using Narrowband Integrated Services Digital Networks
(N-ISDN), and H.323 Videoconferencing and Telephony Using both N-ISDN and
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the Internet, allowing both constant bit rate transmission and packetized transmis-
sion, based on the means available.

H.320 has promoted the use of videoconferencing throughout the developed
world. The standard fixes the video and audio compression approach so that codecs
supplied by different manufacturers can produce the appropriate picture and sound
over a medium data rate connection (less than 2 Mbps, but typically between 128
and 512 Kbps). In addition, H.320 includes the intelligence to establish a bidirec-
tional connection at a constant bit rate using standard N-ISDN service from the
digital telephone network. The DCT structure and means of frame-to-frame (tempo-
ral compression) are very similar to that of MPEG, discussed in Section 5.3. The
audio would be compressed from 64-Kbps PCM to a hybrid system such as the
code-excited linear predicted (CELP) algorithm (reviewed in Chapter 11). Another
function of H.320 is the provision of data for use in managing the connection and
transferring other information such as graphics.

H.323 is more revolutionary in that it allows videoconferencing to be delivered
through the Internet Protocol. It includes H.320 services as a subset, but goes further
to provide a superior video compression technique, still based on DCT. Packetiza-
tion of the video and audio is what allows the connection to be provided over the
Internet. As discussed in Chapter 8, VSAT networks are a popular means of provid-
ing H.323 teleconferencing. The ability to establish end-to-end connections for
video and audio is a powerful function of H.323, which allows it to provide VoIP
telephone service as well.

5.3 Motion Picture Expert Group

The Motion Picture Expert Group, also affiliated with ITU-T and ISO, provides us
with a solid and stable standard for full motion pictures, making use of frame-to-
frame compression with associated sound and ancillary data. MPEG permits trans-
mission of full-color, full-motion TV images at a rate as low as 1.5 Mbps. The breath
of the standard is indicated in Figure 5.5. A key point is that the compression is done
in real time, although there is a delay due to the need to analyze several frames of
information before a sequence can be transmitted. This is not unusual for any com-
pression scheme.
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MPEG 4 and 7 in development
Figure 5.5 MPEG standards and application areas.
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The MPEG series of standards for motion pictures and video provides many
desirable features.

* The MPEG series of standards supports a wide variety of picture formats with
a very flexible encoding and transmission structure (see Figure 5.5).

* It allows the application to use a range of data rates to handle multiple video
channels on the same transmission stream and to allow this multiplexing to be
adaptive to the source content.

* The algorithms can be implemented in hardware to minimize coding and
decoding delay (typically less than 150 ms for processing).

* Developers can include encryption and decryption to comply with content
restrictions and the needs for business integrity.

* Provisions can be made for an effective system of error protection to allow
operation on a variety of transmission media such as satellite and local micro-
wave links (typically handled at the application layer or physical layer).

* The compression is adaptable to various storage and transport methods,
an excellent example of which is the DVB standard, discussed later in this
chapter.

* The frame-to-frame compression approach with the use of intra (I) pictures
(discussed later in this chapter) permits fast-forward and reverse play for edit-
ing and CD-ROM applications, impacting the degree of compression since
frames cannot be interpolated if used for these features.

* Transcoding, the digital process of converting from one format into MPEG
and vice versa, permits conversion between other compression formats like

H.323 into MPEG.
* MPEG-processed videos can be edited by systems that support the standard.

* Random access can be allowed using the standalone frames that are DCT
encoded (called I pictures—discussed later in this chapter).

* The standard will most probably have a long lifetime since it can adapt to
improvements in compression algorithms, VLSI technology, motion compen-
sation, and the like.

These properties relate to the evolving MPEG family of standards. As of the
time of this writing, two of these standards were complete and already available on
commercial markets. These include the MPEG 1 standard, which provides for
encoding video sequences intended for CD-ROM and other multimedia applica-
tions, and MPEG 2, which is the standard for commercial digital television. The
obvious focus of this book is MPEG 2, but MPEG 1 is important because it is the
predecessor and provides an important technical foundation. We review each of
these standards in the following sections.

