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Abstract

Satellite-based mobile communications systems provide voice and data communications to users over a
vast geographic area. The users may communicate via mobile or hand-held terminals, which may also
provide access to terrestrial cellular communications services. While the first and second International
Mobile Satellite Conferences (Pasadena, 1988 and Ottawa, 1990) mostly concentrated on technical
advances, this Third IMSC also focuses on the increasing worldwide commercial activities in Mobile
Satellite Services. Because of the large service areas provided by such systems — up to and including
global coverage — it is important to consider political and regulatory issues in addition to technical and
user requirements issues.

The approximately 100 papers included here cover sessions in 11 areas: the direct broadcast of audio
programming from satellites; spacecraft technology; regulatory and policy considerations; hybrid
networks for personal and mobile applications; advanced system concepts and analysis; user requirements
and applications; current and planned systems; propagation; mobile terminal technology; modulation,
coding and multiple access; and mobile antenna technology. Representatives from about 20 countries are
expected to attend IMSC ’93.
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Message From the IMSC ’93 Technical Co-Chairs

Robert Kwan Jack Rigley
Jet Propulsion Laboratory Communications Research Centre

Mobile satellite (MSAT) communications emerged as a viable teleccommunications industry in the past
fifteen years. With the introduction of Inmarsat’s maritime service about fourteen years ago, a worldwide
mobile satellite industry was created. Since that time, many international research and development
organizations have undertaken the development of land mobile satellite technology.

In the early 1980s, the Department of Communications, Canada/Communications Research Centre
(DOC/CRC) and the United States’ National Aeronautics and Space Administration/Jet Propulsion
Laboratory (NASA/JPL) independently established MSAT programs to develop enabling, high-risk
technologies. At the same time, an initiative was undertaken to foster the development of a North American
Mobile Satellite Service (MSS). Since 1983, DOC and NASA have cooperated in promoting and
accelerating the commercial introduction of an MSS; this cooperation is best exemplified in our co-
sponsorship of the 1990 International Mobile Satellite Conference in Ottawa, and today’s Conference—
IMSC ’'93—in Pasadena.

In recent years, mobile satellite services have evolved on a regional as well as a global scale. Australia
already has land mobile capability, and the North American MSS is scheduled to be operational soon.
Japan has been conducting mobile satellite experiments with L- and S-band satellites. Also, Europe, led by
the European Space Agency, is currently examining a variety of options for a European MSS. With the
intention of serving the growing global mobile communications market, myriad U.S. applicants have
recently emerged proposing both “big” and “little” low-Earth orbiting satellite networks. In addition,
Inmarsat has initiated studies on implementing global personal communications services.

As the MSS industry matures, the emphasis is shifting from terminal mobility to people mobility. This
personal communications market is, and will be, served by both terrestrial and space-based network
services. Cost, as well as the issues of service features and quality, will dictate the user’s choice of
affordable personal communications services. This service affordability may be achieved through system
interoperability and optimal use of various network resources. Our IMSC 93 program has been designed
to explore the technical, regulatory and market issues associated with this important trend.

We welcome you to IMSC '93, and wish you a pleasant stay in the beautiful city of Pasadena while you
enjoy professional and intellectual interaction with your colleagues.
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Worldwide Survey of Direct-to-Listener Digital Audio
Delivery Systems Development Since WARC-92

D. Messer
Voice of America
Phone: 202-619-3012
Fax: 202-619-3594

ABSTRACT

Each country was allocated frequency band(s) for direct-to-listener digital audio broadcasting at WARC-92.
These allocations were near 1500, 2300, and 2600 MHz. In addition, some countries are encouraging the
development of digital audio broadcasting services for terrestrial delivery only in the VHF bands (at frequencies
from roughly 50 to 300 MHz) and in the medium-wave broadcasting band (AM band) (from roughly 0.5 to 1.7
MHz).

The development activity increase has been explosive. This article summarizes current development, as of
February 1993, as it is known to the author. The information given includes the following characteristics, as
appropriate, for each planned system: coverage areas, audio quality, number of audio channels, delivery via
satellite/terrestrial/or both, carrier frequency bands, modulation methods, source coding, and channel coding'. Most
proponents claim that they will be operational in 3 or 4 years.

I. WHAT IS DBS-RADIO AND DIGITAL AUDIO BROADCASTING (DAB)?

DBS-Radio, that is direct-to-listener reception from a satellite, is a concept that incorporates the idea of
reception into mobile, outdoor portable, and indoor portable (table top) receivers, as well as receivers with fixed
directional outdoor antennas. What distinguishes it from DBS-TV is that the receiver/antenna system is supposed
to work without an unobstructed direct line-of-sight to the satellite from the receiver’s antenna. Most planned
systems using this concept are being designed for all environments—rural, suburban, and urban reception. Some
systems concentrate on mobile reception; most consider indoor reception to ‘‘table top’’ radios to be of equal or
greater importance.

This collection of requirements forced a search for frequency allocations somewhere between 500 and 3000
MHz for satellite delivery. A simple tradeoff analysis shows that lower frequencies require spacecraft downlink
antennas that are too large and higher frequencies require power levels per broadcast channel that are too high.
Thus, after much preliminary work during the 1980’s, DBS-Radio got to be an agenda item for WARC-92, with
the proviso that if there were to be any frequency allocations, they would be above 500 MHz and below 3000 MHz.

Digital Audio Broadcasting (DAB) refers to any modem digital source coding, modulation and signal
processing technique that will permit high quality audio to be broadcast and received with the audio quality
preserved for the listener after RF propagation and decoding. The term encompasses any delivery method,
terrestrial, satellite, and ‘‘hybrid’’?, and any reasonable frequency band allocated to broadcasting, from the AM
band up to S-band.

The radio broadcasting industry in the USA is interested in digital audio for local terrestrial broadcasting
to enhance audio quality and coverage under the existing licensing arrangements and overall structure of the use of
roughly 11,000 radio stations. These broadcasters are nearly unanimous in their aversion to the introduction of
satellite delivery of DAB, with its wide area coverage possibilities.

' Any errors in up-to-date system descriptions are solely the responsibility of the author.
1 “‘Hybrid*’ refers to a satellite system design where in urban situations it may be necessary to ‘‘boost’’ the

received satellite signal at one or more low power terrestrial transceiver sites for reception by the consumer
receivers; also called “‘gap fillers"’.
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II. THERE IS SUBSTANTIAL DBS-RADIO AND DAB ACTIVITY NOW ON A WORLDWIDE BASIS

During the 1980’s, there was not much interest in the introduction of DAB services, either via terrestrial
or satellite delivery. Two groups, one in the USA and one in Europe, largely within the confines of CCIR activities,
studied the possibility of developing feasible broadcasting services. The activity was mostly centered on satellite
delivery. Through these pioneering studies and a few WARCs, by 1988 it appeared that at least the developing
nations had some interest in encouraging the introduction of BSS(Sound)[aka DBS-Radio]. The literature on the topic
at that time concentrated on the value of providing *‘compact disk’ quality audio into cars and other moving
vehicles.

A European consortium, spearheaded by the CCETT laboratory in France and the IRT laboratory in
Germany, with support from consumer manufacturers, the European Broadcasting Union and many European
governments, moved from paper studies to the development of hardware. By the autumn of 1988, in time for
WARC-88 in Geneva, this consortium, named Eureka 147, was able to demonstrate *‘CD"’ quality audio into a van
driving around Geneva. The transmitter was located on a nearby mountain top. Demonstrations, experiments, and
pilot broadcasting operations have continued with this system by French, German, British, and Canadian
organizations.

During the period from 1988 until WARC-92 convened in February 1992, a few organizations noted the
need, on a worldwide basis, for audio quality channels with less than **CD’’ reception quality as the goal. The
Voice of America, with support from NASA, was among this small group. Partly as a result of this view, and with
speeches made around the world at symposia, regional meetings preparing for WARC-92, etc., developing nations
also became interested in DBS-Radio. It is not difficult to see how a large developing nation could use satellite
delivery to its advantage. Therefore, when WARC-92 convened, just about every nation in attendance was in favor
of allocating some spectrum for BSS(Sound) somewhere between 500 and 3000 MHz.

The development of an acceptable revision of the Table of Allocations to accommodate this new service
was extremely difficult. The Conference nearly was torn apart on this issue. As is well-known, this part of the
spectrum is heavily used, and is also coveted by other new services. The final compromise was to allocate three
frequency bands. Each nation accepted one or more of these bands, sometimes with conditions limiting the use until
2007.

There are some spectrum management nuances related to the introduction of the service on a co-primary
basis and the need to coordinate with neighboring nations, but the essence of the result is the following:

. 40 MHz in L-band (1452-1492 MHz)
J 50 MHz in S-band (2310-2360 MHz)
. 120MHz in S-band (2535-2655 MHz).

Roughly 1/2 the world’s population lives in nations that chose the L-band allocation and the other half
preferred one of the S-band allocations. The USA added a footnote that flat out prohibits the use of the L-band
allocation; former Soviet Union Republics added a very restrictive footnote on the use of L-band, but not as strong
as the USA one; most European nations, while choosing L-band, restrict its use to secondary status until 2007. For
broadcasting, this is tantamount to prohibiting its use. Other than the USA and the USSR, the other nations that have
a footnote allocation for one or both of the S-band allocations did not add any restrictive use of L-band. Thus, the
Table of Allocations appears as an L-band allocation worldwide, with very important footnotes dealing with S-band
preference, and with restrictions on the use of L-band. [A map depicting these allocations appears in J.
Hollansworth’s paper in this proceedings. ]

A Planning Conference is supposed to be convened in 1998 or earlier. In the meantime, the upper 25 MH:z
of each of the 3 bands noted above can be used for operational broadcasting systems. Existing co-primary services
are to be protected via standard ITU coordination procedures.

Spurred on by the activity leading to WARC-92, which was primarily about satellite delivery, and hence
the use of frequencies above 500 MHz, interest developed about 2 years ago to use modern digital techniques for
purely terrestrial radio broadcasting in the existing radio broadcasting bands (FM & AM).

The European Eureka 147 system is being tested for such a service, primarily for initial use at VHF just
above 200 MHz. The European plan would be eventually to vacate the existing FM broadcasting in the 88.5-108
MHz band, but in the interim to use the higher VHF frequencies. This may take a long time. The Eureka 147
system requires a full 1.5 MHz spectral block within which 6 **CD’’ quality programs are broadcast via hundreds
of subcarriers. Each program has its subcarriers spread across the entire 1.5 MHz. The subcarriers of the 6



programs are interleaved in frequency. With this concept it is not feasible to retain the current structure of local
broadcasting, e.g. individual transmitter towers and different coverage patterns.

The situation in the USA is quite different. Four organizations are now engaged in source coding/
transmitter/receiver development with the goal of moving digital services directly into the FM band, without
disturbing the existing FM broadcasts. All of these are to be tested during the next 12 months through a testing
program being designed and administered by the Electronic Industries Association (EIA).

The EIA will also be testing the satellite delivery receiver development sponsored by the Voice of America
and being developed at the Jet Propulsion Laboratory. The field testing will be done at S-band using a TDRS
satellite. Finally, the ETA will be testing the Eureka 147 system at L-band.

In summary, the interest in DAB has burgeoned since WARC-92. This is manifest in part by the amount
of development work underway.

III. SUMMARY OF KNOWN ACTIVITIES AS OF FEBRUARY 1993

Largely through the use of two tables, the developmental activities known to the author are summarized
in this section. One table deals with delivery systems; the other with receiver systems.

Delivery Systems

Table 1, entitled DBS-Radio Systems, summarizes the different systems either under development or where
some interest has been expressed or that were under development and were abandoned recently. With one dormant
exception, all had a satellite component.

With respect to the satellite downlink, EIRP’s range from approximately 45 dBW to over 50 dBW. Beam
sizes vary from tens of thousands of square miles to millions of square miles at the 1/2 power points. Digital
Satellite Broadcasting Corp. plans to use the extremely narrow beams to cover the highly populated areas of the
USA; Afrispace plans to cover the 12 million square miles of Africa plus most of the middle-east with only 3
beams.

Note in Table I that the first 6 entries are all for coverage of the USA by satellite. Therefore, these will
be using the planned USA band (2310-2360 MHz).

Neither Japanese nor Australian activities appear in the table. Both nations have expressed considerable
interest in BSS(Sound). Australia was a leading proponent at WARC-92. The author expects in the not too distant
future these two nations will introduce more details. Japan plans to introduce satellite DAB in the upper S-band,
but there doesn’t seem to be any urgency. Australia could well follow Canada’s approach, and use L-band for both
satellite and terrestrial delivery some time in the future.

Digital Receivers

Table 11, entitled Digital Receivers, summarizes digital receiver development, including 3 that have been
abandoned recently.

These range from systems still under early stages of development, such as the JPL one, to one that has been
under test and evaluation for the past 5 years—Eureka 147. The Eureka consortium includes 3 major European
consumer electronic manufacturers—Thomson, Philips, and Grundig. They are working on consumer packaging,
and plan to be in production in 19935.

As noted earlier, the Eureka 147 system requires a 1.5 MHz frequency block to operate. This need is based
on a fundamental decision regarding propagation effects for mobile receivers that was made many years ago. The
designers believe that this level of frequency diversity is needed to combat frequency fading and related multipath
effects. There is some evidence from recent Canadian measurements that this is the case. More precisely, it can be
said that a channel coding and modulation mechanism such as that used by Eureka 147 has its mobile performance
degraded if the block bandwidth is less than 1.5 MHz.

All the USA developers, including the JPL, are designing with the thought that this spread of what is
effectively a 200 kHz or less program channel is not needed. It is anticipated that techniques such as adaptive
equalization will permit the use of typical broadcast channels. In the JPL case, these could be as small as 50 kHz
to accommodate the digital equivalent of monophonic FM. ““CD™ quality would require 4 times this channel
bandwidth.

Entry #4 in the Table, Project Acorn, is unique in the sense that the FM and digital signals are simulcast



from the same transmitter antenna. The digital signal’s power is roughly 30 dB less than the FM signal. Tt ‘‘rides’’
the instantaneous FM signal, shifted somewhat in frequency, with a multiplicity of subcarriers similar to that of
Eureka 147, but not spread over such a large band. This is an example of what is called an *‘in-band/on-channel”’
system. Fixed installation tests with direct line-of-sight have been conducted. These show that the digital signal can
be extracted from the much higher power FM signal at the receiver, and that the digital signal does not appear to
distort FM reception. Mobile tests are expected soon.

The other USA “‘in-band’’ systems would use spectrum in the FM band that are unused in a local area.

Lastly, Project Acorn has been working on a digital variant of its technique to be used in the AM band.
Some successful tests have been run, again with fixed installations and direct line-of-sight.

IV. CONCLUSIONS

1. Explosiveness

Tables I and II, which may be a little out-of-date and possibly incomplete, serve to show the large amount
of recent activity on DAB, using both satellite and terrestrial delivery mechanisms. This is either a slow revolution
or a fast evolution!

2. Remaining Barriers

Before 1992, any use of satellites for digital radio was blocked—no frequency allocations. Since this barrier
was effectively removed, the current chief barfier is financing. This is clearly true for the satellite delivery systems.
All serious proponents are faced with a high capital investment requirement.

Although financing as a barrier is less important for the development of purely terrestrial systems, it should
be borne in mind that the radio broadcasting industry is not wealthy at the individual station level. There is
substantial inertia to change.

Regulatory procedures are time-consuming. Nevertheless, the author feels that sooner or later there will
be one or more licenses in the USA for satellite delivery. And there will be satellite delivery available in other parts
of the world, obviously not globally all at once.

3. Standardization

The Electronic Industries Association’s testing program is an important spur to getting things done in the
USA. In about one year we should know what works well, etc. among the systems that will be tested, primarily
for local broadcasting use.

The Europeans and Canadians are asking for standardization to be made as soon as possible. They propose
the Eureka 147 system to be the standard. Based on recent CCIR meetings on digital audio, in particular positions
of the delegates from the USA and Japan, it is unlikely that any serious efforts on standardization will begin until
the EIA test results are known.
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Abstract

Personal Communications and Digital Audio Broad-
casting are two new services that the European Space
Agency (ESA) is investigating for future European and
Global Mobile Satellite systems. ESA is active in pro-
moting these services in their various mission option-
s including non-geostationary and geostationary satel-
lite systems. This paper describes a Medium Altitude
Global Satellite System (MAGSS) for global person-
al communications at L and S-band, and a Multire-
gional Highly inclined Elliptical Orbit (M-HEO) sys-
tem for multiregional digital audio broadcasting at L-
band. Both systems are being investigated by ESA in
the context of future programmes, such as Archimedes,
which are intended to demonstrate the new services and
to develop the technology for future non-geostationary
mobile communication and broadcasting satellites.

1 Introduction

Following the conclusions of WARC’92 Conference,
satellite personal communications will have a prima-
ry allocation in L-band (1.61-1.6265) for mobile-to-
satellite links and in S-band (2.4835-2.50) for satellite-
to-mobile links. Another important conclusion was the
recognition of viability and market value of direct satel-
lite radio broadcasting (DBS-R) and the assignment of
a worldwide frequency allocation around 1.5 Ghz to
DBS-R. As it will be detailed in the following para-
graphs, one of the main technical challenges of these
new services is represented by the fact that the geo-
stationary orbit is less suited for a large penetration of
personal communications and radio broadcasting ser-
vices. ESA has been looking with increasingly interest
to the exploitation of new orbit alternatives such as
the circular Low Earth Orbit {LEO), the Intermedi-
ate Circular Orbit SICO) and the Multiregional High-
ly inclined Elliptical Orbits (M-HEO). The utilization
of these orbits poses challenging technological prob-
lems. The Agency’s experimental programme called
Archimedes has the purpose of exploring those chal-
lenges by flying one(or more) experimental satellite(s)
by the year 1998 that will be representative of a fu-
ture personal communication and sound broadcasting
mission. This paper summarizes the definition stud-
ies that should lead to the formulation of two reference
missions, personal and sound broadcasting, that will
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represent the basis for future technical trade-offs in the
Archimedes context. In particular two systems will be
presented in detail: the MAGSS-14 reference system
utilizing ICO orbits around 10,000 Km of altitude for
personal communications and the M-HEO(8) system
utilizing 8-hours multiregional highly inclined elliptical
orbit for direct radio broadcasting.

2 Satellite Personal Communication Sys-
tems

2.1 Service definition

Current or planned mobile satellite systems at Global
or regional scale make use of Geostationary satellites
operating at L-band.

These systems will support the traditional maritime
services, and the more recently started aeronautical ser-
vices. In addition, new land-mobile voice-data services
will be introduced for users equipped with relatively
small user terminals. These terminals can be either in-
stalled on vehicles or transported in a briefcase, or even
deployed as a quasi-permanent installation in remote
locations.

Contemporaneously to the development of the mobile
satellite services, the terrestrial mobile systems have al-
so experienced in the past few years a very rapid pro-
gression towards a commercial implementation of pag-
ing, messaging and telephony services using very com-
pact lightweight (hand-held) transceivers. Progress has
been possible mainly due to the technology develop-
ment in the field of commercial low-power integrated
digital and microwave circuits.

A clear inherent drawback of terrestrial digital cel-
lular systems is the limited coverage, which will be re-
stricted to the largest cities of the industrialized World
and the interconnecting road and railway networks.

To offer full roaming capability is the goal of the
future Universal Personal Telecommunication system-
s (UPTs). Such systems can only be implemented
by complementing and interconnecting the Terrestrial
Cellular Systems with one (Global) or several (region-
al) overlay Satellite Personal Communication systems,
therefore extending the service also to rural and remote
areas.

In the context of the above scenario, a number of
Satellite Personal Communication systems have been
proposed, namely Iridium, Odyssey, Globalstar, El-



lipso and Constellation, and others are currently be-
ing defined, like Project 21 from INMARSAT, and
Archimedes from ESA.

The main technical difficulty associated with those
new satellite systems stems from the portability re-
quired to the satellite user terminal, which has eventu-
ally to be integrated within a terrestrial cellular phone.
This imposes very severe restrictions to the RF trans-
mit power and the gain of the terminal antenna, which
translates into low EIRP and G/T values. Such con-
straints are difficult to meet with systems using satel-
lites in the Geostationary orbit SGEO) unless very
large deployable antennas and complex repeaters are in-
sta%led on-board [1]. This prompted some of the system
proponents to study alternative satellite constellation-
s using Intermediate (Medium) (ICO) or Low (LEO)
Earth Circular Orbits which, although leading to satel-
lites smaller than their GEO counterparts, require a
much larger number of them. Also highly inclined el-
liptical orbits (HEO) have been proposed (Archimedes
and Ellipso) as a cost-effective solution to deploy ca-
pacity region by region.

ESA is currently studying the aspects of such satel-
lite communication systems, based on GEO, ICO, LEO
or HEO satellite constellations. The non-geo system
adopted as a reference, i.e. the Medium Altitude Global
Satellite System (MAGSS), will be described hereafter.

2.2 MAGSS system implementation
2.2.1 User Terminal design

In the design of a mobile terminal for personal com-
munications the primary requirements are to reduce its
size and cost (hence complexity) to the minimum, to
tailor the terminal design to the different user require-
ments in terms of mobility and degree of cooperation,
and to offer a service compatible with those provided
by the terrestrial systems. As described in Table 1,
three types of satellite terminals are being envisaged:
a Hand-Held (HH) terminal which can fit in a jack-
et pocket, a Portable (PT) terminal which can be ei-
ther transported in a hand-bag or briefcase or installed
in a semipermanent location, and a Vehicle-mounted
(VH) terminal. A description of the technical features
of those types of terminals is given in Tab. 2. Whereas
the PT and VH terminals can be considered a minia-
turised version of current portable and vehicle-mounted
land terminal designs (operating with GEO satellites),
the HH terminal represents a significant technological
challenge, in particular concerning the antenna design
and the miniaturisation of the RF front-end and the
efficiency of HPA. Several antenna designs are current-
ly being evaluated, all providing very low gain (0 to 3
dBi) in order to minimise the pointing requirements.
The HH terminal is equipped with a low power trans-
mitter (below 500 mW) in order to reduce the radiation
exposure to the user and the size of batteries required.

2.2.2 Satellite constellation

The MAGSS system employs a best single-visibility
Rosette [2] constellation for a number of 14 satellites.
The MAGSS constellation has been selected among oth-
ers because it provides the possibility to start providing
World-wide services deploying only 7 satellites, achiev-
ing a minimum angle of elevation close to 10 degrees
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and better than 30 degrees for more than 70% of the
time.

The fully replenished constellation of 14 satellites
achieves then a Global minimum angle of elevation of
28.5 degrees and better than 40 degrees for more than
90% of the time. The MAGSS constellation parameters
are 10,354 Km of altitude, circular 6-hour orbits, and
56 degrees of orbit plane inclination, to maximise the
coverage over the regions located between 30 and 60
degrees of latitude. A snapshot of the MAGSS constel-
lation showing satellite coverage for a minimum angle
of elevation of 28.5¢ is shown in Fig. 1.

2.2.3 Payload design and satellite capacity

In accordance with the WARC’92 frequency allocations,
the MAGSS payload operates at 1.6 GHz and 2.5 GHz
for the up and down mobile links respectively. The
feeder links have been sized at Ka-band, although due
to the complexity and cost of this option, the use of
lower frequency bands (Ku and C-band) is being inves-
tigated. Fig. 2 shows a typical 37-beam spot beam
coverage of the African and European regions from one
of the MAGSS-14 satellites. Each spot beam has an
edge-of-coverage gain of 24.5 dBi and is generated by
Tx and Rx phased-array antennas. The payload trans-
mits 300 Watts RF power at S-band , resulting into a
total EIRP of 48 dBW. The total payload mass, includ-
ing the Ka-band feeder-link transponder is estimated in
320 Kg, and the payload DC power consumption is 1200
Watts. The above payload would lead to a total satel-
lite capacity of 930 duplex voice circuits (2.4Kbit/s)
to HH-type terminals or the equivalent of 4650 to PT-
type terminals, assuming a required link quality target
of 39 dBHz C/No. Representative link budgets are giv-
en for illustration in Tab. 3. Such satellite capacity
can be demonstrated to be compatible with the provi-
sion of World-wide personal communication services to
approximately 1 million users equipped with hand-held
satellite phones.

3 M-HEO: Multiregional Highly Inclined
Orbit in the context of the Archimedes
programme

Systems based on circular orbits have the advantage
to provide glebal coverage at the expenses of a fair-
ly large constellation of satellites. An alternative ap-
proach which reduces drastically the constellation size
1s based on the use of highly elliptical orbits (HEO).

HEO systems have been used with success since 1966
in the former-USSR for community TV reception and
emergency communications. More than 100 satellites
have been launched in elliptical , Molniya, 12 hours
orbit.

HEO constellations are well suited for regional or
multiregional services. A satellite in HEO lies in a plane
which inclined approximately 63° with respect to the e-
quatorial plane. This gives the satellite the advantage
of being viewed at very high elevation angles in north-
ern (or southern regions). This distinctive advantage
compensates for the higher slant-range in comparison
with LEO or ICO systems, and makes the use of HEQ
satellites well suited for personal communication ser-
vices and radio broadcasting in northern latitudes. In
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fact it allows high signal availability without penalizing
the system economy by imposing large link margins.
The other advantage of HEO satellites is that when
low-gain user-receiver antenna are used, as in case of
personal receivers, in northern latitudes higher gain can
be achieved (2-3 dB’s more) compared with geostation-
ary satellites.

In a HEO constellation the satellites are not station-
ary and are therefore used in the orbital arc around
the apogee where they present a quasi-geostationary
behaviour. The number of service areas is equal to the
number of the apogee points on the Earth ground track.
HEO orbits with more than one coverage area are called
multi-regional orbits [3]. The number of service areas
is given by the least common multiple between the or-
bital period (expressed in hours) and 24, divided by the
orbital period.

The number of satellites for a given constellation is
given instead by the number of service areas multiplied
by the orbital period and divided by the selected dura-
tion of the active arc.

ESA has originally studied the Tundra and Molniya
orbits for coverage of Europe with high elevation an-
gles, recently the attention has been focused on M-
HEO(8) and M-HEO(16) orbit. M-HEO orbits offers
the possibility to promote a wide international coop-
eration which implies economies of scale in the system
development and in sharing of the deployment costs.

The M-HEO(8) system is particularly interesting and
suited for services such as personal communications and
sound broadcasting, in fact it can offer:

o high availability and continuous 24 hours service
tailored to cover the three most important market
areas of the world, i.e. Europe, Far East and North
America.

e A minimum number of satellites for continuous
coverage of these three service areas

e The apogee at 26000 km allows power savings in
comparison with other HEO alternatives or geosta-
tionary satellites. The lower apogee altitude offers
also a considerable advantage over the other HEOs
in terms of orbit mass that can be delivered by a
given launcher.

In the framework of the Archimedes project, ESA is
willing to pursue of utilization of HEO constellations
for multiregional personal and sound broadcasting ser-
vices. In the Archimedes programme ESA intends to
target the development of an experimental satellite to
demonstrate the viability of later operational systems.
The M-HEO constellation for personal communication-
s intends to reach the same service objectives of the
MAGSS-14 system but on regional basis. Therefore this
application will not be described further. The M-HEO
system for sound broadcasting will instead be discussed
in detail in the next paragraph.

3.1 The M-HEO
Broadcasting

The feasibility of DBS-R is based on the possibility of
receiving the satellite signal anywhere using small table-
top radio, personal walkman-type and mobile receivers.

system for Digital Audio
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Blockage of the satellite line of sight and multipath ef-
fects would degrade DBS-R services to a non-acceptable
level. This is translated into the requirements of high
elevation angles and high received power flux density
over wide areas. The importance of satellite elevation
angles has been demonstrated in the frame of several
field measurement campaigns at L and S-band. This
problem is of particular relevance in all northerly re-
gions of the earth. A geostationary orbit-based service
shall include propagation margins in excess of 10 dB to
serve those regions, this implies a design solution based
on high-powered spacecraft with a large and complicat-
ed antenna system resulting in an high (unacceptable)
cost for the telecommunication service.

In the basic configuration the M-HEO(8) system is
composed by a constellation of 6 satellites in 8 hours
elliptical orbits. The six-satellite M-HEO(8) system en-
ables the users to receive the radio signals from satel-
lites always visible with high elevation angles. The cov-
erage area of the M-HEO(8) system includes all con-
tinental Europe where the minimum guaranteed eleva-
tion angle 100 % of the time is of more than 45 degrees.
The other coverage areas are Japan, China, Asian CIS
and Canada, USA, Mexico, where elevation angles bet-
ter than 40 degrees 100 % of the time are guaranteed.
Fig. 3 illustrates the minimum elevation angles in the
three service areas.

The M-HEO(8) system in its baseline configuration
provides integrated digital broadcasting services with
possibility of user interaction such as:

¢ News and basic radiotext
e Bi-lingual News and stereo music, basic radiotext

e Multilingual News and HI-FI stereo music, ful-
1 colour radiotex

o Multilingual News and CD stereo music, enhanced
radiotex or television for pocket receivers

o Paging and Messaging services

o Interactive services providing users with a low bit
rate response channel. The maximum bit rate is
around 50 b/s.

o Navigation services integrated with meteorological
data broadcasting.

In order to deliver the necessary power flux density
to provide these services to small receivers, multi-beam
antenna coverage of the three service areas is necessary.
The M-HEO(8) coverage foresees the use of a reconfig-
urable antenna system providing in each service area a
five beam coverage, i.e. four spot and a global beam.
The four spot beams are arranged in the three service
zones in order to match linguistic and geographical con-
straints. Fach spot-beam provides 28 dBi of directivity
at the 3 dB contour. The global beam is intended to
provide 20 dBi gain at the 3 dB contour. The spot-
beam coverage is illustrated in Fig. 4 for Europe.

The transponders are intended to provide a flexible
share of resources according to the market and user
population needs. The transponder can be configured
to provide a given distribution of services with differ-
ent quality and power level. It is fundamental that



the selected modulation and multiplexing technique al-
lows such flexible allocation of bandwidth and power
resources. Approximately 1000 W of DC power are al-
located for the payload.

In order to simplify the satellite design there is no
frequency reuse in a given service area, but in order
to minimize the overall frequency requirements of the
system, frequency is re-used in different regions. The
overall down-link frequency requirement is in the or-
der of 10 Mhz for operations in the three service areas.
Note that thanks to the high elevation angles frequency
coordination is simplified both with respect to geosta-
tionary satellites and terrestrial radio links.

Up-link of radio programmes takes place in a ground
station equipped with 5 meter tracking antennas. Each
satellite is tracked independently. A single up-link loca-
tion above 58° can address the European, Far Eastern
and North-American loops at the same time with a min-
imum satellite look-up angle of 5° degrees. Given that
the up-link antennas never cross the geostationary arc,
C-band can be used without problem of coordination
with respect to GEO satellites.

The sound broadcasting service is intended for a di-
versity of users in the three service areas. Users are e-
quipped with terminals that can be subdivided in three
main classes:

e Type 1: G/T = —12dB/K table-top radios e-
quipped with directional antennas with adjustable
elevation and azimuth.

e Type 2: G/T = —15dB/K mobile receivers in-
stalled in cars, recreational vehicles with medium
gain antenna with onmiazimuthal pattern.

e Type 3: G/T = —19dB/K personal ”walkman-
type” receivers with low gain antenna with onmi-
azimuthal pattern.

Table 4 derived from [4] provides an example of link
budgets. In reference [4] an extensive investigation of
the %ink performances of the M-HEO(8) sound broad-
casting mission. Results are obtained for a mobile re-
ceiver, details on the channel modelling can be found
in ref. [4]. In ref. [4] the COFDM signal has been op-
timized for the use on non-linear satellite channel. For
the link budget of Tab. 4 a COFDM system with 280
carriers, symbol time 156.25 microsec, guard time 10
microsec and rate 1/2 convolutional coding, has been
selected. In the example of Tab. 4 a maximum bit rate
has been selected to 128 Kbit/s per carrier but lower
data rates can be also multiplexed.

4 Conclusions

This paper has reviewed the user requirements and sys-
tem implementation of future mobile satellite systems
for personal communications and digital audio broad-
casting, using the new frequency bands recently allo-
cated by WARC’92.

The MAGSS-14 system has been described as a
way to provide World-wide roaming capability to user-
s equipped with dual terrestrial-satellite hand-held
phones. The MAGSS system presented is based on 14
satellites in intermediate circular orbit, which shows to

be a compromise between the satellite complexity re-
quired by equivalent Geo satellites, and the large num-
ber of satellites required by LEO constellations.

MAGSS-14 satellites have been sized to serve up to
1 Miilion users World-wide equipped with a hand-held
terminal offering a range of voice, data, messaging and
paging services, complementary to terrestrial cellular
radio services.

In the context of the ESA Archimedes program, satel-
lite systems utilizing elliptical orbits are being investi-
gated to provide personal communications and sound
broadcasting services.

Multiregional Highly Elliptical Orbits (M-HEO(8))
open-up a new market application of digital audio
broadcasting with ancillary data and navigation ser-
vices in the 3 key business areas of the world, i.e.
Europe, North America and Far-East. Satellite radio
broadcasting is attractive for users demanding interna-
tional high quality radio services. Broadcasters have
also shown a keen interest in satellite broadcasting and
appreciate the high availability and quality that HEO
systems can deliver but of course funding a full con-
stellation goes beyond their possibilities. Manufactur-
ers are also interested in satellite radio but are clearly
waiting for concrete implementation plans for the s-
pace segment. As a result of this widespread interest
it is evident that the R&D and initial build-up of an
HEO constellation for satellite radio has to be provid-
ed via public initiative. ESA intends to promote this
new challenging opportunity for satellite communica-
tions by flying the experimental Archimedes mission in
order to substantially support this fascinating technical
endeavor.
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Latitude (deg)

Latitude (degrees)

Rosette 14/7/5.5, Tt/Tc=4, Tc/Ts=0, Te/Tc=4, MinE=28.46 deg, B=56 deg

hand-held | portable vehicle
size pocket laptop antenna + set
antenna gain 0~ 3dRBi +7dBi +4dRi
Tx RE power < S00mW W W
LIRP [dBW] -A~10 +7 +7
G/T |dB/K] -24 ~ =21 -17 20

Tab. 2 User terminal characteristics

Longitude (deg)

Fig. 1 MAGSS-14 Constellation (contours at 28.5")

['MOBILE-TO-SATELLITE LINK (1.6GHz) | ]
elevation (deg) 30
e R — T mobile RF power (W) 0.5
et IR e L e ' mobile antenna gain (dBi) 0
mobile EIRP (dBW) -3
path loss EOC (dB) 178.5
atmospheric loss (dB) 0.2
interference loss (dB) 1.0
multipath loss (dB) 1.0
satellite antenna diameter (m) 2.5
repeater noise temperature (dBK) 28
satellite G/T (dB/K) -4.0
up-link C/No (dBHz) 40.9
overall C/No (dBHz) 40.5
required C/No (dBHz) 39

margin (dB) 1.5 |

-150 -100 -30 0 50 100 150 [ SATELLITE-TO-MOBILE LINK (2.5 GHz) [ |
Longitude (degrees) elevation (deg) 30

satellite antenna diameter (m) 1.6

Fig. 2 MAGSS-14 Typical Spot Beam Coverage satellite antenna gain (dBi) 24.5
TX power S-band (Watts) 300

Total satellite EIRP (dBW) 47.8

voice activation factor (dB) 4

N . ——— number of duplex voice circuits 930

USER MOBILITY | TERMINAL C()-(,)Pl'j effective satellite EIRP per circuit (dBW) 22.1
RATION path loss EOC (dB) 182.4

Traveller open/shadow | HH dual mode _High atmospheric loss(dB) 0.2
Mobile mobile chn. | VH dual mode Low interference loss (dB) 1.0
Government | mob./outdoor HH. VH - __High multipath loss (dB) 1.0
Remote outdoor HH. portable High mobile G/T (dB/K) -25
Telephony PTor VH down-link C/No (dBHz) 41.1
Recreational Jand/sea HH Low overall C/No (dBHz) 40.7
Data outdoor semi-fixed High required C/No (dBHz) 39
Collection T margin (dB) 1.7

Tab. 1 User categories and services Tab. 3 MAGSS-14 Sample Link-Budgets
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Fig. 3 M-HEO(8) Minimum Isoelevation Contours 24/24 hours

W 2748l
28 dBi

Fig. 4 M-HEO(8) (-3 dB isogain at apogee)
Contours (Europe)

14

Table 4: Link budget for a M-HEO(8)
mabile users (suburban) [4]

Frequency L-band L-band
Receiver Type 2 3
Modulation scheme COFDM | COFDM
Coding rate r=1f2 r=1/2
Bit rate (Kb/s) 128 128
Average Line of Sight 2.5 2.5
Attenuation {dB}

Carrier-to-Multipath ratio {(dB) 12 10
Estimated 98 98
service availability (%)

(suburban, elevation > 60°)

Required Ey /Ny (dB) 7.1 7.2
(@ BER=10"3)

Receiver G/T (incl. point. loss) -16 -21
Implementation Losses (dB} 1 1
Number of DAB programmes 14 14
Nenlinear distortion losses + 1.8 1.8
sateflite OBO {dB)

Occupied (99%) bandwidth (MHz) 1.9 19
EIRP per programme (dBW) 37.2 42.1
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Abstract

This paper looks at the balance between
receiver complexity and the required satellite EIRP for
Direct Broadcast Satellite-Radio (DBS-R) service. In
general the required receiver complexity and cost can
be reduced at the expense of higher space-segment
cost by allowing a higher satellite EIRP. The tradeoff
outcome is sensitive to the total number of
anticipated receivers in a given service area, the
number of audio programs, and the required audio
quality. An understanding of optimum choice of
satellite EIRP for DBS-R under various service
requirements is a critical issue at this time when CCIR
is soliciting input in preparation for the ITU planning
conference for the service.

1. INTRODUCTION

There has been considerable international effort
in the areas of system studies, system development
and regulatory work for a Broadcast Satellite Service
Sound. An important successful international
milestone was the 1992 World Administrative Radio
Conference (WARC-92) allocation of L- and S-band
spectrum for this service [1]. The Federal
Communications Commission (FCC) is actively
perusing the regulatory issues for the commercial
introduction of this service in the S-Band (2.310-2.360
GHz) allocated at WARC-92 for the U.S. Several
companies have filed applications before the FCC to
provide this type of service [2].

This paper looks at the balance between
receiver complexity and the required satellite EIRP for
DBS-R service. In general the required receiver
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sensitivity and cost can be reduced at the expense of
higher space-segment cost by allowing a higher
satellite EIRP. The findings of a completed System
Tradeoff Study [3] and an ongoing DBS-R Receiver
Development Task [4] are used to quantify the
tradeoffs between the space-segment and the
consumer receiver complexity as the satellite EIRP is
varied. A number of other parameters (the anticipated
number of receivers in the service area, audio quality,
and the number of broadcast programs) are treated
as running variables.

Il. THE BASELINE DBS-R SYSTEM

The baseline system is based on the findings of
the Systems Tradeoffs Study Task [3]. The Task
covered a technical study with related tradeoff
analysis to identify and define viable system options
for satellite broadcasting of radio and its reception by
consumer type digital radios. A range of capacity,
coverage, and audic quality requirements were
considered for both portable and mobile reception in
rural, suburban, and urban areas. Important system
issues considered include: state of the art digital
audio coding, propagation considerations for mobile
and indoor portable reception, power and bandwidth
efficient channel coding and modulation techniques,
anti multipath signaling and diversity techniques, and
finally space-segment technology and cost for DBS-
R.

1.1 DIGITAL BIT RATE AND Audio QUALITY FOR
DBS-R

Based on the status of audio coding technology,
the following grades of audio quality and
corresponding bit rates have been identified [3] for
DBS-R applications: (AM quality, 16-32-kbps),
(Monophonic FM quality, 48-64-kbps), ( Stereophonic
FM quality, 64-96-kbps), (audio quality near to

8



stereophonic CD quality, 96-128-kbps), (audio quality
approaching stereophonic CD quality, 128-160-kbps),
and (stereophonic CD quality, 160-192-kbps).

1.2. TYPICAL DBS-R LINK BUDGETS

Table 1 gives typical DBS-R link budgets for
mobile and indoor portable reception of one near-CD
quality audio program at a frequency of 2.35 GHz
using a radiated RF power of 40.5 Watts over a 3-
degree spot-beam resulting in an EIRP of 50.8 dBW.
The mobile link margin of 6.6 dB is appropriate for
mobile reception in rural and suburban areas, mobile
reception in urban areas would require either
terrestrial boosters or higher EIRP spot-beams. The
portable link margin of 12.9 dB is sufficient for indoor
reception in most houses. To avoid prohibitive link
margins for portable reception inside buildings with
large penetration loss (more than the 12.9 dB link
margin), the following measures can be taken: attach
an antenna to the inside or outside of a window, use
higher gain antennas for table-top radios, or place the
radio in a location of a signal peak of the indoor
standing waves.

The mobile link budget is based on a mobile
receiver with a G/T of -19.0 dB/K and a near coherent
demodulator with soft Viterbi decoding combined
with extensive time interleaving to mitigate
intermittent signal blockage due to roadside objects.
The portable reception link budget is based on a
table-top portable receiver with a G/T value of -14.7
dB/K. The development of prototype receivers with
such performance objectives is the subject of a
companion paper at this conference [4]. In general
the required receiver sensitivity and cost can be
reduced at the expense of higher space-segment
cost by allowing a higher satellite EIRP. Such a
tradeoff would make sense if the additional space-
segment investment prorated over the number of
receivers is more than offset by the savings in the
cost of the receiver. First we will look at the variation
of the space-segment cost as function of satellite
EIRP.

ll. SPACE-SEGMENT COST TRADEOFFS VERSUS
RECEIVER COMPLEXITY AS A FUNCTION OF
SATELLITE EIRP VARIATION FOR TYPICAL S-BAND
DBS-R SYSTEMS

The variation of satellite size and cost for DBS-R
services has been already reported [3]. Figure 1
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shows the space-segment investment as a function of
the required down-link RF power for an S-Band DBS-
R system with 3-degree spot-beams.

The baseline per program satellite RF power
requirement for broadcasting one 128-kbps digital
audio program over one 3-degree spot-beam has
been given in table 1 as 40.5 Watts for a nominal
EIRP of 50.8 dBW. Down-link RF power requirements
for other digital audio rates can be estimated by
noting that the needed RF power is proportional to
the digital audio rate. The total RF power can be then
estimated by summing the power requirement for
each channel. Finally the total RF power can be used
in conjunction with Figure 1 to estimate the space-
segment investment.

Figure 2 shows the variation of space-segment
investment (prorated over the number of receivers) as
a function of the per channel EIRP. The numbers of
program channels and receivers are treated as
running parameters covering a range of 30-150 near-
CD-quality channels and 2-20 million (M) receivers,
As expected, the prorated space-segment cost is
inversely proportional to the number of receivers. For
the baseline EIRP, the prorated investment cost
varies from $70 to $7 as the number of receivers goes
from 2 M to 20 M if the total number of program
channels is 30. The space-segment investment
increases with the number of program channels. As
an example, when the number of program channels
is increased to 70 from the earlier example of 30
channels, the prorated (over the number of receivers)
space-segment investment ranges from $17 (20 M
receivers) to $170 (2 M receivers).

The variation of prorated space-segment
investment as a function of EIRP ailso follows the
same trends as the absolute costs discussed above
with respect to the number of program channels and
the number of receivers. For example the per-receiver
increase in the space-segment investment for a 3 dB
increase in the EIRP over the baseline system is
typically $6.2 (20 M receivers, 30 channels), $62 (2 M
receivers, 30 channels), $17 (20 M receivers, 90
channels), and $170 (2 M receivers, 90 channels).

Next we examine how a 3 dB increase in satellite
EIRP over the baseline design can be used to lower
the cost of the receiver. First let us identify those parts
of the baseline receiver design where potential cost
savings are likely to be realized if the satellite EIRP is
increased say by 3 dB:




1. In the baseline design, the mobile receiver's front
end has a G/T of -19 dB/K, with an antenna gain
of 4.5 dBi and a total system noise temperature
of 224 K (-23.5 dBK). A 3 dB increase in satellite
EIRP will allow a lower cost front end with a G/T
of -22 dB/K (for example an antenna gain of 3
dBi and system noise temperature of 317 K).

2. In the baseline design, the table-top portable
receiver's front end has a G/T of -14.7 dB/K, with
an antenna gain of 12 dBi and a total system
noise temperature of 470 K (-26.7 dBK). A 3 dB
increase in satellite EIRP will allow a lower cost
front end with a G/T of -17.7 dB/K (for example
an antenna gain of 10 dBi and system noise
temperature of 589 K).

3. The signal processing portions of the receiver
can be simplified at the expense of higher Eb/No
requirements, for example:

3.a. the near coherent demodulator can be
changed to differential detection for the
mobile receiver,

3.b. soft decision decoding can be changed to

hard decision decoding to save on de-

interleaver memory.

Of the possible options to decrease receiver cost
at the expense of higher satellite EIRP, items 1 and 2
above, namely lowering the G/T values of the front
ends of the mobile and portable receivers, are the
most promising candidates. The actual cost
differential in the manufacture of each simpler
receiver is estimated to be in the rough range of $10-
$40: a better estimate can be obtained after the
ongoing DBS-R receiver development Task [4] has
been completed.

Finally we would like to compare the saving in
the receiver cost versus the increase in space-
segment cost when the satellite EIRP is increased
from the baseline value. The outcome of the
comparison depends strongly on the number of
receivers and the number of program channels. For a
system with 20 M receivers and 30 near-CD-quality
channels, the per-receiver premium of $6.2 in the
space-segment investment is more than offset in the
lower per receiver manufacturing cost of $10-$40 for
a 3 dB increase in the satellite EIRP.
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On the other hand, for a system with 2 M
receivers and 90 near-CD-quality channels, the per-
receiver increase of $170 in the space-segment
investment cannot be justified by lowering the per
receiver manufacturing cost by $10-$40 for a 3 dB
increase in the satellite EIRP. For this particular case,
it may even make sense to build a receiver with
higher sensitivity to reduce the satellite EIRP. It would
probably cost $10-$40 to increase the receiver
sensitivity about 2 dB beyond the baseline design. it
would be technically very difficult to improve the
performance of the mobile receiver much more than 2
dB beyond the baseline design unless a lower rate
channel code is used instead of the rate 1/2
constraint 7 length convolutional code used in the link
budget calculations. The ongoing work in the DBS-R
Receiver Development Task [4] indicates that rate 1/3
constraint length 7 convolutional code outperforms
the similar rate 1/2 by a couple of dB's in mobile
channels with extensive intermittent short signal
blockages. Hence, it is expected that a mobile
receiver with a rate 1/3 code will require a smaller link
margin than one with a rate 1/2 (at the expense of
roughly 50% more bandwidth). It is anticipated that
both code rates will be implemented in the prototype
DBS-R receiver [4] and field tested. The results, when
available, can be used to provide a tradeoff between
space-segment cost versus spectrum requirements
for the two code rates.

As a third example we look at a DBS-R system
with 20 M receivers and 90 CD-quality channels. The
per-receiver premium of $17 in the space-segment
investment is in the same range as the $10-$40
estimate in cost savings in production of each
receiver for a 3 dB increase in the satellite EIRP. On
the basis of this rough tradeoff, the baseline EIRP will
be near optimum for this case; a finer tradeoff can be
made only when the DBS-R Receiver Development
Task has been completed.

For some applications, space-segment costs
cannot be compared in par with receiver
manufacturing costs. If the two categories of costs
need to be differently weighted, the comparisons
made above should be modified accordingly,
although the separate cost trades for receiver and
space-segment as a function of satellite EIRP would
still be valid.

Finally one should note that the quantitative
results given above are valid only for S-Band DBS-R.



A separate but similar tradeoff analysis would be
required for L-Band DBS-R.

SUMMARY AND CONCLUSIONS

An understanding of optimum choice of satellite
EIRP for DBS-R under various service requirements is
a critical issue at this time when CCIR is soliciting
input in preparation for the ITU planning conference
for the service.

In summary the per channel EIRP for optimum
balance between space-segment investment and
receiver manufacturing cost depends on the number
of receivers and the number of program channels.
The following findings are tentative and will be
updated when the DBS-R Receiver Task has been
completed:

For a typical S-Band DBS-R system with 90 near-
CD-quality channels and 20 M receivers, the
baseline EIRP of 50.8 dBW per 3-degree spot-
beam appears to be near optimum,

If the number of receivers is significantly less
than above, say around 2 M, then it would be
advantageous to increase the receiver sensitivity
to reduce the satellite EIRP. However it would be
very difficult to increase the receiver sensitivity
beyond around 2 dB from the baseline design
without reducing the channel coding rate (and
hence the spectrum efficiency of the system).

if the number of program channels is reduced
say from 90 to 30 near-CD-quality channels, with
a large number of receivers, say 20 M, then it
would make sense to increase the per channel
EIRP to allow a lower G/T for receiver front-end
to reduce receiver cost. The increase in satellite
EIRP should be limited to roughly 3 dB over the
baseline design, as the cost savings in receiver
manufacturing  will hit diminishing returns
beyond 3 dB increase in the per channel EIRP.
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TABLE 1. DBS-R LINK BUDGET FOR MOBILE AND INDOOR TABLE-TOP PORTABLE RECEPTION AT A FREQUENCY OF 2.35 GHz
For broadcasting one audio program over one 3-degree spot-beam with coverage of about one million square miles
QPSK modulation, R=1/2, Conv. code, soft decoding

Coherent demodulation for portable reception,

near coherent demodulation for mobile reception

Mobi le Portable
AUDIO LINK BUDGET (DOWN-LINK) Mean Value Mean Value Units
Digital audio quality (stereophonic) Near-CD Near-CD
Audio bit rate 128.00 128.00 kbps
Transmitter power per program 40.50 40.50 watts
Frequency 2.35 2.35 GHz
satellite antenna diameter 2.98 2.98 m
Satellite antenna gain 34.71 34.71 dBi
Satellite antenna beamwidth 3.00 3.00 deg
EIRP 50.79 50.79 dBwW
Satellite Elevation angle 30.00 30.00 deg
Slant Range 38687 38687 Km
Free space loss 191.61 191.61 ds
Atmospheric losses 0.25 0.25 dB
pPointing loss 0.5 0.5 dB
Receiver noise temperature 224 470 K
Receiver Antenna gain 4.5 12 dBi
Receiver G/T -19.00 -14.72 dB/K
C/No 68.03 72.31 dBHz
Eb/No available (beam center) 16.95 21.24 dB
Theoretical Eb/No for BER=1.0E-4 3.30 3.30 dB
Degradation mobile channel 2.00 0.00 ds
Receiver implementation loss 1.50 1.50 dB
Interference degradation 0.50 0.50 dB
Receiver Eb/No Requirement 7.30 5.30 dB
AVAILABLE LINK MARGIN, LINE OF SIGHT, Beam Center 9.65 15.94 ds
AVATLABLE LINK MARGIN, LINE OF SIGHT, Beam Edge 6.65 12.94 dB
COMMENT 1. Higher audio quality may become possible at this bit rate due to ongoing work by industry
COMMENT 2. Direct mobile reception will be feasible in rural and suburban areas
COMMENT 3. Direct indoor table-top portable reception will be feasible in most houses

Figure 1. Space-segment investment as a function of radiated
downlink RF power
Frequency = 2.35 GHz
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ABSTRACT

This paper reports on the status of the
ongoing Direct Broadcast Satellite-Radio (DBS-
R) Receiver Development Task being performed
at the Jet Propulsion Laboratory, California
Institute of Technology (JPL). This work is
sponsored by the Voice of America/ U.S.
Information Agency through an agreement with
NASA.

The objective of this Task is to develop,
build, test, and demonstrate a prototype receiver
that is compatible with reception of digital audio

programs broadcast via satellites. The receiver is_

being designed to operate under a range of
reception conditions, including fixed, portable,
and mobile, as well as over a sufficiently wide
range of bit rates to accommodate broadcasting
systems with different cost/audio quality
objectives.

While the requirements on the receiver
are complex, the eventual goal of the design
effort is to make the design compatible with low
cost production as a consumer product. One
solution may be a basic low cost core design
suitable for a majority of reception conditions,
with optional enhancements for reception in
especially difficult environments.

Some of the receiver design parameters
have been established through analysis,
laboratory tests, and a prototype satellite
experiment accomplished in late 1991. Many of
the necessary design trades will be made during
the current simulation effort, while a few of the
key design options will be incorporated into the
prototype for evaluation during the planned
satellite field trials.
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BACKGROUND

The DBS-R receiver design effort started
as part of a joint NASA/VOA study of digital
audio broadcasting via satellite. The motivators
for the study were the recognition that the
technology for digital audio broadcasting (DAB)
via satellite was sufficiently close to maturity to
be considered for various domestic and
international broadcasting applications, as well
as the requirement to help the United States
delegation become technically prepared for the
1992 World Administrative Radio Conference
(WAROQ).

The 1992 WARC allocated frequencies
for sound Broadcasting Satellite Service
(sound), (BSS(sound)) and Complementary
Terrestrial Broadcasting in the L-band (1452-
1492 MHz), and in two parts of the S-band
(2310-2360 MHz) and (2535-2655 MHz). In the
United States, satellite sound broadcasting will
be implemented in the 2310-2360 MHz band.

The receiver development work will lead
to a better definition of satellite sound
broadcasting parameters such as signal structure
and error protection requirements, margin
requirements, and viable service options. The
goal of this effort is to stimulate
commercialization of satellite sound
broadcasting in the U.S. through the transfer of
technology to U.S. Industry.

THE PROPAGATION/RECEPTION
ENVIRONMENT

Each of the environments that the
receiver has to operate in, fixed, portable, and



mobile, influences the signal design or receiver
operation in its own unique way. The signal must
be designed for operation under the worst
conditions, which usually occur during mobile
reception.

The receiver enhancements that can be
added to improve performance depend on the
reception environment. For mobile reception,
enhancements such as the use of channel state
information for. decoding, and channel
equalization will be most useful. For indoor
reception, on the other hand, the problems of
large values of signal attenuation and frequency
selective fading can be eased by enhancements
such as more directive antennas and antenna
diversity.

Mobile Reception Environment

The mobile propagation environment is
characterized by very deep fades caused by
blockage of the satellite signal by objects such as
trees, buildings and other obstacles. The fades
are usually so deep that the signal falls below any
practical value of link margin.

Coding and time interleaving are the
traditional methods used to combat this effect.
The proper choice of coding complexity and
interleaving depth are very important. Analysis
results show that rate 1/3 rather than rate 1/2
convolutional coding results in better
performance under severe blockage conditions,
but requires more bandwidth. Longer time
interleaving also protects against signal drop out,
but requires more memory in the receiver and
increases acquisition and re-acquisition times.
The use of channel state information in decoding
provides transparent performance improvement
and is an example of a cost/performance trade
that can be made in a mobile receiver.

Indoor Reception Environment

Away from building openings such as
windows, the satellite signal suffers significant

attenuation, dependent on the type of material
used in the structure. Indoor propagation
measurements conducted by the NASA
Propagation Program also determined that there
can be standing waves with very deep nulls.
These nulls can be tens or more MHz wide, so
that frequency diversity is not a good solution.

The proposed solutions to indoor
reception problems are to use higher gain
antennas to overcome the excess building
attenuation, and antenna diversity to overcome
the standing wave nulls. These are examples of
enhancements to the receiver that can be added
for indoor reception, but are not needed under
other reception conditions.

DESIGN GOALS AND SOLUTIONS

A block diagram of the proposed
receiver is shown in Figure 1, with the optional
enhancements shown shaded. The receiver
consists of an RF portion and a QPSK
demodulator. The interface between the two
sections is an A to D converter, thus the
demodulator will be fully digital.

The functions of the receiver are to
receive the satellite signal, demodulate, establish
bit and frame synchronization, deinterleave, and
decode the convolutionally encoded data.

The receiver will interface with a range
of external audio decoders, depending on the
type of audio service to be demonstrated. The
receiver will support a range of data rates which
will, as a minimum, encompass the following:

. AM Quality Digital Audio at 16-32 kbps,

. Monophonic FM Quality Digital Audio
at 48-64 kbps,

. Stereo FM Quality Digital Audio at 64-
96 kbps,

. Stereo CD Quality Digital Audio at 128-
196 kbps.

Even lower data rates or combinations of
different data rate programs will be supported by
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time multiplexing the separate channels into a
single data stream.

It is planned to implement several signal
processing options into the prototype receiver
for evaluation under field trial conditions, unless
they can be eliminated during the simulation
phase. These options are

. Variable interleaver length

. Rate 1/2 and 1/3 convolutional coding

. Coherent and pseudo-coherent
demodulation

While it is possible to predict to a great
extent the performance differences, in terms of
bit error rate, of the above options, the impact
on audio quality in a complex environment such
as mobile reception is not so easy to evaluate
under simulated conditions. For this reason these
options will remain to be evaluated in the field.

Since the choice of coherent and pseudo-
coherent demodulation does not affect signal
design, both demodulation techniques can be
built into a receiver which may have to operate
over a range of reception conditions.

TEST AND EXPERIMENT RESULTS

JPL experience with mobile reception of
satellite signals goes back many years with work
in the Mobile Satellite area, as well as the 1991
field trials of low rate audio broadcasting with
the INMARSAT MARECS B satellite. This
work provided a large data base on the
propagation characteristics of the mobile
channel, which is very useful in simulation and
testing of the receiver.

The MARECS B tests used a JPL
developed modem operating at 16 kbps and 20
kbps, and a commercial audio codec. One of the
goals of the experiment was to evaluate the
effects of time interleaving over the range of
zero to one second. The effect on bit error rate
was as predicted analytically, but was more
difficult to assess qualitatively. The problem was

that the modem and audio codec operated
independently, and sync loss and reacquisition
occurred independently in the two units. Thus
overall performance in a difficult reception
environment was not as good as it could have
been [1].

SIMULATION AND PROTOTYPE
IMPLEMENTATION

The receiver is currently being simulated
on a Sun workstation, using Comdisco Systems
SPW simulation software. Both symbol rate and
sample rate simulations are being accomplished.
The simulation platform is capable of generating
realistic signal characteristics by modeling the
signal amplitude and phase on actual field
measurements of satellite signals. This is
especially important in obtaining a faithful
reproduction of the mobile reception
environment.

Figure 2 illustrates a simplified block
diagram of the DBSR receiver’s QPSK
demodulator. The simulation algorithm used for
determining the performance of the symbol
synchronizer and Costas loop is implemented at
the symbol rate to avoid excessive simulation
time. Therefore, each simulation cycle
corresponds to one symbol increment instead of
a sample increment. This approach significantly
reduces the computation time as compared to
simulating the system at the sample rate.

Both analytical and simulation tools are
used to obtain the performance of the QPSK
demodulator. The outputs of the integrate-and-
dump filters are derived analytically, whereas
simulation is used for obtaining the outputs of
the loop filters, numerically controlled oscillator,
update filter, and phase detector. In this figure,
the analytical and simulation blocks are denoted
by dark-blocks and clear-blocks, respectively.
The results of the symbol rate simulation are bit-
error-rate, acquisition time and tracking
performance, for various receiver parameters

[21
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The DBS-R digital receiver will be
implemented using Field Programmable Gate
Arrays (FPGA) or Application Specific
Integrated Circuits (ASIC). This implementation
will be accomplished using various Computer
Aided Tools. These tools generate a software
code representing the digital receiver that can be
used for programming a FPGA or ASIC target
chip. This process flow is shown in Figure 3.

From Figure 3, SPW is first used to
implement the DBS-R receiver using the actual
sampling frequency; this is referred to as sample
level simulation. At this level, the analytical
blocks shown in Figure 2 are implemented using
their gate level representation. The sample level
simulation is further extended to the hardware
level implementation. At this level, the number
of binary bits is specified for every component of
the receiver; this is referred to as hardware level
simulation. The results of the hardware
simulation are used for generating the source
code for programming the desired target (FPGA
or ASIC). For the prototype receiver, the FPGA
target was chosen over ASIC as the most rapid
and economical approach. Therefore, new ideas
and design changes can be implemented by
simply reprogramming the receiver’s FPGAs.

PROPOSED SATELLITE EXPERIMENT

After the receiver prototype is built, it is
proposed to run a series of field trials with the
TDRS satellite. This satellite has a 2 degree
beam which can be steered around the United
States and has enough power and link margin at
S-band (around 2100 MHz) to support a link up
to 256 kilobits. This will allow a comprehensive
evaluation of receiver performance under both

outdoor mobile and indoor reception conditions.
It will allow a qualitative assessment of the
impact of the design options that will still be
open.

SUMMARY AND CONCLUSIONS

The DBS-R receiver is undergoing the
final stages of the design process at JPL. Using
field measured satellite signal propagation data
in the simulation will allow the receiver design to
be evaluated under realistic conditions. Digitally
compressed audio data will be fed to the receiver
mixed with noise and modified by the expected
signal impairments. The recovered data will be
played back in real time through the audio
decompression system for a qualitative
assessment of performance with various receiver
design options.

While a great part of the design process
will be accomplished via simulation, a satellite
field trial is planned with a prototype receiver for
a final assessment of receiver performance and
the completion of any remaining design trades.
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ABSTRACT

The NASA/VOA Direct Broadcast Satellite - Radio
(DBS-R) Program will be using a NASA Tracking Data
Relay Satellite (TDRS) satellite at 62° West longitude
to conduct live satellite S-band propagation experiments
and demonstrations of satellite sound broadcasting over
the next two years (1993-1994) (See Figure 1). The
NASA/VOA DBS-R program has applied intensive
effort to garner domestic and international support for
the DBS-R concept. An S-band DBS-R allocation was
achieved for Region 2 at WARC-92 held in Spain.
With this allocation, the DBS-R program now needs to
conduct S-band propagation experiments and systems
demonstrations that will assist in the development of
planning approaches for the use of Broadcast Satellite
Service (Sound) frequency bands prior to the planning
conference called for by WARC-92. These activities
will also support receiver concept development applied
to qualities ranging from AM to Monophonic FM,
Stereophonic FM, Monophonic CD, and Stereophonic
CD quality.

INTRODUCTION

The Direct Broadcast Satellite - Radio (DBS-R)
Program is a joint effort between The National
Aeronautics and Space Administration (NASA) and the
United States Information Agency/Voice of America
(USTIA/VOA). In May, 1990, an interagency agreement
established a detailed, multi-year technical effort with
joint management and funding by both agencies. The
agreement established a program designed to provide
service and technology definition and development
contributing to commercial implementation of a direct-
to-listener satellite sound broadcasting service, thereby
benefiting the U.S. satellite communications industry.
NASA'’s Lewis Research Center (LeRC) was assigned
program management responsibilities within NASA for
the effort, while specific task areas were carried out by
LeRC and the Jet Propulsion Laboratory (JPL). LeRC
and JPL efforts for the DBS-R Program are conducted
under the auspices of NASA’s Office of Advanced
Concepts and Technology [1].
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A DBS-R service has been under discussion
domestically since at least 1967, and internationally
since at least 1971. Evolution of digital and mobile
satellite communications technologies has enhanced the
potential quality and availability of a DBS-R service
well beyond original expectations. By its nature, a
DBS-R satellite system can be very flexible in its
antenna coverage area-from approximately 100,000
square mile coverage area using a 1° spot beam to
1,000,000 square mile coverage area using a 3° spot
beam-depending upon the desired broadcast area to be
reached with the necessary power flux density [2].

DBS-R will also be able to offer audio signals with
various levels of sound quality-ranging from robust AM
quality, through monophonic FM quality, stereophonic
FM quality, monophonic CD quality and stereophonic
CD quality. DBS-R digital audio signals will be able to
reach a variety of radio receiver types (fixed, portable,
and mobile) in various environments (indoor/outdoor,
rural, urban, and suburban). Studies have shown that
DBS-R systems can provide an economical cost per
broadcast-channel-hour for wide-area coverage [2]. As
the potential quality and availability of a direct-to-
listener satellite radio service have evolved, so has
recognition of the desirability of such a service. Asa
consequence, the 1992 World Administrative Radio
Conference (WARC) established new frequency
allocations for the Broadcast Satellite Service (BSS)
(Sound).

DBS-R offers listeners and service originators many
benefits not previously available in the audio broadcast
medium. Satellites can broadcast on a single channel to
a national, regional, or continental audience. Wider
coverage presents new opportunities for audience access
to a variety of types of programming. Such
programming might include educational, cultural,
national, or target audience-oriented broadcasts which
may not be economically attractive to offer in any other
way. Commercial radio broadcasting has not seen a
more dramatic possibility for change since the
introduction of FM stereo broadcasting.



THE DBS-R PROGRAM

The DBS-R Program is managed within the
Communications Systems Branch of the Space
Electronics Division at NASA’s Lewis Research Center
(LeRC), and the Voice of America’s Office of
Engineering. Two specific areas of the DBS-R
program that need significant effort and study are
propagation at S-band and targeted demonstrations.

1992 WORLD ADMINISTRATIVE RADIO
CONFERENCE ACTIVITIES

The International Telecommunications Union, an
organization within the United Nations, convenes
periodic Administrative Radio Conferences to construct
agreements among member nations on the use of radio
frequency spectrum. The World Administrative Radio
Conference for dealing with Frequency Allocations in
certain parts of the Spectrum, was held February 3 -
March 2, 1992, to consider frequency allocations for
the Broadcast Satellite Service (Sound) in the 500-3000
MHz portion of the spectrum [3 and 4].

NASA and VOA made extensive contributions to
the U.S. Conference preparations conducted by the
Department of State, the Federal Communications
Commissions (FCC) and the National Telecommuni-
cations and Information Administration (NTTA),
particularly by providing numerous U.S. inputs on the
subject of the BSS (Sound) to the International Radio
Consultative Committee (CCIR).

WARC-92 established multiple frequency
allocations for the BSS (Sound), within which DBS-R
systems may be implemented. These allocations vary
by nation (See Exhibit 1). The U.S. will use the 2310-
2360 MHz band. The band 1452-1492 MHz was
allocated to this service for a majority of nations
throughout the world. However, in some nations, this
allocation is secondary to other existing allocations until
the year 2007. The band 2535-2655 MHz was allocated
to BSS (Sound) for a number of nations in Eastern
Europe, Commonwealth of Independent States, and
Asia. The WARC also recommended that a future
WARC be held prior to 1998, in order to plan the use
of frequency bands allocated to the BSS (Sound) service
(Ref. 3&4).

PROPAGATION STUDIES AND
MEASUREMENTS

NASA conducts propagation research through JPL
with investigative support currently performed by the
University of Texas-Austin. Prior to WARC-92, the
University of Texas-Austin conducted extensive
propagation studies relevant to DBS-R in the frequency

range 800 MHz to 1800 MHz.

The goal of these studies was to provide propagation
data models to the United States WARC-92 Delegation
and disburse the data to other countries that were
interested in DBS-R. Additionally, the data was made
available to satellite system engineers to assist in the
design of DBS-R systems.

The research has shown that attenuation varies
depending on the environment the receiver is in.

Indoors

During this phase of the propagation studies
representative types of buildings were studied to
determine what effect they had on the simulated satellite
signal(s). These studies indicated that receivers located
indoors in a building could experience impaired
reception depending upon location. By moving the
receiver or antenna only tens of centimeters the
reception quality would improve from impaired to
acceptable or better. More importantly, this research
demonstrated that direct indoor reception of a digital
audio signal transmitted by satellite is feasible with
receiver antenna gain.

Qutdoors/Mobile

During this phase of the propagation study
representative measurements were made under varying
environmental conditions from a sunny clear day to
cloudy, rainy, and foggy days. Locations varied from
the desert environment of Texas, to the mountains and
seacoast of the pacific northwest to the middle west (St
Louis, MO) and east coast (Connecticut and
Washington, D.C.). The research indicated that
outdoor mobile reception of a DBS-R satellite service
was feasible. '

Results of these studies contributed significantly to
characterizing the indoor/outdoor/ mobile DBS-R
reception environment and have formed the basis for
several U.S. contributions to the CCIR, CITEL and
other such organizations. : :

Our link budget calculation and experiments—
indicate that a relatively high powered satellite would
be required. Ideally, the satellite should have at least
an EIRP of 50 to 60 dBW which will allow sufficient
link margins.

Propagation Studies Post WARC-92.

WARC-92 concluded with the United States
Allocation for DBS-R at S-band (2310-2360 MHz).
The allocation is in the process of being approved by
the Federal Communications Commission. It is
necessary that new propagation studies be conducted at
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S-band. The specific purpose of studies would be to
develop the propagation characteristics for S-band.

NASA currently has available, on a scheduled
basis a TDRS satellite located at 62° West longitude
(see Figure 1). Currently, the satellite in this "spare”
position is the latest TDRS launched by NASA in mid
January 1993. From this location elevation angles
range from 10° for the extreme northwest corner of
CONUS to better than 40° for southeast CONUS (See
Figure 2). The TDRS satellite provides single-access
service to low-earth orbiting spacecraft at both S-band
and Ku-band via two steerable 4.9 meter antennas. (It
also provides S-band multiple access service via an S-
band helical phased array.) The two S-band single
access (SSA) forward links (one per 4.9 m antenna) are
normally used to transmit command data from the
ground to LEO spacecraft at rates up to 300 kbps. The
plan is that one of these forward links be used to serve
as a satellite downlink to a DBS-R receiver in the
2020.435-2123.315 MHz frequency band which is near
the 2310-2360 MHz DAB allocation. (These are the 3-
dB band edges. In this range, the TDRS SSA forward
link carrier frequency is user selectable over the
2030.435-2113.315 MHz region with a 20 MHz
maximum allowable channel bandwidth which is limited
by the forward processor hardware onboard the TDRS).
Utilizing the TDRS in this fashion will provide a peak
transmit EIRP of 46.5 dBW (26W S-band TWT
transmitting through a 4.9 meter, 42% efficiency
antenna with 4.4 dB line loss). This is nearly 63 times
the EIRP of the INMARSAT’s MARECS-B satellite
used in the initial L-band experiments with an EIRP of
28.6 dBw. With TDRS, link margins for indoor
portable reception of DBS-R are estimated to range
from 10.77 dB (for reception of 192 kbps CD-quality
audio at 20° elevation) to 18.95 dB (for reception of 32
kbps AM quality audio at 40° elevation) (See Tables 2-
4). This assumes an indoor receiver with a G/T of -
14.7 dB/K and 10* BER performance using QPSK
modulation with rate 1/2, K=7 convolutional coding.
For mobile reception using an omni-directional antenna
with a receiver G/T of -19 dB/K, link margins range
from 4.47 dB (reception of 192 kbps at 20° elevation)
to 12.65 dB (reception of 32 kbps at 40° elevation) (See
Tables 5-7). These margins are substantially larger
than those of the earlier experiments.

It is NASA’s intention to utilize the TDRS
capabilities, in conjunction with the ongoing
propagation studies at JPL and the University of Texas,
to better understand the S-band propagation
characteristics. While the results will not be at the
authorized DBS-R allocation frequencies extrapolation
of the data can be made to accurately reflect the signal
characteristics at the U.S. authorization and the upper
S-band (2535-2655 MHz) allocation. Recognizing these

facts we are currently in the process of developing a
very extensive S-band propagation study.

Lewis Research Center in coordination with JPL
has developed an initial TDRS S-Band propagation
measurement plan that will address the following: (1)
all or most of the issues that were addressed in the
initial propagation plan and discussed earlier in this
paper; (2) using as much of the existing equipment
from the previous L-band experiments but shifting to
the new S-band capability will allow us to accomplish
most of the items in 1 plus the following: (a) mobile
measurements of amplitude and phase in urban,
suburban, and rural environments, and (b) probe spatial
signal structure in buildings, in vehicles, behind trees,
with linear positioner; and (3) using an airplane-
campaign tested delay-spread receiver and new S-band
front-end.

FUTURE DEMONSTRATIONS

It is the intention of NASA and the VOA to conduct
various demonstrations during the period 1993 through
1994. The purpose of these demonstrations would be to
demonstrate DBS-R receiver technology, to evaluate
propagation and multipath effects and to educate
observers regarding the capabilities of a DBS-R service.
Satellite demonstrations of a DBS-R type service will
help significantly in the development of planning
approaches for the use of BSS (Sound) frequency bands
prior to the future planning conference.

The first of these demonstrations is in conjunction
with the Electronic Industries Association (EIA),
Consumer Electronics Group, Digital Audio Radio
Subcommittee which "will organize and initiate a fair
and impartial analysis, testing and standards - setting
program to determine which DAR technical system will
best serve the consumer electronics industry and
consumers.” The EIA is planning to have
demonstrations and testing of proponent systems in the
July through December 1993 timeframe. This time
schedule is paced by the fact that the CCIR plans to
make its recommendations in 1994.

Additional demonstrations will be planned around
significant events which will have positive influence for
DBS-R. At this point details concerning where and
when such demonstrations should be conducted are still
being evaluated.

'‘CONCLUSIONS

_ The relatively high downlink EIRP of TDRS’s
Single Access S-band beam (46.3 dBW) is quite
sufficient for our proposed propagation experiments and

"demonstrations for most if not all of our DBS-R

concepts and innovations that have been or will be
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identified by the NASA/VOA DBS-R program team as
critical for viable commercialization of this new and

dynamic service.
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ABSTRACT

A system design for acronautical audio broadcasting,
with C-band uplink and L-band downlink, via Inmarsat
space segments is presented. Near-transparent-quality
compression of 5-kHz bandwidth audio at 20.5 kbit/s is
achieved based on a hybrid technique employing linear
predictive modeling and transform-domain residual quan-
tization. Concatenated Reed-Solomon/convolutional
codes with quadrature phase shift keying are selected for
bandwidth and power efficiency. RF bandwidth at
25 kHz per channel, and a decoded bit error rate at 10
with E,/N, at 3.75 dB, are obtained. An interleaver,
scrambler, modem synchronization, and frame format
were designed, and frequency-division multiple access
was selected over code-division multiple access. A link
budget computation based on a worst-case scenario indi-
cates sufficient system power margins. Transponder oc-
cupancy analysis for 72 audio channels demonstrates
ample remaining capacity to accommodate emerging
aeronautical services.

INTRODUCTION

The field of mobile satcllite communications has
experienced rapid growth in recent years. Compared 10
the maritime and land mobile segments, the acronautical
segment of mobile satellite systems is relatively new.
However, many new acronautical services have emerged,
and this trend is expected to continue., Some cxamples
include air phone, in-flight news, in-flight customs clear-
ance, and aeronautical facsimile (aero fax).

In this study, schemes were designed for low-rate
audio coding, coded modulation, and digital transmission
architecture to support live audio program broadcasting
to commercial aircraft via the Inmarsat space segments.
Due to the bandwidth and power limitations of the
Inmarsat segments, the audio programs targeted for the
current application include talk shows, sports coverage,
news, commentaries, and weather, as well as intermission
music. Consequently, a monaural audio signal of 5-kHz
bandwidth (AM-quality audio) was selected. The infor-
mation source also includes a subband broadcast data
channel with a data rate range from 300 to 2,400 bit/s.

Several system design constraints were considered.
These included use of the existing Inmarsat-Aero aircraft
carth station (AES) antcnna subsystem (o minimize cus-
tomer cost, simple and low-cost airborne subsystem (re-
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ceiver) hardware, and applicability to both the Inmarsat-2
and Inmarsat-3 space segments. In addition, the RF band-
width per audio channel had to be a multiple of 2.5 kHz
10 be consistent with the Inmarsat systems.

This paper describes a low-rate audio coding scheme
that achieves near-transparent-quality compression of
5.kHz bandwidth audio at 20.5 kbit/s. Error protection
strategies for compressed audio and data are also pre-
sented. Candidate coded modulation schemes are com-
parcd in terms of their power and bandwidth cfficiency,
and designs for an interleaver, scrambler, modem syn-
chronization, and frame format are discussed. Multiple-
access techniques are then compared, and link budget
computation and transponder occupancy analysis results
are presented.

AUDIO COMPRESSION AND ERROR
PROTECTION

Audio Compression

The technique for adaptive predictive coding with
transform-domain quantization (APC-TQ) [1] presented
here combines time-domain linear prediction modeling
and transform-domain quantization of the prediction
residual signal. The APC-TQ technique is efficient in
exploiting the nonuniform power spectral distribution that
exists in audio signals. It also permits the direct imple-
mentation of auditory noisc-masking techniques based on
auditory characteristics, to maximize the perceived qual-
ity of the reconstructed audio.

The audio signal is band-limited to 5 kHz and
sampled at a rate of 10.24 kHz. A frame size of 256
samples is used. The power spectrum model for cach
frame of audio samples is a product of two terms: a
short-term model which represents coarse or envelope
spectral variations, and a long-term model which repre-
sents fine or harmonic spectral variations. The resulting
power spectrum model is used to determine the bit allo-
cation for residual quantization,

Short-term prediction is accomplished by predicting
each sample based on a weighted sum of a few samples
immediately preceding it. A fifth-order lincar predictive
model is computed using the autocorrelation method [2].
The five filter coefficicnts are converted into linc spec-
trum frequencies (LSFs) (3] and scalarly quantized using
24 bits overall (with 5, 5, 5, 5, and 4 bits for the five
LSFs, respectively). The LSFs were found to have good



properties for quantization. In addition, they allow easy
channel error concealment in terms of guaranteed filter
stability and minimum filter distortion when in error.

Long-term prediction consists of estimating the opti-
mum long-term prediction delay (i.e., pitch) and predict-
ing each sample from a weighted sum of the three
samples located around the delay. The delay is estimated
by computing the autocorrelation function of the short-
term prediction error signal over the delay range from 20
10 256 samples. The optimum delay is indicated by the
location of the peak of the autocorrelation function, and
the delay value is coded using 8 bits. The long-term pre-
diction paramelers are sclected from a code book of 128
parameter sets [4], based on the criterion of minimizing
the long-term prediction error power over the analysis
frame,

The residual signal after short- and long-term predic-
tion is quantized next. The 256 samples of the residual
signal are transformed using a discrete cosine transform
(DCT), and are quantized using a total of 465 bits. These
bits are nonuniformly allocated based on the power spec-
tral estimate obtained using the short- and long-term
prediction parameters. Scalar Max quantizers [5] opti-
mized for zero-mean, univariate Gaussian distribution are
employed. A scaling parameter is determined in order 10
scale the DCT coefficients o unit variance. The param-
eter is then quantized logarithmically using 8 bits.

At the decoder, the short-term and long-term predic-
tor parameters are decoded and used to determine the bit
allocation. Based on this allocation, the transform coeffi-
cients are decoded and inverse DCT is applied to obtain
the quantized version of the residual signal. This signal
excites the cascade of long- and short-term synthesis
filters to reconstruct the audio signal. At 20.5 kbit/s, a
near-transparent-quality coded 5-kHz audio signal was
reconstructed.

Error Protection

For acronautical broadcast applications, the uplink
C-band channel (ground earth station {GES] to satellite)
and the downlink L-band channel (satellite to acronauti-
cal earth station [AES]) can be modeled as an additive
white Gaussian noise (AWGN) channel and a Rician
channel (with a Rice factor of K = 10) [6], respectively.
For broadcast audio, the transmission time delay is not as
critical as for conversational speech. Thercfore, an inter-
leaver with an appropriate interleaving length can be used
so that the multipath Rician fading downlink channel
effectively becomes AWGN,

The use of convolutional codes is a proven technique
for error correction under AWGN channel conditions. In
this study, an inner-layer convolutional code was selected
for both the audio signal and broadcast data. A target
decoded bit error rate (BER) of 10~} was selected for this
inner-layer error protection scheme. The decoded BER is
used as a basis for comparing the power and bandwidth
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efficiency of several candidate coding and modulation
schemes, as described below. Both the audio and data
information were further protected by using an additional
outer-layer error protection scheme to lower the overall
decoded BER 1o less than 10, At this BER, the subjec-
live degradation to the audio is imperceptible.

Two approaches were considered for the design of
the outer-layer error protection. The first approach treats
audio and data separately and uses a Reed-Solomon (RS)
code as the outer code to form a concatenated code with
the inner convolutional code to protect data. Audio is
protected using an unequal-error-protection (UEP)
method. In UEP, the more sensitive bits of audio are
given a higher level of error protection, while less-
sensitive bits are given a lower level or even no error
protection. The second approach treats audio and data as
a single entity, and both are protected using an outer RS
code, as in the first approach for data.

To attempt the first approach, a UEP scheme was
devised which included (23, 12) Golay codes, (7, 4)
Hamming codes, and parity checks as component codes,
augmented by several judiciously designed error detec-
tion and error concealment techniques. This scheme pro-
vided sufficient protection for most bits of the short-term
filter coefficients, pitch, long-term filter coefficients, and
scaling parameter. However, there were no bits available
to protect the remaining bits.

Work with the second approach for outer-layer error
protection revealed that it was more efficient. Given the
available redundancy, the concatenated code achieves the
desired decoded BER of 107 for both audio and data at a
very recasonable cnergy-per-bit to noise-power density
ratio, £,/N,,. This approach also allows a simpler decoder
design, since only one RS decoder and onc outer
interleav-er are necessary, An RS(255, 229) code over a
Galois field GF(256) was finally selected. This code can
correct 13 symbol (byte) errors. Figure 1 is a block dia-
gram of the overall transmission system.

CODING AND MODULATION
Coded Modulation

In selecting an appropriate inner-layer coded modu-
lation scheme, only quadrature phase shift keying
(QPSK), its variants, and octal phase shift keying
(OPSK) were considered. These are well-known, proven
techniques for satellite communications. Quadrature
amplitude modulation schemes are not suitable for non-
linear channel operations, while continuous-phase fre-
quency shift keying and its variants, such as multi-A
codes, are complicated, and their performance does not
Jjustify use in this application.

Several candidate coded modulation schemes were
examined (Table 1). For separate coding and modulation
schemes, rate 1/2, 2/3, 3/4, and 5/6 coded QPSK were
considercd. For combined coding and modulation
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Figure 1. Digital Transmission System Block Diagram

Table 1. Candidate Coded Modulation Schemes

CODED EyNg RF BANDWIDTH
MODULATION (dB) @ 103 (kHz)
12 QPSK 3 375
23 QPSK 35 30
3/4 QPSK 4 25
5/6 QPSK 4.6 25
2/3 OPSK (TCM) 5 20
5/6 OPSK (TCM) 5.7 17.5
2/3 D-OPSK (TCM) 8.4 20

schemes, rate 2/3 coded OPSK, differential OPSK
(D-OPSK), and rate 5/6 coded OPSK were considered.

For the power estimates, an inner-layer decoded
BER of 10°* was assumed. For scparate coding and
modulation schemes, all convolutional codes were as-
sumed to have a constraint length of 6 with 3-bit soft
decision. In trellis-coded modulation (TCM) schemes,
16-state codes were assumed. The higher-rate convolu-
tional codes (rate 2/3, 3/4, and 5/6) used in separate cod-
ing and modulation schemes were realized by using
punctured convolutional codes [7] based on the rate 1/2
optimum code [8], to reduce decoding complexity.

The RF bandwidth estimates assumed a 35-percent
rolloff factor for a square-root, raised-cosine shaping
filter, and a 1.375-kHz guard band (0.6875 kHz at each
side) for each carrier. The guard band value was selected
based on the maximum AES receiver frequency error
specified in the Inmarsat-Aero “System Definition
Manual” (SDM) [9]. Also, a data rate of 1 kbit/s was
added for modem synchronization and framing redundan-
cies. These bits are used as preambles, unique words
(UWs), audio channel ID information (for broadcast
channel scanning), and flush bits. The computed band-
width requirements were converted into multiples of
2.5 kHz 10 meet system requircments.

Based on the power and bandwidth requirements
shown, two candidate coded modulation schemes were
considered: rate 2/3 coded OPSK (TCM) and rate 3/4
coded QPSK. Rate 2/3 coded OPSK is more
bandwidth-efficient, while rate 3/4 coded QPSK is more
power-efficient. Rate 3/4 coded QPSK was selected,
since it requires 1 dB less power, and the aeronautical
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downlink is power-limited. Also, with increased band-
width, carrier power can be increased without changing
the power density. This is an important factor in fre-
quency planning.