5.3.1 MPEG 1

The first full-motion compression standard to be produced was MPEG 1, which is
aimed at nonbroadcast applications like computer CD-ROM and Internet down-
load. It draws from JPEG in the area of image compression using DCT and provides
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a broad range of options to fit the particular application. For example, there are
various profiles to support differing picture sizes and frame rates and it can encode
and decode any picture size up to the normal TV with a minimum number of 720
pixels per line and 576 lines per picture. The minimum frame rate is 30 (noninter-
laced) and the corresponding bit rate is 1.86 Mbps. Principal technical parameters
for MPEG are listed in Table 5.4.

Because MPEG 1 is aimed at multimedia applications, there was a need to allow
convenient fast-forward and fast-backward capability. This means that complete
frames are needed at relatively frequent intervals to permit scanning by the user.
Otherwise, the various forms of frame-to-frame compression and motion compen-
sation would have greatly reduced the possibility to cue material at intermediate
stages in a video sequence. The special multimedia features of MPEG 1 include:

* Fast-forward and fast-reverse (FF/FR);
* Reverse playback;
* Ability to edit a compressed bit stream.

These features are provided by encoding two types of pictures: intraframe (I)
pictures and interpolated (B) pictures. As mentioned at the beginning of this section,
I pictures are encoded individually using DCT without considering other pictures in
a sequence. This is analogous to taking an image and compressing it by itself with
JPEG. These pictures can therefore be decompressed individually in the decoder and
displayed one-by-one, providing random access points throughout a CD-ROM or
video stream. They are also the preferred format when editing of a movie is involved.
Predicted (P) pictures, on the other hand, are predicted from the I pictures and incor-
porate motion compensation as well. They are therefore not usable for reference
because they only exist in the decoder and require I pictures to be recovered prop-
erly. Another aspect is that it takes a sequence of I and P pictures to reproduce a
video sequence in its entirety, which causes a delay at the receiver. If the sequence
had been encoded exclusively with I pictures, then the delay is minimal, amounting

Table 5.4 Summary of MPEG 1 Technical Characteristics

Characteristic Value or Description

Type of coder Hybrid

Spatial transform DCT, 8 x 8 block

Quantization Separate luminance and chrominance matrices

Can be user supplied
User-supplied scaler used to adjust absolute level
Can be varied macroblock by macroblock

Variable length code Default: two-dimensional Hoffman
Can be user supplied

Temporal compression  Motion compensation by motion vectors
+15 pixel search in both axes
Difference image coding

Active pixels Up to 4,096 by 4,096
Rate 8 frame rates, up to 72 frames per second

Raster Progressive scan
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only to the time needed to convert back from the DCT representation to the equiva-
lent uncompressed sequence.

An example of an MPEG frame sequence is shown in Figure 5.6, displaying the
relationship between three classifications of pictures (I, B, and P). As stated previ-
ously, the I pictures are standalone DCT images that can be decompressed and used
as a reference. The B pictures are interpolated between I pictures and are therefore
dependent on them. The P pictures (discussed under MPEG 2 in Section 5.3.2) are
computed from the nearest previously coded frame, whether I or B, and typically
incorporate motion compensation. Interpolated B pictures require both past and
future P or I pictures and cannot be used as reference points in a video sequence.

The temporal compression of MPEG 1, based on interpolation, means that one
can no longer transmit a true time-sequential stream. This is shown in Figure 5.6 for
one complete intraperiod of a digital video sequence. Every transmitter and receiver
requires adequate video frame memory to hold the forward I pictures and computa-
tional power to calculate P and B pictures from them. With high-speed VSLI and
ASICs, the cost and complexity of accomplishing this have been reduced to a very
accessible level. MPEG 1 decoders are available on chips within a CD-ROM drive
itself or the display device. MPEG 1 encoders and decoders are available at low cost
as computer plug-in boards for low-cost multimedia applications in education and
business.

Many specific trade-offs are possible because the three types of pictures can be
introduced and arranged to suit the needs of the application. The most flexible
approach is to employ the I picture format exclusively because it will provide ran-
dom access to any frame in the sequence. However, it is also the most expensive in
terms of storage or bandwidth. A sequence with a moderate quantity of P pictures
provides a degree of random access and fast-forward/fast-reverse functionality. If
storage and access are not contemplated, then B pictures may be used along with the
other types as this provides the greatest opportunity for bandwidth reduction.