Interleaving and Synchronization

Two block interleavers were employed. The inner
interleaver decorrelates burst errors created by the RF
fading channel, while the outer interleaver decorrelates
burst errors at the Viterbi decoder output. For the RF
fading channel, the maximum fade duration had been
shown to be about 20 ms [6], which corresponds to about
680 bits, For the rate 3/4 Viterbi decoder, the maximum
burst length is less than 35 bits [10].

For inner interleaving, the number of rows (NR) was
selected 10 be 775 bits, in order 1o exceed the maximum
fade duration. The number of columns (NC) can theoreti-
cally be selected to be equal to the Viterbi decoding
length, which is about six times the constraint length.
However, in practice a larger NC must be used, espe-
cially for higher-rate codes such as the rate 3/4 code
selected for this application [10]. An NC of 88 bits was
used. The selection of these two particular values for NR
and NC was based on the frame format described in the
next subsection.

For the outer interleaver, NR was selected to be
25 bits and NC was selected as the RS code length,
which is 255 bytes (2,040 bits). The 25-bit NR was se-
lected for two reasons. First, it was desired not to intro-
duce too much interleaving delay. Second, for consis-
tency with the Inmarsat-Aero SDM, a frame size of
500 ms was selected. Given this frame size, it was de-
cided that 51 kbit/s was a good value for both the outer
interleaver size (2,040 X 25) and the incoming data rate
(25.5 kbit/s X 2 s).

In terms of synchronization, the modem needs to be
robust at a low carrier-to-noise power density ratio, C/N,,
in the presence of L-band Doppler shifts varying between
+2 kHz. In addition, multipath fading is prevalent at
elevation angles below 10°, and signal can be blocked by
the aircraft tail structure. Because coherent detection is
used for power efficiency, reliable carrier frequency/
phase acquisition and tracking with a minimum of cycle
slips is required. A channel scanning capability is also



desired so that a receiver can scan each of the available
aeronautical channels.

The channel rate after rate 3/4 convolutional encod-
ing, excluding framing bits, is 34 kbit/s. To simplify
equipment design and implementation, the channel rate is
required to be a submultiple of a 5.04-MHz master clock,
for compatibility with other Inmarsat-Aero channel unit
bit rates. A channel rate of 35 kbit/s meets this require-
ment and allows 3-percent capacity for framing overhead
bits,

The bit rate of the system is approximately 67 per-
cent faster than the 21-kbit/s Inmarsat-Aecro standard
channel. However, this is an advantage in terms of carrier
synchronization and tracking, because frequency varia-
tions are a smaller percentage of the bit rate. The maxi-
mum AES received frequency error is specified as
1346 Hz, plus the AES Doppler shift of +2 kHz, for a
total uncertainty of £2,346 Hz. Since this is less than
7 percent of the channel rate, conventional carrier track-
ing methods such as a Costas loop or decision-directed
carrier tracking loop can be used. Symbol timing tracking
is also straightforward, and a conventional symbol transi-
tion detector can be employed. As specified in the SDM,
a scrambler is used for energy dispersal and to assist in
symbol synchronization.

Frame Format

The channel frame format is shown in Figure 2. To
maintain system compatibility with the Inmarsat-Aero
SDM, the frame duration is chosen to be 500 ms. Each
frame contains its own preamble and an 88-bit UW,
which is identical to that used on the current Inmarsat-C
channel. The preamble consists of 160 bits of unmodu-
lated carrier for carrier synchronization, followed by a
160-bit alternating 0101 pattern for clock synchroniza-
tion. The occurrence of these bits in every frame permits
rapid acquisition and reacquisition after a fade or tail
blockage. Each frame also contains a 16-bit station ID

field, which allows a receiver to perform station verifica-
tion in order to facilitate rapid channel scanning.

The inner and outer forward error correction (FEC)
interleavers were both chosen to have a time span of 2 s.
Thus, a 2-s superframe structure was defined consisting
of four 500-ms frames. A different 88-bit UW, denoted
UW', is employed to mark the first frame of a super-
frame. A 12-bit frame counter field, denoted FC, immedi-
ately follows the UW and consists of a 4-bit frame
counter repeated three times for bit error immunity.

Figure 3 is a block diagram of the procedure used to
pack the program audio and secondary data channel bits
into 500-ms frames. The program audio channel has an
information rate of 20.5 kbit/s, and the data channel is
assumed to have an information rate of 2,400 bit/s. If
lower data channel rates are desired, the data field will

- have to be packed with enough dummy bits to achieve a

2,400-bit/s rate. To assemble a frame, 2 s of program
audio (41,000 bits) and 2 s of secondary data (4,800 bits)
arc buffered in memory. It is assumed that the actual
frame assembly is much faster than real time, so that the
total transmitter delay is not much greater than 2 s. Whilke
the data are being processed, the next superframe is being
buffered in memory for subsequent frame assembly.

TRANSMISSION SYSTEM ARCHITECTURE
Multiple Access

Due 1o the circuit-switched nature of broadcast audio
programs, time-division multiple access (TDMA) was not
considercd. However, frequency-division multiple access
(FDMA) and code-division multiple access (CDMA)
methods were carefully compared.

CDMA possesses several advantages, including the
possibility of overlay on top of narrowband users; system
flexibility through the use of programmable codes; multi-
path rejection and interference suppression capabilities;
and graceful degradation with an increased number of
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Figure 2. Frame Format
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active broadcast co-channels. However, the small chan-
nelized transponder bandwidth available (1.4 MHz maxi-
mum for Inmarsat-2, as described later), coupled with the
high channel data rate, makes the processing gain very
small for a direct-sequence CDMA system. Although a
frequency-hopping CDMA system does not require con-
tiguous bandwidth, the necessary frequency synthesizers
would increase aircraft receiver complexity and cost. This
consideration also applies to direct-sequence CDMA
systems, which require additional circuits for code acqui-
sition and tracking.

In view of the above considerations, FDMA/SCPC
(single channel per carrier) was selected. Its implementa-
tion is relatively simple and is compatible with most of
the existing Inmarsat traffic. Since the aero broadcasting
system is downlink-limited, the intermodulation interfer-
ence in an FDMA system does not critically limit system
performance. However, it is still advisable to reduce
intermodulation interference. This can be achieved by
using an optimized frequency plan, examplcs of which
are given in References 11 and 12.

Link Budget

A link budget (Table 2) was prepared for Inmarsat-2
satellite links. An elevation angle of 5° (a worst-case
scenario) was assumed for AES, with a system margin of
3 dB. The concatenated RS/punctured convolutional code
was simulated in software, and it was determined that an
E,/N, of about 3.75 dB is required in order to achieve the
desired decoded BER of 10°.

The link analysis further assumes that there is no
adjacent satellite interference or co-channel interference
involved. The adjacent channcl interference clfect is also
assumed to be offset by the pulsc-shaping filter and the
guard bands. Note that this analysis is based on

Table 2. Link Budget Analysis

PARAMETER VALUE
Uplink (GES to Satellite)
Frequency 6.44 GHz
GES Elevation 5°
GES Tx EIRP 65 dBW
Path Loss (incl. atmos. loss) 201.3dB
Satellite Rx G/T -14 dB/K
Uplink C/N, 75.3 dB-Hz
Satellite
Satellite Gain 161.3 dB
Satellite C/IM | 67.0 dB-Hz
Downlink (Satellite to AES)
Frequency 1.545 GHz.
AES Elevation 5°
Satellite Tx EIRP 25 dBW
Path Loss (incl. atmos. loss) 188.9 dB
AESRx GT -13dB/K
Downlink C/N,, 51.7dB-Hz
Link Performance

Overall C/N , 51.6 dB-Hz
Required E 4N at 1076 3.75dB
Data Rate (22.9 kbit/s) 43.6 dB
Miscellaneous Loss 1.25dB
(modem loss and random losses)
Link C/N , Requirement 48.6 dB-Hz
System Margin 30dB

Inmarsat-2 satellite specifications. For Inmarsat-3 satel-
lites, the link budget could show significantly better
power capacily. In addition, if the flight route is such that
the elevation angle is significantly greater than 5°, the
3-dB link margin could be achicved with a lower GES
transmit effcctive isotropically radiated power (EIRP).



Aero-Band Occupancy

For initial system operation, it is assumed that three
channels will be provided for each Inmarsat signatory in
the Atlantic Ocean Region (AOR) East, AOR West,
Pacific Ocean Region (POR), and Indian Ocean Region
(IOR). There are six signatories in each region, for a total
of 72 planned channels,

For the Inmarsat-3 space segment, the uplink C-band
has a 29-MHz bandwidth (6,425 10 6,454 MHz), from
which the aeronautical portion is allocated a 10-MHz
bandwidth (6,440 to 6,450 MHz). The downlink L-band
has a 34-MHz bandwidth (1,525 to 1,559 MHz), from
which the aeronautical portion is also allocated a 10-MHz
bandwidth (1,545 to 1,555 MHz). However, each of the
two 10-MHz bands is divided into three bands of 3, 3,
and 4 MHz, respectively, separated by some guard bands
(1.2 and 1.4 MHz, 1.2 and 1.4 MHz, 2.3 and 1.3 MHz,
respectively). Thus, the actual usable bandwidth is only
8.8 MHz.

For the Inmarsat-2 space segment, the uplink aero-
nautical C-band is allocated a 3-MHz bandwidth (6,440
10 6,443 MHz), and the downlink aeronautical L-band is
also allocated a 3-MHz bandwidth (1,545 to 1,548 MHz).
Each of these two bands is divided into two bands of 1.2
and 1.4 MHz, separated by a guard band. Consequently,
the actual usable bandwidth is 2.6 MHz.

The aero-band occupancy percentage, m, was defined
as the ratio of the total bandwidth required to support the
72 audio broadcast channels vs the total usable bandwidth
allocated for aeronautical services., For the selected coded
modulation scheme, the required RF bandwidth is 25 kHz
for each audio channcl. The corresponding occupancy
percentage is then m = 69.2 percent for Inmarsat-2, and
m = 20.5 percent for Inmarsat-3. These percentages arc
reasonable for high-data-rate audio programs, especially
for Inmarsat-3 satellites. Thus, there should be ample
system capacity remaining to accommodate many emerg-
ing acronautical services.

CONCLUSIONS

A system design to support acronautical broadcast of
audio programs via the Inmarsat-2 and -3 space scgments
has been presented. Near-transparent-quality compression
of 5-kHz bandwidth audio at 20.5 kbit/s were described.
Candidate error protection strategies and coded modula-
tion schemes were carefully compared to achieve robust
performance with bandwidth and power efficiency. De-
signs for an interleaver, scrambler, modem synchroniza-
tion, and frame format were presented, and the consider-
ations used in selecting FDMA for multiple access were
discussed. Results of the link budget computation and
transponder occupancy analysis were also presented,

The designed system currently supports the transmis-
sion of AM broadcast-quality audio programs to commer-
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cial aircraft equipped with high-gain AES antenna sub-
systems. With rapid advances in audio compression tech-
nology, higher quality broadcast audio programs such as
ncar-FM audio could be supported in the near future,
using the same transmission system described here. The
system might also be capable of supporting the transmis-
sion of AM-quality audio programs to aircraft equipped
with low-gain omnidirectional AES antenna subsystems,
By using Inmarsat-3 spot beams, near-FM-quality audio
broadcasts to aircraft with low-gain AES antennas might
also be achievable.
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The MSAT Spacecraft of
Telesat Mobile Inc.

E. Bertenyi
Telesat Canada
1601 Telesat Court
Gloucester, Ontario, KI1B 5P4, Canada
Phone 613 748-0123; Fax 613 748-8782

Abstract (full paper will be provided at the Conference)

This paper describes the MSAT spacecraft of the Canadian mobile satellite operator,
Telesat Mobile Inc. (TMI). When launched in 1994, the large geostationary MSAT
spacecraft which is currently under construction by Hughes Aircraft Co. and Spar Aerospace
Ltd. will enable TMI to provide mobile and transportable communications services to its
customers even in the most remote parts of the North American continent.

The main elements of TMI’s mobile satellite system (described in a companion paper)
are the space segment and the ground segment. TMI's space segment will employ one of
two nearly identical satellites, one of which will be owned and operated by TMI, the other
by the U.S. mobile satellite operator, American Mobile Satellite Corporation (AMSC). The
two companies are participating in a joint spacecraft procurement in order to reduce the
nonrecurring costs and to ensure system compatibility between the two systems; and they
have also agreed to provide in-orbit backup to each other in the event of a catastrophic
satellite failure.

The paper reviews the program status, performance requirements, main parameters
and configuration of the MSAT spacecraft. The major features of the communications
subsystem are discussed in some detail, and a brief summary is presented of the spacecraft
service module.

Key technology items include the L-band RF power amplifier, which must operate
with a high DC to RF power efficiency and generate low intermodulation when loaded with
multi-carrier signals; and the large diameter deployable L-band antenna. The development
status and expected performance of these spacecraft components is examined.
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Adaptive Digital Beamforming for a
CDMA Mobile Communications Payload

Samuel G. Mufioz-Garcfa and Javier Benedicto Ruiz
ESA/ESTEC
Communication Satellites Dept., Radio-Frequency Systems Division
Postbus 299, 2200 AG Noordwijk, The Netherlands

Abstract (full paper will be provided at the Conference)

In recent years, Spread-Spectrum Code Division Multiple Access (CDMA) has
become a very popular access scheme for mobile communications due to a variety of
reasons: excellent performance in multipath environments, high scope for frequency reuse,
graceful degradation near saturation, etc. In this way, a CDMA system can support
simultaneous digital communication among a large community of relatively uncoordinated
users sharing a given frequency band.

Nevertheless, there are also important problems associated with the use of CDMA.
First, in a conventional CDMA scheme, the signature sequences of asynchronous users are
not orthogonal and, as the number of active users increases, the self-noise generated by the
mutual interference between users considerably degrades the performance, particularly in the
return link. Furthermore, when there is a large disparity in received powers — due to
differences in slant range or atmospheric attenuation — the non-zero cross-correlation
between the signals gives rise to the so-called near-far problem. This leads to an inefficient
utilization of the satellite resources and, consequently, to a drastic reduction in capacity.

Several techniques have been proposed to overcome this problem, such as
Synchronized CDMA — in which the signature sequences of the different users are quasi-
orthogonal — and power control. At the expense of increased network complexity and user
coordination, these techniques enable the system capacity to be restored by equitably sharing
the satellite resources among the users.

In this paper, an alternative solution is presented based upon the use of time-reference
adaptive digital beamforming on board the satellite. This technique enables a high number of
independently steered beams to be generated from a single phased array antenna, which
automatically track the desired user signal and null the unwanted interference sources. In
order to use a time-reference adaptive antenna in a communications system, the main
challenge is to obtain a reference signal highly correlated with the desired user signal and
uncorrelated with the interferences. CDMA lends itself very easily to the generation of such
a reference signal, thanks to the a priori knowledge of the user’s signature sequence.

First, the integration of an adaptive antenna in an asynchronous CDMA system will
be analyzed. The adaptive antenna system can provide increased interference rejection —
much higher than that afforded by the code alone — and, since CDMA is mainly interference
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limited, any reduction in interference converts directly and linearly into an increase in
capacity. Analyses and computer simulations will be presented that show how an
asynchronous CDMA system incorporating adaptive beamforming can provide at least as
much capacity as a synchronous system.

More importantly, the proposed concept allows the near-far effect to be mitigated
without requiring a tight coordination of the users in terms of transmitted power control or
network synchronization. The system is extremely robust to the near-far effect because the
signals reaching the satellite from directions other than that of the desired user — which are
likely to have different power levels — are adaptively canceled by the antenna.

Finally, a payload architecture will be presented that illustrates the practical
implementation of this concept. This digital payload architecture demonstrates that with the
advent of high performance CMOS digital processing, the on-board implementation of
complex DSP techniques — in particular Digital Beamforming — has become possible, being
most attractive for Mobile Satellite Communications.
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Electrical Performance of Wire Mesh for
Spacecraft Deployable Reflector Antennas

Greg Turner
Harris Corporation, Government Aerospace Systems Division
PO Box 94000, Melbourne, FL, 32902

Abstract (full paper will be provided at the Conference)

Mobile satellite communications systems require large, high gain antennas at the
spacecraft to minimize the antenna gain and power requirements for mobile user elements.
The use of a deployable reflector antenna for these applications provides a lightweight system
that can be compactly stowed prior to deployment on orbit. The mesh surface material is a
critical component in the deployable reflector antenna design. The mesh is required to
provide the desired electrical performance as well as the mechanical properties that are
necessary to deploy and maintain the reflector surface on orbit.

Of particular interest in multi-channel communications applications is the generation
of Passive InterModulation (PIM) products at the reflector surface that can result in
interference in the receive band. Wire mesh has been specifically identified by some as
having a high potential for PIM generation based solely on the existence of nonpermanent
metal to metal contacts at the junctions that are inherent in the mesh design. There are a
number of other factors, however, that reduce the likelihood of PIM occurring at the mesh
reflector surface. Experimental data presented in this paper demonstrate that mesh PIM
generation is not significant for typical applications.

This paper describes PIM and reflectivity performance of wire mesh composed of

gold plated molybdenum wire in a tricot knit. This type of mesh has been successfully used
for the deployable Single Access Antennas of the Tracking and Data Relay Satellite System.
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Adaptive Array Antenna for Satellite Cellular and Direct Broadcast Communications*
Charles R. Horton and Kenneth Abend
GORCA SYSTEMS INCORPORATED (GSI)
P.O.Box 2325
Cherry Hill, New Jersey
08034-0181 US.A.
Phone: 609-272-8200
Fax: 609-273-8288
email: knabend@gorca.com

ABSTRACT

Adaptive phased-array antennas provide
cost-effective implementation of large, light
weight apertures with high directivity and
precise beamshape control. Adaptive self-
calibration allows for relaxation of all
mechanical tolerances across the aperture and
electrical component tolerances, providing
high performance with a low-cost, light-
weight array, even in the presence of large
physical distortions.  Beam-shape is pro-
grammable and adaptable to changes in tech-
nical and operational requirements. Adaptive
digital beam-forming eliminates uplink con-
tention by allowing a single electronically
steerable antenna to service a large number of
receivers with beams which adaptively focus
on one source while eliminating interference
from others. A large, adaptively calibrated
and fully programmable aperture can also
provide precise beam shape control for power-
efficient direct broadcast from space.

This paper describes advanced adaptive
digital beamforming technologies for: (1)
electronic compensation of aperture distortion,
(2) multiple receiver adaptive space-time
processing, and (3) downlink beam-shape
control. Cost considerations for space-based
array applications are also discussed.

SATELLITE ANTENNA DESIGN

High density RF communications traffic
requires satellite antennas with high gain,
precise beam pointing, and electronic speed
and steering agility. If this is to be supplied

* The conceptual design approaches described herein take advantage
of signal processing algorilthms proprietary to GORCA Systems, Inc.
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with a large phased array antenna, problems of
size, weight, cost, and performance arise. As
uplink traffic becomes more intense or
diverse, the need for multiple receivers and
adaptive interference suppression adds to the
cost.

Conventional approaches to maintaining
antenna gain, suppressing interference, and
controlling beam shape are dependent upon
maintaining very stringent tolerances across
the aperture. Even if rigidity and precise
control is provided during manufacture, once
the satellite is deployed it will be subject to (1)
distortion of the structure after repositioning,
(2) thermal distortion across the array, and (3)
potential revised beam requirements due to
changing business plans. The risk is of
reduced operational performance due to gain
degradation, increased sidelobe interference
for uplink signals, and high sidelobe energy
spillover for downlink traffic and for direct
broadcast.

As an alternative to using sophisticated
structural components and/or auxiliary sub-
systems to measure and correct for deforma-
tions and other sources of error, a class of self-
calibrating adaptive digital beamforming
techniques has been developed by GSI. These
procedures compensate for aggregate errors
without regard to their source: structural
deformations, mutual coupling, solid state
module phase errors, RF delay errors, and
propagation anomalies.  These procedures
complement adaptive interference cancellation
approaches. The cost savings due to reduced
reliance on tight electrical and mechanical
tolerances is greater than the cost of the digital



beamforming needed for multiple beam
formation and adaptive interference sup-
pression. The gain control achievable for
direct broadcast saves prime power. The
procedures may permit the antenna structure to
be non-rigid and deformable resulting in a
major weight reduction and consequently a
reduced launch cost with improved perform-
ance. Advantages and benefits of adaptive
processing are listed below.

TABLE 1. ADAPTIVE ARRAY ADVANTAGES
Antenna Array
® 30% to 40% reduction in mass
*® complex RF components replaced by solid state
electronics with firmware algorithms
¢ 100:1 easing of mechanical tolerances
® adaptive response provides immediate recovery from
mechanical, electrical and RF disturbances
® design approach takes advantages of technology
advancements in MMIC, VLS], etc.
® low cost assembly and test due to relaxed mechanical
requirements, ability to correct for errors, etc.
Satellite
® 10:1 reduction in system pointing requirement and
“fine” attitude control, due to adaptive calibration of
antenna and beam steering capability
® up to 50% reduction in satellite mass, some of which
can be applied to increased on-orbit life
® significant reduction in solar array and battery power,
due to more effective use of RF power
® conventional attitude control components could be
replaced by attitude and position sensing using the
array electronics
® self-calibrating features provide immunity to thermal or
other mechanical distortions
® immunity to contentious uplinks due to antenna nulling
® low cost integration and test, and accelerated schedules
® significant reduction in cost of launch services
Communications Applications
® lower uplink RF power, or higher G/T margin, due to more
precise beamshaping
® higher effective downlink EIRP due to precise spot beams
¢ software beamforming allows operational flexibility to
meet changing requirements, traffic diversity, business
plans, etc.
® very large number of users accommodated
® digital beam steering and software beam shaping
provides instantaneous response to changing
requirements
® very large aperture systems can be developed which
could otherwise not be built

ADAPTIVE DIGITAL BEAMFORMING
We consider a phased array antenna

consisting of transmit/receive modules with a

receiver and A/D converter behind each. By

sampling the aperture we obtain complete
software control over transmit and receive
beam formation. This includes the ability to
(a) adaptively determine sets of weights that
compensate for mechanical, electrical, and
environmental errors, (b) adaptively home in
on a transmitted signal while simultaneously
suppressing contending signals, (c) digitally
form multiple simultaneous receive beams,
and (d) design and revise the transmitter foot-
print for broadcast operation.

Digital beamforming weights an array so
as to (1) sense a desired signal and (2) attenu-
ate interference. The received signal at each
array element is assumed to have been het-
erodyned, filtered, sampled, and digitized so
that e (t) is a complex number representing the
in-phase and quadrature components of the
wavefront at the n'h array element at time t.
The beamforming concept is illustrated in
Figure 1.

A beam is formed in the digital processor
as a linear combination,

N . N
= Ywe =w

y= Wl =wre, (1
where wh = (w", w,", ..,w\") is a vector of
complex weights to be applied to the compo-
nents, €,, €,,...,ey, of the received data vector,
e. The weights are obtained as the conjugate
transpose (h) of the optimum weight vector,

w=0oRs , (2)
where s is a low-sidelobe "steering vector" that
would be used if interference were spatially
homogeneous (R=0?I) such as thermal noise.
The directionality of the interference is
accounted for in the NxN correlation matrix,
R, whose ij!b element is the correlation
between the interference wavefront at
elements i and j,

R=E{ee"}.
Note that many beams may be formed simul-
taneously by choosing a different steering
vector for each.
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FIGURE 1. BEAMFORMING

Beamforming is said to be adaptive if the
weight vector is computed on the basis of
received signals (as opposed to being specified
a priori). We note that there are two parts to
adaptive beamforming. One relates to using
received signal data to estimate the steering
vector, s. The other relates to using received
interference data to estimate R-1.

Estimating s is called self calibration, self
cohering, or adaptive focusing. Estimating R-!
is called adaptive nulling or interference
cancellation. GSI is in the forefront of both
aspects of adaptive beamforming. We will
discuss the self-calibration aspect first.

ELECTRONIC COMPENSATION FOR
APERTURE DISTORTION

Table 2 summarizes a number of adaptive
self calibration algorithms that were developed
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for radar applications. They involve the use of
a variety of phase synchronizing sources to
furnish the calibration pilot signal and they
have been successfully applied to the
calibration of real apertures, synthetic
apertures, and inverse synthetic apertures.
When used to establish a phase reference
across a synthetic aperture they are equivalent

TABLE 2. SELF-COIIERING TECHNIQUES

Dominant Scatterer

® Minimum Variance Algorithm - Steinberg (U of P)

® Multiple Scatterer Algorithm (MSA) - Attia (GSI)

®MSA with Subarray Processing - Attia/Kang (GSLI/UofP)

® Phase Gradient Autofocus Algorithm - Jakowitz (Sandia)
Spatial Correlation

® S patial Correlation Algorithm (SCA) - Attia (GSI)

® Multiple Lag SCA - Subbaram (GSI)

® Shear Averaging - Feinup (ERIM)

®terative SCA - Attia (GSI)
Phase History Reconstruction

® Image Plane Differential Phase Smoothing - Kupiec (MITLL)

® Aperture Plane Differential Phase Smoothing - Stockburger
Energy Constraint Method - Tsao/Subbaram (GST)




to motion compensation or auto-focus in both space and time, the signals can be
techniques for SAR or ISAR imaging. simultaneously processed in both domains to
The key concept is that signals from the separate signals according to angle of arrival
earth are received by individual array elements  and spectral content. In Figure 1, Equation (1)
and combined in order to establish a phase is applied in the spatial domain to implement a
reference that compensates for all errors. process called beamforming. In general,
Correction for mechanical shape distortion is Equations (1) and (2) refer to to linear space-
illustrated in Figure 2. time processing. The temporal counterpart of
The simplest algorithms use the wave- beamforming is filtering and the temporal
front at the aperture from a strong signal as a counterpart of self calibration is channel
phase synchronizing source for all array ele- equalization. In the special case where
ments. Other algorithms use multiple sources, w=s=E{e|signal}, the spatial weights represent
estimate parameters of an aperture distortion a matched field steering vector and the
model, or adapt in an iterative manner. The temporal weights represent a white-noise
spatial correlation algorithm correlates the matched filter for the signal.
signals received at adjacent array elements and With reference to Equation (1) and Figure
introduces a time shift determined by the time 1, the formation of multiple beams to
of the correlation peak as well as a phase service multiple ground stations while elimi-
correction. This allows for correction of large  nating uplink contention is relatively straight

distortions without ambiguity. forward. The N dimensional data vector, e, is
processed in an on-board digital processor to
SPACE-TIME PROCESSING produce a set of K linear combinations of N
Since the aperture samples the wavefront complex numbers: Y1 Y2 - Yx- Each output
\
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FIGURE 2. ELECTRONIC CORRECTION FOR MECHANICAL DISTORTION & POINTING ERROR
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represents the signal received from one ground
station. If O, represents the location of a
particular ground station, then y, is formed
using Equation (1) with w=w(68,). In applying
Equation (2) to obtain this weight vector, each
component of the steering vector is given the
same phase as the phase of that same
component of a data vector, ¢(0,), that would
be received from that station. The NxN
correlation matrix could even be pre-computed
as a diagonally loaded version of the rank K-1
matrix whose mntt component is

K

Z o (ek )e; (ek ).

k:d
The resulting y, supplies a receiver with one
signal while nulling all other signals.

DOWNLINK BEAMSHAPE CONTROL

For a properly calibrated array, the aper-
ture illumination function, f(x,y), and the
azimuth-elevation far-field pattern, F(u,v), are
related by a two dimensional Fourier
transform. The larger the aperture, the finer
the control on where power is directed. At an
altitude of h, the diffraction limited resolution
(or pixel diameter) on the ground is at least
hA/D, where A is the rf wavelength and D is
the aperture diameter.

The desired intensity  distribution
|[F(u, V)|, is specified as 1 for values of u=sin 6
and v=cos ¢ corresponding to the location of
cities that must be reached in a direct
broadcast application. A criterion can be
devised such as minimizing the average power
outside of a given region. We specify F as 0
for values of (u,v) outside of the coverage
region and as 1 for the location of target cities,
and we find the least squares solution of the
set of equations for f.! If the set of equations

L Acually, if only the power density |F]2 is specified, then only the the
spatial autocorrelation function of the aperture illumination is
constrained.

<flx+a,y+b) f*(x,y)> = R(a,b)
where R and [F]Z are a Fourier transform pair.
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is underdetermined, the minimum norm
solution for f is the desirable one because the
norm of f represents the required transmitter
power. Thus, if the array is well formed or
properly calibrated, open-loop beamshaping
by computer is relatively straight forward.

As described earlier, the problem of
calibrating a large receiver array, using signals
transmitted from the ground, has a reasonably
precise solution. Data is collected at each
element and processed so that the signals add
coherently. The crucial question is whether it
is possible to use the receive calibration
corrections to correct errors in the transmitted
wavefront.

This problem turns out to be more diffi-
cult. The signals transmitted from all array
elements must be synchronized so that they
add coherently in the target region. If errors
exist in the transmitter chain, a closed loop
procedure is required. Transmitter time or
phase synchronization requires the return of a
transponding signal from the target on the
earth so that the two way propagation can be
measured. While phased array receiver cali-
bration is relatively well established [1,2],
retrodirective transmitter calibration is a rela-
tively new technology. However, GSI per-
sonnel have established feasibility in a ground
based demonstration [3]. While further devel-
opment is still needed, the potential payoff for

adaptive transmitter self calibration is
€normous.
COST CONSIDERATIONS

Many advanced array systems have been
proposed and studied for space applications
and less advanced array systems have been
developed and built. Space-based applications
include both remote sensing and communica-
tions, but the degree to which array technology
has been actually deployed has been limited
due to cost considerations.

The cost drivers include cost of electron-
ics, due to the large number of array element
modules; structural cost of arrays and space-



craft, to meet launch loads and minimize
thermally-induced distortion or pointing error
when on-orbit; the high cost of integration and
test, for both payload and satellite; and launch
cost, driven by the increased mass of the array
structure and the spacecraft which are needed
to meet system performance objectives.

The cost of electronics is being addressed
via MMIC technology advancements, efficient
signal  processing  electronics,  design
innovations and manufacturing efficiencies
achievable with a large number of array
modules. However, the other cost drivers have
not been sufficiently addressed to make many
advanced array concepts economically viable.
As an example, a typical application of array
technology to achieve power efficient satellite
communications [to achieve very small spot
beams which can be dynamically moved to
match communications traffic requirements]
results in a very large, complex satellite which
also results in high launch costs.

The design concepts presented herein
address these other cost drivers. The array
structure can be built using very low cost, low
mass designs since stiffness and distortion
requirements are minimal. The allowable
satellite and array pointing errors can be
greatly relaxed, further simplifying other
satellite subsystems and satellite operations,
and significantly reducing over-all on-orbit
mass. The costs of integration and test are
minimized since alignment and component
precision issues largely disappear. Finally, the
launch costs are greatly reduced due to the
large reduction in lift-off mass. A typical
communications satellite constellation could
be deployed with a net savings of tens of
millions of dollars.

SUMMARY AND CONCLUSIONS

The performance obtainable by space-
based array systems for communications and
other applications is well known; however, the
implementation of array technologies into

operational systems has been limited due to
the high cost of arrays, satellites and launch
services. The adaptive array design approach
described herein applies advanced signal
processing technology originally developed
for radar systems to next generation commu-
nications satellites. All of the advantages of
array systems, for communications or remote
sensing applications, are retained while mak-
ing it possible to develop and deploy opera-
tional systems at affordable cost.
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ABSTRACT

Modern mobile communications satellites, such as
INMARSAT 3, EMS and ARTEMIS, use advanced on-
board processing to make efficient use of the available
L-band spectrum. In all of these cases, high
performance surface acoustic wave (SAW) devices are
used. SAW filters can provide high selectivity (100-200
kHz transition widths), combined with flat amplitude
and linear phase characteristics; their simple
construction and radiation hardness also makes them
especially suitable for space applications.

This paper gives an overview of the architectures used
in the above systems, describing the technologies
employed, and the use of bandwidth switchable SAW
filtering (BSSF). The tradeoffs to be considered when
specifying a SAW based system are analyzed, using
both theoretical and experimental data. Empirical rules
for estimating SAW filter performance are given.
Achievable performance is illustrated using data from
the INMARSAT 3 engineering model (EM) processors.

1.0 INTRODUCTION

All L-band mobile communication systems must operate
within 34 MHz spectrum allocations (1525-1559 MHz
forward link, 1626.5-1660.5 MHz return link), and must
be able to service low gain mobile terminals. To cope
with these limitations, systems such as INMARSAT 3,
EMS and ARTEMIS use multiple spot beams, frequency
re-use, and flexible frequency allocation between beams.

These systems require complex on-board processors,
which use combinations of splitters, amplifiers, SAW
filters and switch matrices to route traffic to the
appropriate beams. Of these processors, which are
currently under development at COM DEV,
INMARSAT is by far the most sophisticated, though
ARTEMIS has the most selective filters. The
INMARSAT system also makes limited use of a
technique called bandwidth switchable SAW filtering
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(BSSF), or seamless combining, which allows a
significant recovery of guard band spectrum [1] [2]. The
principle of this method is to use banks of contiguous
filters with the special property that adjacent filters,
when operated simultaneously, add to form a continuous
response without distortion in the crossover (guard
band) region. Therefore, when a group of adjacent
filters are allocated to a single beam, the entire band
covered by the filters is usable, without any loss to
intermediate guard bands.

An overview of SAW based processor architectures is
given in section 2.0 of this paper, and the tradeoffs
associated with the SAW filters are discussed in Section
3.0.

2.0 SYSTEM ARCHITECTURES

Figure 1 shows a simplified schematic of the
INMARSAT 3 forward processor, proposed by Matra
Marconi Space (MMS) and built by COM DEV, while
Figure 2 shows an exploded view of its physical
realization. The return processor is essentially similar,
except for the reversal of the signal paths, and the
addition of programmable gain in the individual filter
channels.

The key parameters for the INMARSAT 3 processor
are:

Channel bandwidths from 4.5 to 0.45 MHz

20 dB Noise Figure

Intermodulation products <-45 dBc¢

35 dB Nominal gain

40 dB of programmable gain

Maximum mass 35 Kg (total of forward and
return processors)

Maximum power consumption 100 W (total of
forward and return processors)

High spectral efficiency (200 kHz guard bands,
BSSF)

-



Dual redundant right and left circularly polarized
(RHCP and LHCP) L-band input signals are split
between a total of 15 filter modules, where they are
down converted to a 160 MHz IF. Each filter module
contains SAW filterbanks to channelize the spectrum,
followed by GaAs FET switch matrices which allow any
filter output to be routed to any one of eight output
beams. The signals are upconverted to the final L-band
frequency before leaving the filter modules, and are then
combined in the eight output modules (one per beam).
The mechanical arrangement is forced by the signal
splitting and combining requirements. The input, output
and LO distribution modules are housed in the
horizontal stack, and interface with the filter modules in
the vertical stack by blind mate connectors; this allows
full connectivity between any input or output module
and any filter module. Telecommand and telemetry is
handled by the control module, which is placed on top
of the vertical (filter) modules; control signals are
routed to the horizontal modules via an additional
housing on the side of the processor. To minimize
mass, all module housings are machined from
magnesijum.

The input modules are among the simplest in the
system. They contain redundant thin film GaAs input
amplifiers and eight way power dividers implemented
with cascaded Wilkinson splitters on high dielectric soft
substrates. The output modules perform an inverse
function, but are considerably more complex. In
addition to combiners and amplifiers, they contain
programmable gain blocks implemented with GaAs FET
switches and controlled by an ASIC; interdigital
bandpass filters are used to remove mixer spurious.

The filter modules, shown schematically in Figure 3, are
the key elements in the system, as these provide all the
frequency selectivity and signal routing. Three main
types of filter module are employed, which differ in the
frequency and bandwidth of their SAW filters, though
a guard bandwidth of 200 kHz is used throughout.
Each non-redundant module has a specific LO frequency
that determines its position in the 34 MHz frequency
band. Redundant modules can use any LO frequency,
and can therefore substitute for any module of similar
type. The implementation of the INMARSAT
frequency plan with only three module types is another
example of the use of BSSF. Because of the contiguous
combining, a given filter bank can realize several
channelization schemes, allowing greater standardization
of module types, and hence greater reliability.

For reasons discussed in Section 3.0, the SAW Filters
must operate at a relatively low IF;, 160 MHz was
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chosen as a compromise between minimizing operating
frequency and minimizing fractional bandwidth. After
down conversion, the IF signals are amplified by
discrete bipolar amplifiers optimized for low power
consumption. The signals are then applied to the inputs
of the two SAW filterbanks, each of which may contain
up to three channels. Each filterbank output is them
amplified by discrete amplifiers and fed into a 3x9
switch matrix, which allows any channel to be switched
to any beam, or to be terminated if not in use. The
switch matrix uses surface mount construction, and is
built from custom hybridized units each containing three
single pole double throw (SPDT) GaAs FET switches
and a three way resistive power combiner. Isolation
between channels is typically 60 dB. An ASIC controls
the switch matrix operation. After routing through the
switch matrix, each of the eight outputs is upconverted
to L-Band. The up conversion frequency is offset from
the down conversion frequency to minimize spurious
signals.

The LO frequencies are generated externally to the
processor and are distributed by the LO module. This
uses combinations of power splitters and GaAs FET
switches to route the LO signals to the appropriate filter
modules. However, the distribution requirements are
extremely complex, and the LO module is
correspondingly complex.

The EMS system is far simpler in concept than
INMARSAT, though similar technologies are used. It
is being built by COM DEV and AME Space for Alenia
Spazio as a supplementary payload for ITALSAT 2.
The schematic of the EMS forward processor is shown
in Figure 4. A Ku band uplink is employed, rather than
the C-band uplink used for INMARSAT. Three 4 MHz
wide slots are selected and down converted to an IF of
approximately 145 MHz, where they are channelized by
a non-contiguous bank of SAW filters with 250 kHz
transition widths. The outputs are then upconverted to
the L-band channels 1530-1534 MHz, 1540-1544 MHz
and 1555-1559 MHz, using different LOs for each filter.

The EMS return processor replaces each 4 MHz filter
with a bank of four 900 kHz filters, each with
independent programmable gain. Selective use of these
subchannels allows coordination with other systems
using the same frequency bands. The return filters have
centre frequency separations of 1 MHz and transition
widths of 200 kHz;, BSSF is not employed. This
frequency plan produces overlap between filters, and
hence a reduction in the usable filter bandwidth when
adjacent filters are operated simultaneously. The
ARTEMIS system is very similar to EMS, but the return



filter transition width is reduced to 100 kHz to avoid
overlap. No attempt is made to recover these remaining
100 kHz guard bands using BSSF, but his would be a
logical extension for future systems.

3.0 SAW FILTER TECHNOLOGY FOR ON-
BOARD PROCESSING

SAW filters are particularly well suited to the high
selectivity, linear phase requirements in on-board
processing. However their characteristics are very
different from those of classical filters, and this often
causes confusion when systems are specified. This
section discusses the tradeoffs and limitations associated
with this class of SAW filter, based on both theoretical
and empirical data.

Reference [1] discusses the basic properties of SAW
filtlers for mobile communication systems, including
BSSF. The SAW transversal filters used in
INMARSAT, EMS and ARTEMIS, all use in-line
transducer structures [1]. The transducers contain
numerous interdigitated electrodes (typically 3000 to
9000), formed by photolithography in a thin (1000-
2000A) aluminium film deposited on the polished
surface of a piezoelectric crystal; ST-X quartz is used
for these systems on account of its temperature stability.
Each transducer has an ideal frequency response similar
to that of a finite impulse response (FIR) digital filter;
the electrodes serve as the taps, and their weights are
controlled by varying the overlaps (apodization). The
SAW propagation time between electrodes is equivalent
to the sampling time.

The transfer functions of SAW transversal (or FIR)
filters have no poles in the finite s plane, only zeros.
They are usually also of very high order compared o
classical filters (10000 electrodes in a transducer is not
uncommon). Design techniques are therefore quite
different, and are usually based on optimization
techniques. Of these, linear programming (1] offers
unrivalled flexibility. Current programs based on linear
programming can design both filters and filterbanks with
arbitrarily specified amplitude and phase responses. The
most common requirement is for linear phase, flat
amplitude characteristics, both for the individual and the
combined filter responses.

For SAW filters, impulse response length is the most
appropriate measure of filter complexity. For a linear
phase design, a simple empirical rule can be used (0
predict the impulse response length (31

log (§,8) = -1.05 - 1.45 BT N
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where B = transition bandwidth from passband to
stopband edge.
T= impulse response length

20log((1+3,)/(1-8))) = Passband ripple
(dB)

2010g(d,) = Stopband level
(dB)

In the great majority of designs T is 2-3 times the
reciprocal of B. It should also be noted that T is
determined by the transition width, and is virtually
independent of absolute bandwidth; it is also
independent of centre frequency. The physical size of
the filter can be obtained by multiplying T by the SAW
velocity. However, the final size is significantly greater
than this estimate for two reasons: first, the response
must be factored between the two transducers in a non-
optimal way, and second, a reasonable separation must
be allowed between transducers to avoid electromagnetic
coupling.

The choice of factorization is forced by practical
considerations. For an in-line transducer structure the
allowable weighting pattern on one transducer is
restricted so that each electrode covers either all or none
of the aperture (withdrawal weighting). Without this,
the overall response would not, even to first order, be
the product of the individual transducer responses, and
this defeats all existing synthesis procedures.
Empirically, it is well established that individual
transducers rarely provide more than 35 dB of close-in
rejection. To achieve higher rejections than this both
transducers must contribute significantly to the out of
band response. The withdrawal weighted transducer is
therefore chosen to have reasonable out of band
rejection and a reasonably regular passband response.
The apodized transducer can then be designed to satisfy
the overall specification. The design is then optimized
to correct for second order effects, such as SAW
diffraction and circuit loading, but cofrections are
applied to the apodized transducer alone, the other
transducer is left fixed; this procedure is most effective
if the length of the withdrawal weighted transducer is
minimized. These design constraints are incompatible
with fully optimal factorization, and some length penalty
must be accepted. In addition, the requirements of BSSF
and of correcting for second order effects also produce
a length penalty.

For INMARSAT 3 the specified transition bandwidth is
200 kHz for all filters. However, a design value of
170 kHz was used, allowing 10 kHz margin for
temperature drift and + 10 kHz for manufacturing
tolerances. With design passband ripples and stopband



levels of 0.2 dB and 50 dB respectively, equation (I)
predicts an impulse response length of 13.70us,
equivalent to 4.34 cm for quartz (SAW velocity 3159
m/s). The actual length is approximately 7.1 cm,
including 0.9 cm spacing between transducers. The net
effect of all the above constraints is therefore to
increase the total transducer length by about 40% from
the estimate given by equation (1).

A 100 kHz wuansition width is specified for the
ARTEMIS return filters, and a 75 kHz value has been
used in the design. Combined with a 0.25 dB passband
ripple and a 50 dB stopband level, equation (1) gives a
predicted impulse duration of 30.3ps (9.56 cm on
quartz). The length of the final design is 12.6 cm
including 1 cm transducer separation. The net
transducer length is therefore 21% greater than the ideal
limit. This difference between the ARTEMIS and
INMARSAT filters reflects the absence of BSSF
constraints, and the use of a more sophisticated
factorization procedure for the ARTEMIS designs. A
reasonable practical estimate of overall filter length can
therefore be obtained by taking the value of T from
equation (1), increasing this by 30%, multiplying by the
SAW velocity, and adding the transducer separation
(0.5-1.0 cm) and an allowance for packaging (0.5-1 cm).

Manufacturing sensitivity is a critical factor in
determining the minimum transition bandwidth and
maximum operating frequency of a SAW filter.
Photolithographic capabilities will allow operation at 1
GHz and above, but the achievable filter performance is
severely degraded, and high selectivity, high precision
filters are restricted to comparatively low frequencies.
The major limiting factors are:

. Metallization uniformity

. Electrode linewidth control
J Photomask aberrations

. Substrate uniformity

. Substrate mounting stresses

All of these produce similar effects, which may be
modelled as a variation in SAW propagation velocity.
If such velocity errors are random, and average out over
a short distance scale, they are comparatively harmless.
However, the above effects usually produce troublesome
long range variations.

For a given effective velocity error, the filter distortion
is directly proportional to centre frequency. If the peak
to peak velocity variations are similar for different filter
lengths, then the distortion is also inversely proportional
to the transition bandwidth. In addition, the velocity
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perturbation caused by the metallisation increases in
proportion to frequency. Unfortunately, there is no
precise model available for assessing all tradeoffs;
however, the following empirical formulas give a
reasonable estimate of the achievable P-P passband
ripples for an individual high selectivity quartz filter:

P-P amplitude ripple=Design ripple + 15tF/B dB (2)

P-P phase ripple=Design ripple + 250(F/B deg ~ (3)

where t= metallization thickness (m) (typically
le-7 to 2e-7 m)
F= centre frequency (MHz)
B= transition bandwidth (MHz)

The centre frequency should therefore be kept as low as
possible, compatible with the fractional bandwidth
constraints for the material; for filters with transition
widths less than 200 kHz, 200 MHz is a reasonable
upper limit.

So far, the effect of shape factor (ratio of bandwidth at
stopband edges to bandwidth at passband edges) has not
been considered; it does not directly affect device size
but it does have a slight effect on passband ripple and
out of band rejection. A low shape factor (very square
response) is more difficult to realize with a withdrawal
weighted transducer, and the overall filter rejection is
reduced as a result. For shape factors of 1.2 or greater,
close in rejections of 50 dB and far out rejections of 60
dB are achievable. For shape factors of 1.1, these
values are reduced to 45 dB and 50 dB respectively.
Achievable rejection is also weakly dependent on centre
frequency.

40 EXPERIMENTAL SYSTEM
PERFORMANCE

Figure 6 shows the combined response of two L-band
channels measured on the INMARSAT EM forward
processor shown in Figure 5. The individual filters
have bandwidths of 0.75 MHz and 2.11 MHz, and
together with a 0.54 MHz device form a contiguous set
of three filters; including the guard band they give a
total bandwidth of 3.06 MHz. Figure 7 shows the
response of the 2.11 MHz filter combined with its other
neighbouring filter t0 give a net bandwidth of
2.85 MHz. This demonstrates that BSSF can provide
characteristics that are virtually indistinguishable from
those of individual filters. In the above measurements
the unused channels were switched to other outputs
(beams); the absence of any residual responses

[RCTE



demonstrates the low levels of leakage in the SAW
package, the switch matrix, and the splitter driving the
output mixers.

Figures 8 and 9 show the combined in-band amplitude
and phase responses of the three filters. The overall
amplitude ripple is approximately 0.5 dB P-P. Although
not observable in this case, some crossover distortion
usually arises, and the ripple in the crossovers is often
a few tenths of a dB worse than in other regions. The
phase ripple clearly shows the transitions between the
individual filters. This ripple could be improved by
further alignment; but this is not justified as the phase
requirements are comparatively non-critical. The filters
are all made in matched sets and litde change is
observed in passband characteristics over the operating
temperature range (-15 to 75°C).

5.0 CONCLUSIONS

The development of the INMARSAT and EMS systems
has clearly demonstrated the feasibility of using SAW
based on-board processors for spectrum allocation and
routing. It has also provided a great deal of valuable
information about the tradeoffs associated with the
various technologies, particularly the SAW filters.

The greatest technical challenges have not been
associated with individual components, but rather with
the integration of so many technologies into a complete
system. Other difficulties have only become fully
evident during system level testing. Particularly notable
in this regard is the control of spurious signals. The
large number of signals and LOs going into the
processors, and the large number of leakage paths and
non-linear components, make spurious generation a
major problem; work is still in progress to isolate and
suppress unwanted signals.
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Abstract

A feedforward-based amplifier linearisation technique
1s presented which is capable of yielding significant
improvements in both linearity and power efficiency
over conventional amplifier classes (e.g. class-A or
class-AB).  Theoretical and practical results are
presented showing that class-C stages may be used
for both the main and error amplifiers yielding
practical efficiencies well in excess of 30%, with
theoretical efficiencies of much greater than 40%
being possible. The levels of linearity which may be
achieved with such a system are well in excess of
those which are required for most satellite systems,
however if greater linearity is required, the technique
may be used in addition to conventional pre-distortion
techniques.

Introduction

Recent advances in solid state power amplifier design
have led to smaller and more efficient designs
appearing on the market. Such systems have made
use of improved semiconductor technology and
marginal improvements in classical design techniques
in order to yield adequate linearity at the highest
possible efficiency.

Efficiency is the key factor in all of these systems, no
matter what frequency band they are required to
operate in. A relatively modest improvement in
efficiency can lead to significant weight savings in the
spacecraft and these savings multiply due to a form of
'positive feedback': Any efficiency improvement leads
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directly to a reduction in the power supply
requirements for the amplifier and also to a reduction
in the size and amount of heat-sinking required.
These in turn mean that a smaller area of solar panels
is required and a smaller and hence lighter support
structure is necessary. It also leads to a significant
reduction in the required size of the back-up batteries
and hence their charging circuitry. All of these
factors lead to a reduction in the overall spacecraft
size and weight and hence to a significant reduction in
launch costs.

The fundamental problem with the techniques used at
present is that the linearity requirement leads to a
compromise in the maximum efficiency obtainable,
and further improvements in semiconductor
technology will only yield marginal improvements in
efficiency.

Broadband Linearisation

This paper describes a technique for linearising a
highly non-linear, and hence efficient, amplifier over a
broad bandwidth. Potential efficiencies in the range
40-60% are possible using this technique with IMD
performance of between 30 and 50dB (or more). It
can be used in conjunction with simple linearisation
schemes currently in operation, such as 3rd-order
predistortion, but will provide a reduction of all
orders of distortion if required. The technique is based
on an adaptive form of feedforward which overcomes
the classical disadvantages of this technique, in terms
of its inability to monitor and correct its own
performance. Significant simulation work has been

s
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Figure 1: Simplified block diagram of a feedforward amplifier system.

performed on the system, yielding a detailed
understanding of its operation, and demonstration
systems have been built at VHF and UHF/SHF.

The system is based on the feedforward approach to
amplifier linearisation shown in Figure 1 above. A
two-tone test is shown for the purposes of illustration,
however, any number of signals can be amplified
simultaneously, with the only limitation being
imposed by the overall peak envelope power (PEP)
rating of the main amplifier.

The operation of a feedforward system may be
summarised as follows (with reference to Figure 1).
The input signal is split to form a main signal path
(top) and a reference path (bottom). The signals in
the main path are amplified by the main amplifier and
a small portion of the output signal coupled off and
subtracted from the reference path. The resulting
signal contains predominantly the distortion
information of the main amplifier and hence
constitutes an error signal. This error signal is
appropriately weighted in gain and phase and then
amplified to the required level before being fed in
anti-phase to the output coupler where it cancels the
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distortion from the main amplifier. The resulting
signal is therefore a linearly amplified version of the
input signal; the bulk of the distortion from the main
amplifier having been removed by the feedforward
process.

Efficiency of a Feedforward
Amplifier

The theoretical efficiency of a feedforward amplifier
has been derived in the reference [1], and hence will
not be reproduced here. However, the result of that
derivation will be used in order to demonstrate the
optimal coupling factors and peak theoretical
efficiencies obtainable from a feedforward system.
An extension to the derivation has also been
performed and this incorporates the effects of loss in
the delay element in the main (top) signal path, since
this element can have a major effect on the efficiency
obtainable from the system. Full details of this
extension will be given in the literature [2] and only
the results will be presented here.
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Figure 2. Feedforward efficiency characteristic using
class-C main and error amplifiers and incorporating
the effects of main path delay insertion loss.

Figure 2 shows the theoretical efficiencies which can
be obtained from a feedforward system comprising of
class-C main and error amplifiers and a main path
delay element with varying degrees of loss. The
class-C amplifiers are both assumed to have a DC to
RF conversion efficiency of 60%. It can be seen that
at an output coupling factor of a little under 10dB, the
peak efficiency for a perfect system (no delay loss) is
around 42%. As the delay loss increases, this
efficiency is degraded until it reaches approximately
27% for a delay loss of 2dB. Note that the loss in the
error coupler will be negligible due to its high value
(30dB typically), and that the loss in the output
coupler is already included in the derivation.

The wvariation of efficiency of the feedforward
amplifier with the insertion loss of the delay element
is shown in Figure 3, for values of insertion loss up to
3dB. This again demonstrates the marked effect of
this loss on the overall efficiency of a feedforward
system.

It is important therefore to attempt to minimise the
delay loss in the feedforward system in order to
maximise its efficiency and approach the 42% ideal.
This can be achieved in a number of ways. If the
delay is formed utilising coaxial cable, which may be
the case at low frequencies, then the use of low-loss
cables will obviously be of benefit. Alternatively, the
delay may be etched onto a low-loss, high dielectric
constant substrate. This also has the advantage of
minimising the size of the delay element.
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At higher frequencies the delay may be achieved in
waveguide, although this may be bulky.

A much better approach would be to reduce the value
of the delay element, and hence its loss, or eliminate it
altogether.

Elimination of the main
path delay in a feedforward
system

A further derivation has been performed to assess the
effects, both in terms of efficiency and overall
distortion cancellation, of the reduction or removal of
the main path delay element. This derivation will

4%

Feedforwond Efficiency / %

s 3 s i
o us i s b 15 3
Delay Insertion Loss / dB

Figure 3: Maximum feedforward efficiency using

class-C main and error amplifiers with main path

delay insertion loss. This figure assumes that the

optimum value of output coupling factor is being
used.

be published in the literature [3] and so, again, only
the significant results will be presented here.

Reduction (in value and hence size) of the delay
element will result in a reduction in its insertion loss
and also in an (unwanted) reduction in the level of
distortion cancellation which can be achieved.
However, if this reduction in cancellation is
acceptable, ie it still allows the required
specification to be met, then the reduction in loss can
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be exploited as an improvement in overall efficiency
of the lincarised amplifier.

The level of cancellation which can be achieved
across a 200MHz span at 10GHz is shown in Figure
4. Since the system is assumed to be set up on the
centre frequency, perfect cancellation is achieved at
this frequency. However, greater than 20dB of
cancellation is achicved across the whole 200MHz
span.

This translates in practice to a third-order
intermodulation level of less than 35dB with respect
to the tones in a two-tone test, when considering a
class-C main amplifier with an intermodulation level
of -15dB before compensation.

Decreasing the delay further, to a total of three cycles,
will still yield a performance level equating to that of
a good class-A amplifier (-30dB IMD products), for
the above scenario. This amount of delay reduction
should at least halve the loss in the delay element, if
not completely eliminating it altogether.
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Practical Results

A 'proof of concept' system has been built to venfy
the above theoretical results. A mid-VHF frequency
band was chosen due to the relative ease of

fabricating class-C amplifiers at this frequency and
the ready availability of couplers etc. at a reasonable
cost. The results, in terms of percentage bandwidths
etc., are scaleable to any frequency, although
efficiencies will generally decrease above a few GHz
and losses in couplers and delay lines will increase.
The theoretical characteristics can be modified by
inserting the required practical values (for a particular
frequency band) in the empirical relationships derived
in references [2] and [3].

The open-loop (uncompensated) response of the class-
C main amplifier is shown in Figure 5. The spacing
of the two tones is 50kHz and the third-order IMP is
around 15dB below the level of the tones. Figure 6
shows the response of the complete feedforward
system, utilising the main amplifier whose response is
shown in Figure 5. Five cycles of delay mismatch are
present in the main path of this system and this is
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Figure 5: Open loop (uncompensated) spectrum of the VHF class-C main amplifier.

achieved by completely removing the main path delay,
and hence completely eliminating its loss.

It can be seen that the linearity performance of this
complete system is still very good and comparable
with that of a good class-A amplifier. The largest
third-order IMP is now almost 32dB down on the
tones, an improvement of over 16dB.

The efficiency of this complete, practical system is
around 33%, an improvement over the 27% efficiency
which is achievable with the correct main path delay
value.

Incorporation of Pre-
distortion

The main amplifier in a feedforward system can
incorporate RF or IF pre-distortion in order to

63

initially improve its linearity, before further

improvement by use of the feedforward system.

The use of pre-distortion will generally only eliminate
low-order distortion and this is unacceptable in some
circumstances. The use of feedforward will, in
general, eliminate all orders of distortion by the same
amount and hence can be used to improve upon the
performance of a purely pre-distorted system.

The use of pre-distortion in conjunction with
feedforward also benefits the feedforward technique
as it allows significantly higher efficiencies to be
achieved. It is also possible to use class-A error
amplifiers, to obtain an improved distortion
performance, without significantly affecting overall
efficiency, since the power required from such
amplifiers is now small. Overall efficiencies of up to
60% are achievable using this technique (in
conjunction with class-C amplifiers) and pave the
way for true high-efficiency satellite amplification.
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Figure 6: Linearised output from the VHF class-C feedforward system.
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ABSTRACT

This paper will review the U.S. domestic
and international regulatory and policy
milestones since 1982, when NASA filed its
petition with the Federal Communications
Commission (FCC) to establish the U.S.
domestic Mobile Satellite Service (MSS).

In 1985, the FCC proposed to establish
MSS services and allocate spectrum for such
service. In 1986, the FCC allocated L-band
spectrum for MSS. In 1987, at the Mobile
World Administrative Radio Conference (MOB
WARC-87), despite U.S., Canadian, and
Mexican efforts, the WARC did not adopt a
multi-service, generic MSS allocation. In 1989,
the FCC licensed the first MSS system. After
two decisions by the U.S. Court of Appeals, the
FCC'’s licensing actions remain intact.

The FCC also has permitted Comsat to
provide international aeronautical and land MSS
via the Inmarsat system. Inmarsat, however,
may not serve the domestic U.S. market.

In 1991, the FCC accepted applications
for MSS systems, most of which were non-
geostationary proposals, for operation in the
Radiodetermination Satellite Service (RDSS)
bands, and the VHF and UHF bands. In 1992,
the FCC proposed rules for non-geostationary
MSS systems and applied a negotiated
rulemaking procedure to each.
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Also in 1992, the U.S. position for
flexibility in existing MSS bands and for
additional worldwide MSS allocations was
adopted in large part at the 1992 World
Administrative Radio Conference (WARC-92).

INTRODUCTION

There is increasing demand for versatile
and ubiquitous mobile communication services.
MSS is expected to help satisfy these
communication needs in the future. MSS is
designed to compliment existing terrestrial
services by extending service coverage areas
via satellite, thereby providing nationwide
mobile service. The first of these systems is
the AMSC system, which received its license in
May 1989. AMSC's first satellite is scheduled
to be launched in 1994. The FCC is currently in
the process of developing the regulatory
structure for other mobile satellite systems,
particularly those that propose to use a non-
geostationary platform.

This paper will first present an overview
of the U.S. regulatory process. It will then
provide a discussion of the licensing and
allocation proceedings that led to the licensing
of AMSC in 1989. It will review the U.S. policy
limiting Inmarsat to international MSS services
only with regard to North America. MSS
activity at the International Telecommunication
Union (ITU) will also be reviewed. Finally, other
domestic MSS related proceedings will be
discussed.



OVERVIEW OF THE U.S. REGULATORY

PROCESS
Domestic Process

The FCC is responsible for the allocation
of spectrum to the private sector, as well as for
the licensing of private entities seeking to use
the allocated spectrum.

Generally, the spectrum allocation
process is initiated with the filing of a Petition
for Rulemaking by an entity seeking to have
spectrum allocated for a new service. The FCC
places the petition on public notice, thereby
triggering a comment period within which the
public may provide its views on the proposal.
If there is sufficient support for the petition, the
FCC will then issue a Notice of Proposed
Rulemaking (NPRM), which presents the desired
allocation as well as provides tentative ideas on
the technical and operational parameters for the
use of that spectrum. The NPRM invites public
comment on the proposal. After assessing the
comments, the FCC issues an order establishing
a specific allocation. The FCC order is subject
to petitions for reconsideration, to which the
FCC must respond. The FCC’s decisions are
ultimately subject to review by the U.S. Court
of Appeals. |

The next process involves the licensing of
users of the newly allocated spectrum, and the
formulation of rules within which the licensees
must operate. The FCC follows a path similar
to an allocation proceeding, first releasing an
NPRM, soliciting comments, and finally issuing
an order. '

Before actual rules are established, the
FCC may invite applications for the provision of
the new service. This enables the FCC and the
public to review concrete proposals for the use
of the spectrum. Petitions to deny and
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comments filed on the individual
applications. Once all of the relevant
information is gathered, the FCC issues its
order.

are

An FCC order typically establishes
financial, technical, and operational standards,
in addition to strict construction and
implementation milestones for the provision of
the new service. The order is subject to
petitions for reconsideration and review by the
U.S. Court of Appeals.

A recent development in administrative
procedure is the negotiated rulemaking. Under
this procedure, the FCC requests interested
parties, including applicants, to meet under the
auspices of the FCC in order to develop
mutually acceptable proposals for technical and
operational rules that will be used as a basis for
the FCC’s rules. The underlying theory of this
process is that the applicants, as well as other
interested parties, can negotiate to establish the
rules that are in their best interest.

International Process

ITU decisions have considerable impact
on the domestic regulatory process. In
particular, the allocations established at a
WARC provide the underlying parameters under
which a domestic allocation may be made.
Typically, the FCC will allocate spectrum
consistent with a particular WARC allocation,
which are incorporated in the ITU’s Radio
Regulations. The FCC also takes note of
technical and operational standards
recommended by the ITU.

THE AMSC PROCEEDING

In 1982, NASA filed a petition for
rulemaking to establish a MSS system by
allocating spectrum to MSS and selecting one



or more licensees. In 1985, in response to the
NASA Petition, the FCC issued an NPRM
proposing to use UHF and L-band frequencies
for mobile links and proposing a regulatory

structure for the new service. The FCC also
invited applications.
Twelve applications were filed in

response to the NPRM. In 1986, the FCC
allocated 28 MHz of the L-band for use by MSS
systems for all mobile satellite services. The
MOB WARC-87, however, did not adopt U.S.
proposals to make the L-band more flexible but,
instead, left standing the existing service-
specific allocations.

In 1987, the FCC issued rules and
regulations regarding the regulatory structure
within which the MSS industry would develop.
Given the limited amount of spectrum available,
the FCC determined that only one licensee
would be viable. The FCC, therefore, ordered
all qualified applicants to form a single
consortium. It also required that each applicant
put $5 million in escrow for use by the
consortium. In response to the FCC’s order,
eight of the twelve applicants formed a
consortium in 1988.

In 1989, the FCC issued a license to the
consortium and reaffirmed its allocation and
regulatory structure orders. Of particular note,
the FCC found that its generic allocation was
consistent with the service specific allocations
of the ITU; because the AMSC system is
required to provide aeronautical safety services
on a priority and preemptive basis within the
allocated bands, the FCC held that AMSC's
operations would be consistent with the ITU’s
Radio Regulations requiring aeronautical safety
services (AMS(R)S) to operate on a primary
basis in the bands.

AMSC Proceedings After 1989 License Decision

in 1991, the U.S. Court of Appeals
upheld the FCC’s MSS allocation rulings, finding
that the FCC acted in a rational manner in

determining that a generic MSS system that
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provides AMS(R)S on a priority and preemptive
access basis is consistent with the international
Radio Regulations. The Court, however,
reversed the FCC’s award of an MSS license to
a mandatory consortium.

The Court stated that in order for the
FCC to impose a mandatory consortium, it had
to first find authority in the Communications
Act enabling it to avoid a comparative hearing
among mutually exclusive applicants. If such
authority existed, then the FCC must articulate
compelling circumstances that would justify
selecting competing applicants by means other
than through a comparative hearing.

In response to the Court’s 1991 decision,
in 1992, the FCC reaffirmed AMSC's status as
the MSS licensee. In so doing, the FCC found
that the necessary statutory authority exists
under its rulemaking powers to establish a
mandatory consortium and that the need to
have a licensee participate in the ongoing
international spectrum coordination process
provided compelling circumstances sufficient to
justify a mandatory consortium. The FCC'’s
decision was challenged again in the Court of
Appeals, but the Court, in 1993, dismissed the
challengers for lack of standing, thereby leaving
the FCC’s decision intact.

THE AMSC LICENSE
AMSC is authorized to construct, launch,

and operate the U.S. domestic mobile satellite
system consisting of three satellites using L-



band frequencies for mobile links and Ku-band
frequencies for feeder links. The orbital
locations assigned to AMSC are 101° W.L. for
the central satellite, 62° W.L. for the eastern
satellite, and 139° W.L. for the western
satellite.

The FCC allocated 28 MHz of L-band
spectrum in the bands 1545-1559 MHz and
1646.5-1660.5 MHz for use by the U.S. mobile
satellite service system. The FCC concluded
that the efficiencies inherent in a single system
would assure that aviation safety services
would be made available soon. Accordingly,
the FCC authorized AMSC to be both the MSS
and AMS(R)S licensee.

Rather than adopt a rigid spectrum
segmentation plan, the FCC devised an
allocation structure that permits all mobile
satellite services to be provided across 27 MHz
of the allocation, while assuring that AMS(R)S
traffic can enjoy additional protection relative to
other services. Due to sharing constraints with
Radio Astronomy, the remaining 1 MHz is
limited to aviation safety and certain one-way
services.

The FCC allocated 200 MHz of Ku-band
for feeder link use to each of the three
satellites. The central satellite at 101° W.L.
was allocated 200 MHz of the 11/13 GHz band.
The satellites located at 62° W.L. and 139°
W.L. were allocated 200 MHz of the 12/14 GHz
band.

AMSC will provide space segment on a
common carrier basis, providing access to
carriers and end users. AMSC’s ground
segment will be authorized separately. Earth
stations accessing the system will be licensed
separately. Typically, mobile units will be
authorized under blanket licenses.
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Services And Coverage Areas

AMSC is licensed to provide the full
range of land, maritime, and aeronautical
services, including two-way voice, dispatch,
and mobile data. Fixed and transportable
services may be provided where few
alternatives exist. AMSC is authorized to
provide service to the U.S. domestic market
including all 50 states, Puerto Rico, the Virgin
Islands, and U.S. coastal areas up to 200 miles
offshore.

In recognition of the need for the AMSC
and Telesat Mobile, Inc. (TMI) systems to be
capable of mutual back-up and restoration, the
FCC authorized AMSC to construct its satellites
to cover Canada. AMSC may also construct its
satellites to cover Mexico. Authority to operate
in Canada and Mexico, as well as the
Caribbean, must be obtained by separate
application.

Aeronautical Matters

By its authorization, AMSC is required to
accord priority and real-time preemptive access
to AMS(R)S communications throughout the
entire assigned bandwidth. AMSC also must
develop arrangements for "hand-off" of
aeronautical traffic to other MSS systems, such
as the Canadian and Inmarsat systems.

The FCC expects that aeronautical mobile
terminals will have certain unique
characteristics to meet aviation safety
operational requirements. Aeronautical mobile
terminals must be type accepted and licensed
under the FCC’s rules governing aviation
communications. The FCC expects the Federal
Aviation Administration (FAA)}, which is the
U.S. entity responsible for aviation safety, to be
involved in the development of standards and
practices in order to assure that aviation safety
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satellite services will be of the highest integrity.
MSS EXPANSION BAND RULEMAKING

In 1990, the FCC adopted a NPRM,
proposing to reallocate the bands 1530-1544
MHz and 1626.5-1645.5 MHz for domestic
generic MSS. These bands are currently
allocated domestically to maritime MSS. The
FCC proposed that maritime safety services be
afforded real-time preemptive priority in the
MSS expansion band. AMSC’s application
seeking permanent authority to operate on
these bands for domestic service has been held
in abeyance pending completion of the
rulemaking.

INTERIM SERVICE

In 1992, the FCC decided that AMSC
may provide interim MSS via Inmarsat facilities.
The FCC authorized AMSC to operate up to
30,000 mobile terminals. AMSC currently uses
the Marisat satellite to provide data service,.
The FCC stated that others may use the
Inmarsat system on an interim basis to provide
U.S. domestic service on the condition that
those services transition to the AMSC satellite
system shortly after its deployment.

USE OF INMARSAT IN THE UNITED STATES

In 1989, the FCC established policies for
the provision of international aeronautical
services in the U.S. via the Inmarsat system.
The FCC determined that Comsat, the U.S.
signatory to Inmarsat, will be the sole U.S.
provider of Inmarsat space segment for
aeronautical services. In addition, the FCC
decided that aeronautical services, provided via
Inmarsat to aircraft over the U.S., could be
offered on a permanent basis only to aircraft in
international  flight. The FCC defines
international flights as those between the U.S.
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and foreign points, and those flying over the
U.S. between two foreign points. Inmarsat may
not provide domestic land mobile service in the
U.S. The FCC, however, has permitted Comsat
to use Inmarsat facilities to provide international
land mobile service outside of North America.

WARC 92

In February 1992, WARC-92 convenedin
Torremolinos,  Spain. Two significant
developments occurred at WARC-92. First, the
international service limitations imposed upon a
significant portion of the existing L-band
spectrum were relaxed for the United States,
Canada, Mexico, Australia, Brazil, Malaysia, and
Argentina. Second, over 100 MHz of additional
spectrum between 1-3 GHz were allocated to
mobile satellite service for future use on a
Region 2 (North and South American) as well as
a global basis. To date, this new spectrum has
not been allocated to MSS by the FCC,
although portions of it are the subject of a
number of proceedings.

OTHER SATELLITE-BASED MOBILE SERVICES

In 1986, the Geostar Corporation and
two other applicants were authorized to
construct, launch, and operate dedicated RDSS
systems. Geostar also obtained authority to
provide interim RDSS until its dedicated
satellites became fully operational. In 1991,
however, the Geostar venture ceased
operations.

The FCC has licensed other satellite-
based mobile communications service providers.
In February 1989, Qualcomm, Inc. received
authority to operate mobile terminals to provide
messaging and tracking services using existing
fixed satellite Ku-band space segment.

Soon after WARC-92, the FCC initiated



proceedings to implement additional MSS
systems in spectrum allocated at WARC-92. A
negotiated rulemaking process has been
imposed on each proceeding. The FCC has
concluded the allocation process for the data
only low earth orbit (LEQ) systems, permitting
operation in the VHF and UHF bands, and is
currently in the midst of the final portion of the
licensing process for these "Little LEOs".

For MSS systems proposing operationsin
frequencies in the RDSS bands, the FCC
completed the negotiated rulemaking phase in
the first quarter of 1993 and is currently
considering allocation and licensing proposals.

The FCC is considering MSS allocations
in the 2 GHz bands as well as proposals to
share portions of the 1675-1710 band with
meteorological satellite operations.
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ABSTRACT

Numbers of systems exist or have been
proposed to provide world-wide mobile
satellite services ("MSS"). Developers of
these systems have formulated institutional
structures they consider most appropriate for
profitable delivery of these services. MSS
systems provide niche services and
complement traditional telecommunications
networks; they are not integrated into world-
wide networks. To be successful, MSS
system operators must be able to provide an
integrated suite of services to support the
increasing globalization, interconnectivity and
mobility of business.

The critical issue to enabling "universal
roaming" is securing authority to provide MSS
in all of the nations of the world. Such
authority must be secured in the context of
evolving trends in international
telecommunications, and must specifically
address issues of standardization, regulation
and organization. Today, only one existing
organization has such world-wide authority.
The question is how proponents of new MSS
systems and services can gain similar
authority. Securing the appropriate
authorizations requires that these new
organizations reflect the objectives of the
nations in which services are to be delivered.
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INTRODUCTION

An earlier paper addressed some of the
institutional, political and cultural issues
related to the provision of world-wide MSS.
It postulated an international organizational
form responsive to the criteria to be met to
enable "universal roaming." [1] That paper
argued that such an international organization
must simultaneously respond to traditional
business incentives, as well as respect the
national sovereignty and objectives of the
countries within which services are to be
delivered.

The earlier paper proposed an
international organization with two parallel
elements. One was a traditional commercial
corporation which would build, launch and
operate MSS systems. The second was a
parliament of delegates from each served
nation whose main function was to franchise
the distributors of MSS services, thereby
responding to the unique needs of each
country to be served. That paper, however,
did not address how to evolve from the
existing, proposed and as yet unannounced
MSS systems to world-wide system(s) which
provide truly universal service.

"Universal roaming" in the context in
which it is generally used today means having
a single telephone number by which a user
may be reached independent of geographic
location. Services implicit in this context are



narrowband voice and data. Over time,
however, "universal roaming" will
undoubtedly come to mean bandwidth on
demand for a variety of services, both mobile-
to-mobile and mobile-to-networks. Further,
the user will have available a single, light
weight terminal easily capable of establishing
the most efficient connection for the type of
service demanded, independent of carrier or
MSS system.

This paper continues the earlier
discussion and examines additional
institutional, political and cultural issues
related to the world-wide provision of MSS.

THE WORLD OF MSS TODAY

A number of MSS systems exist or are
proposed to provide a variety of services;
most are focused on niche markets. Likewise,
system operators and proponents have adopted
or espouse a variety of organizational forms
for delivery of these services world-wide, and
on a regional basis.

Global Systems
Inmarsat

The International Maritime Satellite
Organization ("INMARSAT") is today the
only operational world-wide MSS provider. It
provides maritime and land mobile
narrowband voice and data services via a
number of satellites in geosynchronous orbit
("GEO") to terminals as small as suitcases. It
is experimenting with the provision of
aeronautical services, and plans to introduce
handheld services in the near future.

INMARSAT is a "not for profit"
consortium of member states ("parties")
created by treaty. Services are provided in
the member nations by designated
“signatories” to the treaty, usually the nation’s
Post, Telephone and Telegraph ("PTT").
Revenues are shared between INMARSAT
and the signatories based on each’s equity

74

interest and revenue generated. Because of its
structure, INMARSAT has "landing rights,"
the right to provide services, in virtually every
country in the world.

Marathon

Russia has provided MSS, termed
"Volna," using cross-strapped transponders on
its GEO Gorizont satellites. It has established
a new program called "Marathon" for the
provision of commercial MSS, to include
voice, telegraph, facsimile and high quality
data channels.

The Marathon system will comprise
now being developed Arkos satellites in GEO,
three or four, and Mayak satellites, two to
four, in a highly elliptical Molniya orbit.

Marathon, a commercially based inter-
governmental organization, plans to make its
spare capacity available on an undetermined
basis to organizations outside the
Commonwealth of Independent States ("CIS").

The Big LEOs

Motorola ("Iridium"), TRW
("Odyssey"), Loral/Qualcomm ("GlobalStar"),
Ellipsat ("Ellipso”) and Constellation
Communications, Inc. ("Aries") all plan low
earth orbit ("LEQ") constellations to provide
narrowband voice and data services to
handheld user terminals world-wide. Several
of these system proponents have offered equity
participation in themselves to PTTs and
private organizations throughout the world in
return for cash investment and the right to
provide services in the investor nation. They
have argued that by investing in the service
provider, a nation becomes a participant in the
delivery of services and gains a claim to
dividends from profitable operation of the
system in proportion to the amount of
investment and the amount of traffic generated
by the investor nation. It is not clear,
however, that any of these proponents have



secured landing rights in most nations of the
world, much less world-wide.

The Little LEOs

Orbcomm, StarSys and VITA have
proposed LEO constellations to provide data
and messaging services world-wide. Several
of these organizations have successfully
negotiated contracts with in-country local
entities to provide services in numbers of
nations. As with the Big LEOs, world-wide
landing rights have not been secured. In this
case the world-wide MSS operator is acting as
a wholesaler of capacity to traditional national
service providers.

National and Regional MSS Systems

AMSC and TMI

American Mobile Satellite Corporation
("AMSC") in the United States and Telesat
Mobile, Inc. ("TMI") in Canada have jointly
designed regional MSS systems for North
America. AMSC and TMI are both investor
owned private companies that plan to offer
narrowband voice and data services directly to
users with fixed and mobile terminals.

Other System:,

Several proposals and systems other
than those identified here have been advanced
for national and regional MSS systems,
including Australia’s Optus and Mexico’s L-
band payload on Solidaridad. For the most
part the system proponents are established
national and regional telecommunications
service providers seeking to expand their
franchises through the provision of MSS.
While sometimes proposing dedicated
organizations to provide MSS, they are based
on existing national and regional institutional
relationships with their concomitant operating
authority.
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INTERNATIONAL TRENDS IN
TELECOMMUNICATIONS

While MSS systems present unique
issues which must be addressed, they are and
will continue to be influenced by evolving
international trends in the delivery of
telecommunications services.

Businesses rely extensively on
telecommunications services to coordinate
operations in increasingly disperse geographic
locations. Businesses demand new,
sophisticated, reliable, world-wide services;
they seek global interconnectivity,
interoperability, and mobility. Further, as
businesses focus on their core activities, they
increasingly consider ownership and control of
telecommunications networks as non-strategic,
and look to global carriers to provide a full
complement of services and to guarantee
service level, quality and price.

Technologies and services are
converging to create intelligent value-added
networks offering varieties of services.
Bandwidth, formerly a limiting factor, is
becoming a commodity.

As a consequence, competition has
become globalized as established system
operators look for techniques and relationships
to enable them to continue to serve their
existing clients’ needs world-wide.
Traditional operating companies are being
restructured in response to deregulation. The
investment required to both modernize
traditional telecommunications networks and
to extend their reach into newly emerging
centers of economic activity is fostering
innovative regional arrangements among
national service providers.

Today’s MSS systems, existing and
proposed, provide niche services to
complement traditional telecommunications
networks; they are not integrated into these
world-wide networks. However, excellence in
a niche market alone is insufficient for long-
term survival. The niche operator has no
direct control over the elements determining



the overall quality and reliability of end-to-end
world-wide MSS. Thus, for long-term
success MSS operators must establish
relationships with other telecommunications
service providers to provide an integrated suite
of services.

CHALLENGES TO WORLD-WIDE MSS
SYSTEM OPERATORS

With the exception of INMARSAT,
MSS system operators are today not organized
to provide world-wide services. To reach the
objective of world-wide MSS, system
operators face three sets of challenges:
standardization, regulation and organization.

Standardization

International standardization has been a
significant catalyst in the development of
world-wide telecommunications systems.
Standardization has fostered market
competition while helping focus research and
development on enhanced services and
capabilities. A lack of standards leads to
inefficiency in the delivery of
telecommunications services and fragmented
markets, both of which impact operators’
ability to finance systems.

Timing in the formulation of standards
is of critical importance because of the
enormous cost of research and development.
Manufacturers want to take early advantage of
the availability of new services to establish a
market share for their products. If standards
are delayed, manufacturers are often forced to
adapt their early products to conform to
standards which evolve later, a cost which no
one wants to bear.

Global compatibility of systems
enhances customer choice of equipment,
services, and suppliers; fosters greater
competition among manufacturers and service
providers; ensures larger production runs of
terminal equipment which results in lower
costs from economies of scale.
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Established operators such as
INMARSAT have defined their markets and
services, and competitive manufacturers have
responded to INMARSAT’s de facto standards
which are global. AMSC and TMI have
jointly defined standards for their regional
MSS systems. The other system advocates
have proposed a variety of technical
approaches to the provision of their services,
all with implicit standards. While these
"proprietary"” standards serve the interests of
their proponents, they do not facilitate global
interoperability or interconnectivity.

Regulation

Regulation of MSS operators must be
examined in the context of the dynamic
tension between the pace of technological
change and the need for stability of regulatory
scheme.

International MSS spectrum issues
were addressed at the 1992 World
Administrative Radio Conference ("WARC").
Virtually all system operators and proponents
argue that inadequate spectrum has been
allocated to MSS. Nonetheless, very little of
the allocated spectrum is in use today, and,
consequently, regulators world-wide have little
actual market data against which to judge the
adequacy of the allocated spectrum. Further,
technological advances may diminish the
perceived need for additional spectrum.

Regulation by national authorities is,
perhaps, the most significant challenge to
world-wide MSS providers. In most nations
the telecommunications service provider is the
government-owned PTT. Even when it does
not hold a full monopoly, the PTT controls its
nation’s radio frequencies, thus also
controlling its competitors’ operations. This
structure defines the conditions under which
an operator can provide MSS in the nation.

More progressive nations are taking
steps to privatize their telecommunications
systems, or otherwise allow some form of
domestic competition. In spite of this trend,



most governments maintain a high degree of
control over telecommunications service
providers and vigorously protect their national
enterprises. MSS providers must regard these
privatized enterprises as national entities
similar to the PTT. To be authorized to
provide services in a particular nation, MSS
providers must make favorable arrangements
with each government, its PTT and any other
entities designated by the government. If they
do not, they will not be allowed to provide
services in that nation.

Organization

Deregulation of national
telecommunications system operators
inherently favors new entrants and the
introduction of innovative services, first in
international and then in national markets, an
advantage to be exploited by would be world-
wide MSS service providers.

It has been suggested that the world-
wide provision of MSS is truly a new kind of
business that needs a new way of doing
business. Because MSS systems are literally
able to reach almost everyone in the world,
their operators must have authority to serve
their subscribers in every country to provide
"universal roaming." To be successful, the
world-wide MSS system operators must
overcome each country’s differing politics,
culture and customs to structure relationships
with each country to allow provision of
services there.

Traditional multinational companies
reflect the goals and culture of their founders
and operators. They are tied to their countries
of origin. Shareholders and managers of these
companies are economically incentivized, and
fear loss of control. They do not necessarily
successfully accommodate national needs.
Consortia are more like governments; they
provide an effective forum for addressing
multiple and often divergent objectives and
cultures, but are operationally bureaucratic
and cumbersome.
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The organization of existing
international telecommunications service
providers and operators has followed the
traditional theory of manufacturing and is
based on economies of scale and/or scope.
These theories advocate horizontal integration
of organization, that is, large organizations
with world-wide operations.

However, there are costs associated
with the use of market mechanisms to develop
these organizations: search costs to find
appropriate strategic partners; costs to
formulate, negotiate and formalize the
institutional structure of the organization to be
created; for monitoring and supervising the
delivery of services and the functioning of the
new organization; for adapting the
organization to new technologic and market
challenges. These transaction costs are mainly
arguments for vertical integration of MSS
service providers. [2]

It can be argued that world-wide MSS
providers should be organized to take
advantage of the strengths of small
organizations: agility, easier access to
management, high quality services, and the
ability to offer customized business
applications. World-wide MSS system
operators require organizations which
efficiently and cost effectively deliver
services, and simultaneously respond to the
individual requirements of the countries in
which the services are provided.

INTERNATIONAL ORGANIZATIONS TO
ENABLE WORLDWIDE MOBILE
SATELLITE SERVICES

The question is how to evolve
organizations to provide world-wide MSS that
meet the above objectives. Arguably, the
issue of spectrum is resolved for the
foreseeable future. In addition, issues of
standardization may be resolved by default via
established operators such as INMARSAT,
soon to be operators such as AMSC and TMI,
and the negotiated rulemakings currently being



sponsored by the Federal Communications
Commission ("FCC") for both Big LEO and
Little LEO proponents. Therefore, the
question remaining is one of organization,
including the relationship between the service
provider and the various nations in which
services are to be offered.

The issue is fundamentally one of
economics. The U.S. Department of
Commerce estimates that MSS revenues will
reach $300 million by 1993. "Revenues are
projected to soar by the mid-1990s with the
introduction of even more sophisticated
services and the launch of satellites dedicated
solely to mobile communications.” [3] The
Department of Commerce further estimated
that in 1992 there were thirteen million MSS
users world-wide.

Notwithstanding the glowing
projections for world-wide MSS, it is doubtful
that the total market can support the existing
and currently proposed systems. And, there
are even more systems on the drawing board.