The MPEG 1 standard was clearly a pioneering effort in the journey to a highly
efficient digital TV system. It grew out of the work on computer images, which is
clearly a mass market of the type to capture the attention of the leading electronics
and media companies. The next step was to recognize the special needs of the broad-
casting industry. However, the participants in conventional TV have long resisted
change. In comparison, those in satellite and computer communications have

|<— One complete intraframe period sequence —>|

' !

Interpolated sequence Time ———>

Key:

| Interframe picture
P Predicted picture

B Interpolated picture

Figure 5.6 An example of an actual sequence of pictures used in an MPEG sequence.
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experimented with digital technology for decades in the hopes of finding that killer
application that would allow the development of new markets.

5.3.2 MPEG 2

The second phase of consumer digital video standards activity took the innovations
of MPEG 1 and added features and options to yield an even more versatile system
for broadcast TV. From standard-setting activity begun in 1992, MPEG 2 quickly
became the vehicle for bringing digital video to the mass market. The purpose of this
standard is to provide lossy video quality equal to or better than NTSC, PAL, and
SECAM, along with the facility to support the lossless performance of ITU 601. The
developers of MPEG 2 had in mind the most popular applications in cable TV, satel-
lite DTH, digital VCRs, and terrestrial TV networks as well. In 1994, the draft speci-
fication was produced; yet, an operational system based on this standard was
already being introduced in the United States by DIRECTV, Inc., a subsidiary of
Hughes Electronics Corp. MPEG 2 was subsequently adopted for all digital TV
broadcasting and consumer delivery throughout the world.

MPEG 2’s important contribution is not in compression (that was established by
JPEG and MPEG 1), but rather as an integrated transport mechanism for multiplex-
ing the video, audio, and other data through packet generation and time division
multiplexing. It is an extended version (or superset) of MPEG 1 and is designed to be
backward compatible with it. The definition of the bit structure, called the syntax,
includes a constant-rate bit stream, a set of coding algorithms, and a multiplexing
format to combine video, audio, and data (including Internet Protocol data). New
coding features were added to improve functionality and enhanced quality in the
conventional video environment of interlaced scanning and constrained bandwidth.
The system is scalable for lossless and lossy transmission, along with the ability to
support HDTV standards. Robust coding and error correction are available to facili-
tate a variety of delivery systems including satellite DTH, local microwave distribu-
tion (e.g., MMDS), and over-the-air VHF and UHF broadcasting.

Because delivery systems and applications differ widely, MPEG 2 provides a
variety of formats and services within the syntax and structure. This is the concept of
the profile, which defines a set of algorithms, and the level, which specifies the range
of service parameters that are supported by the implementation (e.g., image size,
frame rate, and bit rate). The profiles and levels are defined in Tables 5.5 and 5.6,
respectively. Table 5.5 begins at the lowest profile called SIMPLE, which corre-
sponds to the minimum set of tools. Going down the table adds functionality.

The Main profile is the current baseline for MPEG 2 applications and has
been implemented in a number of DTH systems. As suggested in Table 5.5, this
profile does not include scalability tools and therefore is a point of downward-
compatibility from the higher levels that provide scalability. The scalability tools
for SNR and Spatial profiles add power to the standard for applications. A
general implementation of a scalable MPEG 2 system is diagrammed in Figure 5.7.
The other dimension of MPEG 2 takes us through the Levels, which provide a
range of potential qualities from standard definition (SDTV) to HDTV. There is an
obvious impact on the bit rate and bandwidth. These levels are reviewed in

Table 5.6.
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Table 5.5 Profiles and the Associated Algorithms for the MPEG 2 Standard

Profile Algorithms

Simple Provides the fewest tools but supports the 4:2:0 YUV representation of the video
signal.

Main Starts with Simple and adds bidirectional prediction to give better quality for

the same bit rate. It is backward compatible with Simple as well.

Spatial Scalable  This profile includes tools to add signal quality enhancements. By Spatial it is
meant that the added signal complexity allows the receiver to improve
resolution for the same bit rate. There would be an impact on the receiver in
terms of complexity and hence cost. It can also be a means to add HDTV
service on top of conventional resolution (i.e., only the appropriately designed
receivers can interpret and display the added HDTV information).

SNR Scalable The added signal information and receiver complexity improve viewable S/N. It
provides graceful degradation of the video quality when the error rate increase.

High The is includes the previous profiles plus the ability to code line-simultaneous
color-difference signals. It is intended for applications where quality is of the
utmost importance and where there is no constraint on bit rate (such as within
a studio or over a dedicated fiber optic link).