The question is how to efficiently
select the systems and operators to provide
world-wide MSS that will be successful. Free
market advocates argue that the most efficient
decision process is the market, and that
competing system proponents should get their
systems financed, secure landing rights
throughout the world, build and launch
systems, deliver services, and thereby
demonstrate economic success.

However, economic theory
demonstrates that competition works well with
private goods such as manufactured products,
but that a pure market economy has difficulty
with public goods such as infrastructure and
with goods that have external effects such as
MSS.

There are numbers of approaches to
addressing this question, each with its own
advantages and disadvantages.

First, the charters of existing
international and regional telecommunications
service providers can be expanded to
encompass world-wide MSS services. The
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most logical existing organization for this
expanded world-wide charter is INMARSAT.
Regionally, existing satellite system operators
may wish to extend their franchises through
appropriate agreements.

Second, a joint venture could be
created between INMARSAT and one or more
of the system proponents to provide the full
spectrum of services proposed to be offered.
It is reasonable to assume that all of the
system proponents have approached
INMARSAT about such relationships.

Third, a new treaty organization could
be created specifically to provide world-wide
MSS. Not likely.

Fourth, an independent international
authority such as the International
Telecommunications Union ("ITU") could be
given the authority to determine standards for
world-wide MSS. Once the standards were
established, with full participation by system
proponents, then all operators wishing to
provide service could negotiate their best deals
to gain access to as much of the world’s
population as possible.
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ABSTRACT

Technical innovations have converged
with the exploding market demand for
mobile telecommunications to create the
impetus for low-earth orbit (LEO)
communications satellite systems. The so-
called "Little LEOs" propose use of VHF
and UHF spectrum to provide position -
location and data messaging services. The
so-called "Big LEOs" propose to utilize the
RDSS bands to provide voice and data
services. In the United States, several
applications have been filed with the U.S.
Federal Communications Commission
(FCC) to construct and operate these
mobile satellite systems. To enable the
prompt introduction of such new technology
services, the FCC is using innovative
approaches to process the applications.

Traditionally, when the FCC is faced with
"mutually exclusive" applications, e.g., a
grant of one would preclude a grant of the
others, it uses selection mechanisms such as
comparative hearings or lotteries. In the
case of the LEO systems, the FCC has
sought to avoid these time-consuming

approaches by using negotiated rulemakings.

The FCC’s objective is to enable the
multiple applicants and other interested
parties to agree on technical and service
rules which will enable the grant of all

qualified applications. With regard to the
VHEF/UHF systems, the Advisory Committee
submitted a consensus report to the FCC.
The process for the systems operating in the
bands above 1 GHz involved more parties
and more issues but still provided the FCC
useful technical information to guide the
adoption of rules for the new mobile
satellite service.

INTRODUCTION

Miniaturization has enabled the space
industry to build smaller satellites with more
efficient power. The shrinking of satellites is
accompanied by a decrease in costs, both for
building the satellite and launching it. This
has brought about a revolution in designing
communications satellite systems, and has
enabled entrepreneurs to consider deploying
satellite systems to deliver mobile voice
and/or data communications. Nine
companies have applied to the FCC for
authority to construct and operate
constellations of non-geostationary satellite
systems to provide mobile voice, data and
position-location services.

The FCC instituted a new regulatory
procedure to enable these systems to be
licensed and placed into service promptly.
This procedure is called Negotiated
Rulemaking.
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BELOW 1 GHz APPLICATIONS: THE
LITTLE LEOS

In February 1990, ORBCOMM, a subsidiary
of Orbital Sciences Corporation, filed an
application to build, launch and operate a
constellation of small satellites in low earth
orbit to provide low cost, position
determination and messaging services to
millions of consumers in the United States
and abroad. It represented the first private,
global satellite system designed to provide
direct access to the satellite for the user.
Orbcomm’s 24 satellites are projected to
weigh just 330 pounds, with a per satellite
cost of $8.6 million. To keep costs down,
Orbcomm proposed the use of UHF and
VHF frequencies to enable terminals to be
built with currently available radio
components.

L
LEOs below 1 GHz

ORBCOMM
STARSYS
VITA

Other applications for "Little LEO"
service were filed by STARSYS, Inc., an
affiliate of North American CLS, Inc.,
Volunteers in Technical Assistance VITA),
and Leosat Corporation. North American
CLS provides services and equipment to
North American users of the French/U.S.
Argos satellite system. VITA sought
authorization to use three small satellites for
a packet-switched network, for its non-proflt
disaster and medical relief service in
developing countries. Leosat proposed
serving the automotive market primarily.
The FCC consolidated these proposals, and
their associated rulemaking petitions, for
purposes of spectrum allocation,

development of technical and service rules,
and application processing.

The applicants petitioned for
frequencies used primarily in the United
States by the Department of Defense and
for various fixed and mobile services around
the world. After gaining the support of the
United States government, the applicants,
particularly ORBCOMM, marshalled
support for the new mobile satellite service
from countries throughout the world, and
gained the needed spectrum allocations at
the 1992 World Administrative Radio
Conference. The bands allocated are 137-
138 MHz, 148-150.05 MHz, 400.15-401 MHz
and 399.9-400.05 MHz.

ABOVE 1 GHz APPLICATIONS: THE BIG
LEOS

Motorola Satellite Corp., in June, 1990,
announced its plans to launch and operate a
LEO satellite network to provide mobile
voice communications to virtually any point
on earth. The Iridium™ system is essentially
a cellular network with the microwave
repeating towers, consisting originally of 77
satellites, orbiting 413 nautical miles above
the ground. Motorola has since reduced the
number of satellites to 66.

Ellipsat Corp., a small entrepreneurial
firm (Fairchild is now an investor), in
November 1990, filed an FCC application to
launch six small satellites into elliptical orbit,
to provide voice as well as position location
service. In addition to being the first U.S. -
commercial system to propose use of
elliptical orbits, Ellipsat was the first of the
LEO applicants to request the RDSS
frequencies for its system.~ ~ Lo

The RDSS frequencies -- 1610—1626 5
MHz (Earth-to-space) and 2483.5-2500 MHz
(space-to-Earth)-- had been allocated for
position location services at the 1987 World
Administrative Radio Conference on Mobile
Services.
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In December 1990, Motorola filed for its
system with the FCC, also proposing to use
the RDSS frequencies for the Iridium™
system. The FCC then established a "cut-off
date," requiring comments on the Motorola
and Ellipsat application, as well as any other
applications proposing to use the RDSS
frequencies, to be filed by June 3, 1991.
Four entities filed applications on June 3,
1991: (1) including Loral Qualcomm
Satellite Services (LQSS) for its 48 satellite
Globalstar™ system; (2) TRW Inc. for a
medium earth orbit, 12 satellite system,
Odyssey™; (3) Constellation
Communications, for a 48 satellite system,
Aries; and (4) the American Mobile Satellite
Corp., AMSC, for use of the 1616.5-1626.5
MHz band for its geosynchronous mobile
satellite system.

LEOs above 1 GHz

Motorola
Loral Qualcomm
TRW
Constellation
Ellipsat

The United States, with the support of
these entities, was able to obtain a primary
allocation in the 1610-1626.5 MHz and
2483.5-2500 MHz band, and a secondary
allocation in the 1613.8-1626.5 MHz (space-
to-Earth) to accommodate Motorola’s desire
to operate bidirectionally in the upper part
of the L-band.

The FCC, in August, 1992, proposed
adopting the spectrum allocations in the
United States. In its Notice of Proposed
Rulemaking (NPRM), ET Docket No. 92-28,
FCC 92-358, the Commission sought
comment on numerous technical aspects
regarding operation of systems in these

bands and noted the need for a separate
proceeding to address MSS service rules and
licensing, as well as the possibility of
adopting a limitation on the type of access
method to be used to maximize sharing
possibilities.

The NPRM highlighted the many
technical issues that would have to be
addressed, if not resolved, before the
Commission could proceed to process the
pending applications. Not the least of these
was Motorola’s proposed bidirectional
operation, which vastly complicates, if not
precludes sharing spectrum with any other
communications system, including other
MSS systems. Another thorny issue
concerns the extent to which compatible
operations could be attained by the four
CDMA systems, as well as compatibility with
the FDD-TDD system proposed by
Motorola.

FCC PROCESSING METHODS FOR
MUTUALLY EXCLUSIVE APPLICATIONS

In the case of applications for the same
spectrum which are "mutually exclusive,"
that is, the grant of one would result in a de
facto denial of the other, Section 309 of the
Communications Act requires a hearing.
This right was affirmed by the U.S. Supreme
Court in the case of Ashbacker v. United
States, 326 U.S. 327 (1945) which states
that, "where two bona fide applications are
mutually exclusive the grant of one without
a hearing to both" is improper." Hearings
for radio licenses have been used
extensively, although they are expensive and
time-consuming. In some cases, radio
license hearings have taken up to 10 years.

Wherever possible, the FCC has sought
to use various mechanisms to avoid the
hearing requirement of the Communications
Act. The FCC has obtained authority from
the Congress to conduct lotteries and has
used this mechanism, in place of hearings, to
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grant licenses for such services as cellular,
paging and multipoint distribution service.
In the case of the domestic-fixed satellite
service, the Commission has established
threshold financial qualifications which have
enabled it to eliminate sufficient applicants
for orbital locations to avoid comparative
hearings. The use of so-called threshold
qualifications have been permitted by the
Courts.

L. . "
FCC Processing Methods

m Comparative Hearings
B Lotteries
B Pioneer’s Preference

Most recently, the Commission has
developed a "Pioneer’s Preference," which it
is attempting to utilize as a threshold
qualification to aid in the processing of
multiple applications. See, Pioneer’s
Preference Order, 6 FCC Red 3488 (1991),
recon. granted in part, denied in part, 7
FCC Rcd 1808 (1992), further recon., FCC
93-116, released March 8, 1993. The
Pioneer’s Preference allows an applicant
that demonstrates that it "has developed an
innovative proposal that leads to the
establishment of a service not currently
provided or an enhancement of an existing
service" will be placed on a pioneer’s
preference track, and will not be subject to
competing applications. Thus, if otherwise
qualified, the applicants will receive a
license. Other applicants will compete for
the remaining licenses on a separate track.
The Commission has stated that a
preference will not be granted unless there
is sufficient spectrum "to permit at least one
additional license to be granted for the same
geographic area." Further Reconsideration,
Footnote 4.
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While noble in intent, the Pioneer’s
Preference is based on the subjective
judgment of the FCC as to what is
"innovative." As the financial stakes are
high in numerous new communications
services, such as PCS, disappointed
applicants have already taken the
Commission to Court. This author believes
that ultimately, the use of the Pioneer’s
Preference will be determined inconsistent
with rights of applicants to comparative
consideration.

The next approach to expediting the
processing of applications for new
communications services is likely to be the
auctioning of spectrum. The Congress, in
making available spectrum currently
allocated for use by the U.S. government, is
expected to establish an auction mechanism
for commercial use to expedite the use of
the spectrum as well as to provide revenue
for the federal government. There is a
possibility that the Congress may also
authorize the FCC to use auctions for
spectrum other than that which will be made
available from spectrum allocated to the
government. In particular, the Congress is
considering the applicability of auctions to
aware licenses for the provision of Personal
Communications Services (PCS).

In the meantime, the FCC is attempting
to use new alternative dispute resolution
mechanisms to develop technical rules for
new services which will enable it to grant all
qualified applications. This approach will
allow the marketplace, rather than the
government, to determine which systems will
succeed, and which will fail.

NEGOTIATED RULEMAKING
PROCEEDINGS

The FCC’s authority to use a negotiating
committee mechanism is contained in the
Federal Advisory Committee Act (FACA), 5
U.S.C. App. 2, and the Negotiated



Rulemaking Act of 1990 (NRA), Public Law
101-648, November 28, 1990. By law, the
committee consists of representatives of the
parties whose interests will be significantly
affected by the outcome of the rules.

The goal of the Committee is to reach
consensus on the language and substance of
appropriate rules. If a consensus is reached,
it is used as the basis of the FCC’s
proposals. If a consensus is not reached,
majority and minority input can still be used
by the FCC in developing regulations. The
Commission can use a negotiated
rulemaking (NRM) process if it determines
that there is a "reasonable likelihood" that
the committee can be adequately staffed
with interested persons able to negotiate in
good faith, and that there is a reasonable
possibility of consensus.

In setting up an advisory committee, the
FCC can identifies specific issues it wishes
addressed, suggests limits as to the number
of participants, and nominates a facilitator
to serve as chair of the committee. The
facilitator is a neutral party, without direct
interest in the rules being discussed, helps
the meetings proceed and manages the
record and minute keeping.

While consensus is the goal, the FCC
recognizes that such will not always be
possible. Accommodation is made for such
an eventuality, with the FCC leaving up to
the committee the definition of consensus.
If necessary, majority and minority reports
can be submitted. Records of the meetings
are placed in the public record and meetings
are open to the public.

USE OF NEGOTIATED RULEMAKING
FOR LEOS BELOW 1 GHz

In October 1991, the FCC issued a
Notice of Proposed Rule Making, proposing
allocation of the requested UHF/VHF
frequencies to the "little LEOs." In
February 1992, the FCC tentatively awarded

a pioneer’s preference award to VITA.
Leosat’s application was dismissed as
improperly filed.

Prior to the commencement of the
NRM, Orbcomm, Starsys and VITA met
and agreed on a proposed set of rules,
which were submitted to the FCC. The
joint comments stated that all three systems
could operate compatibly in the spectrum
available. In addition, rules were agreed to
concerning application requirements, license
qualifications and technical conditions.

With this favorable environment, the
NRM was convened, consisting of the
applicants, existing users of the frequencies,
potential band users and adjacent band
users. The parties met for approximately six
weeks and issued a report on September 16,
1992, reflecting the unanimous agreement of
all the parties. This report formed the basis
for the Notice of Proposed Rulemaking
issued by the FCC in February 1993.

By all accounts, this first FCC negotiated
rulemaking procedure worked to the
advantage of the applicants, the FCC and
the public interest. The affected parties
quickly reached agreement, expediting FCC
action on the service and technical rules and
enabling the Commission to move forward
on the processing of the applications.

USE OF NEGOTIATED RULEMAKING
FOR LEOS ABOVE 1 GHz

The "Big LEO" regulatory situation is
more complex than that of the "Little
LEOS." This is in part due to the number
of parties (five "Big LEO" applicants plus
AMSC in contrast to two commercial "Little
LEO" applicants and one non-profit
applicant).

In addition, in the Big LEO proceeding,
Motorola has repeatedly emphasized its
requirement for sole use of the spectrum it
seeks (1616-1626.5 MHz on a bidirectional
basis) as well as its unwillingness to revise
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any aspect of its system design.

Having already tentatively concluded not
to award a Pioneer’s Preference to any of
the Big LEO applicants, in August 1992, the
FCC proposed the establishment of a
negotiated rulemaking to settle the
outstanding technical and operational rules
for the Big LEO systems. Most importantly,
the Commission was seeking a mechanism
by which it could grant all of the
applications and would not have to make
the hard choices between the Motorola
proposal to band segment, which would
leave virtually unusable spectrum in the
lower L-band to the other applicants, and
the full band sharing approach which would
require major system changes by Motorola.

The FCC identified two primary issues
to be addressed by the NRM: (a) what
technical rules should be adopted for the
service "to maximize the sharing of the
spectrum and the capacity for multiple
entry;" and (b) what technical rules should
be adopted in order for the service to co-
exist with other services.

The NRM began its work on January 13,
1993 and concluded on April 5, 1993. The
Committee consisted of the applicants,
including AMSC, potential future applicant
Celsat, various federal agencies such as
NASA, DOD and the FAA, and
representatives of the aviation industry,
including ARINC and manufacturers of
GLONASS and GPS receivers.

The main issues addressed by the
committee, in addition to the fundamental
question of sharing the available spectrum,
were sharing with radioastronomy,
GLONASS and other primary users of the
band.

As this paper was being written, it
appeared that a majority report --
supporting total band sharing -- and a
minority report proposing band
segmentation, is the most likely outcome.
This result would place the toughest decision

back in the lap of the FCC.

Despite the inability of the negotiation
to unanimously resolve the most difficult
issues, consensus as to methods of sharing
with radioastronomy, GLONASS and other
services appears likely. These parts of the
report, as well as the tremendous amount of
technical material and analysis presented,
constitute valuable inputs to the Commission
as well as the participants. This input will
ease the Commission’s enormous task of
resolving this complex, but extremely
important proceeding.

Negotiated Rulemaking

m less adversarial

B technical focus

m consensus input to FCC
|

speeds process

The participants had the opportunity to
work together on complex interference and
sharing issues. This experience should
reduce the controversy over proposed rules
that the FCC issues, provide a useful
foundation for actual system coordinations,
and provide a basis for revising system
technical characteristics to enable the MSS
systems to operate compatibly with other
users of the spectrum.

CONCLUSION

The FCC has now concluded two
negotiated rulemakings. Both involved the
development of rules for new mobile
satellite systems. While a complete
consensus was not achieved in both cases,
the process appears to have reduced costs,
and expedited FCC rulemaking and licensing
actions with resultant benefit to the users of
these new communications services.
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ABSTRACT

The possibility of sharing
spectrum in the 30/20 GHz band between
geostationary fixed-satellite systems
and feeder-links of low-earth orbit
(LEO) mobile-satellite systems is
addressed, taking into account that ITU
Radio Regulation 2613 would be a factor
in such sharing. Interference into each
network in both the uplink at 30 GH:z
and the downlink at 20 GHz is
considered. It is determined that if
sharing were to take place the mobile-
satellite may have to cease
transmission often for intervals up to
10 secondg, may have to use high-gain
tracking antennas on its spacecraft,
and may find it an advantage to use
code-division multiple access. An
alternate solution suggested is to
designate a band 50 to 100 MHz wide at
28 and 18 GHz to be used primarily for
feeder links to LEO systems.

INTRODUCTION

Recently a number of
organizations have indicated the
intention to implement non-
geostationary (non-GSO) mobile
satellites in the frequency range 1 to
3 GHz. Some of these systems would be
located in low earth orbit (LEO)
circular highly inclined orbits in the
order of 1000 kilometres high, others
in similar but higher orbits in the
order of 10,000 kilometres high, and
yet others in highly elliptical orbits
with an apogee higher than
geostationary altitude. The technical
characteristics of these systems such
as satellite EIRP and G/T, modulation
and access technique, earth terminal
characteristics, etc. may vary widely,
according to the information provided
by their proponents. Their common
thread, from the perspective of this
paper, is their need for feeder links
to gateway stations in fixed-satellite
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bands above 3 GHz. This paper addresses
that need for spectrum and orbit
resources in the fixed-satellite
gervice for feeder links for these non-
GSO mobile satellites.

BACKGROUND

The satellite systems considered
here are collectively known as "Big-
LEO" mobile-satellite systems, even
though some of them may be at higher
altitudes than LEO or may be in
elliptical orbits. A common
characteristic in their need for feeder
links is that spectrum in the frequency
range 1 to 3 GHz is very much at a
premium, even after the decisions of
the 1992 World Administrative Radio
conference (WARC-92), and that by their
very nature the systems are world-wide
as distinct to national as many
geostationary systems are. These two
factors imply a need to implement the
feeder links in a fixed-satellite band
above 3 GHz that is accessible on a
world-wide basis.

The problem that arises at this
point is that Big-LEO feeder link
systems do not share the spectrum very
well with more conventional
geostationary (GSO) fixed satellite
(FSS) systems. At regular short periods
of time the satellites are at the same
angle as seen from a GSO/FSS system's
earth station, and at different regular
instants of time as seen from a LEO/MSS
system's gateway or feeder-link earth
station. At those instants of time one
network may cause harmful interference
into the other. It is this potential
problem, and what to do about it, that
is addressed in this paper.

Most GSO fixed-satellite networks
to date are implemented in the 6/4 GHz
bands or the 14/11 GHz bands on a
world-wide basis, or in the 14/12 GH=z
bands for domestic systems in the
Bmericas. The GSO in these bands is



heavily used. To avoid the need to
coordinate LEO/MSS feeder-link systems
with these GSO systems, the trend is to
concentrate on use of the 30/20 GHz
bands for those LEO/MSS feeder-link
systems, in bands that are not
currently in wide-spread use. The
problem with this approach is that the
30/20 GHz bands are being considered by
fixed-satellite operators as the next
band to be used, both because of its
attractive technical characteristics
for some applications and because lower
bands are becoming congested in some
areas. The situation from a LEO/MSS
perspective is made more complex
because of Radio Regulation 2614 of the
International Telecommunications Union
(ITU), as modified recently at WARC-92,
which gives GSO/FSS systems a very
strong advantage in any coordination
discussions with any non-GSO system,
including a feeder-link system of a
LEO/MSS network. For this reason, a
LEO/MSS operator may be making a very
expensive mistake in assuming that
prior notification of a LEO/MSS network
would avoid the need to accommodate
GSO/FSS networks at a later date.

The approach suggested here is
that, instead, a way of accommcdating
both must be found before such
coordination difficulties arise, either
by finding ways to share the same bands
or agreeing to use different bands.

THE POTENTIAL PROBLEM

Let us suppose that a LEO/MSS
feeder-link system and a GSO/FSS system
are using the same fregquency bands
within the range 27.5 to 30 GHz in the
Earth-to-space direction (the uplink),
and within the range 17.7 to 20.2 GHz
in the space-to-Earth direction (the
downlink). As seen from the Earth the
FSS satellite is fixed, and the LEO/MSS
satellite is rapidly moving.
Eventually, for a short period of time,
the two satellites and the LEO/MSS
earth station will be in approximately
a straight line, and at other short
periods of time the two satellites and
the GSO/FSS earth station will be in a
straight line. At these instants there
may be harmful interference between the
two networks, either in the uplink or
in the downlink, or both, depending on
the technical characteristics of the
two networks. (See Figures 1 to 4.)
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The problem can thus be broken
down into its four components:

1. interference in the uplink from
the GSO satellite into the LEO
satellite;

2. interference in the uplink from
the LEO satellite into the GSO
satellite;

3. interference in the downlink from
the GSO satellite into the LEO
satellite; and

4. interference in the downlink from
the LEO satellite into the GSO
satellite.

If the two types of satellite networks
are to share the same spectrum in the
uplink or in the downlink, or in both
directions, their characteristics must
be such that they can share with widely
varying characteristics of the other
type of network, because each network
may have to share the band with a
number of networks of the other type.
This observation applies particularly
to a LEO/MSS network, which may have to
share the spectrum at different
instants with a large number of GSO/FSS
networks in different parts of the
world. This is based on the high
frequency-reuse factor of the GSO by
GSO/FSS networks, and an eventual high
GSO/FSS satellite population in these
bands, as there currently is in the
lower 6/4 GHz and 14/11 or 14 12 GHz
bands.

ANALYSIS APPROACH

Two approaches were considered in
doing the necessary analysis of the
above potential problem. One approach
considered was to analyze in detail the
sharing between particular GSO/FSS
networks and particular LEO/MSS
networks to determine the carrier-to-
interference levels, technical
constraints, etc for each pair of GSO
and LEO networks. There were several
problems in adopting that approach. One
problem would have been the need to
follow detailed changes in the design
of both types of network, a difficult
task in itself. A second problem would
have been that despite the large amount
of work required, the results would be
dated by any future changes to either



network. The third problem, perhaps the
most serious, would have been that the
approach would not necessarily lead to
general conclusions regarding use of
the 30/20 GHz bands by the two types of
networks.

A second approach, the one
adopted here, was to analyze the
sharing possibility without making any
more assumptions about either the GSO
or the LEO network than necessary, and
when necessary use appropriate CCIR
Recommendations to model the networks.
The objective of the analysis is not to
estimate precisely the magnitudes of
the interferences between the networks,
but rather to determine whether sharing
between the GSO and LEO networks is
easy, whether measures can and should
be taken to permit sharing, or whether
sharing is impossible and so separate
frequency bands will be necessary for
the two classes of network.

Because of the existence of ITU
Regulation 2614, it is assumed in this
analysis that if sharing of the same
frequency band is to take place between
a GSO/FSS system and a LEO/MSS system
it is the latter that must adapt its
characteristics to make the sharing
possible.

ANALYSIS

In carrying out an analysis of
the compatibility of the two classes of
network, as discussed above, each of
the four modes of interference are
considered in turn, and constraints put
on the relationship between system
parameters at each stage. An
inconsistency between these various
constraints would indicate an inability
to share the band. .

In each of the four interference
modes one can use the link equations

C = EIRP, - FSL, + G(¢)4 e (1)

I = EIRP, - FSL;, + G(¢); v (2)

* EIRP is signal effective
isotropic radiated power,

* FSL is free-space loss of the
signal '

* L, is rain loss of the signal
G(¢) is antenna gain at an angle
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¢ off boresight

* C is the received strength of the
desired signal

* I is the received strength of the
interfering signal

* d refers to the desired signal,
and

* i refers to the interfering
signal.

These are rather simple versions of the
well-known satellite link equation, not
taking account of implementation
margins, antenna losses, rain margins,
etc. However, "ball-park" results are
sought here, not fine-tuning of a
result.

Uplink Interference from a LEO
Ssystem into a GSO System

It is assumed here that the
GSO/FSS system is carrying QPSK traffic
with forward error correction,
requiring a carrier to interference
plus noise ratio C/(I+N) of about 10
dB. If CCIR Recommendation 523 is to
hold, I should be about 12 dB below N,
and so C/I should be about 22 dB. If we
consider the transient worst case of
the LEO earth station pointing toward
the GSO satellite, in the same
direction as the LEO satellite
momentarily, as in Figure 1, ¢ is zero
in (1) and (2). This requires a
boundary condition of

EIRP,,, - EIRP,, > 22 dB. cee (3)
A variation of the LEO system's
operation, if it could not or did not

wish to meet the constraint of (3),
would be to cease transmissions during
the time that it was pointing towards
the GSO satellite. If one assumes

* that the LEO earth station
antenna diameter was 2 meters, a
fairly large antenna with a
diameter~to-wavelength ratio of
200 at 30 GHz,

* that transmission is interrupted
while the GSO satellite is in the
LEO earth station antenna's main
beam,

* the LEO satellite is at an
altitude of about 1,000 km,

* the earth station elevation angle



is 30°, a fairly high angle in
Canada when pointing towards the
GS0, and

* the earth-station-antenna model
of Appendix 28 of the Radio
Regulations applies

then the LEO earth station would have
to cease operation for periods in the
order of 6 to 10 seconds, and by so
doing would be able to increase the LEO
earth station by about 17 dB over that
specified by equation (3).

Uplink Interference from a GSO
System into a LEO System

The EIRP of a LEO earth station
can be considerably lower than that of
an earth station of a GSO/FSS system,
if the space station antenna gains in
the two systems are similar. This is
because of the lower altitude and so
gmaller free-space-loss in the LEO
system's transmission path. If the LEO
slant range in the direction of the GSO
at an elevation angle of 30° was 2,000
km., the difference in EIRP may be in
the order of 12.5 dB. (If such were the
case, 12.5 dB of the 22 dB of Equation
(3) could be met in this way.)

The lower value of the LEO
system’'s EIRP presents a problem,
however, in terms of the C/I in the LEO
system during the transient condition
that the LEO and GSO satellites and a
GSO earth station are in a straight
line. (See Figure 2.) If the LEO
system's modulation and access are say
QPSK and TDMA, it would need a C/I
during these transient conditions
(lasting 6 to 10 seconds) of at least
15 dB. With an EIRP differential of
about -12 dB, there is a need to
improve the LEO's interference immunity
by in the order of 27 dB. One way to
meet that objective would be to place
the LEO gateway stations in remote
locations and have a LEO satellite
antenna discrimination {G(0) - G(¢)} in
the order of 27 dB. This would require
both high-gain tracking antennas on the
LEO satellite and LEO/MSS gateway
stations in remote locations, both at
considerable cost.

If the LEO system's access
technique were CDMA these constraints
could be relaxed. If that system had a
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CDMA bandwidth improvement factor of
say 30 dB, and carried 100 massages
simultaneously, its transient C/I could
be as low as -12 dB, the EIRP
differential due to the range
difference. There would still be the
need to meet the constraint in equation
(3), but if CDMA were used uplink
interference into the LEO system may
not be a problem.

Downlink Interference from a LEO
System into a GSO System

In this case the interference
would be from the LEO satellite into
the GSO/FSS receiving earth station.
The earth stations of the GSO/FSS
system may be quite small, requiring
large GSO satellite EIRP's, or they may
be in the order of 2 to 4 meters in
diameter, similar to those of the LEO
gateway stations. Thus similar power-
flux-densities (pfd's) on the Earth's
surface must be expected from the two
systems. However, in the transient
situation in which the two satellites
and the GSO receiving earth station are
in a straight line (see Figure 3) the
GSO/FSS system would require a C/I of
about 22 dB, the same as that
considered for uplink interference into
the GSO system. The only measures
available to the LEO system operator to
meet this constraint is to place its
receiving gateway stations at remote
locations and use large tracking
satellite antennas to not illuminate
areas where GSO earth stations might
be, or to cease transmission from the
satellite when the LEO satellite is in
the path between the GSO satellite and
its earth station, or some combination
of these two techniques. The problem
with the latter technique is that there
may be a very large number of GSO earth
stations, particularly in the top 500
MHz of the 30/20 GHz band where there
is no need to share with terrestrial
networks.

Downlink Interference from a GSO
System into a LEO Bystém

As discussed above, the pfd's of
the two systems are expected to be
similar, or the pfd of the GSO system
might be higher if a large number of
earth terminals with small receiving
antennas were used. This would not be a
problem for a LEO system that employed



CDMA, but a LEO system that used TDMA
or FDMA would have to interrupt
operation when its satellite, its earth
station, and the GSO satellite were in
a straight line as indicated in Figure
4. These interruptions would be in the
6 to 10 second range, the same as that
experienced to combat uplink
interference.

DISCUSSION

As indicated in the above
analysis of the four interference
modes, simultaneous use of a block of
spectrum by a GSO/FSS system and a
LEO/MSS feeder-link system would be
quite difficult. Given the existence of
ITU Regulation 2613, it would result in
severe constraints being imposed on the
LEO/MSS system designer and its
operator. These include placement of
LEO gateway stations at remote
locations with associated backhaul
costs, regular interruption of the
operation of the LEO feeder-link system
for intervals as long as 10 seconds,
and the inclusion of high-gain tracking
antennas on LEO/MSS spacecraft. The use
of CDMA rather than TDMA or FDMA would
ease some of the problems, particularly
those into the LEO system, but would
not solve the problems of interference
into the GSO system and so the other
constraints may have to be implemented
whatever access scheme is used.

A technique that may be
applicable in higher latitudes for
LEO/MSS systems with inter-satellite
links between the satellites is to
recognize that the location of the LEO
satellite may cause an interference
problem, and at that point in time
switch operations to a different
satellite rather than interrupting the
user traffic for up to 10 seconds.
However, that would be a complex that
could only be implemented by some MSS
operators, ie. those with inter-
satellite links in their networks.

There is an alternative
regulatory solution that should be
considered, given the fairly serious
sharing problems with potentially
expensive solutions discussed briefly
above: that is the designation of a
separate relatively small band in both
the uplink and downlink directions in
the 30/20 GHz frequency range that
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would be used for LEO/MSS systems. In
those bands Regulation 2613 would not
apply, and GSO system operators would
be encouraged to not use the bands. The
sharing of the band by different
LEO/MSS systems has not been analyzed
here, but it is believed that this
sharing problem is easier to solve than
one in which GSO/FSS systems have to be
taken into account.

Initial consideration of this
possibility indicates that bands in the
order of 50 MHz to 100 MHz in width
would be adequate for the LEO/MSS
feeder-link application. These
bandwidths are only 2% to 4% of the 2.5
GHz wide 30/20 GHz FSS bands, and their
designation could avoid a very
difficult sharing problem with large
associated costs. Frequency bands at 18
GHz and 28 GHz are being considered in
Canada for this purpose.

Because a LEO/MSS system is by
its very nature a global system,
agreement on the use of frequencies for
its feeder links would have to be
reached on a world-wide basis. If
sharing with GSO/FSS systems were
contemplated the sharing consultations
would be complex because sharing would
be necessary between a LEO/MSS system
and many GSO/FSS systems. In contrast,
if the LEO/MSS systems were to use a
separate designated band, this band
would have to be agreed globally
through action of the ITU. Because
LEO/MSS systems are currently being
designed and feeder-link frequencies
for those systems chosen, and because
these frequencies cannot easily be
changed once they are chosen, the
subject requires urgent attention.

In summary, it is concluded that
LEO/MSS feeder-link systems could not
be easily coordinated with GSO/FSS
systems in the same frequency band.
Further, it would be very difficult to
design and operate a LEO/MSS feeder-
link system such that interference into
both the LEO/MSS system and the GSO/FSS
system are at acceptable levels.
Because of ITU Regulation 2613, the
onus is on the LEO/MSS operator to
ensure that such interference does not
occur. The designation of uplink and
downlink fixed-satellite bands for
LEO/MSS feeder links in the 30/20 GHz
frequency range is seen as the basis
for solution of this potential problem.
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With the wide range of services now offered
by satellite communications and broadcasting
and the increasing trend towards small ter-
minal systems, the traditional distinctions
between fixed and mobile services are beco-
ming less important. In the future mobile,
portable and fixed services may well operate
side by side in a hybrid manner. This trend
is already apparent in Europe where exten-
sive use is being made of the fixed service
frequency allocations for broadcasting and
for mobile services. Similarly many ostensib-
ly mobile terminals are serving fixed installa-
tions.

Although the immediate future of mobile
satellite communications continues to lie in
the L-band frequency allocations, in the
longer term the 20/30 GHz frequency alloca-
tions, offer the possibility of a new beginning
where the advantages of hybrid systems can
be included in the overall system designs at
the outset.

The paper takes account of the experience
gained using 20/30 GHz within the Olympus
Utilisation programme and the likely demands
for future services to highlight the most
promising avenues for future system develop-
ment.

This paper will be distributed at the Conference,
or contact the author at the address above.
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ABSTRACT

The World Administrative Radio Conference
(WARC) held in 1992 allocated the bands 19.7-20.2
GHz and 29.5-30.0 GHz to both the Mobile Satellite
Service (MSS) and the Fixed Satellite Service (FSS)
on a co-primary basis. An economic and flexible
solution for the provision of both services is to place
both payloads on one spacecraft. This paper describes
some of the proposed applications of such a hybrid
satellite network. It also examines the facility for

spectrum sharing between the various applications and

discusses the impact on coordination. The paper
concludes that the coordination process would not be
more onerous than traditional FSS inter-satellite
coordination.

INTRODUCTION

WARC-92 addressed the spectral requirements
of a new generation of multi-purpose satellites (MPS)
operating in the bands 29.5-30 GHz and 19.7-20.2
GHz (Ka band). These satellites would provide both
fixed-satellite and mobile-satellite services from the
same spacecraft. WARC-92 decided that the mobile-
satellite applications of these systems should have
equal status from the radio regulatory perspective with
the fixed-satellite applications in the aforementioned
bands in Region 2 (the Americas).

The Canadian Department of Communications
(DOC), in conjunction with the Communications
Research Centre, has studied the technical and
cconomical feasibility of a Ka band satellite offering
fixed and personal communication capabilities. A
pre-commercial payload is planned to be launched in
1997, followed by a fully operational commercial
system in the 2005 - 2010 time frame.
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This paper assesses the spectrum sharing
capabilities between two such MPS satellites and its
impact on the geostationary orbit resource. MPS
satellites provide both fixed and mobile applications,
and thus should provide a fair representation of the
expected spectrum/orbit sharing environment.

THE CANADIAN MULTI-PURPOSE SATELLITE
PROGRAM

The Canadian system will accommodate a wide

‘variety of communications offerings, ranging from

personal communications using relay terminals
operating at a 2.4 kbps rate, vehicular mobile and
portable terminals operating at a 144 kbps (2B+D)
rate, aeronautical terminals carrying voice, data, or
video information at 144 kbps or higher rates, and
fixed terminals operating up to 1.544 Mbps (T1 rate).
The smaller lower-capacity terminals of this menu will
operate through one of 52 beams 0.6° in diameter in a
beam hopping mode of operation controlled by the
on-board network controller. The higher-capacity
terminals with larger antennas and usable bandwidths
will operate through a four-beam satellite antenna
covering Canada. At the core of the satellite is a
demodulator and modulator for each beam and a
base-band digital switch to re-route traffic based on
information in the message or carrier type. This
regenerative on-board processing (OBP) essentially
de-couples the uplink noise from the downlink and
permits different types of modulation and access
schemes between the uplinks and downlinks.

The option of a wide band, single beam, point to
multipoint application may also be available. It would
use a conventional repeater amplifier.



Services and Applications

Market viability studies have identified a large
number of potential applications which could take
advantage of the characteristics of Ka band satellite
communications. These studies identified four major
application groups to be supported by the Ka band
payload applications and fall into one of the following
broad categories:

» Single user relay services

o Narrowband multimedia applications
e Multiuser multimedia applications
 Point to multipoint application

Single User Relay Service

This service is designed to provide full
connectivity with a terrestrial Personal
Communications Network (PCN) and therefore it will
offer the user single channel voice and messaging
capabilities. As currently planned, the system will
consist of a fixed or portable Ka band repeater
terminal which provides satellite access to a mobile
hand-held terminal.

Narrowband Multimedia Applications

The Narrowband Multimedia netwoik services
are based on the provision of a basic-rate Integrated
Services Digital Network (ISDN) service anywhere
within the satellite service area. Satellite access is
provided via a portable terminal to cither the public
or a private network. The range of services to be
provided via the family of multimedia terminals is
equivalent to those in the basic ISDN environment.
This includes one or two voice connections, low speed
packet data, higher speed file transfer and video
transmission at rates up to 144 kbps. A variety of
terminals to support these fixed, mobile and
aeronautical mobile applications will be made
available.

Multi-user Multimedia Services

The Multi-user Multimedia (MUMM) service
will support multimedia applications and a multi-user
population within the same locale. The MUMM
terminal will provide the link between the satellite and
a number of users operating within a microcell which
may be an office building or an industrial campus.
Data rates up to primary rate ISDN are envisaged. A
full range of voice, data, image and video applications
will be supported.

Point to Multipoint Application

A point to multipoint capability may be available
through a single wide band channel capable of
transmitting a high bit rate. This application would be
used in conjunction with a single wide coverage beam.
On-board processing would not be used with this
application due to the high bit rates.

APPLICATION LINK BUDGETS

Five link budgets are given in Table 1. Four of
the budgets are currently proposed for the MPS, A
fifth budget (Conventional - 1.544 Mbps) was derived
based on the characteristics of the MPS but the
satellite was assumed to be a simple repeater or bent
pipe satellite.

All the link budgets assume 1/2 rate forward
error correction (FEC), Viterbi soft decision decoding
and a constraint length of 7. Other salient features of
each of the example link budgets are described below.

Single User Relay (SUR)

This is used for personal voice and messaging
communications. The antenna is a 5x5 ¢cm microstrip
patch antenna. The data rate is 2.4 kbps and high

gain, 0.6° satellite spot beams are employed. Coherent
MSK and differential BPSK are used on the uplink

and downlink respectively.
Fixed Multimedia (FMM)

This application uses 20-30 cm parabolic
antennas and can transmit up to 256 kbps (144 kbps
for ISDN applications). It will also be served by high
gain spot beams. Coherent QPSK is used for both up
and downlinks.

Multi-User Multimedia (MUMM)

A 90-120 cm parabolic antenna in conjunction
with medium sized satellite beams (G/T = 2.2 dB/K)
arc utilized. The link is capable of providing primary
rate 1.544 Mbps (T1 rate) service. Coherent QPSK is
used on both links.

Conventional

This link budget is not proposed for the MPS
commercial satellite but is provided for comparative
purposes. It has the all the same system characteristics
as the MUMM application except the satellite is
assumed to be a bent pipe. It was derived such that
the faded C/N would result in the same bit error rate



(BER) as the faded C/N of the MUMM;
approximately 107 BER.

High Definition Television (HDTV)

A digital wide band HDTV application could be
implemented in the future. Its inclusion in this study is
to see the effect of sharing with the narrowband
applications. Coherent QPSK is also used for both
links.

ORBITAL SEPARATION CALCULATIONS

The basic C/I equations used are given below.
(C/1), = (EIRP,-D,+G,(0)) - (EIRP;-D;+G,(6)) +Q
(C/1), = (EIRP,-D,) - (EIRP-G,(0)+G(6)-D,)+Q
where:

(C/1), - downlink carrier to interference ratio (dB)

EIRP, - effective isotropic radiated power of the
wanted transmitter (dBW)

D, wanted satellite discrimination (dB)

G,(0) - maximum gain of the wanted receiving earth

station (dBi)

effective isotropic radiated power of the

interfering transmitter (dBW)

D, - interfering satellite discrimination (dB)

G.(8) - gain of the wanted receiving earth

station in the direction © (dBi)
(C/)y - uplink carrier to interference ratio (dB)

'

EIRP,

G,0) - maximum gain of the interfering earth
station (dBi)

G(®) - gain of the interfering earth station in the
direction of © (dBi)

Q - bandwidth factor = 10 log (B,/B,) (dB)

B; - bandwidth of the interfering signal (Hz)

B, - bandwidth of the wanted signal (Hz)

Given the link budgets contained in Table 1
along with their C/I criteria, orbital separation

requirements () between various applications can be
calculated.

Assumptions

Co-coverage and co-frequency are assumed in all
cases.

The C/1 criterion used in all cases is found by
allowing a 6% increase in the total noise power of
the system. This corresponds to a C/I criterion of 12.2
dB above the C/N. All calculations were performed
assuming clear air conditions.

Depending on the antenna size, the earth station
antenna rolloff characteristics were assumed to be
either:

29 - 25 log © for D/A > 100
or 49 - 10 log(D/)) - 25 log © for D/X < 100
where:

© - antenna off-axis angle
D - antenna diameter or length

A - wavelength

Studies recently performed within Canada have shown
that a small rectangular microstrip patch antenna can

be designed to meet the 49 - 10 log (D/X) - 25 log ©
sidelobe rolloff requirement.

Finally, the victim earth station was assumed to
be 2 dB down from its own boresight and at the
boresight of the interfering satellite beam.

RESULTS

The results of the orbital separation angle
calculations are given in Tables 2 and 3. Separate
angles are given for the uplink and downlink due to
the regenerative on-board processing assumed. Links
using regenerative OBP cannot be combined into a
single separation angle using the same method used
for bent pipe links. In practice, the angles could be
'combined’ to reduce the overall separation, but as
there is no accepted criterion or method for this, they
are presented separately here.

For the uplink angles, the maximum number of
narrowband carriers allowed to interfere into a wider
band application was limited to the number of
narrowband carriers actually planned for operational
use. For example, consider the case of the SUR (2.4
kbps) interfering into HDTV. Over 5,000 of these
narrowband channels could fit inside the HDTV’s
noise bandwidth. However since only 16 channels x 52
beams = 832 channels could be in usc at any one
time, only 832 carriers were allowed to interfere.
Taking this same approach for the downlink only
allows one interferer per wideband channel due to the
proposed MPS frequency plan which only contains one
downlink carrier per hopped beam. However this does
not allow for generalization to other satellite systems
where there could be several simultaneous interferers.
To improve this, Table 4 is provided which allows a
maximum of 10 interferers. Only the SUR interfering
case is given as this is the only case with significant
increases in separation angles with the increased
number of interferers.

Generally the angles are in the same range as
conventional FSS/FSS separation angles except for the
lower rate applications (SUR, FMM). These
applications cause larger separation angles due



primarily to the following:

- smaller earth station antennas compared to, for
example, Ku band antennas, even after frequency
scaling;

- high powered narrow bandwidth downlink
transmissions;

- low powered uplink transmissions.

Some of the carrier combinations result in 0°
separations (eg. SUR into MUMM). This is because

even when the interferer is directly in the victim’s
mainbeam, the victim’s C/I criterion is met. Note that
this does not mean that 0° is required overall since the
opposite interference mode (eg. MUMM into SUR) is
always non-zero.

It should also be noted that some of the small
non-zero angles are outside the applicable limits of
the antenna rolloff equations and those angles would
change somewhat (usually slightly larger).

Finally, the SUR/SUR interference on the

downlink resulted in 96.9° separation. This is well
beyond the valid range of the assumed antenna

template and indicates that there is no off-axis angle
which would yield the required discrimination from
the SUR antenna.

Uplink

Generally the uplink separation angles are
smaller than the downlink angles. One might expect
that due to the very low uplink power of some of the
applications, the EIRP differential between these and
higher powered carriers would cause extremely large
separation requirements. However, in most cases, this
power deficit is offset by the superior discrimination
of the larger antennas associated with the higher
powered applications.

Downlink

The large angles found are due to the high
powered narrow bandwidth applications; especially the
SUR. The SUR (2.4 kbps) has the highest downlink
EIRP of all the applications and yet also has the
narrowest bandwidth. The high EIRP is required to
overcome the low receive G/T of the relay terminal.

The angles become larger when there are
multiple SUR interferers as shown in Table 4. The
assumed number of 10 SUR interferers is arbitrary
but the actual number will be limited to TWTA
capability. Nonetheless, Table 4 is useful as it shows
that different satellite frequency plans result in larger
orbital separation requirements.
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DISCUSSION

The majority of carrier combinations result in
fairly small orbital separations and are comparable or
slightly larger than the current situation in other
bands. The lower rate, small antenna applications will
require extra attention, but solutions for sharing are
available. We will focus on the SUR for discussion
purposes.

It can be scen that SUR shares better with the
wider band applications. With the two satellite
examples used here, the SUR can use the same
frequencies as any of the wider band applications. For
other satellite configurations, the SUR may be forced
to share with an application such as digital television.
It is interesting to note that the narrowband SUR
shares well with the HDTV service which is the
opposite of what might be expected.

It is important to keep in mind that the results
are from one typical example of Ka band satellite
systems. A wide range of different parameters are
possible which could result in larger separation
requircments. In the extreme case, where a large
number of narrowband SUR carriers were in the same
radio frequency channel as the wideband application,
large orbital separations would be required. However,
for most carrier combinations, traditional coordination
arrangements would still exist at Ka band.

Overall, it would seem that the coordination
process for Ka band satellites will not be much more”
involved than coordination in conventional bands. The
addition of new applications using narrowband signals
does add an extra clement, but reasonable solutions
exist to share the spectrum while conserving the orbit.

Despite the abundant spectrum at Ka band, as
more systems migrate to the higher band more
empbhasis will have to be placed on designing systems
which are more amenable to spectrum sharing with
other satellites. Traditional methods such as frequency
re-use and cross-polarization will eventually have to be
employed.

CONCLUSION

This paper has described the applications
proposed for a Canadian Ka band multi-purpose
satellite and examined the spectrum sharing potential
between such systems. For the types of traffic
expected, co-frequency sharing with modest orbital
scparations is possible with care taken in the sclection
of carrier frequencies.




Table 1. Application Link Budgets

APPLICATION SUR FMM MUMM Conventional HDTV

DESCRIPTION 2.4 kbps 256 kbps 1.544 Mbps 1.544 Mbps 30 Mbps

MODULATION MSK/BPSK QPSK QPSK QPSK QPSK
UPLINK
Frequency (GHz) 30.0 30.0 30.0 30.0 30.0
Antenna Diameter (m) 0.05 0.30 1.20 1.20 3.00
Antenna Gain (dBi) 20.8 373 49.7 49.7 573
Antenna Rolloff Coefficient (dB) 49 49 29 29 29
EIRP (dBW) 150 39.2 61.2 63.0 7.8
Propagation Loss (dB) 2139 2139 2139 2139 213.9
Availibility (%) 95.50 99.50 99.50 99.50 99.30
Rain Fade (dB) 20 6.0 6.0 6.0 5.1
Atmospheric Loss (dB) 21 08 08 08 08
Satellite G/T (dB/K) 167 16.7 22 22 -0.1
Additional Losses (dB) 3.0 3.0 15 15 15
Data Rate (Mbps) 0.0024 0.2560 1.5360 1.5360 30.0000
Noise Bandwidth (MHz) 0.0062 0.4400 2.2440 2.2440 36.0000
Allocated Bandwidth (MHz) 0.0070 0.5000 2.6000 2.6000 54.0000
Clear Sky C/N (dB) 33 104 123 14.1 16.5
Clear Sky C/I Criterion (dB) 15.5 225 245 26.3 28.7
DOWNLINK
Frequency (GHz) 20.0 200 200 20.0 20.0
EIRP (dBW) 56.2 553 45.6 494 49
Propagation Loss (dB) 2104 2104 2104 2104 2104
Availability (dB) 99.50 99.50 99.50 99.50 9940
Rain Fade (%) 6.6 4.6 44 44 4.0
Atmospheric Loss (dB) 2.5 1.0 1.0 1.0 1.0
Antenna Diameter (m) 0.05 0.30 1.20 1.20 3.00
Antenna Gain (dBi) 189 33.7 46.2 46.2 537
Antenna Rolloff Coefficient (dB) 49 49 49 49 29
Earth Station G/T (dB/K) -7.0 79 221 221 280
Additional Losses (dB) 3.0 3.0 15 15 15
Data Rate (Mbps) 0.0480 4.0960 12.2880 12.2880 30.0000
Noise Bandwidth (MHz) 0.1350 6.8400 16.6800 16.6800 36.0000
Allocated Bandwidth (MHz) 0.1550 7.9000 19.0000 19.0000 54.0000
Clear Sky C/N (dB) 106 9.0 11.2 15.0 13.0
Clear Sky C/I Criterion (dB) 228 212 234 272 252
COMPOSITE
Availability (%) 95.02 99.00 99.00 99.00 98.70

Notes:

1 - Forward error correction, rate 1/2, Viterbi soft decision decoding, constraint length of 7.
2 - SUR link is from/to Halifax; all others are from/to Ottawa.

3 - Antenna sidelobe rolloff is 29 - 25 log e or 49 - 10 log(D/1) - 25 log ©
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Table 2. Uplink Separation Angles

“ Interferer ---> SUR FMM MUMM Conventional HDTV
l Vietim 2.4 kbps 256 kbps 1.544 Mbps 1.544 Mbps 30 Mbps
SUR 24 kbps 35.3° 64 50° 59° 45
FMM 256 kbps 220° 7.2° 5.6° 6.6° 5.1°
MUMM 1.544 Mbps 0.0° 2.1° 1.7 20° 1.5°
Conventional 1.544 Mbps 0.0° 21 1.7 20° 1.5°
HDTV 30 Mbps ‘Ir 0.0° 1.7 13° 1.5° 1.2°

Table 3. Downlink Separation Angles
|I Interferer ---> SUR FMM MUMM Conventional HDTV
| Victim 2.4 kbps 256 kbps 1.544 Mbps 1.544 Mbps 30 Mbps
SUR 2.4 kbps 96.9° 18.6° 0.0° 0.0° 0.0°
FMM 256 kbps 11.4° 10.4° 3.0 42 2.1
MUMM 1.544 Mbps 6.2° 5.7 2.3° 33 1.6°
Conventional 1.544 Mbps 6.2° 57 23 33 1.6°
HDTV 30 Mbps 36° 33 1.3° 1.9° 1.3°

Table 4. Downlink Separation Angles with Multiple Interferers

II Interferer ---> SUR
. 2.4 kbps

ll Victim
SUR 2.4 kbps 96.9° (1)
FMM 256 kbps 28.5°  (10)
MUMM 1.544 Mbps 155  (10)
Conventional 1.544 Mbps 15.5° (10)
HDTV 30 Mbps 9.0° (10)

Note:

Numbers in brackets refer to the number of assumed interferers.
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Transparent Data Service with Multiple Wireless Access

Richard A. Dean
Department of Defense
Ft. Meade, MD 20755

(301) 688-0293

ABSTRACT

The rapid introduction of digital wireless net-
works is an important part of the emerging digital
communications scene. The introduction of Digital
Cellular, LEO and GEO Satellites, and Personal
Communications Services poses both a challenge and
an opportunity for the data user. On the one hand
wireless access will introduce significant new porta-
ble data services such as personal notebooks, paging,
E-mail, and fax that will put the information age in
the user’s pocket. On the other hand the challenge of
creating a seamless and transparent environment for
the user in multiple access environments and across
multiple network connections is formidable.

This paper presents a summary of the issues
associated with developing techniques and standards
that can support transparent and seamless data ser-
vices. The introduction of data services into the radio
world represents a unique mix of RF channel prob-
lems, data protocol issues, and network issues. These
problems require that experts from each of these dis-
ciplines fuse the individual technologies to support
these services.

INTRODUCTION

Multimedia wireless Data represents more than
just a combination of radio, network and data tech-
nologies of which it is composed. These disciplines
have evolved in largely independent communities
and their fusion is neither obvious nor direct. Each
has been spawned with separate technologies and in
separate markets. It is only recently that combina-
tions of these disciplines have been merged. Fig. 1
shows how the overlaps of these areas have com-
bined in new techniques and markets.

Cellular telephones, for example, combine the
Network switching and Radio technologies for voice
applications, while ISDN combines Network switch-
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ing and Data technologies. The integration of all
three disciplines into Multimedia Wireless Data
services combines the challenge of operating in the
harsh radio environment with the sophisticated
protocols required for data, and with the seamless
services, switching, and transparency required of
modern networks.

ISDN

Wireless

Data

Figure 1. Technologies and Applications

The fusion of these disciplines is particularly
challenging in light of the variety of access mecha-
nisms that are possible, as with Cellular, Satellite,
and Wireless LAN, each with a separate set of
strategies, standards, and problems. The successful
integration of these technologies have typically
been viewed under the umbrella of Personal Com-
munications Services and Networks (PCS & PCN).
While market forecasts for PCS are euphoric, the
technical coordination and management problems
facing PCS are formidable. Essential to real
progress in addressing these problems are first a
clear strategy for accomplishing these technical
challenges and, second, much greater cooperation
among the independent communities of interest.
The potential for PCS applications appears un-



bounded. It offers the possibility for creating a new
infrastructure for the Information Age with im-
proved services, convenience, and productivity.

PROBLEM DEFINITION

Besides the historical differences that divide
these communities, Cellular Radio, Land Mobile
Radio, Mobile Satellite, and Wireless LANS are
separated by the perception of a fractured market
which may lead in turn to a fractured solution. This
highly fractured approach persists today in spite of
a high degree of commonality in the architectures,
services, and issues. Figure 2 shows an architectur-
al view of these mobile services served by a com-
mon public network. They differ in the radio
channel and associated protocol but share common
services, control, and network interworking fea-
tures.
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Figure 2 Strategic View of Wireless Networks

These networks and services evolved from in-
dependent markets. Their integration with the Pub-
lic Network has been as ad hoc extensions rather
than as part of integrated services. This is true for
voice services and is especially true for data servic-
es such as G3 Fax. The myriad of approaches tak-
en, for example, by Inmarsat, GSM European
Cellular, and TIA North American Digital Cellular

defines different mobile fax terminals for each net-
work. Clearly a better strategy and more coordination
is required.

STRATEGY

The hope for Future Interoperable Wireless Data
Services lies in creating a virtual open system within
the emerging wired and wireless networks. A strate-
gy for such an open system solution lies in use of a
layered strategy such as defined by ISO layering
model (OST). While this structure applies in general,
its specific application to interoperable wireless data
leads to a natural strategy.

Media

Independent
Application

J\

7. Application
6. Presentation
5. Session

{1 :_l'ransnort

3. Network £| | m
s | |E 9l | %
2. Link o | |12%| | 8
% = %
1. Physical z ) |==2] | =

ransparent
Network Service

Figure 3. Layered Strategy

If the OSI model is organized generally by the
application (layer 4-7) and the network (layer 1-3) as
shown in Figure 3 then a general strategy for interop-
erability can be organized as follows:

Develop common sets of user applications that
are media independent.

Develop network services that are application in-
dependent.

Develop Intelligent Network Services that in-
voke necessary network interworking to support
transparent, seamless connections.

The first strategy simply organizes the applica-
tions into a manageable set of standard protocols.The
PSTN G3 FAX, for example, is made media inde-
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pendent under TIA 592 by isolating the T4 compres-
sion protocol and a piece of the T30 wireline
controller. The US Government’s secure telephone
(STU-III) has likewise been segmented into a media
independent protocol for multiple media applications.

The second strategy develops transparent and in-
teroperable networks services and signalling. This is
accomplished by access- independent call control,
identity validation, registration, and mobility manage-
ment. Such an approach is recommended by the Joint
Experts Meeting of ANSI T1 and TIA TR45 in refer-
ence 1 and summarized below in Table 1. Such an ap-
proach allows services to be independent of access
technologies such as CDMA and TDMA on a given
network. It also allows services to be independent of
the wireless access network such as satellite or cellu-
lar.

Table 1: Media Independence

Inherent in such a strategy is transparency to
the user and the application by provision of com-
mon physical, link and network layers or by auto-
matic interworking capability. This strategy
isolates the application from the variety of access
RF technologies that will evolve due to competi-
tion within markets and the differences among
wireless channels.

Figure 4 shows how layering might be accom-
plished with a G3 Fax connection between the
PSTN and a Cellular network. A combination of
common applications, common services, network
interworking and intelligent networks create a vir-
tual open system for this service.

The Intelligent Network plays a potentially signifi-
cant role in making operation transparent. The
Intelligent Network can support a transparency
of service to the user across multiple wireless
networks by customizing the connection and

Access Access inserting the necessary interworking. Operation
Independent Dependent within the Intelligent Network can incorporate
p p the following phases and functions.
Application Protocol ~ Multiplex Scheme Access Phase - Identify the User/Terminal
Call Control Radio Resource Mgmt <User Identity Established>
- . - ) <Terminal Identity Established>
Identity Validation Radio Link Protocol <User Services Established>
Registration/Location <Terminal Services Established>
Flow Control . . .
, Connection Phase - Customize Network Service
P\/Iaintenance & Config <User Dialed Number>
<Examine User/Terminal Services>
7 -Application | T4 i ? 5 T4 §
i Compression QN i Compression |
6- Presentation | D ‘
§ = s %
5- Session : F g
: : Digital : ;
; g PSTN ! :
4 - Transport : T30 : ‘ Cellular ; T30 :
o\

.\\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\'\:\\)\ \\NM\ \{\\\;‘\\\\\\\\\\\\\\\\\\\\\\\\\l\\T
3 - Network ! > Interworkingleq—p :
! RadioLink | _ p Function — b 5 T30 3
2- Link Protocol ! E 5
1 - Physical P IS5 e -« V21,V27,V29 |

Figure 4;: Example of Interoperable Fax Connection - Data Plane
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<Examine Destination Network Services>

<Select Service Compatible Option>
Transmission Phase - Support Transparent Service

<Establish Necessary Interworking>

<Clear To Send>

<Data Transmission>

Earlier publications [4] have suggested use of IN
services for wireless network mobility subscriber mo-
bility. The above sequence expands that role to sup-
port service compatibility, service options, and
interworking.

EXAMPLE: TR45.3 DIGITAL CELLULAR

This is not the first paper to suggest strategies for
future wireless networks. Most network designers be-
gin with such goals. For this reason it is perhaps more
appropriate to search out good example to build upon.
The European GSM and North American Digital Cel-
lular TR45.3 are two such examples where this prob-
lem has been addressed [2]. Several significant
approaches have been demonstrated in TR45.3 in ref-
erence [3] and are summarized below.

Layered Approach

A layered network model has been developed in
TR45.3 to represent each network element needed to
support a specific service. The notion of segmenting
the network features into layers separates out the net-
work’s unique protocols and identifies a means by

which compatibility can be obtained by different
manufacturers. The TR45.3 architecture defines the
necessary entities for connection to the PSTN using a
layered methodology as illustrated in Fig. 5. It repre-
sents the lower three layers of the Open Systems In-
terconnection model, the Physical, Link, and
Network Layers. The reference model was adopted at
the outset to clearly define the protocols to be sup-
ported by the different network elements. Where ap-
plicable common accepted data standards and
procedures were specified and adapted to the cellular
network environment. Figure 5 illustrates the Data
Plane protocols used for G3 interoperable Fax ser-
vice from a Cellular Mobile Terminal Equipment
(TE) through the Base Station (BS)/Mobile
Switch(MSC) and Interworking Function IWF).
Note how the layering allows clear visibility of the
protocols and interfaces necessary at each element in
the connection. Note also that the only variation one
might expect between a cellular connection and a sat-
ellite connection would be in the Radio Link protocol
(RLP) unique to that network.

Standard Services

Standard sets of bearer services are necessary
across the variety of wireless access networks if
transparent teleservices are to be provided. Bearer
services would typically be synchronous, asynchro-
nous or packet services necessary to support a broad
base of teleservices across multiple networks. Rates

TE?2 teespMobilg p{ BS/MSCads gl Tﬂ._.
Station IWF PS DCE TE2
relay relay relay relay
Network 30 T30
Link RLE | [RLPIT30 T30
EIA-| { [EIA§S54 V.27 2W(2W V.27EIA} i [EIA-
Physical 232 232 232 : 1232
Rm Um Ai
Standardized Interfaces
Figure 5. Layered Standards and Interfaces - Data Plane
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from 2.4 up to 28.8 kbps for traditional wireline data,
and up to 64kbps for ISDN service are being consid-
ered. Custom services such as the G3 Fax and STU-
T are also accommodated. A minimum subset of
these however can clearly be accommodated across
all media.

Network Interworking

Consistent with supporting teleservices identified
above is the incorporation of necessary network in-
terworking. Transparent interworking is the most im-
portant, and perhaps the most difficult part of the
solution. It is at this point that all possible services
connect with all possible networks. In general there
are a common set of services and connections that
simplify this problem. Figure 5 shows a TR45.3 ex-
ample of Interworking for G3 Fax with the PSTN.
The IWF supports a translation of data on the radio
link protocol into a V.27 wireline modem with the
necessary T30 control signalling to generate G3 com-
patible service on the PSTN. Other examples of in-
terworking would be use of commonly available V
series modems for synchronous service or a Hayes
compatible control scheme for asynchronous data.
Connections to X.25 Packet networks would require
packet assembly-disassembly (PAD) functions.
ISDN connections would require V.110 or V.120 rate
adaption. The Government’s STU-III can be accom-
modated with a 4.8 kbps synchronous bearer service
and an IWF that includes V.21, V.26 and V.32 echo
cancelling modems. ’

Standard Signaling Interfaces and Protocols

Uniformity of signaling, interfaces and protocols
across wireless data networks supports common

hardware, services and interoperability. This is per-
haps the biggest concern users have about the explo-
sion of wireless technologies. TR45.3 has made a
judicious selection of commonly used standards for
interfaces and signalling as shown in Fig. 5 and sum-
marized in Table 2.

Table 2: TR45.3 Interfaces & Protocols

Function Standard
obile Station Rm Sm (ISDN)
Signaling EIA/TIA 602 |Q.931.V.120
Rate 3,2.4,4.8,.38.4| 64kbps B Chan
[nterface EIA/TIA 232E {1430
IWF Modems [V.21,V.22,V.22bis, V.32,V.32bis
V.42, V.fast,Bell 103, Bell 212a

Radio Access Independence

The TR45.3 Data Services have accomplished a
large degree of access independence in their designs
to date. This is largely a result of a layered approach
and represents a major advantage for future applica-
tions. Figure 5 shows how the Radio Link Protocol
and the 1S54 TDMA physical layer are isolated from
the other components in the network. This isolation
will enable support of the same architecture, protocol
and functional elements in the TR45 CDMA solution.
It can also be emulated for satellite and PCS networks
to support uniformity of products and user services.

Fig.6 Cellular/PSTN Data Configuration

BS/MSC
; Interwork :
N{gttinle Function PSTN K/{f?%f
PO | Bsmsc |7 Ix
@ O Source

O Recovered
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Timing and Synchronization

Data service for the wireless user connected
across the Public Switched Telephone network pre-
sents several timing issues that must be resolved. The
two significant issues to be addressed are Frame Sync
and Bit Sync. Frame sync addresses the need to
accommodate timing operation across a handoff. Bit
sync addresses the need to accommodate clock mis-
matches across the network connection. Figure 6
highlights the different clocks in the system which
leads to the sync problem in the internetwork connec-
tion. The PSTN V series modem transmit clock is
shown as Tx and is the data rate of the PSTN source
based on that PSTN modem’s internal clock. This
timing source is tracked by the Interworking Func-
tion modem which develops an estimate of this clock
using a phase lock loop. This clock is further promul-
gated across the Cellular channel and appears again
in the mobile as a reconstituted Tx. Figure 6 also
shows the Digital Cellular synthesized clock Mx.
This clock is generated at the MSC and is recon-
structed at the mobile station. In general for an
agreed upon data rate Mx and Tx are equal to the
nominal rate of the data service (E.G. 4.8 kHz). In
practice however the data rates of both clocks will
differ from the nominal rate and will have some drift.
Furthermore, the Mx clock cannot phase lock with
the PSTN modem clock as it is locked to the rest of
the cellular TDMA system. For PSTN modems the
worst case clock accuracy is 1x10# while the Digital
Cellular clock is assumed to be 1x10°0 or better. The
differences in these clocks results in different trans-
mission rates across the network. This difference can
result in a slip in bit sync when there is either too
much or too little data at the interface. These differ-
ences must be accommodated by the network if the
service is to be usable. TR45.3 is currently consider-
ing the use of an elastic buffer at the IWF to address
this problem. This introduces a modest delay into the
connection but isolates the timing problem from the
radio link protocol, a clear advantage.

The case shown reflects the situation with the
transmission from the PTSN to the Cellular mobile
station. Transmission from the mobile station to the
PSTN modem represents a very different case. Here
the MSC/BS clock can be used to drive both the
mobile station and the Interworking function. Fur-
thermore the PTSN modem receiver will track the

MSC clock. Hence there is no real issue with bit syn-
chronization in this direction. The bit sync problem
as presented here will be common to all mobile net-
works independent of access scheme.

Frame Sync problems occur in Digital Cellular
Networks primarily during handoffs between cell
sites that have independent timing references. In gen-
eral a gap in transmission can occur and the signal
will reappear in some random phase alignment. Solu-
tions to the frame sync problem are limited for the
TDMA system as the overall timing of the Digital
Cellular system is performed independently by each
Base Station. The remaining practical solution under
consideration in TR45.3 is to maintain frame sync
across the handoff by inserting a frame counter in
each frame so that added and deleted frame can be
accounted for in the alignment of the data stream at
the BS/MSC or the Interworking function. A modulo
2" counter with n ranging from 4 to 8 can accomplish
this task. If this scheme is accomplished, the net
effect of handoff would be the insertion of burst
errors in that data stream when frames are lost but bit
sync is maintained.

Conclusions

The standardization of wireless data services rep-
resents significant challenges but the potential exists
for a smooth path for a broad range of services and
markets. Technical solutions lie in a fusion of exist-
ing network, radio, and data technologies. A strategy
for such a fusion across the multiple wireless net-
works will require a clear technical strategy as out-
lined in this paper and, perhaps more importantly,
cooperation among the currently insular cellular, sat-
ellite, network, and data communities.
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ABSTRACT

The demand for personal communications services has
shown unprecedented growth, and the next decade and
beyond promise an era in which the needs for
ubiquitous, transparent and personalized access to
information will continue to expand in both scale and
scope. The exchange of personalized information is
growing from two-way voice to include data
communications, electronic messaging  and
information services, image transfer, video, and
interactive multimedia. The emergence of new land-
based and satellite-based wireless networks illustrates
the expanding scale and trend toward globalization
and the need to establish new local exchange and
exchange access services to meet the communications
needs of people on the move. An important issue is to
identify the roles that satcllite networking can play in
meeting these new communications needs. The
unique capabilities of satellites, in providing coverage
to large geographic areas, reaching widely dispersed
users, for position location determination, and in
offering broadcast and multicast services, can
complement and extend the capabilities of terrestrial
networks. As an initial step in exploring the
opportunities afforded by the merger of satellite-based
and land-based networks, we are undertaking several
experiments, utilizing the NASA ACTS satellite and
the public switched local cxchange network, to
demonstrate the use of satellites in the delivery of
personal communications services.
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1. INTRODUCTION

The 90's and beyond will be an era of explosive
growth in the demand for nomadic, ubiquitous and
personal information exchange. This includes such
ficlds as voice communications, data communications,
image and video communications, multimedia,
information services, position location services, and
interactive communications to name but a few.
Today’s terrestrial networks are well on their way 10
supporting these applications. Currently, many
different, and in some cases conflicting, and non-
interoperable telecommunications networks are being
deployed or planned. This is the case for both satellite
networks as well as for terrestrial networks. Satcllite
system providers are designing LEO and GEO
networks; terrestrial system providers are planning
micro-cellular PCNs using low-power hand-held
wireless "communicators”; wireless data network
providers are deploying wide-area high-power packel
radio networks; paging network providers are moving
toward nation-wide  alphanumeric = messaging
capabilities; cellular nciwork providers are evolving
towards digital and integrated voice/data services.

The unique strengths of satellites, such as large
coverage areas, flexible network re-configuration,
one-to-many communications and line-of-sight global
networking, can be exploited to make satcllites a
critical element in achicving world-wide personal
communications. Various satellite networks arc now
emerging, and it is important (o insurc their
compatibility with each other and their interoperability
with terrestrial networks. This effort should include a



wide range of stakeholders including satcllite and
terrestrial wireless network providers, local exchange
and interexchange carriers, lcrminal, computer and
satellite equipment manufacturers and information
service providers, and their associated research and
long range planning organizations. An important
issue is to identify the roles that satcllite networking
can play in meeting these new communications needs.
The unique capabilities of satellites, in providing
coverage to large geographic areas, reaching widely
dispersed users, for position location determination,
and in offering broadcast and multicast services, can
complement and extend the capabilities of terrestrial
networks.

As an initial step in exploring the opportunities
afforded by the merger of satellite-based and land-
based networks, we are undertaking scveral
experiments to demonstrate the joint use of satellites
and terrestrial networks in the delivery of personal
communications services. These experiments utilize
the complementary capabilities of the local exchange
network and the NASA ACTS satellite, and fall into
the following domains: satellite-based two-way
messaging, satellite-based delivery of personalized
information services, satellite-based mcssaging for
call control and delivery, and satellite-based
subscriber location updates.

In these experiments, the NASA JPL ACTS Mobile
Terminal (AMT) is being used to provide the nomadic
end user with connectivity to the ACTS, and the local
exchange network is being interfaced to the ACTS
ground station gateway. These cxperiments will
provide a better understanding of the interfaces
needed 10 provide a seamless merger of satcllite and
land-based nctworks and will assist in identifying
exchange and exchange access services to meet the
emerging demand for personal communications.
Furthermore, ways in which satellite technology can
be utilized by local ¢xchange network providers in
facilitating the delivery of access services will be
explored.

2. EXPERIMENT DEFINITION

The experiments involve the integration of several
communications systems: the local exchange nctwork,
including Bellcore prototype personal
communications applications  software, thc NASA
ACTS satellite, the NASA ACTS earth station, and the
JPL. ACTS Mobile Terminal (AMT) interfaced to
commercial terminal equipment utilizing Bellcore
prototype  application software. The following
subsections provide an overview of these systems.
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2.1 Personal Communications Applications
Software

Bellcore has created prototype applications software
that enables personalized information delivery. Two
prototypes arc being used in these experiments:
Personal Telephone Management [1] (PTM) and
Simple Information Filtering Tool [2] (SIFT).

The PTM prototype serves as an "intelligent agent” for
end users, or clients, and assists in the screening and
direction of telephone calls. With PTM, calls to a
client are first screened, using the client’s prefercncces
contained in a personal profile, and then directed to
the current location of the client. The client can, in
real time, screen and re-direct calls, exchanging
messages with the PTM. The prototype software runs
on an experimental platform that interfaces to the local
exchange network and to the NASA ACTS gateway.

The SIFT prototype uses client preferences, togcther
with knowledge of the current location of the client, to
screen, prioritize, summarize and deliver computer
readable electronic messages. Designed to deliver
information to people on the move, SIFT can forward
a wide range of information in a form that can be rcad
on conventional computer monitors and on the liquid
crystal displays of portable or palm-top computers.
This information can include the telephone numbers of
callers, electronic mail, news summaries, weather
reports, stock prices, etc. An easily modifiable client
profile is used by SIFT to examinec all incoming
messages and 1o establish the priority of the
information in relation to the current context of the
client. The SIFT prototype can select from a varicty
of options including storing messages in clectronic
files, faxing them to preselected numbers, forwarding
them to client colleagues, and converting them into
speech for storage in an answering machine or voice
mailbox.

2.2 The ACTS Satellite

The Advanced Communications Technology Satellite
(ACTS) is an experimental K/Ka-band satellite that is
being developed by GE under contract to NASA. Tt is
scheduled to be launched in early July 1993 and will
be placed in geostationary orbit at 100 degrees west
longitude. In addition to its K/Ka-band operation, the
ACTS has a multibcam antcnna (MBA), a bascband
processor (BBP) and a microwave switch matrix

(MSM).

The MBA consists of an uplink receive antcnna and a
downlink transmit antcnna. Basic antenna design is an
offset-fcd casscgrain configuration which has a



subreflector in between the feed and the main
reflector. The receive antenna uses a 3.3 meter main
reflector to produce "spot” beams that are
approximately 110 miles in diameter. The MBA
produces three basic types of spot beams. First, there
are 3 pairs of "fixed" spot beams to provide coverage
for users in Cleveland, Atlanta, and Tampa. Second,
there are two pairs of "hopping” spot beams that can
be scanned "continuously” over two large sectors in
the United States. Third, there are two pairs of
"scanning” beams that can be moved continuously
over two large sectors in the United States.

The ACTS can be operated with either the BBP or the
MSM in the transponder path. In the BBP-mode, the
received uplink signal gets demodulated, decoded,
bascband-processed, coded, and modulated by the
BBP. In the MSM-mode, the received uplink signal
gets routed by the MSM at an intermediate frequency
and the signal experiences no bascband regeneration.
For these experiments, only the MSM mode will be
exerciscd. The MSM has four input ports and four
output ports in a cross-bar architecture. Its sole
mission is to dynamically connect any one of the four
receivers to any one of the four transmitters,

2.3 NASA and JPL Ground Station Equipment

The NASA ground station at Lewis Research Center
will be used as the satellite/terrestrial network
gateway (S/T NG) to the public switched telephone
network (PSTN) and the Bellcore equipment
described above. This ground station, termed the
HBR-LET, interfaces with the MSM mode of
operation of ACTS. On the uplink portion of the
HBR-LET, a two stage upconverier converts the
signal to the 29 GHz to 30 GHz range. The uplink
power is provided by a traveling wave tube amplifier
(TWTA) which has a saturated power output of 85
Watts. The recciver portion of the HBR-LET consists
of a four stage low noisc amplifier at the front end.
This is followed by a MMIC mixer and amplifier that
converts the reccived signal from the 19 GHz w0 20
GHz frequency range down to the 3 GHz to 4 GHz
frequency range, where it is converted to bascband.

The JPL-provided fixed terminal equipment will
interface at basecband with communications gateway
facilities that will exchange messages with the
Bellcore personal telephone management platform,
which will be located at Bellcore facilitics in New
Jersey.

The JPL ACTS Terminal (AMT), including a global
positioning system (GPS) recciver, has been mounted
in an experiment van and will serve as the mobile
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element for these experiments. The terminal
controller (TC) controls the operation of the AMT. It
contains the algorithms that translate the
communications protocol into the operational
procedures and interfaces among the terminal
subsystems. For example, it executes the timing and
handshake procedures for the interaction among the
speech coder, modem, user interface, and any external
device (i.e. data source or data sink) during link setup,
relinquishment, or data rate change. The TC also has
control over the operation of the IF and RF
electronics. The TC, in addition, is responsible for
providing the user with a system monitoring capability
and supports an interface to the Data Acquisition
System (DAS). Finally, the TC will support the test
functions required during experimentation, such as bit
stream generation, correlation, and bit error counting.
In this experiment, the audio interface will be used as
an "order wire” to support coordination and
management of the experiment activities. Real-time,
two-way voice over the satellite link is not part of the
personal applications being examined.

The DAS will perform continuous measurcments and
recordings of a wide variety of propagation,
communications link, and terminal parameters (e.g.,
pilot and data signal conditions, noise levels, antenna
direction, etc.). The DAS will also provide real-time
displays of thesc parameters. For this experiment, the
DAS will be used to log and time stamp all messages
exchanged between the TC and the user baseband
terminal equipment.

2.4 User Terminal Equipment and Application
Software

The experiments will utilize end user terminal
baseband terminal equipment consisting of portable
personal computers, telephone hand sets, and display
and other input/output devices selected to emulate the
functionality of future end user personal application
appliances. This cquipment will be designed to
interface to the AMT. The Bellcore user terminal has

~ been designed to interface with a GPS receiver located

in the AMT or attached directly to the user terminal.
The data collection capabilities and monitoring
functions of the DAS will be usced in conjunction with
the Bellcore equipment to carry out the experiments.

Bellcore has created prototype application softwarc
that runs in the uscr terminal baseband equipment to
provide user/network signaling and user information
ransfer. The softwarc makes use of standard IP
datagram protocols for communication with the
personal  telephone  management  platform. This
software has been designed to interwork with the



AMT and with the GPS receiver.

3. EXPERIMENT PLANS

There are two different configurations for the
Satellite/PCS experiments. In configuration 1, the user
equipment is physically connected to the AMT
equipment in the experimental van. There are four
separate application scenarios for this configuration,
each of which is described further in the remainder of
this section. In configuration 2, the user equipment is
remotely connected to the AMT via a local area
terrestrial  wireless network. The same four
application scenarios as with configuration 1 will be
tested. The attached figures provide high-level
overviews of the proposed experimental setup. Figures
1 and 2 show configurations 1 and 2, respectively.

3.1 Satellite-based Two-Way Messaging

The objective here is to use satellite connectivity to
send and receive electronic mail messages to nomadic
end users equipped with portable computers. These
computers would be capable of communicating
directly with the satellite for data services. Prototype
electronic mail sorting, filtering and routing software
(SIFT) will be used to route high priority messages to
a hybrid satcllite terrestrial network gateway.
Prototype application software will be used for the end
user interface to the e-mail.

This experiment is shown in Figures 1 and 2 starting
with the e-mail icon on the lower left. E-mail is sent to
the nomadic user via the PSTN and the Bellcore
software. High-priority messages are then forwarded
to the satellite/terrestrial network gateway and
transmitted up to ACTS. ACTS then forwards the
message 1o the nomadic end user via the AMT (cither
directly or via a local area terrestrial radio link).

The experiment is designed to support the following
application scenario. E-mail is sent to User A who is
not in the office. The e-mail goes through the SIFT
software which uses User A’s personal profile to
discover that this is high priority mail and must be
forwarded to User A immediately. SIFT then checks
the location data base to detcrmine how to route the
message to User A. If User A cannot be reached via a
terrestrial network, SIFT then sends the mail to the
S/T NG for transmission through the satellite to User
A. When User A turns on the satellite-equipped PC, it
identifies itself to the satellite and this information
(user name, location, etc.) is stored in a location
database at the S/T NG. Thus, when the mail for User
A comes into the gateway, the gateway consults the
location data base and determines where to send it. Tt
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sends the message through the satellite directly to
User A who can now access the message.

If User A now wishes to originate a message the same
scenario occurs in reverse. The e-mail is sent via the
satellite to the S/T NG for routing to the PTM. The
message is then sent to SIFT for transmission to the
recipient.

3.2 Satellite-based Delivery of Personalized
Information Services

The objective here is to use satellite connectivity to
deliver personalized information (e.g., headline ncws,
financial data, weather reports, etc.) to nomadic end
users equipped with portable computers. These
computers would be capable of communicating
directly with the satellite for data services. Prototype
personal message summarizing, sorting and
prioritizing software will be used to interface between
information data bases and the hybrid satellite-
terrestrial delivery networks. Prototype application
software will be used for the end user interface to the
personalized messages.

This experiment is shown in Figures 1 and 2 starting
with the database icon in the center (bottom).
Personalized database information is sent to the
nomadic user via the PSTN and the SIFT software. 1t
is then forwarded to the satellite/tcrrestrial nctwork
gateway and transmitted up to ACTS. ACTS then
forwards the message to the nomadic end user via the
AMT (either dircctly or via a local terrestrial wireless
link).

The experiment is designed to support the following
application scenario. This is a one-way information
service initiated by User A. When the end user’s
satellite-equipped PC is turned on, its identity and
location are sent (via satellite) to the location databasc
at the S/T NG. User A maintains a personal profile of
requests for the latest headline news, weather reports,
stock quotes, etc. The profile is used by the SIFT
software to filter and prioritize information received
from appropriate data bases. Pcrsonal messages
containing the data are then forwarded to the S/T NG
for transmission o User A. The S/T NG consults the
location data base to find User A and then sends the
information to User A’s satellite-equipped PC,
enabling the end user to access the information.

3.3 Satellite-based Messaging For Call Delivery

The objective here is to use two-way satellite-based
messaging to alert nomadic end users of incoming
telephone calls. The message is received on a personal
computer capable of communicating directly with the



satellite. Prototype call management and screening
software, PTM, will be used to screen incoming calls
1o the end user’s home location and send messages to
the satellite network alerting a nomadic end user of
incoming calls (name of caller and number). The end
user responds via the satellite by returning a message
regarding preferred call disposition, which is then
processed by the PTM software. Call dispositions
include routing the incoming call over the terrestrial
public switched network to the current location of the
end user, deflecting the call to another number,
sending a text message to the caller (PTM converts to
voice), etc.

This experiment is shown in Figures 1 and 2 starting
with the caller icon on the lower right. A call comes in
for the nomadic user via the PSTN and the PTM
software. High-priority messages are then forwarded
to the satellite/terrestrial network gateway and
transmittcd up to ACTS. ACTS then forwards the
message to the nomadic end user via the AMT (either
dircctly or via a local area terrestrial wireless link).

The experiment is designed to support the following
application scenario. User A is called when he is not
at his home location. The PTM software takes the call
and queries a personal profile to find that User A is
currently reachable only via the satellite network (i.e.,
User A is in a region that is not served by a terrestrial
network). The PTM software then forwards
information about the call (such as name of caller and
number) to the S/T NG for transmission to User A.
The S/T NG locates the user by consulting the location
data base and passes the information along to User A
in the form of a brief message. User A can then decide
how to handle the call. The call handling information
is then sent, via the satellite, back to the S/T NG for
transmission to the PTM. The PTM can then take
appropriate action to complete the call.

3.4 Satellite-based User Locating

The objective here is to use satellite connectivity plus
GPS location capability to locate nomadic end uscrs,
update network data bases, and route calls and/or
messages to their current location.

This application scenario is similar to several
described above. However, in this case, the location of
the nomadic end user A is not known to the terrestrial
network. When a message (call or electronic
message) is to be sent to User A, the terrestrial
network queries the S/T NG for location information.
A global paging message is sent out via the satellite,
and User A’s terminal rcsponds with location data
derived from the GPS receiver. This dala is returned to
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the terrestrial network location database, and the
scenario continues as described above. This use of the
GPS location capability has great potential in
complementing terrestrial network functionality (e.g.,
subscriber  registration) necessary to provide
ubiguitous personal communications services.

4, SUMMARY

The ACTS satellite launch is scheduled for summer,
1993, and the user experiments, as described above,
are planned for summer, 1994. Effort is now under
way to interface the system elements and test the
applications software. Independent tests of the
subsystems have been carried out, including extensive
use of the SIFT and PTM prototypes in terrestrial
personal communications applications experiments.