Table 5.6 Levels and the Associated Parameters for the MPEG 2 Standard

Level Sample/Line  Lines/Frame Frames/sec _Mbps BW (MHz)*
High 1,920 1,152 60 80 54

High 1440 1,440 1,152 60 60 40.5

Main 720 576 30 15 10.125

Low 352 288 30 4 2.7

*The bandwidth (BW) indicated in the last column is based on direct QPSK modulation of the bit stream
and does not include forward error correction coding.

These levels are associated with the format of the originating source video signal
and provide a variety of potential qualities for the application. It ranges from lim-
ited definition and the associated low data rate all the way up to the full capability
of HDTV. Another feature of the standard is that it permits the normal TV aspect
ratio (width to length) of 4:3 as well as the “letter box” movie screen or HDTV
aspect ratio of 16:9. This particular part of MPEG 2 covers the base input and does
not consider the degree of compression afforded by the profiles covered in Table
5.5. The basis of each of the levels is as follows.

* The Low level is an input format that is only one-quarter of the picture defined
in [TU 601.

* The Main level has the full 601 input frame format.
* The High-1440 level is the HDTV format with 1,440 samples per line.
* The High level is an even better HDTV format with 1,920 samples per line.

The tools and formats of MPEG 2 allow as many as 20 different combinations,
which the standard calls convergence points. As with any such standard, not every
combination is either useful or viable. At the time of this writing, the Main profile
and Main level represent the convergence point of all practical implementations.
This is the case in North America with the various systems already in use as well as
with the European DVB standard, which will be discussed in another section.
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Figure 5.7 Conceptual configuration of scalable video encoding, to allow both a high-resolution
and a low resolution mode of transmission and decoding. For low-resolution, only the base layer
bit stream is required at the receiving end. Enhancement layer bits are transmitted to permit
compatible receivers to display full quality video at high resolution.

To summarize, MPEG 2 is an attractive digital video standard that was devel-
oped for wide consumer application. Its core algorithm at the Main profile features
nonscalable coding for both progressive and interlaced video information sources
(e.g., broadcasting and specialized applications like video teleconferencing and mul-
timedia). The Main level further specifies an input, which meets the needs of com-
mercial television at 25 or 30 per second with an input rate of 15 Mbps. This, or
course, is compressed down to as little as 1.5 Mbps, based on the trade-off between
transmission cost and application quality.

5.3.3 MPEG Audio

The other important element of MPEG 2 is the provision of stereo audio. Most qual-
ity audio compression systems are based upon one of two basic technologies:

* Predictive or adaptive differential PCM (ADPCM) time domain coding;
* Transform or adaptive PCM (APCM) frequency domain coding.

PCM and ADPCM have been with us for many decades and provide little effec-
tive compression for high-quality audio. Transform coding turns out to be as effec-
tive for sound as it is for picture; however, the human subjective aspects are
considerably different. In this case, we are concerned with the way the sound is
received and then interpreted by the brain. We must consider both the intelligibility
of voice communication along with the enjoyment of other sounds, particularly
music. This is the general subject of psycho-acoustics, which is the process by which
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the human brain is able to choose between the multitude of sounds that excite the
ears. Figure 5.8 presents how humans react to sound over the frequency range of
hearing: approximately 20 Hz to 20 kHz. Within this range, we are most sensitive to
the frequencies in the center and relatively insensitive to sounds at the low and high
ends. This means that anything at the extremes has less of an impact and therefore
need not be as precisely conveyed as those in the center. Likewise, a loud sound near
the center will mask those that are to the extremes in frequency. The other aspect
relates to the loudness of sound, where our hearing is somewhat deafened for a brief
period by a loud and abrupt sound. This range of algorithms includes the industry
standards ISO/MPEG 1 and 2; Layers 1, 2, and 3 (the highly-recognized MP3 for-
mat); MPEG AAC; MUSICAM; Dolby AC2 and AC3, apt-Q, and others [4].

The audio compression system employed in MPEG 2 is based on the European
MUSICAM standard as modified by other algorithms [2]. It is a lossy compression
scheme that draws from techniques already within MPEG. Like differential PCM, it
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Figure 5.8 (a) Human hearing response to threshold in quiet and spectral masking; and (b) tem-
poral masking effect by human hearing.
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transmits only changes and throws away data that the human ear cannot hear. This
information is processed and time division multiplexed with the encoded video to
produce a combined bit stream that complies with the standard syntax. This is
important because it allows receivers designed and made by different manufacturers
to be able to properly interpret the information. However, what the receiver actually
does with the information depends on the features of the particular unit.