These cxperiments will provide a better understanding
of the interfaces needed to provide a seamless merger
of satellitc and land-based networks and will assist in
identifying exchange and exchange access services (o
meet the emerging demand for  personal
communications.
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ABSTRACT

A third generation mobile system intends to
support communications in all environments
(i.e., outdoors, indoors at home or office and
when moving). This system will integrate
services that are now available in architectures
such as cellular, cordless, mobile data
networks, paging, including satellite services
to rural areas. One way through which service
integration will be made possible is by
supporting a hierarchical cellular structure
based on umbrella cells, macro cells, micro
and pico cells. In this type of structure,
satellites are part of the giant umbrella cells
allowing continuous global coverage, the other
cells belong to cities, neighborhoods, and
buildings respectively. This does not
necessarily imply that network operation of
terrestrial and satellite segments interconnect
to enable roaming and spectrum sharing.
However, the cell concept does imply hand-off
between different cell types, which may
involve change of frequency. Within this
prospective, the present work uses power
attenuation characteristics to determine a
dynamic criterion that allows smooth
transition from space to terrestrial networks.
The analysis includes a hybrid channel that
combines Rician, Raleigh and Log Normal
fading characteristics.

INTRODUCTION

Presently, when hand-off between
terrestrial and space networks is intended, the
satellite network must be part of the overall
network. This means that the satellite ground
infrastructure has to be interconnected with the
mobile station centers and the public land
mobile networks. Such interconnection would
be rather complex and perhaps difficult to
coordinate due to limits of national
boundaries. Thus, an ideal alternative to
combined coverage is an automatic scheme
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selection and re-selection of cells and beams
while the mobile terminal is idle. The criterion
is based on the fact that a mobile equipment
performs initial measurements of the radio
environment, then selects a network according
to a programmed list of allowed networks
before it indicates service availability. An
important limit used to classify the network
list is the power level at the receiver, which in
part depends on the transmission effects
influenced by shadowing and fading.

Signalization

The signal of the active link from or to the
mobile terminal (MT) in a land mobile satellite
system (LMSS) is continuously monitored.
Thus, whenever signal degradation occurs a
handover procedure is initiated towards a
stronger alternative link. For integrated mobile
systems, handover support would imply that
the fixed network has access to both the
terrestrial and satellite ground infrastructure
(i.e., the satellite fixed earth stations (FES)
must be directly linked to the terrestrial mobile
services switching center (MSC). Considering
the GSM! as an example, it implies that the
FESs and MSCs are connected at the same
level under the GSM Mobile application Part
of the CCITT Signaling System No. 7. This
type of connection requires close adaptation of
the FES to the GSM standard to behave like
the terrestrial MSC when performing
handover. Furthermore, if satellite
infrastructures with numerous FESs, are
distributed around many countries, the
interconnection of FESs with terrestrial MSCs
will overlap with some Public Land Mobile
Networks (PLMN) and introduce additional
complications. Thus, we believe that the close
internetworking of many different mobile
networks into a single system, will not only be
difficult to implement but will also be hard to

1Group Space Mobil, European Terrestrial mobile system.



administrate due to its complexity [1]. The
question is then, how do we offer universal
mobile communications without passing
through a complicated design and complex
system management. The following sections
attempt to bring into consideration some
alternatives.

POWER CHARACTERIZATION

Received power in experimental channel
recordings was already illustrated in [2],
nonetheless for completeness we outline a
summary below. Signal attenuation in old
cities with narrow streets like Munich [3], has
high-frequency fading process superimposed
on a low-frequency shadowing process, where
relatively good and bad channel periods with
an approximated mean of 15 dB are clearly
distinguished. Similar observations could be
made from recordings [4] in Australia. Open
areas such as intercity highways, farm lands or
spread suburban areas with open fields,
essentially do not have obstacles on the direct
line-of-sight path. Hence the received signal
power has only small level variations due to
multipath fading. However, there may still be
total shadowing caused by bridges, trees or
sporadic high mountains. In regions with vast
open fields attenuation will depend primarily
on the type of frequency transmission, more
than on the shadowing obstacles. If
transmission frequency is high (> 10 GHz), the
received power level will have degradation
due to atmospheric effects (i.e., rain).
Nonetheless, the attenuation will not exceed
30 dB, and the mean (approximately 12 dB)
remains close to the values in urban areas.

Network Selection

The MT selects a PLMN while it is idle.
Hence real-time for fixed inter network
interaction is not critical. Once on, the MT
measures its ratio environment and indicates
the available service automatically from a
programmed list of allowed networks, (i.e., the
Home PLMN and the ones under roaming
agreements). As the MT operates over large
and mixed areas, the environmental properties
change and the received signal has varying
statistical character. This means that the
received power level cannot be represented by
a model with uniform or constant parameters.

Furthermore, this implies that the channel is
non stationary. Although statistical channel
characteristics vary significantly over
extended regions, propagation experiments
show that they remain constant when areas
have invariable environmental attributes.
Hence, an all purpose land mobile satellite
channel can be modeled as a non stationary
system represented by M stationary channel
models. A finite-state Markov model [4], [6]
can integrate the Rician, Rayleigh and Log
normal models.

Transmission Scenarios

In the context of universal personal
communications, a MT will cross different
environmental areas in random sequence but
with probable characterization as summarized
carlier. The signal propagation scenarios
during a transmission event could be then
classified in four independent states with the
following received signal distributions:

S1  Sky-Path High Rician dist.
S2 Clear-Path Low " "
S3  Shadowed Path Log normal dist.
S4 Diffused Path  Rayleigh dist.

Realistically, from the usage side, S1
corresponds to conditions when the user is
traveling through the airspace, while S2 refers
to transmissions in flat rural or desert areas
and seas with almost uniform surfaces. S3
relates to suburban or semitropical regions
with scattered high-ways and spread trees.
Finally, S4 indicates communications in urban
areas. It should be realized that S1 does not
necessary imply 100 % signal reception, since
the propagation phenomenon is subject to
atmospheric effect.

State Analysis

Mathematically, the four states follow a
discrete Markov chain [5], where the process
has state transitions at times ty, n = 1,2,3. .
(possible into the same state). The discrete
time {Xy} (i.e., xn for x(t)) starts in a initial
state, say i when t =t (x1 =i), and makes a
state transition at the next time step which is t
= t2 (x2 = j, etc). The one-step transition
probabilities are assumed to be independent of
n, thus Pj; is the set of events for the transition
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probabilities. The transition probabilities of Pj;
for the 4 states is then expressed by a square
matrix P,

1-3P, P, P, P,
P P, 1-3P, P, P, M
P, P, 1-3P, P,
P, P, P, 1-3P,
where

To calculate the four steady state conditions,
we define the probability that the Markov
chain {X,} is in the state j at the nth step by

z” = P[X, = j], (3)

then assume that the chain has stationary
probability distribution % = (11, 72,..)
satisfying the matrix equation &t = 1P, where
each 1t; 2 0 and X; wj = 1. The matrix equation
1t = P can then be expressed as the set of
equations by

”i=27‘ipii

From equation (2) xj is defined by

j=12,.. 4

i=1

The steady state probability vector is thus
= [, 7, 705, 0, ] ©)

State Probability boundari

The environmental states identified
previously by the probability density
functions, p.d.f (i.e., Rician, Log normal, and
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Rayleigh) depend very much on the
propagation conditions defined by a parameter
k, which is the ratio of power in the direct
component and power in the diffuse
component. k assumes that the propagation
medium can be characterized by the
combination of a direct path and a number of
fading weak paths. The parameter k is referred
to as the Rice parameter. As k --> oo all power
is in the direct component, implying that
reception is via a direct carrier line-of-sight
(1.o.s) transmission from the satellite, and that
the diffuse component is negligible. This
condition would correspond to S1 in our
model. As k --> 0, the received power is all
diffuse and the received signal distribution has
a Rayleigh density. Therefore, as the
parameter k increases, the mobile channel
passes from Rayleigh channel to a Rice
channel and vice versa. This means it goes
from S1 to S4.

Practically, the values for the Rice
parameter depend on the reflective terrain in
the vicinity of the MT, which is strongly
influenced by the elevation angle of the MT-
satellite l.o.s. Generally k increases
significantly as the satellite is observed at
higher angles, where more of the horizontal
multipath is rejected. In like manner a dense
collection of reflectors, as in metropolitan
areas tends to produce lower values of k. Rural
environment is more benign, while maritime
areas involve primarily long-range sea
reflections whose severity is strongly
dependent on the ocean wave structure. During
periods of shadowing due to trees, foliage, and
terrain the Rice parameter is reduced by 3 to
10 decibels from average values and the
channel state passes to S3.

NETWORK SELECTION

The selection criterion, as discussed in the
introduction, is based on the power level of the
received signal. Such a faded signal at any
given time instant t is

R(t) = m(ep {Ry, (1) + R ()} + Ryg (1), (D)

where m(t) is the long-term signal fading with
Log normal distribution. For S1 and S2 the
received power is



Ry (1) = Ry, (1) = Ry, (1), )]

assuming m(t) = 1 and neglecting the specular
reflection Repec(t) since it is taken care by the
antenna. The signal power for S3 is expressed
as

Rg3(1) = m(1)* Ry, (1) + Ry (5). 9)

Finally, for S4 the signal at the receiver comes
mainly from the diffused power, thus

Re (1) = Rdw(t)- (10)

The complex characteristics of the different
received signal patterns just described and the
spectral analysis were already presented in
detail in [3], [4], [7], therefore they will not be
repeated here. The fluctuation of the power
level signal over a given threshold is the level-
crossing rate (LCR), which influences directly
the performance of the overall system.
Whenever a signal goes below a threshold, the
transmission quality is not warranted because
there is a presence of fading implying errors
[7]. Thus, using the LCR of a received signal
we may calculate the BER and compare it to
an expected performance. If the BER does not
match a required level indicating an
preassigned region, network switching process
occurs. During this process the MT selects a
strong terrestrial signal, sends a log-in-request
and awaits log-in confirmation based on =
roaming agreements. While under the
terrestrial coverage the MT receives periodical
acknowledge-requests, if the MT does not
reply, the terrestrial system sends a log-out
confirmation to logout the MT, which in turn
begins to listen to the satellite signal again
after leaving the terrestrial link.

Switching Process

The network switching occurrences is
obtained from the performance of the received
signal or the conditional bit error rate (BER)
probability, P; (i =S1, S2...) which in the case
of a BPSK modulation is given by

1 E, - _EL
o ilfE) 4fE) o
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where Eyp is the signal energy per bit and Ny is
the noise energy density. If we express P, in
terms of signal-to-noise ratio, S may be
defined as the average power, R as the bit rate,
N as the product of N and the signal
bandwidth W; and the new P, is

ol JBE(¥
P,-—Q( N( R)). (12)

To relate the LCR to the P; probability we
first obtain Ng as the number of times the
received signal crosses a given threshold over
a determined time period. We then calculate
the normalized LCR, which from [7] is
defined as

_v, [ =
N,(r,,)—cfc 2(1+p)f'(’)’ (13)

where 1y, is the fading threshold, v is the
vehicle speed, c is the speed of light, f; is the

transmission frequency, p is the correlation
coefficient and f; is the p.d.f of the signal
according to the environmental state. From the
ratio of Ny, and N; we determine the average
signal strength, S, as

N (-52)
= =Se . 14
~ Xp (14)

r

The channel bandwidth, W, required to pass a
M-ary PSK signal is given by

2R

= . 15
log, M 13

Thus, when the P; probability of the received
signal does not meet a service threshold
quality level, the MT begins a network
switching procedure (i.e., it will look a
stronger signal in an alternative network).

A more dynamic way to begin the network
switching process would be to measure the
fading time. Because it is well understood that
whenever long fading periods exist, the
transmission quality will decrease due to high
density of errors. originated by persisting
shadowing or blocking. Thus from the
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normalized LCR on equation (13), The average

duration of a fade t(Tb) relative to 1y, is equal
to the probability that a transmitted signal
remains below ry, divided by the number of
times per unit time the signal is below rp. That
is

- _ 1 s _ F,(rb)

"= Nr(rb)jo rydr= Nr(rb) 1o
where

F(r,)= | f.(r)dr a7

is the cumulative probability density function.
System Error Performance

The average bit error probability in the ith
receiver state mainly due to fading attenuation
as a result of shadowing or blockage is given

(4] by

P.=[P.f.(r)dr,

where f; (1) is the probability distribution of
fading attenuation in each ith state. The
average BER at the output of the demodulator
for the M state Markov channel model is then

(18)

M
Pogz = ), Pom;. (19)
i=]

EXPERIMENTAL OBSERVATIONS

The received signal power from a channel
recording [3] in an area with narrow streets in
the old city of Munich, shows on Figure. 4a
relatively good and bad channel periods with a
mean power level of 15 dB, however the bad
periods are predominant for at least 34 s until a
crossroad permits an obstructed view of the
satellite from 928 - 932 s; but at 933 it falls
again to a bad period. By contrast the received
signal power from recordings on a highway,
shows in Figure 4b. only small variations due
to multipath fading. Although at 684 s there is
total shadowing due to the blocking of a
bridge, it does not last more than 2 s. All other
shadowing events in this figure remain within
acceptable fade margins. In the context of this
study, the observation of Figure 4 indicates
that the MT passes from state S3 to state S4 at

point 894, and it will probably remain in this
state until it changes of environment. This may
imply for example that network switching
would begin when the deep fade duration
exceeds 2 seconds. Of course the fade duration
time would no be the only criteria for network
switching, nevertheless it appears to be the
most visible and measurable factor.
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Figure 4. Received signal power level. 0 dB = mean
received power. (a) City, cylindrical slot toroidal
antenna with 6 dBi nominal gain, v = 10 km/h, 24
degree satellite elevation; (b) Highway, all conditions
the same but v = 60 km/h [3].

Other statistical observations on the same
recordings, show that in the city environments
the received signal power is more than 10 dB
below the unfaded satellite link at a 60 %
probability , while it is only 8.5 % in the
highways. This leads to deep fading periods
longer than 0.1 s with 26 % probability in the
city, and only 6 % in the highway [3]. Based
on these type of percentages of the received
power levels we can calculate the steady state
probabilities of the four state model described
in the preceding sections.

From preliminary simulations using the
fade average technique, we can see in Figure
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Sa. that the average fading time in urban areas
is logically higher than in rural or highway
environments. The point to see in the plots is
the magnitude of the difference between the
fading periods once a link has lost the direct
l.o.s with the MT, which is the case in the
urban connection.
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Figure 5. Average Fading. (a) Urban: v = 10 km/h, rpy = -15
dB, f;= 1.6 GHz, k =0 dB, Date rate = 4.5 kb/s, Highway:
v = 60 km/h, k = 10 dB; (b) Rural: v = 120 km/h.

From the fading time illustrated in Figure
5b, we can observe thresholds that would lead
to the initiation of the network switching
mechanism. Yet again, this would not be the
only factor to begin hand over; however it will
be the predominant one.

CONCLUSIONS

In this paper we have discussed the
complexity of an architectural level integration

on mobile systems. Therefore, we have
concluded that a service-level integration
could be more practical, cost effective and
more manageable if the MT selects a PLMN
while it is idle where real-time for fixed inter
network interaction is not critical. To support a
universal MT that facilitates the selection and
reselection of networks (i.e., the transition
from satellite to terrestrial services or vice
versa), we introduced a four state dual mode
receiver along with the most probable
mathematical analysis. In the study we also
illustrated that fade duration would be a good
dynamic alternative of network switching to
that of calculating the BER probability. Future
studies will include further characterization of
experimental data and more simulation
analysis to quantify state transition thresholds
to adequately predict network switching.
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ABSTRACT

By integrating the ground based infrastruc-
ture component of a mobile satellite system with
the infrastructure systems of terrestrial 300 MHz
cellular service providers, a seamless network of
universal coverage can be established. Users
equipped for both cellular and satellite service
can take advantage of a number of features made
possible by such integration, including seamless
handoff and universal roaming.

To provide maximum benefit at lowest pos-
sible cost, the means by which these systems are
integrated must be carefully considered. Mobile
satellite hub stations must be configured to effi-
ciently interface with cellular Mobile Telephone
Switching Offices (MTSOs), and cost effective
mobile units that provide both cellular and satel-
lite capability must be developed.

INTRODUCTION

Commercial cellular systems have been in
operation in North America for over ten years.
Coverage has extended beyond urban centers to
rural areas, with more territory falling under
cellular coverage each year. Nonetheless, there
are still vast stretches of land without cellular

coverage in North America, and in many parts of
the world cellular is limited to the largest cities.

A number of satellite systems have been pro-
posed to provide mobile telephone service to
remote areas of land as well as to ocean and air-
borne traffic. Because each of these is to a cer-
tain extent limited in capacity, it makes sense to
use cellular, where it is available, for mobile
traffic and to limit the use of mobile satellites to
other locations. Current technology allows for
very small, lightweight, and inexpensive cellular
mobile terminals, so that adding cellular capabil-
ity to a mobile satellite terminal should not pose
a significant penalty. Integration of the cellular
and satellite infrastructure systems will provide
to the suitably equipped user the ability to oper-
ate without coverage boundaries, and to roam
anywhere while receiving and making calls in a
truly seamless network.

MOBILE TERMINAL ARCHITECTURE

To operate in both satellite and cellular sys-
tems, a mobile terminal must, of course, include
radio equipment compatible with both. While
some mobile unit baseband processing function-
ality, such as speech codecs, may be common for
the two systems, the antenna and radio frequen-
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cy (RF) portions will likely be so dissimilar as to
require separate mobile hardware. This re-
quirement suggests an architecture for dual
mode satellite/cellular mobile terminals as shown
in Figure 1.

A single handset/control unit, along with
suitable system operating protocols, allows for a
single user interface, both in terms of hardware
and functionality. From the user's standpoint,
operating procedures in satellite and cellular sys-
tems can be identical.

A common controller manages the interface
to both the satellite and cellular transceivers and
houses common functional components such as,
possibly, the crystal frequency standard, base-
band processing, repertory dialing memory, etc.

The cellular transceiver may operate using
one or more of the North American or interna-
tional analog or digital cellular standards. For
reasons examined below, the cellular transceiver
must be capable of operating in the cellular
"idle" mode even while the satellite transceiver is
in conversation mode.

The mobile satellite transceiver must be ca-
pable of "idle" mode operation even while the
cellular transceiver is in conversation mode. It
must also be capable of determining at any time
the presence or absence of suitable satellite cov-
erage.

INFRASTRUCTURE INTEGRATION

Calls to and from mobile satellite terminals
are interconnected to the public switched tele-
phone network (PSTN) at one or more satellite
hub stations (SHS). Calls to and from cellular
mobile terminals are interconnected to the PSTN
at a mobile telephone switching office (MTSO).
To support seamless handoff to and from cellu-
lar, the SHS must be connected to the MTSO by
dedicated voice trunks. This is because the
PSTN does not support rerouting of calls in
progress. A call that originates on cellular,
through an MTSO, will have to continue to be
interconnected to the PSTN through that MTSO
even after it is handed off to the satellite system.

To provide the connectivity required for
satellite/cellular handoff, the SHS may appear to
the cellular system either as an MTSO or as a
cell site.

Hub Station as MTSO

Figure 2 illustrates the connection of an SHS
as an MTSO. Connection to various MTSOs
serving areas subtended by the satellite service is
by IS-41 handoff links. "IS-41" refers to the
industry standard that governs intersystem op-
eration, including MTSO-to-MTSO handoff, for
North American cellular systems.

Using this configuration, calls originated
through the SHS would be handed off to cellular
through the use of a voice trunk on the dedi-
cated handoff link connecting the SHS to the
"target” MTSO. Similarly, calls originated
through an MTSO would be handed off to satel-
lite service using a voice trunk on the handoff
link connecting that MTSO to the SHS.

Hub Station as Cell Site

Figure 3 suggests an alternative interconnec-
tion between SHS and MTSO. Here, the link is
the same used to connect cell sites to the MTSO.
In North American systems, there is currently no
standardization for this link, so details of the
connection would be proprietary to the manufac-
turer of the cellular system.

While Figure 3 shows direct interconnection
between the SHS and the PSTN, the MTSO
could provide such interconnection for calls
originated on the satellite system, just as it does
for cellular calls. In addition, this configuration
would allow the MTSO to perform switching
and subscriber data base maintenance functions
for the SHS. Such an arrangement could signifi-
cantly reduce the cost of a hub station.

Hub Station Distribution

In cellular, intersystem handoffs generally occur
between MTSOs serving adjacent areas, since it
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is the movement of a mobile between such areas
that precipitates the handoff in the first place.
Thus, to fully support intersystem handoff, each
MTSO needs handoff links only to adjacent
MTSOs, typically a manageable number.

If the mobile satellite system to be integrated
with cellular makes use of a single, centrally lo-
cated hub station, then this SHS would require
handoff links to each of the potentially hundreds
of participating MTSOs in the national cellular
network, as illustrated in Figure 4. The imprac-
ticality of this arrangement could be mitigated
somewhat through tandem switching of intersys-
tem links. However no protocols currently exist
for such tandeming, and the adjacency limitation
on MTSO-to-MTSO handoff described above
limits its potential economic advantage.

The mobile satellite system may employ
multiple, regionally distributed hub stations, as
suggested in Figure 5. Such distribution may be
a requirement of the satellite system architecture
or may be by design in order to optimize inte-
gration with cellular. At any rate, each such
regional SHS would have to maintain handoff
links only to the MTSOs that service the same
areas as the SHS. While the number of such
links may still be large, especially if the number
of regional SHSs is small, the average length of
the required link will be greatly reduced com-
pared with the single, centrally located SHS
configuration.

In some mobile satellite systems it may be
practical to use a large number of small, low ca-
pacity hub stations, perhaps modeled after
VSAT terminals, for PSTN interface and cellular
integration. In such a system, each participating
MTSO could be equipped with its own SHS,

most likely connected to the MTSO as a cell site.

Such an arrangement is illustrated in Figure 6.
While the "SHS per MTSO" configuration is
architecturally attractive for handling handoffs
between satellite and cellular systems, it raises a
number of difficulties as well. Primary among
these is positional ambiguity. A call originated
on the satellite system must be interconnected
through one of perhaps dozens of SHSs within

the service area of the geostationary satellite's
beam or the low earth orbit satellite's coverage
footprint. To allow for subsequent handoff of
the call to cellular, the SHS selected for the
point of interconnect must be the one nearest to
the position of the mobile unit being served.
However, barring the addition of positioning ca-
pability such as GPS or LORAN, neither the
mobile unit or the infrastructure equipment can
make this determination.

INTERSYSTEM CALL PROCESSING
Registration and Call Delivery

In the cellular system, seamless roaming re-
quires that incoming calls for a roaming mobile
be automatically forwarded, or "delivered" from
the mobile's home system to the system on which
it is currently operating. The call delivery sys-
tem relies on the mobile's manual or autonomous
registration upon entering a "foreign" system.
When a mobile so registers, its home system is
alerted through an administrative data network
to set up call forwarding to a temporary direc-
tory number that routes the mobile's incoming
calls, via the PSTN, to the appropriate MTSO.

Integration of mobile satellite service into the
cellular network creates some added complexity
for call delivery. A roaming mobile may be in-
termittently in cellular coverage while traveling
at the fringe of a system's service boundary, and
simultaneously be in continuous satellite cover-
age. It is in just such situations that integration
of satellite and cellular systems provides maxi-
mum advantage. However, frequent registra-
tion, and subsequent frequent changing of call
delivery target numbers as a mobile moves in
and out of cellular coverage, is impractical.

One possible approach to addressing this
problem is "hierarchical call delivery". In this
scheme, the roaming satellite/cellular mobile
registers as usual on the cellular system with the
exception that the registration message is ex-
panded to include identification of current satel-
lite coverage, if any, and an indication of
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whether the user wishes calls to be delivered to
the satellite system if the mobile is not currently
in cellular coverage. If the mobile is outside of
cellular coverage for a predetermined time, it
registers on the satellite system. When a call to
the satellite/cellular mobile is received by its
home system, it is forwarded first to the system
(cellular or satellite) on which it last registered.
If the target is a cellular system, and if the mo-
bile's registration included a satellite coverage
indication, then the call could be forwarded
again to the satellite service if it fails to respond
to a page on the cellular system.

Satellite/Cellular Handoff

Handoff of calls in progress between satellite
and cellular is required to extract maximum
benefit from integration of the two systems.
When a mobile operating on cellular reaches the
limit of coverage, the call is dropped - a situation
that need not occur if the call could be handed
off to a mobile satellite system. On the other
hand, when a mobile originates or receives a call
while momentarily in a cellular coverage "hole"
there is no need for the entire call to be con-
ducted over scarce and expensive satellite chan-
nels if a handoff to cellular could be initiated
upon leaving the coverage hole.

Coverage and propagation characteristics of
the satellite and cellular systems are quite dis-
similar. Therefore, handoff from cellular to
satellite will require a different protocol than
handoff from satellite to cellular, and both will
necessarily be different from conventional cellu-
lar handoff.

Protocols for satellite/cellular handoffs can
take advantage of the practical requirement for
separate cellular and satellite transceivers in the
mobile unit, as suggested in Figure 1. Thus,
while engaged in conversation mode on one sys-
tem, the mobile unit can scan for, monitor, and
communicate on the control channels of the
other.

Cellular to Satellite Handoff

In conventional cellular handoff, the system
must determine the location of the mobile rela-
tive to coverages of the surrounding cells in or-
der to determine the correct "target” cell. When
a mobile is to be handed off from cellular to the
mobile satellite system, no such location process
is required, because the coverage of even the
most tightly constrained satellite coverage beam
will be vastly larger than, and totally subtend,
even the largest cell. What is required, however,
is a determination that, at the time of the hand-
off, the mobile is within satellite coverage and
not, for instance, shadowed by overhead struc-
ture or terrain. A handoff from poor cellular
coverage to satellite could substantially improve
the quality of a call. On the other hand, if the
mobile is parked under an overpass at that mo-
ment, such a handoff could result in an unneces-
sary dropped call.

One way to ensure that the mobile is receiv-
ing satellite coverage prior to a handoff is to
query the mobile using the data messaging
feature of cellular voice channels. The mobile
would then respond with a data message that
indicated the quality of its current reception of
the satellite's control channel. Based upon this
information, the cellular system could make a
determination as to whether a handoff to satellite
is warranted.

Satellite to Cellular HandofY

Two characteristics make satellite to cellular
handoff unique. First of all, to conserve scarce
satellite channels, such a handoff will ideally oc-
cur when the mobile enters or reenters adequate
cellular coverage. Second, there is no practical
way that the satellite system can by itself deter-
mine which of potentially hundreds of sub-
tended cells should be the handoff target. To
address these characteristics, satellite to cellular
handoff most likely will be initiated by the mo-
bile unit, possibly as follows.
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While engaged in conversation on the satel-
lite system, a mobile unit will scan for cellular
control channels using its cellular transceiver.
When a channel is received with suitable signal
level as indicated by a predetermined formula,
the mobile unit will send a message on that cellu-
lar control channel requesting a handoff from the
satellite system. Using an administrative data
link, the cellular system will forward the request
to the serving satellite system, which will, in
turn, set up the handoff to the MTSO and cell
defined by the mobile's control channel trans-
mission.

7 HANDSET/CONTROL UNIT

CELLULAR
ANT

CELLULAR

SCEIVER
COMMON s_ ;AN
CONTROLLE ANT
SATELLITE

t }I‘RANSCEIVER j

Figure 1. Satellite/Cellular mobile architecture
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CONCLUSION

The integration of mobile satellite and cellular
systems appears to provide advantages to the
mobile user. Such integration will require ap-
propriate configuration of a dual mode mobile
unit, the integration of satellite and cellular infra-
structure systems, and the development of pro-
tocols to handle intersystem call processing.
This paper, in suggesting possible (but not nec-
essarnily optimal) approaches to each require-
ment, indicates that full satellite/cellular integra-
tion is practical.
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Figure 6: Satellite hub station at each MTSO
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ABSTRACT

There is considerable interest among mobile
satellite service providers in interworking with terrestrial
networks to provide a universal global network. With
such interworking, subscribers may be provided a
common set of services such as those planned for the
Public Switched Telephone Network (PSTN), the
Integrated Services Digital Network (ISDN), and future
Intelligent Networks (IN’s).

This paper first reviews issues in satellite
interworking. Next the status and interworking plans of
terrestrial mobile communications service providers are
examined with early examples of mobile satellite
interworking including a discussion of the anticipated
evolution towards full interworking between mobile
satellite and both fixed and mobile terrestrial networks.

INTRODUCTION

Mobile Satellite Services (MSS) were first
introduced in 1979 by Inmarsat and its member
signatories to provide communications to ships at sea.
These services have been systematically extended to
include land and air applications. Service is now
provided worldwide through satellites in each of four
ocean regions. Australia is the first to have a domestic
full service system with the launch of AUSSAT B1 in
1992, North America will be the first to have a regional
telecommunications system (MSAT) with deployment
scheduled for 1994 (messaging-only systems are now in
operation by TMI in Canada, and AMSC and
Qualcomm in the U.S.). These current generation
systems are all based on the use of conventional
geostationary satellites. Systems using a number of non-
geostationary satellites are being proposed (Inmarsat P,
Odyssey, Aries, Ellipsat, Iridium, Globalstar) that will
provide communications to hand-held terminals around
the turn of the century.

Fundamental to all of these systems is a desire to
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Inmarsat
40 Melton Street, London
England NW1 2EQ
Telephone: 44-71-728-1393
Facsimile: 44-71-728-1625

interwork with the existing terrestrial fixed and (in some
cases) mobile networks. Interworking is the capability of
separate networks to provide transparency for a common
set of services and features. Of interest are those to be
made available in the PSTN, the ISDN and the IN e.g.
Universal Personal Telecommunications (UPT).

Furthermore, while the current focus in mobile
networks is on providing terminal mobility there is an
interest to eventually provide personal mobility as is
being proposed for the UPT service. Terminal mobility
refers to the capability of the network to keep track of
and communicate with the user’s terminal while that
terminal is in motion. Personal mobility will remove the
association of the user and a specific piece of
equipment. The following discusses the evolution of the
terrestrial and satellite networks to provide an overview
of the trends towards global interworking. The focus in
this paper is on network structure, access and
management and service attributes, not on specific
transmission technologies used.

ISSUES IN INTERWORKING

Interworking requires that the networks recognize,
coordinate and route inter-network calls. In addition,
bilateral agreements are needed between terrestrial and
satellite service providers for billing and funds transfer.

A key issue in interworking a mobile satellite
system with a terrestrial system is mobility management.
A typical satellite system will consist of a single
coverage beam, a population of mobile terminals
(MT’s), a Network Control Station (NCS) and a
gateway (GW). The NCS is responsible for intra-
satellite system control including satellite channel
allocation and network management. The GW is the
interface to the PSTN. The next level of system
complexity is one where the satellite has several spot
beams. Here the PSTN interface can be (1) one GW that
can communicate with the MT’s in all the beams or (2)
a network of GW’s distributed among the spot beams.
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The latter case serves to reduce the terrestrial backhaul
component of the overall connection when the GW
selected is the one closest to the PSTN subscriber. The
next level of complexity is a system that uses several
spot beam satellites to provide, at its fullest capability,
worldwide continuous coverage. Here, in each satellite’s
coverage area GW’s located in several countries will
provide access to the PSTN via international trunks.

The two inter-network call types, MT-originated
(MTO) and PSTN-originated (PSTN-O), differ in their
interworking requirements. For a MT-O call, the MT
will signal the NCS (or a desired GW if the NCS
function is devolved to GW’s) to establish a call. While
the NCS performs mobility management within its
network, in this case there is no need for mobility
management between the satellite and terrestrial
systems. The GW will in turn coordinate call set-up
with the PSTN based on the destination subscriber’s
phone number. For a PSTN-O call, it is necessary to (1)
indicate to the PSTN that the call is being made to the
satellite network and (2) to establish the location of the
MT in order to establish the appropriate GW access and
routing between the PSTN and that GW.

Subscriber mobility management between the
networks is facilitated by (1) a unique code that
identifies a database containing the mobile’s location,
(2) inter-network signalling, and (3) subscriber
databases. In a mobile environment these databases will
include the subscriber’s service profiles as well as
location registers. With a satellite network unique access
arrangement, the calling party need not know himself
the location of the mobile destination; the networks will
know that the call is to the satellite system and will
coordinate the appropriate routing.

While cellular and satellite mobile systems can
operate autonomously, there is considerable interest in
providing an inter-network roaming capability between
such networks. Mobile roaming permits a subscriber to
be serviced by one or more network providers. The
mobile network in which a subscriber is normally
registered is known as the "home" system whereas other
networks are the "visited" systems. Subscriber roaming
requires that a mobile network (1) detect the presence
and determine the current location in the network of a
roaming subscriber, (2) authenticate his identity, and (3)
obtain his home service feature set. These functions
require the deployment of location registers (databases)
and the use of inter-network common channel signalling.

Efforts are being directed towards providing inter-
cellular/MSS roaming by providing the subscriber with a
dual mode terminal. The normal mode of operation is
through the cellular system with access to the satellite
system when the subscriber is beyond cellular coverage.
Ultimately one terminal could provide universal
ubiquitous access to the networks as described below.

TERRESTRIAL NETWORK EVOLUTION

The evolution of the fixed public, mobile terrestrial
and mobile satellite networks is described in terms of
network architecture, services and access. Figure 1
depicts an overview of their evolution. Coarse time
frames are provided.

Fixed Network Evolution

The fixed public network has evolved from one
providing Plain Old Telephone Service (POTS) to one
of sophisticated features, flexibility and bandwidth. The
ISDN is being implemented in many countries as an
architecture which will support integrated voice, data
and image services through standard interfaces over
twisted-pair telephone wire to a subscriber's wall jack.
Telephony enhancements include features such as call
forwarding, calling line identification, among others.
Two levels of service are planned: a Basic Rate (BRI)
Service will provide two 64 kbps and one 16 kbps
channels while Primary Rate (PRI) Service will provide
23 and 30 channels depending on the country. ISDN
planners are now developing broadband networks with
subscriber interfaces ranging from 32-138 Mbps.

The IN is an infrastructure that allows enhanced
services (e.g. 800, automatic calling card, and Private
Virtual Network services) to be deployed quickly and
widely without requiring modifications to be made to
every switch in the network. A typical IN structure is
shown in Figure 2. A subscriber’s special call request is
intercepted by the IN switch which sends a query to the
database for the information needed by the switch to
complete the call. The operating support system
administers network and customer information residing
in the database. The Advanced IN (AIN) will allow
rapid and customized development of new sophisticated
services.

The UPT service will provide ubiquitous personal
mobility within and across multiple types of networks.
This is accomplished through the use of a unique
personal telecommunications (PT) number that identifies
a user rather than a piece of equipment. Prior
coordination is required between visited and home
service providers to extend UPT to roaming subscribers.

Terrestrial Mobile Evolution

First Generation Systems

First generation cellular radio systems are based on
analog radio transmission technology. As shown in
Figure 3 a typical analog system consists of four
elements : (1) the Mobile (or portable) Terminal (MT),
(2) the Base Station (BS), (3) Mobile Switching Centre
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(MSC) and (4) element connectivity. The MT provides
access to the BS via the radio interface. The BS under
MSC control manages all MT activity within its
assigned cell area. The BS allocates radio channels,
performs signalling and performs BS maintenance
functions.The MSC is the central switching and control
element for all calls between the PSTN and the BS’s, as
well as for MT to MT calls. The MSC monitors MT
status as relayed by the BS’s (e.g. on/off hook), controls
MT handoff between adjacent cells in conjunction with
BS’s, reacts to network maintenance indications and
collects customer billing data,

Unlike the European analog systems which
employed differing standards, the Advanced Mobile
Phone Service (AMPS) was adopted as a single analog
standard in North America. A high market penetration
was achieved in North America to the point where
systems are now capacity-limited.

Second Generation Systems

The second generation cellular systems currently
being deployed employ digital technologies in the core
and radio access portions of the network (see Figure 3).
In addition to more efficient use of the spectrum based
on the use of digital voice compression, these new
systems are characterized by distributed network
intelligence, the implementation of databases, and the
standardisation of network interfaces. The strategic
location of intelligence (e.g. databases) allows for the
centralization of relevant subscriber information for
intra- and inter-network access supporting for example
national/international roaming. The deployment of
digital capabilities in the cellular core network together
with common channel signalling between MSC’s in
different networks allows for the real time exchange of
routing information pertaining to the location of visiting
subscribers thereby providing an automatic roaming
feature based on the use of one directory number (DN)
without the need for a separate roamer number. An MT
is assigned a DN by a cellular service provider. Blocks
of DN’s are allocated to an MSC and because the MSC
is associated with the PSTN exchange with which it
interfaces, the DN’s are used by the PSTN for cellular
call routing. The digital MSC can also provide PSTN
services such as Call Waiting, Call Forwarding, and
Voice Messaging.

Second generation systems include location register
functions which provide (1) stable information on
subscribers normally registered in an area, (2) dynamic
information on subscribers visiting an area, and (3) data
for MT/subscriber authentication when service is
requested in an area. The MSC has access to the
location registers for information on the current location
of its own and visiting subscribers. Common channel
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signalling techniques support call control and associated
service features.

Second generation systems will support both
telephony and data services. Out-of-band MT signalling
will facilitate (1) cell-to-cell handoff which assures non-
disruptive data service, and (2) ISDN-type features such
as Calling Line Identification, and Completion of Calls
to Busy Subscribers.

The evolution to digital is expected to be slow in
North America into the mid 90’s as many analog
terminals are already in service. This will result in a
dual analog/digital mode service as a transition strategy
(per TIA specification 1S.54).

In Europe and in some parts of Asia the diversity
of first generation standards is to be replaced by the
second generation Global System for Mobile (GSM)
telecommunications TDMA standard. In North America
similar systems are being implemented using the TIA
15.41 series of specifications. A major area of
contention for digital cellular has been the method of air
access with TDMA endorsed and being tested by some
carriers and CDMA by others.

Third Generation Systems

Research activities are underway to merge cellular,
cordless and paging technologies in a third generation
system which will be available about the year 2000
when second generation systems are expected to reach
full capacity. The intent will be to provide subscribers
with universal wireless access from most locations to all
current and advanced service features including POTS,
personal mobility, and in microcellular coverage areas,
data services up to PRI-ISDN.

Third generation systems are in the relatively early
stages of definition. Important areas to be addressed
include a network architecture with standard physical
and protocol interfaces, equipment specifications which
ensure interworking compatibility with different service
providers, a common spectrally efficient air interface to
support all types of wireless terminals and sophisticated
techniques for subscriber mobility management in pico,
micro and macro cell environments. The expected
substantial signalling and control traffic may necessitate
the development of higher capacity and faster packet
protocols and associated networks.

Personal Communications Services (PCS)
encompass wireless services including second generation
cordless telephone in personal communications networks
(PCN). The first generation cordless services were
restricted to telepoint public environment systems and in
the home. PCN’s are systems based on the IN
architecture and permit two-way calling, handoff
between cells , and support of ubiquitous coverage. PCN
technology is broadly similar to that in cellular



networks. However, the cells will operate in higher RF
bands and be smaller. This will improve
communications quality and increase network capacity.
Also, the handsets are expected to be smaller and less
expensive. PCS embodies the concept of a portable
telephone and a unique telephone number. On the road
the portable unit would operate like a cellular phone.
At home or at the office the unit would be a cordless
handset operating with the office PBX or the home
telephone connection.

The ITU-defined future public land mobile
telecommunications systems (FPLMTS) is a concept
incorporating terrestrial- and satellite-delivered PCS
services (see Figure 4). This will provide voice and non-
voice services including personal communications with
regional and international roaming. The World
Administrative Radio Conference (WARC92) identified
the spectral bands of 1885-2025 and 2110-2200 MHz
for worldwide implementation of FPLMTS. A co-
primary allocation of the bands 1980-2010 and 2170-
2200 MHz was made to MSS allowing for a possible
satellite component of FPLMTS. The latter provides a
unique opportunity for a common satellite/ terrestrial
mobile radio.

In 1988 the Commission of the European
Communities launched its Research on Advanced
Communications for Europe (RACE) program focused
on creating the third generation Universal Mobile
Telecommunications System (UMTS) by the tumn of the
century. UMTS will provide the functionality of cellular,
cordless and paging services ubiquitously with a smart
card ability which can be used to direct calls to a
message system, screen calls, or answer more than one
line. The UMTS recognizes the need for a unified
standard at least in Europe. This is a parallel activity to
that of the CCIR for FPLMTS. UMTS would include
voice, video, data services and support BRI-ISDN and
possibly higher rates in special environments. UMTS
would use IN concepts. System functions such as
location registration and handover could be handled by
service control functions which offer the flexibility of
service provisioning and tailoring. Elsewhere, the
Wireless Information Network Laboratory (WINLAB) at
Rutgers University is presently performing research into
switching architectures and transmission techniques for
third generation wireless networking. In Japan, NTT is
performing research into an infrastructure which will
support mobile-ISDN, IN and UPT services. This
network is called the Intelligent Digital Mobile
Communications Network (IDMN).

MOBILE SATELLITE NETWORKS

The current generation of mobile satellite systems
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include those presently in operation worldwide by
Inmarsat and domestically in Australia as well as the
regional MSAT to be launched in 1994 North America.
Inmarsat operates a number of systems including
Inmarsat A for high quality voice and data, Inmarsat C
for store and forward data and Aeronautical for
aeronautical voice and data. Inmarsat B is being phased
in as a digital replacement for the original A system.
Inmarsat M which will share a common access control
and signalling system with B but will provide a lower
cost alternative by using lower speed voice compression
and lower rate data (facsimile optional) to smaller
mobile and transportable earth stations. These systems
all interface to the public networks through GW’s called
Land Earth Stations or Coast Earth Stations. The
Inmarsat 1 and (the more powerful) 2 satellites use
global beams whereas the Inmarsat 3 satellites (circa
1995) will operate through spot beams.

In Inmarsat M the MT may establish service by
requesting a channel from an LES in its current ocean
region. The selection of the LES and the implicit PSTN
connection are made by the MT operator. A call from
the fixed network is automatically routed to the
international gateway in the originating country, and
then routed to the LES supporting the dialled country
code. Mobility is provided within whole continental
regions, and global mobility is being studied. Inmarsat is
investigating the possible use of a single network access
code which would allow access from the public network
without prior knowledge of the MT’s location. This
could require the establishment of location registers and
call routing procedures for the desired MT. Interworking
of M with cellular systems is being studied.