5.3.4 Assessing MPEG 2 Video Quality

The quality of the video produced by the MPEG 2 standard can be as good as the pro-
vider wishes it to be. For reasonable data transfer rates, between 3 and 6 Mbps, the SD
version MPEG 2 generally wins acclaim, particularly when compared to what existing
analog cable and over-the-air channels were capable of providing. The old TASO
grade scale was really invented for these analog systems, where S/N was the primary
measure. However, in digital television, the quality is actually set at the source during
the encoding and compression process—the transmission link has little to do with it.

The DCT approach to compression produces a well-understood “blockiness” to
the picture, akin to what we are accustomed to with JPEG images. Use of motion
compensation in conjunction with B and P pictures adds another level of distortion
to what the viewer experiences. With greater compression comes increased inci-
dence of jerkiness to the picture sequence. On occasion, the decoder may be unable
to stay up with the stream and actually break lock. These issues are being addressed
through improved processing on the sending end.

To evaluate digital television, the ITU-R has come up with more standards for
subjective evaluation in the form of Recommendation ITU-R BT.500-10, “Method-
ology for the Subjective Assessment of the Quality of Television Pictures.” This
detailed document describes both the subjective criteria and the procedures for gath-
ering the data using human observers. As with similar approaches for subjective
evaluation of fixed and mobile telephone, it is complex and sometimes inconclusive.
The ITU-R continues to work to resolve uncertainty in the methods. The traditional
approach is to have human subjects experience two different test exposures—per-
haps one with the system being evaluated and the other with some kind of control.
This is called dual stimulus (DS). Currently, they suggest the use of a single stimulus
continuous quality evaluation (SSCQE) approach:

The introduction of digital television compression will produce impairments to the
picture quality what are scene-dependent and time-varying. Even within short
extracts of digitally-coded video, the quality can fluctuate quite widely depending
on scene content, and impairments may be very short-lived. Conventional ITU-R
methodologies alone are not sufficient to assess this type of material. Furthermore,
the double stimulus method of laboratory testing does not replicate the SSCQE
home viewing conditions. It was considered useful, therefore, for the subjective
quality of digitally-coded video to be measured continuously, with subjects viewing
the material once, without a source of reference.

Compared to dual stimulus, use of a single stimulus (SS) approach, increases
the number of test subjects and tests. This increases cost and tends to extend the test
program. Another issue identified by the ITU-R is that once a subject has
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experienced digitally encoded video, their personal standard of comparison goes
up. In other words, once they get used to digital TV, they do not so easily accept
analog.

There is still value to testing the impact of different transmission rates and com-
pression systems. For example, a DTH operator would want to know at what rate it
should encode film movies as opposed to American football or European soccer. To
this end, Tektronix has developed the PQM 300 video evaluation equipment to aid
in the following:

* Detection of picture defects such as:
* MPEG blockiness;
* Repeated frames;
* Uncorrelated Gaussian noise.

* Aids in detecting frozen frames and loss of service;
* Facilitate consistent levels of performance at any point within the network;

* Helps to manage available bandwidth.

This device came out of research supported by the ITU-R and could be valuable
for fine tuning the data rates and multiplexing of a large quantity of video channels
(a process called grooming).

Quantitative measurements of MPEG 2 quality amount to assessing the digital
transmission characteristics of the bit stream and the detailed performance at higher
layers of the protocol stack. This is not a new area in telecommunications as tech-
niques for this sort of evaluation have been available since the early days of digital
telephone and data communications. However, what is new is that the techniques
are applied in commercial TV, an area that has been heavily analog. The properties
that matter are:

* Biterror rate, which defines the floor where the decoder can function properly;
* Timing jitter, which like bit error rate can cause the decoder to malfunction.
This can be occasional (causing blips in the picture) or absolute disruption;

* Improper actions of the MPEG protocol that can only be resolved through
detailed review of packets and the information contained therein.

BER is traditionally measured by originating a repetitive pseudo-random-noise
(PRN) bit sequence of a fixed duration through the communication channel. At the
receiving end, the already-known PRN sequence is compared with what was sent
(e.g., since it was known ahead of time) and the errors counted. The BER is continu-
ously computed by dividing the number of errors by the associated increment of
time. At a bit rate of 10 Mbps and an error rate of 107, we would receive one error
per second, on average. A lower error rate would reduce the average by less than one
error per second; therefore, the period of observation would have to be increased.
For this reason, one must allow sufficient time to collect statistics in order to obtain
a meaningful result.

Errors are produced by a few fundamental mechanisms in the satellite link:

* Noise in receivers (e.g., thermal noise);
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* Interference (adjacent channel, cross-polarization, intermodulation distor-
tion, adjacent satellite, and terrestrial);

* Distortion of the signal by the uplink equipment and the satellite transponder
or OBP (discussed in Chapter 3).

BER can only be measured through the end-to-end channel, making it useful for
on-line service monitoring. Noise and interference can be observed using a conven-
tional spectrum analyzer. The distortion properties of the channel can be isolated
down to the uplink, satellite, and downlink equipment using the technique of the eye
diagram, shown in Figure 5.9. This is nothing more than a waveform of a symbol
captured by an oscilloscope. One can observe the actual pulse shaping of individual
signals (e.g., encoded bits on the carrier waveform) along with the distortion and
noise that disruption proper detection in the receiver. The clear area within the curve
is called the eye opening: the larger the opening, the better the quality of transmis-
sion. This picture provides a qualitative and even quantitative measure of service
quality of the analog IF and RF transmission link.

The other important measurement parameter is timing jitter. Because MPEG
uses a synchronous transmission plan (e.g., a constant packet size and bit rate), any
short-term variation can be cause for concern. The key characteristic in this case is
the program clock recovery (PCR) function of the decoder, which must stay within a
strict bound. Once PCR timing varies outside of this allowable range for the particu-
lar service, decoding is disrupted and the picture and audio can break up. This unac-
ceptable variation in timing is called PCR jitter. A single-channel MPEG 2 stream
that is properly encoded will have little if any PCR jitter. However, jitter is intro-
duced through subsequent multiplexing and data insertion, if applied. Steps such as
reclocking must be taken during such processes to control PCR jitter.

As one would expect, the test and measurement industry, led by companies like
Tektronix, Agilent, and Thomson Grass Valley Group, has produced very capable
instruments. For example, the Tektronix MTS 300 portable tester provides all of the
following features:

* Real-time monitoring and compliance testing of MPEG, DVB, ATSC, and
ISDB transport streams;

* Status and error logging to capture intermittent problems or create test
records;

1 ns/div

Figure 5.9 Typical eye diagram.
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* Dolby digital AC-3 compliance testing and AAC stream monitoring for test-
ing advanced audio;

* PCR overall jitter, drift, and offset measurements;

* Detailed off-line analysis of transport streams, program streams, and elemen-
tary streams;

* Capture, playback, and on-line storage of transport, program, and elementary
streams.

53.5 MPEG 4

MPEG established strong credibility in the digital video and content field; so, the
question is, what do they do for an encore? This is being answered by a new stan-
dard called MPEG 4, first introduced in 1991, which has the formal name of “Cod-
ing of Audiovisual Objects.” An example of such an object would be the oft-seen
announcer’s face, which it turns out can be very efficiently coded with a few wire-
frame-based facial animation parameter (FAP) words. Other examples would be
common objects such as vehicles and buildings.

The expectation of this object-oriented standard was to overcome the limita-
tions in bit rate and interactivity that MPEG 1 and MPEG 2 had offered. MPEG 4 is
much more than just data compression. It was primarily aimed at low bit rate com-
munications; however, its extent was expanded further to have a number of differ-
ent technologies and cover a broad range of applications. MPEG 4 gives the user the
ability of manipulating the audiovisual objects in a scene. These objects could be
parts of video- or computer-generated models. The user can actively interact with
the objects and modify scenes by adding, removing, or repositioning them in a
scene. The standard uses a language called binary format for scenes (BIFS) for scene
composition. This language is based on the concepts developed in virtual reality
modeling language (VRML), and includes features such as facial animation, native
two-dimensional primitives, and streaming protocols. Using BFIS for real-time
streaming allows scenes to be built up on the fly with no need to be downloaded in
full before their display. Like MPEG 2, MPEG 4 conformance is defined in terms of
profiles and levels depending on the visual object types supported and the bit stream
parameters.

Because MPEG 4 coding is descriptive it also provides the standardized ele-
ments enabling the integration of production, distribution, and content access para-
digms. As descriptive coding is typically an order of magnitude more efficient than
DCT coding, MPEG 4 is positioned to achieve for the Internet what MPEG 2 did for
broadcasting. It supplies tools with which to create uniform audio and video encod-
ers and decoders that compete effectively with proprietary schemes, including
Quick Time (from Apple Computer), AVI (from Microsoft), and RealOne (from
Real Networks).

MPEG 4’s general video compression schemes have already been discussed in
the context of the DCT, fractals, and wavelets. It enhances these with different types
of “objects” in much the same way as a Web page is composed using HTML and
other Web authoring tools. Figure 5.10 provides a simple graphic of how various
types of content (video, audio, graphic, text) are pulled up to the PC client through a
variety of different networks—the Internet, an MPEG 2 broadcast, a broadband
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Figure 5.10 MPEG 4 transport protocols and interface layers. (From: [5]. © 1999 IEEE. Reprinted
with permission.)

ATM network, the telephone network, and so forth [5]. As one might expect, this is
a tall order as there are many issues concerning the interfaces among these facilities
and the manner in which the content is put together into something useful and
enjoyable by the public. As a result of the complexity of the problem, MPEG 4 has
just finished development at the time of this writing. The promise is of a style of
Internet-motivated content distribution that offers greater meaning than current
static Web pages, that employs any network bandwidth efficiently and that is as
open as the Internet Protocol suite itself.
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The first introduction of MPEG 4 was slow in coming; some of the hesitancy
was due to a lack of a profound application. In the late 1990s, Lockheed Martin,
EchoStar, and others supported demonstrations of MPEG 4 applications via satel-
lite. These were well publicized but not made available to public audiences. More
recently, a number of small technology companies that are members of the MPEG
4 Industry Forum (http://www.mp4.com) have introduced a variety of solutions
based on the standard. These are software tools and chip sets that can be made part
of complete systems to originate and delivery MPEG 4 content. Gaining initial
favor was broadband wireless, where several companies have developed chip sets
to provide simultaneous voice and video for such applications as the wireless video
phone. Among the large companies, Toshiba engineers in the semiconductor divi-
sion have worked with the standards body to come up with software and silicon
that provide both the encoding and decoding functions. Toshiba offers an MPEG 4
video encoder and decoder (CODEC) with 12 MB of embedded DRAM to deliver a
low-power, end-to-end solution with encoding, transmission, and decoding func-
tionality. To support these products, the company has developed firmware, driv-
ers, middleware, and development tools that include reference boards. Toshiba’s
single-chip MPEG 4 products are intended for wireless systems including video
phones, streaming wireless media players, security/surveillance equipment, wire-
less LAN applications, and other emerging Internet, communications, or multime-
dia storage areas.

Some interesting chip hardware is offered by Amphion (formerly Integrated Sili-
con Systems), a small system on a chip (SoC) developer based in Northern Ireland.
Using the standard approach to MPEG and relying on the DCT as video compres-
sion algorithm along with motion estimation, Amphion makes available both
encoding and decoding MPEG 4 chip designs. Intended applications are:

* 3G mobile phones:
* Short video clips;
* Multimedia Messaging Service (MMS).
* Wireless personal digital assistants (PDAs) with video e-mail;
* Personal digital video recorder;
* Digital cameras;
* Hard-disk camcorders;
* Videoconferencing;
* Surveillance;
* Video phones;
* Mobile multimedia.

MPEG 4 is very different from MPEG 2 because it is object oriented to suit sys-
tems that are inherently low power. The latter refers to uses in handheld devices like
PDAs and advanced cell phones.

More recently, MPEG 4 has been identified as a platform for new services via
cable TV. This requires development of a new generation of STB to employ the
appropriate software for VoD and interactive services. A joint venture of several
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Japanese consumer electronics firms along with a U.S. startup called iVAST and oth-
ers intends to make the technology operational by 2004. According to a March 2002
press release:

Seven leading consumer electronics and technology companies today announced the
formation of a new corporation in Japan, e-BOX, that will enable cable television
system operators to deliver enhanced video on demand and interactive TV services
to subscribers. Based in Tokyo, the joint venture includes five publicly traded com-
panies: Pioneer Corporation, Sharp Corporation, National Semiconductor Corpo-
ration, Sigma Designs, and CMC Magnetics; and two privately held companies,
iVAST, Inc. and Modern VideoFilm Inc.

Comcast Cable Communications, Inc., the largest cable company in the U.S., is
advising the joint venture partners on the technical requirements of the system and
intends to conduct field trials of the new services. Targeting North American and
Asia-Pacific cable operators, the joint venture partners will deliver a complete infra-
structure that includes head-end equipment, system software, content-protection
systems and digital set-top boxes to provide scheduled and on-demand MPEG-4-
encoded content and interactive services.

iVAST is based in the Silicon Valley of California and offers software tools for
MPEG 2 production and distribution. iVAST systems can deliver MPEG 4 content
over diverse networks—Internet or intranet, wireless or wireline, broadcast or
broadband. iVAST solutions are compatible with industry-standard network and
messaging protocols.

The rather long preapplication period of MPEG 4 has allowed a new approach
to rise up and gain attention. Known as ITU-T standard H.23L, it relies on improved
motion compression to further reduce the required bit rate. This has resulted in the
MPEG to create yet another version of itself that employs H.23L: MPEG 4 part 10.
There appears to be a split developing in the cable STB sphere. Some have decided to
proceed with the development of straight MPEG 4 solutions, based on technology
supplied by iVAST. Others, however, are taking a wait and see approach while the
details of part 10 are worked out. At the time of this writing, a satellite-based appli-
cation was not on the immediate horizon. If and when MPEG 4 gains a base in either
the 3G wireless or cable TV markets, one can expect to see it attach to services such
as DTH, broadband VSAT, and MSS.

5.4 Digital Video Broadcasting Standard

The MPEG series of standards was the result of international cooperation among
world-class organizations from several continents. From this, engineers and manu-
facturers must create the specific implementations and products that allow the pub-
lic to enjoy the versatility of digital video. The first MPEG-based products were
created for the U.S. market, but, as has been the usual case, these systems are incom-
patible with each other. At the same time that pioneers were addressing the most
attractive single consumer market in the world, their counterparts in Europe set out
to build a better mousetrap and to do it in a way that a unified approach might be
produced. This is the effort that has resulted in DVB, a family of standards for DBS,
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cable TV, and over-the-air broadcasting that dominate the global landscape in digi-
tal video as GSM does in mobile telephone.

5.4.1 DVB Requirements and Organization

We cover DVB in some detail because of its technical relevance, openness, and suc-
cess in the satellite communication field. The DVB system is intended as a complete
package for digital television and data broadcasting [6]. It is built on the foundation
of the MPEG 2 standard, providing full support for encoded and compressed video
and audio, along with data channels for a variety of associated information services.
The MPEG standard provides for data stream syntax, discussed in the previous sec-
tions, to multiplex the required functions together. On top of this, the DVB stan-
dard considers the modulation and RF transmission format needed to support a
variety of satellite and terrestrial networking systems.

The overall philosophy behind DVB is to implement a general technical solution
to the demands of applications like cable TV, as discussed in Chapter 4, and DTH,
to be discussed in Chapter 6.

It includes the following features:

* Information containers to carry flexible combinations of MPEG 2 video,
audio and data;

* A multiplexing system to implement a common MPEG 2 transport stream
(TS);

* A common service information (SI) system giving details of the programs
being broadcast (this is the information for the on-screen program guide);

* A common outer block coding scheme using the Reed-Solomon (RS) forward
error correction system that improves the reception by providing a low error
rate;

* Inclusion of energy dispersal to maintain spectral spread and interleaving to
improve performance in the presence of burst errors;

* A flexible inner convolutional coding scheme using primarily the Viterbi algo-
rithm with the ability to adjust the code rate between R = 1/2 and R = 7/9
(rates higher than 1/2 are achieved through puncturing);

* Modulation and additional channel coding systems, as required, to meet the
requirements of different transmission media (including FSS and BSS satellite
delivery systems, terrestrial microwave distribution, conventional broadcast-

ing, and cable TV);
* A common scrambling system;

* A common conditional access (CA) interface (to control the operation of the
receiver and assure satisfactory operation of the delivery system as a business).

The origin of DVB is a pan-European program of industrial and government
cooperation that began in 1990. Over the course of a year, the group exp