The Australian system which is called mobilsat is
the first domestic system to provide voice/fax/data and
packet switched messaging services. The AUSSAT B1
satellite provides a single national beam. A full duplex
public telephony service provides connections to the
PSTN and the ISDN via a gateway. Private network
telephony, data and special services (e.g. emergency,
position reporting) will be offered through shared or
private base stations. A mobilsat Special Network will
also be able to be interconnected to other mobile radio
networks. This will be made using the customer’s
PABX as a common connection between the networks.
An adaptor unit will be needed between the radio
network and the PABX.

A form of interworking will be implemented in the
MSAT system (US portion) where MT’s will be
required to operate in a dual cellular/satellite mode
(referred to as Mobile Telephone Cellular Roaming
Service). A subscriber’s MT will give first preference to
operation as a cellular radio, opting for operation within
the MSAT system only when out of cellular coverage.
Calls can originate either from the PSTN or the MT;



MT to MT calls are also allowed.

Inmarsat is in the process of defining its Inmarsat P
system for hand-held terminals. P represents a natural
evolution from the M, C and satellite paging systems
being implemented worldwide.

With the capability of MSS systems to be
deployed more rapidly at the global level than

terrestrial systems, Inmarsat has adopted an interworking
philosophy that is independent of the specific satellite

network technology used. The intent is to have

Inmarsat P as compliant as possible with the applicable
CCIR FPLMTS interworking recommendations in the

timescale for introduction, Should these

recommendations accommodate from the outset the

different technologies and parameter ranges, €.g.

transmission delay, satellites with/without (i) on-board
processing, (ii) inter-satellite links, (iii) in-call satellite-
to-satellite hand-off, then the likelihood of a mutually

beneficial evolution of terrestrial and satellite networks
will be greatly enhanced.

SUMMARY

This paper has summarized the evolution of the
terrestrial fixed/mobile and satellite mobile networks.
Most significant is the trend towards a service
convergence whereby the subscriber will, through a
compact handset, be provided ubiquitous and universal

access to the fixed and mobile networks.
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Figure 1. Evolution of the networks.
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Introduction

The market demand on mobile tele-
phone communications has been increasing
since the introduction of the cellular mobile
telephone systems about twelve years ago.
In Europe, projections indicate a demand of
about 17 million subscribers for a fully
deployed Pan-European system. The
Pan-European GSM system is to harmonise
the growth of the terrestrial mobile system.
Studies conducted by the European Space
Agency (ESA) indicate that even with
60-70% of the area being covered by the
GSM, a significant traffic demand (voice
and data) will still exist for areas not cov-
ered by the terrestrial systems.

This demand could be satisfied by a land
mobile satellite system. The satellite system
is therefore seen in a complementary role
rather than in competition with the terrestrial
system in an integrated telecommunication
network. One possible scenario may be that
initially the satellite system provides ser-
vices to the rural areas together with areas
still not covered by the GSM system. This
service area is then gradually diminished as
the terrestrial system expands until an opti-
mum point is reached where the systems co-
exist optimally.

The objective of this paper is to investigate
the possibility of integration of a space
based system, in this case Inmarsat
Standard-M, with the GSM (Global System
for Mobile communication). One very im-
portant advantage of incorporating GSM ser-
vices in Standard-M is that it will be feasible
to extend the GSM services economically
worldwide, not only to land mobiles but also
to aeronautical and maritime mobiles.
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The idea of a Pan-European mobile
communication system was originated in
1981 and it is to replace the many different
analogue mobile telephone networks which
exist throughout Europe. Roaming will be
permitted within all the countries deploying
the system.

The GSM offers digital voice channel to-
gether with several supplementary services
and will be ISDN compatible. Very
importantly the system has been structured
to permit evolving technology to be incorpo-
rated.

The system adopts a TDMA structure and
makes use of the CCITT Signalling System
Number 7. Extensive use is also made of the
other CCITT, CEPT and ISO (for layers 1,2
and 3 - the physical , data link and network
layers) standards.

The main building blocks of the GSM net-
work are shown in figure 1.

The Mobile Switching Centre (MSC) acts
mainly as an ISDN exchange and represents
the interface between the fixed network and
mobile network. Each MSC has many Base
Stations (BS) under its control, typically
three. The MSC also controls mobile spe-
cific functions such as handover. In general,
each MSC will have two associated location
registers. Home Location Register (HLR) is
used to store permanent and temporary in-
formation related to the mobile subscriber or
related to the position of the MSs in each
instant. Visitor Location Register (VLR)
contains all kinds of information both per-
manent and temporary needed to handle the
MSs in the area where it is roaming,

A Base Station provides radio coverage of
geographical zone containing one or several
cells. It provides the radio channels for both
subscriber services and associated network



signalling. It is directly connected to the
MSC associated with its coverage area.

The Mobile Station enables subscribers to
access the GSM network at any point within
the service area. Various types are available
of different transmission power levels- the
higher powers being vehicle mounted rather
than handheld.

GSM services and subscribers access

In this section, services which are
supported in GSM and customer access to
them will be described.

le/D n lemen rvices[1
Teleservices

The teleservices provide complete
capability for two customers to communi-
cate with one another. The following generic
teleservices are offered.

a) Speech transmission

b) Emergency call

¢) Short message transmission (telegrams up
to 256 characters)

d) Message handling service

e) Videotex

f) Teletex

g) Facsimile transmission group 3,4

rer Servi

The bearer service provides a "trans-
port-service" which enables customers to in-
terchange data according to their specified
application. The GSM services are:
a§)Audi0 restricted 3.1 KHz
b) Data circuit duplex asynchronous
300-9600 bits/sec
c) Data circuit duplex synchronous
1200-9600 bits/sec
d) PAD access circuit asynchronous
300-9600 bits/sec
e) Data packet duplex synchronous
2400-9600 bits/sec
f) Alternate speech/unrestricted digital
g) 12.6 kbits/sec unrestricted digital
h) ISDN terminal support

lemen rvi
a) Call forwarding
b) Call barring
¢) Call waiting
d) Call hold
e) Three party service
f) Advice of charge. This is intended to pro-
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vide sufficient information to a MS for an
estimate to be made of the call charge
incurred.

Customer access [1], [2]

Mobile stations with have different access
capabilities. For example, a small compact
handheld unit is unlikely to offer all services
in the early 1990s. Therefore, GSM has de-
veloped a structured approach which allows
for maximum evolution of products. This
process is shown in figure 2. The figure
shows that the MS consists of a Mobile
Termination (MT) unit and terminal equip-
ment. The function of the MT unit is to offer
standard interfaces to the customer and to
transfer the data on these interfaces over the
radio interface (Um). For example, cus-
tomers will be able to directly connect their
ISDN terminal via the standard ISDN "S"
interface to the MS. The ISDN terminal
presents a 64 kbps data stream to the mobile
termination and the composite effect of the
rate adaptation in the ISDN terminal and
mobile termination unit is to produce a flow
of controlled data stream compatible with
the capacity of the digital radio channel.
Figure 2 also indicates the alternative which
is being specified so that customers with
non-ISDN terminals can either directly con-
nect to the standard "S" interface or to a "R"
type interface.

There are three types of MT:

MTO: includes functions belonging to MT,
with support of no terminal interfaces.
MT1: includes functions belonging to MT,
with an interface that complies with the
GSM recommended subset of ISDN user-ne-
twork interface.

MT?2: includes functions belonging to MT,
with an interface that complies with non-
ISDN interface eg., CCITT X or V series
interface.

The MT plus a TE/(TE+TA) constitutes the
mobile station.

Inmarsat Standard-M Land Mobile Sys-
tem [3]

The Inmarsat Standard-M which will
start commercial service by 1993, provides a
digital communications service between the
public switched terrestrial networks and mo-
bile users on land or sea. Standard-M sup-
ports medium quality telephony, facsimile
and 2400 bits/sec. Links to and from mobile
installations are established via Inmarsat



geostationary satellites and the associated
ground segment. Near global coverage pro-
vided between latitudes 75" north and south
of the Equator.
The major elements of Standard-M system
are shown in figure 3 and are described
briefly as follows:
The ment capacity is provided by
Inmarsat’s first generation t(}i’.e, intelsat-V
Maritime communications sub-system satel-
lites) and subsequent generation space seg-
ment (Inmarsat-3).
Standard-M Mobile Earth Station (MES),
which interface with the space segments at
L-band (1.5/1.6 GHz) for communication
with LESs.
Land Earth Stations interface with the space
segment at C-band (4/6 GHz) and L-bands
and with the terrestrial networks for com-
munications with MESs.

ination Stations (NCS),
located at the designated (co-located) LESs,
which interface with the space segment at
C-band and L-band for the purpose of sig-
nalling with MESs and LESs, and for overall
network control and monitoring functions.

ndard-M servi n mer
This section describes the services
which are recommended for Standard-M
system. This, in no way, means that these
are the only services which Standard-M sys-
tem is capable of supporting.

Telephony Services are provided through
6.4 Kbits/sec full duplex.

CCITT Group-3 Facsimile Service is pro-
vided in accordance with the transmission
standard CCITT Rec.T4 regarding Group-3
facsimile service.

2.4 Kbits/sec full duplex baseband data ser-
vices (with optional fall back mode capabil-
ity of operating 1.2 Kbits/sec) are supported.
Figure 4 shows the customer access to data
services. The recommended interface re-
quirement between an MES (DCE) and its
data terminal equipment (DTE) is the
CCITT V.24, V.28 and ISO 2110 (equival-
ent to EIA specification RS-232C).

The recommended auto-calling and
auto-answering protocol at the MES V.24
interface is the CCITT Rec.V.25 bis.
Modem Interface Unit (MIU) is a logical
block allowing a fixed Hayes compatible
modem to interface with the LES and a DTE
to interface with the MES. MIUs are useful
on MESs to allow selection to off-the shelf

modems and DTEs by the end users (using 3

"multi-numbering scheme").

The primary function of the MIU at the LES
is to interface with the terrestrial modems,
and to convert the analogue baseband voice
and data format originated from fixed-user
voice band modems to the Standard-M
2.4Kbits/sec SCPC satellite data channel
format. The recommended protocol between
the LES MIU and the terrestrial fixed-user’s
data modem is the CCITT Rec. V.22 bis.

n rkin n Inm
Standard-M and GSM Systems

The main purpose of this section is to pre-
pare the ground for integration of GSM and
Standard-M systems which is to be the
subject of the next section. Before consider-
ing integration an understanding of the con-
cept of interworking and how it can be
achieved is necessary. The interworking in
this chapter is described on the ability of
GSM network to interwork with non-ISDN
networks.

The concept of Bearer services was devel-
oped for the ISDN and has been extended to
the GSM. Here an attempt will be made to
interwork GSM Bearer services and hence
its Teleservices with Inmarsat Standard-M
network within the limitations of the two
systems. Three areas of interworking were
identified and thoroughly investigated:

1. Service interworking

Service interworking is required
when the teleservices at the calling and
called terminals are different (e.g. Teletex
interworking with Facsimile).
2. Signalling interworking

For network interworking, signalling
requirements have to be defined. Existing
call control signalling procedures e.g SS#7,
is used in the GSM while a subset of SS#5 is
used in Standard-M.
3. Supplementary service interworking

From the network interworking, the follow-
ing can be deduced:

1. Additional signalling messages "bearer
capability" are required to be transmitted be-
tween MESs and LESs to support GSM ser-
vices. Such messages will be needed to
indicate things like service nature (i.e simple
or duplex), service type (i.e short message
service) etc. These signals can be accommo-
dated since both MESs and LESs will be
equipped with software expansion
capabilities to accommodate new signalling
codes for future Inmarsat service offer-



ings[3]. Hence this can be utilised to support
new signalling messages required for GSM
services.

2. Signalling conversion is required to con-
vert the forward and the backward signals of
SS#7 (ISUP) messages and information
elements of Standard-M signalling system
(subset of SS#5).

3. Appropriate interfaces at the MSSC are
required to support GSM services within
Standard-M network e.g X.30 and X.31 to
support packet data services.

4. The MSSC must support all of GSM
supplementary services.

5. Additional interworking functions (IWFs)
will be required to support various GSM
services. The IWFs will be in the following
form:

i) Echo control devices at the MSSCs

ii) Modem pools and network based rate
adaptation (i.e to allow for no more than
2400 bits/sec and no less than 1200 bits/sec
user data rate) at LESs.

ifi) Functions to select the appropriate
modem and rate adaptation for each re-
quested service.

iv) Appropriate interfaces at the MSSC
(ISDN switch) to support data services with
other specialised networks e.g X.32 access,
to interface with packet networks including
GSM.

6. To support short message services, provi-
sion must be made for a use of service
centre, which acts as a store and forward
centre for short messages. This centre can
either be located at each LES or the GSM
PLMN centre can be shared with the home
LES.

ration ndard-M an M Ter-
minals
In this section, the possibility of proposing a
single terminal to access both networks will
be looked at. The achievable level of inte-
gration will be determined by the amount of
similarities between the two systems.

The two systems are very different at all the
three lower layers of OSI model, thus there
iS no point in trying to integrate the Mobile
Termination unit (MT) in GSM and the Mo-
bile Earth Station (MES) in Standard-M into
a single terminal. Hence customer interfaces
at both the MT and MES were examined in
order see how the GSM services can be sup-
ported in a dual-mode terminal. The dual-
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mode terminals for both non-ISDN and
ISDN services are shown in figures 5 and 6
respectively. In ISDN compatible terminal,
the GSM Mobile Termination 1 (MT1) was
considered, as MT1 is designed to support
ISDN user interface, i.e "S" reference point,
allowing TE1 to be connected directly to
MT1. As Standard-M MES is designed to
support non-ISDN terminals, some modifi-
cations were required to enable the MES to
support ISDN terminals.

works

The important elements of the two
separate networks which monitor the mobile
position and thus allow calls to be forwarded
to the mobiles are the HLR in the GSM and
NCS in the Standard-M system. The gate-
way between the two networks must there-
fore be a link between these two elements so
that information can be exchanged as to the
mobile location within the whole network.
This is shown in figure 7. The GSM Direc-
tory Number (DN) is incorporated in the
Integrated Network for the following
reasons:

1. The GSM is designed to provide flexible
and economic call set up procedures by in-
corporating network elements such as HLR,
VLR and Mobile Network identity such as
MSRN.

2. The main purpose of this integration is to
allow Standard-M to complement the GSM
by providing similar services as the GSM in
the rural/maritime areas. Thus it is essential
to harmonise the user access methods by
adopting the GSM numbering scheme.

To reach this integrated scenario, careful
steps were also taken to minimise the propa-
gation delays due to satellite links and the
terrestrial tails, by extensive use of the
terrestrial elements. This also resulted in the
following advantages:

i) Avoided many changes in the space seg-
ment due to the need to transmit many sig-
nalling messages to support roaming in the
integrated network.

ii) Efficient utilization of the space segment
radio resources i.e roaming can be supported
with very little use of the satellite radio
channels.



In this paper two main areas were examined
in order to achieve maximum possible level
of synergy between the Inmarsat
Standard-M and the GSM systems.

In the interworking, signalling, supplemen-
tary services and network issues were ad-
dressed and many additional network
interfaces were proposed. These solutions
were aimed at incorporation of GSM ser-
vices in Standard-M system as much as
possible.

The network integration was obtained
through detailed comparisons of the two sys-
tems in accordance with OSI/RM model.
This resulted in the suggestion of a
dual-mode terminal with fully defined
user-machine interfaces to access both GSM
and the "enhanced" Standard-M services.
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ABSTRACT

This paper aims to depict some basic concepts
related to the definition of an integrated system for
mobile communications, consisting of a satellite
network and a terrestrial cellular network. In
particular three aspects are discussed:

- architecture definition for the satellite network;
- assignment strategy of the satellite channels;

- definition of "internetworking procedures”
between cellular and satellite network, according
to the selected architecture and the satellite channel
assignment strategy.

INTRODUCTION

Essentially, there are two ways to implement
an integrated satellite-terrestrial mobile system [1]:
1) considering the satellite network as a natural
extension and a completion of the terrestrial one,
reusing (as far as possible) in the satellite network
the same procedures and protocols defined for the
cellular one;

2) accepting that the satellite link may be based
on specific procedures and techniques, assuming
that the integration is obtained only by information
interchange at the network side.

In this paper the first viewpoint is considered
[2][3] and, to be concrete, architectures and
protocols for the satellite network are described
with reference to the cellular standard “Global
System for Mobile communications (GSM)”. An
integrated system based on this standard seems
possible but problems related to the complete reuse
of the GSM protocols on the satellite network have
been found. These results could be taken into
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account to define the future standards for mobile
communication systems,

SYSTEM ARCHITECTURE

The reference payload is a geostationary
satellite whose feeder link (i.e. the link from/to the
“Fixed Earth Stations (FESs)” to/from the
satellite) has a global coverage and whose mobile
link (i.e. the link from/to the “Mobile Stations
(MSs)” to/from the satellite) has a spot-beam
coverage.

Basic issues of the satellite system
configuration are the number of FESs, the FES-
spot connection (i.e. the spots each FES can
communicate with), the criteria for the FES-MS
association. On these subjects the following issues
must be considered:

- a static FES-MS association is proposed. The
FES-MS association specifies the FES a certain
MS is allowed to communicate with via satellite.
Static means that the MS is semipermanently
associated to the same FES as long as it roams in a
certain spot; conversely, dynamic means that this
association can be varied on a real time basis. As
it is hereinafter explained, a dynamic FES-MS
association permits the "selective landing” and the
"alternative routing”, but it does not result GSM-
compatible.

Selective landing means that, in order to
shorten the terrestrial tails, the connection between
a MS and a fixed-user takes place through the FES
closest to the fixed-user (i.e. the FES is selected
on a call-by-call basis on the ground of the fixed-
user location).

Alternative routing means that a call routed



through a congested FES (or “Base Station System
(BSS)”) can be rerouted through a different FES
(i.e. the FES is selected on a call-by-call basis on
the ground of the traffic situation).

In order to permit the selective landing in case
of fixed-user originated calls, a stand-by MS
should be tuned on the “Broadcast Control
CHannel (BCCH)” carrier transmitted by the FES
closest to the fixed-user, but, obviously, this is not
possible since the MS can not be aware of the
fixed-user which is going to call it.

Likewise, in order to permit the alternative
routing in case of fixed-user originated calls, a
stand-by MS should be tuned on the BCCH
carrier transmitted by the "alternative" FES, but,
obviously, this is not possible since the MS can
not be aware either of the status of congestion of
the serving cell or of the identity of the alternative
FES.

- Since selective landing is not GSM
compatible, in theory, increasing the number of
FESs does not yield any benefit in terms of
reduction of the average length of the terrestrial
tails. In practice, such tails can be remarkably
reduced by planning to associate each MS to the
FES closest to the area where the fixed-users,
which the MS is expected to communicate more
frequently with, are located (e.g. the FES closest
to the MS headquarter).

- Since alternative routing is not GSM
compatible, by increasing the number of FESs per
spot, the overall system efficiency decreases due to
the partition of the GSM carriers among the FESs.
Once the satellite capacity is known, the offered
traffic in function of the number of FESs can be
easily calculated by applying the Erlang-B
formula. In case the above-mentioned efficiency
decrease becomes unacceptable, a proper real time
reservation mechanism of the carriers should be
implemented (e.g. a demand-assignment
mechanism with a network control station in
charge of carrier assignment). However such a
solution entails a remarkable increase in the
satellite system complexity.

- As far as the FES-to-spot connection is
concerned, the possible solutions range from the
simple connection (each FES is allowed to
communicate only with a spot, i.e., in general, the
spot where the FES is placed), to the full
connection (each FES is allowed to communicate
with all the spots). Obviously, the full connection
solution is more flexible. However, it imposes
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more stringent requirements on the on-board
processor (e.g. a greater number of filters) and/or
more complex frequency plans. Moreover, in the
full connection solution, each FES must transmit at
least a GSM carrier (the BCCH carrier) in every
spot and this could be inefficient. The full
connection solution can be either "static” or
"dynamic". Dynamic means that each FES, in the
framework of the GSM carriers assigned to it, can
vary, on a real time basis, its carriers-to-spot
assignment, in order to cope with contingent
traffic situations; static means that each FES can
vary the above-mentioned assignment only on a
rearrangement basis. Periodic or continuous
reconfiguration might be obtained with an on-
board switching (controlled via telecomand) of
carriers from/to the global beam to/from spot
beams. The dynamic solution is more efficient but
it requires that the on-board processor and/or the
frequency plans are reconfigurable on a real time
basis.

- It is more than likely that administrative
requirements and/or political matters impose that
a certain “Public Land Mobile Network (PLMN)”
(and/or a certain country) is provided with its own
FES. If this is the case, the MSs registered in a
certain PLMN can be conveniently associated to a
FES belonging to this PLMN (at least in case this
is permitted by the FES-spot connection); so
doing, in case of infra-PLMN calls, the passage
through external PLMN is avoided.

In conclusion, it is proposed a satellite system
configuration in which the number of FESs is kept
to a minimum compatible with the above-
mentioned administrative/political requirements. In
the reasonable hypothesis that the number of GSM
channels supported by the satellite system is
remarkably higher than the number of FESs,
statistical considerations suggest that the efficiency
decrease caused by the semipermanent partition of
the GSM carriers among the FESs, can be
tolerated, thus avoiding the implementation of a
complex real time carrier reservation mechanism.
The most convenient FES-spot connection can be
decided FES by FES depending on the payload
characteristics and on the expected traffic between
the FES and the spots. As to the static FES-MS
association, a suitable criterion is to associate a
certain MS to a FES belonging to the PLMN
where the MS is registered. In the framework of
the FESs belonging to the above PLMN, it is
convenient to associate the MS to the FES closest
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to the MS headquarter. Finally, in case the PLMN
where the MS is registered has no FESs (or is not
connected with one or more spots), the MS can be
profitably associated to the FES (belonging to a
different PLMN) closest to the MS headquarter.

CHANNEL ASSIGNMENT STRATEGY

Basically, in an integrated system, the
assignment of satellite channels for a
communication can be of two types:

1) at the same priority level as terrestrial cellular
ones; in that case the choice between satellite and
terrestrial resources can be based on link quality
parameters (e.g. received signal power);

2) at a lower priority level, recognizing the
specific features of the satellite resources (more
limited, more costly but able to serve a wide area);
in that case the choice between satellite and
terrestrial channels should be based on trattic
management criteria (e.g. satellite resources are
chosen only if the terrestrial ones are not available
for whatever reason).

The first approach considers the satellite
system as an extension of the GSM network and
satellite beams as GSM cells, not only from the
architectural viewpoint but also from the operative
one: this means that traffic channels, disregarding
cellular or satellite, are allocated according to level
and quality of the received signal. It has been
already shown [4] that this choice leads to a poor
network efficiency.

The second choice recognizes that it is unfair
to compare satellite and GSM channels on the
ground of signal quality and dangerous to allocate
a satellite channel when free GSM channels exist
in the terrestrial network. This straightforward
selective call set-up procedure is suggested:
always try to allocate first GSM traffic channels;
in case of a blocking state, switch to a satellite
channel.

The proposed strategy discriminates channel
types on the base of network criteria (the
occupancy state), not simply radio, so that satellite
channels represent an overflow for the GSM ones,
that remain the primary channels.

Application scenarios

An integrated traffic management strategy
overcomes the classical satellite roles of:
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- complementing the GSM network in
uncovered areas;

- supplying purely additional channels in
common areas;

The fixed traffic channel capacity scheme of
the GSM system is a severe limitation when the
nominal average traffic figures are variable; this
may occur on a periodical basis (traffic overloads
in specific cells) or because of the customers
growth, Cellular networks, are highly vulnerable
to such changes while satellite channels, used as
overflow resources, can easily absorb the cellular
traffic peaks. This feature allows a looser GSM
channe! dimensioning and avoids periodic
reconfigurations.

The customers growth increases the average
offered traffic. In this evolutionary process, the
satellite can become a powerful planning support
for the GSM network, since investments can be
postponed. The advantages will be more
consistent, if appropriate traffic handling
procedures are developed.

An application example

A quantitative comparison between the GSM
channel assignment strategy and that proposed in
the previous section has been performed on a
limited size example where urban, suburban and
rural propagation conditions for the GSM network
have been reproduced. Marginal traffic due to
mobile customers roaming outside the GSM
coverage but still in the satellite spot beam has
been assumed too so that some customers can
access only and directly the satellite channels with
the same GSM service quality. The "wrong”
selection of a satellite channel in the common
coverage areas, due to a better received signal, is
taken into account in a probabilistic way.

The limited available space suggests to
summarize verbally the results. The System
Blocking Probability, (i.e. the probability that a
call is rejected because no traffic channel can be
allocated) has been recognized as the most suitable
parameter to quantify how the user perceives the
quality of service. If overflow to the pool of
satellite channels is allowed, local blocking states
on GSM cells do not necessarily mean call
rejection, as would be for a traffic handling
strategy with no overflow. In the simulated
example, overflow ensured a reduction of the



blocking probability of about 30% with respect to
the nominal value.

A second performance figure, the GSM
Network blocking probability, represents the
probability that a call, originating in the GSM
network, is rejected. As expected, the nominal
blocking probability on GSM cells is reduced by
the presence of a supporting satellite system;
furthermore, it has been noted that with the
overflow capability an increase of the satellite
capacity produces, in percentage, a higher

decrease of the GSM network blocking probability.

The benefits achieved on both System and
GSM Network blocking probabilities are
compensated by an increase of the Satellite
Blocking Probability: this is perceived by mobile
customers roaming in marginal areas and those
that are better served by a satellite channel in
common areas. Such probability is simply
expressed by the fraction of calls that access
directly the satellite network and are blocked. A
partition of the satellite channels that only allows a
preassigned amount of channels to host overtlow
traffic should mitigate this drawback.
Dimensioning can be such to optimize the traffic
globally handled by the network.

Handover

In cellular networks, handover prevents from
forced call disconnections due to signal
degradation in the passage between adjacent cells.
In the integrated satellite/GSM environment,
handover can be extended to the passage from
different networks. Two possibilities (GSM-to-
satellite and satellite-to-GSM) exist.

GSM-to-satellite handovers can occur when a
mobile is leaving the GSM coverage and a satellite
traffic channel offers an acceptable quality; hence,
they are an extension of GSM handovers. Call
continuity is maintained and service quality is
increased but they are not traffic management
tools.

Satellite-to-GSM handovers, on the contrary,
aim at enhancing the overall network efficiency by
maximizing satellite channels availability. The
function is closely related to the selective call set-
up procedure and consists in:
checking the occupancy state of the GSM channels
that could be allocated to a satellite conversation,
if at least one free channel exists in a suitable

140

GSM cell, the satellite call is handed over to the
GSM network.

INTERNETWORKING PROCEDURES

As described in the previous section, traffic
interchange between satellite and cellular network
may be obtained with the selective call set-up or
with the handovers. To define these procedures, it
is to be noted that the GSM is already in the
development phase and therefore solutions for an
integrated system requiring any modification to the
existing protocols of the terrestrial network are not
reasonable. Modifications, if required, should be
confined in the mobile terminal and/or in the
ground infrastructure of the satellite subsystem.

Selective call set-up procedure

This definition refers to the MS possibility of
establishing a communication through the satellite
link when a traffic overload arises in the terrestrial
network.

In a cellular network, a set-up procedure
to/from a mobile terminal requires some
preliminary operations, carried out by the terminal
and the network. When an integrated system is
considered and a selective call set-up is needed the
following aspects have to be pointed out:

- when an MS is not engaged in any type of
communication it selects the most suitable cell for
communicating over the radio path, In all the
considered architectures the spot beams are
considered as "macrocells” and the cell search
should concern even the satellite band. The
frequency band distinction can be exploited to
implement the priority selection criterion between
terrestrial and satellite network: first the MS
searches for a suitable cell in terrestrial PLMNs;
in the areas covered only by the satellite system,
the selection of terrestrial cells fails due to link
quality measurements and the MS switches
automatically to the satellite band. If a particular
FES-MS association is preferred, it is necessary
for the mobile terminal to check first the BCCH of
"its own" FES, when it switches to the satellite
band: this means that it must keep information
about these carriers in its memory.

- The smallest area unit used in GSM for
locating the MS is the “location area (LA)”: it is
composed by one or more “Base Station (BA)”
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areas and is identified in a PLMN by a LA
identification, which is a parameter broadcasted on
the BCCH. A location updating procedure is
performed by the MS when it selects a cell with a
LA identification different from the one previously
received. In an integrated system, we can assign a
LA identification to every spot beam, to every
FES or to the whole satellite network, according to
the adopted architecture. In any case when an MS
selects the satellite resources it must perform a
location updating.

- When a mobile terminal communicates with
the network it has to synchronize its burst
transmissions so that they are properly received by
the base station in the reserved slots. The
synchronization problem of an MS has two
aspects:

- initial synchronization, at the access phase

to the network;

- adaptive correction of the synchronization,

during a communication.

The latter aspect may have in the satellite
system the same solution as in the GSM. On the
contrary, a notably different solution must be used
in the first case. In the GSM the access burst is
received by the BS within the assigned timeslot
even if the MS is at the cell boundary. A different
situation occurs in the satellite network because of
the long propagation delay and the quite large
delay variation coming from the position of the
MS within the spot beam: due to uncertainty of the
receiving instant of an access burst, it is necessary
to reserve a carrier to the access in every spot
beam. Moreover, to allow FES to evaluate the
propagation delay, the MS must send the access
burst only at the beginning of specified timeslots.

On the satellite link, as a consequence of the
synchronization, the MS performs the transmission
of a burst, in a frame, at an instant which does not
depend on the instant of reception: then, the
timeslot of transmission may overlap to the
timeslot of reception. Therefore, unlike a GSM
terminal, the MS for the integrated system must
have a duplexer.

After these considerations, we can define a
procedure for a selective call set-up. We suppose
that the MS has selected a GSM cell and that the
set-up is not completed owing to a blocking state
in this cell. It is suitable to distinguish two cases:
1) mobile terminating call: the mobile is the
called MS, that is the traffic overload occurs in the
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"call destination” cell. A procedure for trying an
alternative routing through the satellite network is
not advisable as, to implement it, modifications
should be taken into account in the terrestrial
network. As a matter of fact:

- the “Mobile Switching Centre (MSC” that
receives the message of assignment failure is a
GSM MSC and in this system an alternative
routing is not provided;

- as previously reported, the MS waits for the
paging message only on the proper channel of the
selected cell. A procedure for a second set-up
requires that the MS is registred as located in two
LAs, one of which belonging to the satellite
network. So, the mobile should perform a location
updating for each network and listen to two paging
channels. This integrated system should work in
such a way that the call is first routed through the
terrestrial network. A procedure for implementing
this set-up type should be more complex than one
of the GSM and, in any case, different.

2) mobile originating call: the MS has selected a
GSM cell and it is the calling terminal, that is the
traffic overload arises in the "originating call” cell.
When the MS infers that it is not possible to
establish the call in the GSM, it tries selecting a
beam and, if this attempt is successful, it performs
a location updating. Now it can repeat the set-up.
The long time required to complete the procedure
might be reduced if the MS avoids the first useless
attempt. Unfortunately in the GSM, no parameter
can be broadcasted on the BCCH to communicate
to the MSs the tratfic overflow.

GSM-to-satellite handover

Handover from cell to spot beam is a feature
not simple to be implemented with GSM
contraints.

In the GSM, the mobile, when performing the
handover tunes to the "new" BS and transmits an
access burst, at the beginning of a slot indicated by
the "old” BS. This burst is sutficiently short, so
that it is received in the assigned timeslot, even if
the MS is at the boundary of the new cell. In a
GSM-to-satellite handover, owing to the notable
delay involved on the satellite link, it is necesssary
for the mobile to have an additional timing
indicator, in order that the burst is received by the
FES in the assigned timeslot: the MS must know
the precise delay, from a defined instant, of the



transmission of the access burst. This information
should be communicated by the BS and therefore
modification to the GSM network would be
necessary.

Satellite-to-GSM handover

Satellite-to-GSM handover is one of the most
interesting traffic management tool for the
integrated system, as it permits to reduce
occupancy of the satellite resources.

The criteria that are possible to adopt to start a
satellite-to-GSM handover procedure may be
different: for example it may be established that
this procedure has to be carried out only when the
satellite occupancy degree is over a certain fixed
value.

To hand over a call from the satellite to the
cellular network, it is up to the mobile to allow the
satellite network to identify its position inside the
beam: this may be achieved with the message
measurement report, sent periodically by the MS.
In it the identity of at least one cell, among those
reported by the mobile, must be indicated with its
complete identifier, that is broadcasted on the
BCCH and allows to distinguish the cell inside the
whole network. Obviously, it is suitable that cell
specified by the MS is the one from which the
received signal strength is the highest, since,
presumably, the mobile is there.

Recall that, in the GSM, the neighboring cell
BCCH frequencies to be monitored are
communicated to the mobile through a well
defined list, transmitted by the serving cell.
Analogously, when the mobile communicates
through the satellite, in this list the FES should
indicate the frequencies that are BCCH carriers in
the area where the MS is at this time. In other
words, the FES should adapt the transmitted list
according to the position of the mobile in the
beam. This requires the mobile knows the GSM
cell where it is immediately before the set-up. This
condition excludes a handover from satellite to
GSM, when the set-up occurs outside the GSM
coverage. Instead the mobile may precise the cell
when it accesses the satellite owing to the traffic
overload in the terrestrial network.

Other problems may be due to the MSCs of
the terrestrial network. Note that a "terrestrial”
MSC overlaps to the neighboring MSC areas only
with the boundary cells of its coverage area. So an
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inter-MSC handover should occurs only between
boundary cells of two MSCs. This fact might be
taken into account in the implementation of the
terrestrial network. Instead, in order to hand over
the calls from the satellite to the GSM, all the cells
inside a terrestrial MSC area should be considered
boundary cells with respect to the area covered by
the satellite MSC. The exploitation of this feature
depends on the national implementation of the
GSM.

CONCLUSIONS

An integrated system based on the GSM
procedures allows to increase the efficiency of the
cellular network and seems actually feasible. Some
drawbacks related to the reuse of the GSM
protocols have been highlighted. The design of a
fully integrated system, for the next generation of
a Personal Communication System, should take
into account these drawbacks and define the
architecture and protocols in such a way that the
satellite network more naturally fits into the
overall network.

ACKNOWLEDGEMENT

The authors wish to thank Messrs J. Benedicto
and M. Langhorn (ESTEC) for the support in
developing the ideas of the paper.

REFERENCES

[1] A. Arcidiacono, “Integration between
terrestrial-based and satellite-based land mobile
communications systems,” International Mobile
Satellite Conference, Ottawa, June 1990

[2] E. Del Re, “Satellite systems integrated with
the terrestrial cellular network for mobile
commmunications,” ESA STR-228, August 1989,
[3] E. Del Re, “A satellite mobile system
integrated with the terrestrial cellular network,”
IEEE ICC '89, Boston, MA, June 11-14, 1989.
[4] F. Delli Priscoli, E. Del Re, R. Menolascino,
I. Mistretta, F. Settimo, “Issues for the integration
of satellite and terrestrial cellular networks for
mobile communications,” Workshop on Advanced
Network and Technology Concepts for Mobile,
Micro and Personal Communications, JPL,
Pasadena, September 1991,



N94-22761 -

HANDOVER PROCEDURES IN
INTEGRATED SATELLITE AND TERRESTRIAL
MOBILE SYSTEMS

G.E. Corazza*

M. Ruggieri®

F. Santucci® F. Vatalaro*

*Universita’ di Roma “Tor Vergata” - Dpt. Ingegneria Elettronica
Via della Ricerca Scientifica, 00133 ROMA - ITALY
tel.: +39-6-72594453; fax: +39-6-2020519

°Universita' di L' Aquila - Dpt. Ingegneria Elettrica
67040 Poggio di Roio - L’AQUILA
tel.: +39-862-432556, fax: +39-862-432543

ABSTRACT

The integration of satellite and terrestrial mobile
systems is investigated in terms of the strategies for
handover across the integrated cellular coverage. The
handover procedure is subdivided into an inizialization
phase, where the need for issuing a handover request
must be identified, and an execution phase, where the
request must be satisfied, if possible, according to a
certain channel assignment stratcgy. A modeling
approach that allows the design of the parameters that
influence the performance of the overall handover
procedure is presented, along with a few numerical
results.

1. INTRODUCTION

Future mobile teleccommunication networks
should provide the user with the highest possible
degree of mobility and service quality. This objective
implies, in particular, the development of a seamless
coverage achieved through the combination of
different systems fully transparent to the user. In fact,
no single system can be the optimal solution to a
global coverage.

A promising configuration for future mobile
network architectures is the integration of terrestrial
cellular with satellite multispot systems [1-3]. The
satellite system provides an overlay of large cells on
the terrestrial cellular layout, and would be mostly
utilized when users are in open areas (rural or
suburban), while the terrestrial system would serve
most of the large traffic generated in urban areas. In
order for this architecture to be attractive from the
user point of view, a single terminal with dual-mode
capability is needed for a transparent connection to
either system.

The peculiarity of an integrated system is the
need to efficiently select the access medium (terrestrial
or satellite) offering the best performance at any
instant for every user. Therefore, an increase in
network intelligence is the price paid for the agility
provided to the user. In particular, a procedure for
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active user handling (handover) during the transition
between cells belonging to the two systems must be
added to the ones required in conventional cellular
systems. In terrestrial cellular systems, in fact,
handovers are needed when the channel quality
belonging to a mobile user active call becomes
unacceptably low, and the active call should be
entrusted to a new base station (infercell handover) or
simply to a new channel (intracell handover) [4-8]. In
satellite cellular systems, intercell handover may
happen between two spots belonging to the same
satellite, or even to different satellites in the case of a
multi-satellite system. In addition, in an integrated
satellite and terrestrial mobile system the necessity
for inter-system handover arises, for example, when
the active user approaches the borders of the area

serviced by the terrestrial system.

Reliability of handover procedures impacts
heavily on the successful exploitation of an integrated
system. A crucial point in the assessment of the
procedure is the role played by the user terminal in
handover decisions. In Network Conirolled HandOver
strategies (NCHO), for instance, the choice of the
handover starting time and the target Base Station
(BS) is performed by the Mobile Switching Center
(MSC). When the decisions are taken at BS/MSC
level, but the user terminal cooperates in the research
of alternative base stations to the present one, it is a
Mobile Assisted HandOver (MAHQ). The maximum
decentralization degree is reached when the mobile
terminal itself takes the handover decision (Mobile
Controlled HandOver, MCHO) [5]. The mentioned
strategies result in different handover duration and
features. Some key characteristics related to the above
strategics arc summarized in Table 1.

Given a handover strategy, the procedure for
handing over the active call from one server to the
other can be subdivided into two distinct steps:

- handover initialization: channel monitoring and
recognition of handover necessity;

- handover execution: new resource assignment,
if available.



HANDOVER JINTER-SYSTEM INTERCELL INTRACELL TERMINAL NETWORK
STRATEGY HANDOVER HANDOVER HANDOVER COMPLEXITY SIGNALING
NCHO critical allowed critical low usual
MAHO allowed allowed allowed fair usual
MCHO allowed allowed allowed high heavier
Table 1

The initialization phase must prevent an
unnecessary request from being flagged, while, at the
same time, be prompt in issuing the necessary ones.
The time spent in trying to take the proper decision
has a fundamental impact on the probability of
successful handover. The handover execution phase
depends on channel assignment strategies and on
techniques aimed at reducing the probability of forced
termination. In the present study, a procedure for
inter-system handover inizialization and execulion is
analyzed.

2, INTER-SYSTEM HO INIZIALIZATION

Suppose the chosen strategy for handover is
MAHO. The most appropriate quantity to be
measured should be identified. The Bit Error Rate
(BER) experienced in the demodulation of the received
digital signals is the most reliable measure of quality,
particularly in the presence of interference, when
power level measurements may lead to misleading
results. Therefore, it would be desirable that the
Mobile Station (MS) periodically monitored the
BER's pertaining to the signals coming from the
serving Base Station (BS) and from all other adjacent
or overlaying BS's. Unfortunately, BER
measurements are not always feasible: due to the
statistical nature of errors, a sufficient number of
them must be detected before an estimate of
reasonable accuracy can be made. This fact may
introduce a significant delay in the measurement,
especially in the case of low bit rates.

An istantancous estimate of quality can be
extracted by measuring the received signal-to-
(interference plus noise) power ratio, SINR. However,
in deciding in favor of an inter-system HO, the
measured SINR's in the two channels cannot be
directly compared unless both systems employ
identical modulation and coding formats (which is
often unreasonable due to the extremely different
channel characteristics). A possible solution would be
to set a minimum acceptable value for SINR in the
two systems, and then compare the relative difference
of the measured values to the respective minimum
values, The comparison is meaningful only when the
slopes of the BER vs. E,/N, curves in the two
systems are, at least, similar.
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The simplest approach is to rely solely on power
level measurements performed by the MS
periodically, even though it should be evident that the
lack of important information may lead to incorrect
handover requests. As before, the comparison between
the measured levels in the two systems should be
carried out on the basis of the distance from a
minimum acceptable level, assuming similar
performance curves slopes.

2.1 The Modeling Approach

The model for an inter-system HQO can be
formalized as follows: suppose, for simplicity, that
the MS sees only one BS in the terrestrial system,
TBS (Terrestrial Base Station), and one in the satellite
system, SBS (Satellite Base Station). If the MS is
logged onto the terrestrial system, assume it is
moving out of the serving cell following a straight
line at a constant velocity. The terrestrial cell is
overlaid by a cell in the satellite system controlled by
the SBS. If the MS is logged onto the satellite
System, assume it is moving toward a cell in the
terrestrial system following a straight line at a
constant velocity. Let yy (i) and yg(i) be the current
estimate at t = t; of measured levels of the signals
received from TBS and from SBS, respectively.
Ignoring any co-channel interference, these estimates
can be written as:

m Yx(i) = Px'Lx(i)'Ax(i)v x=T,§ ,

where Py is the power transmitted from TBS, Lt (i)
and Ar (i) are the free-space loss and shadowing
contribution in the terrestrial path at t = t;, Py is the
power transmilted from the satellite, Lg (i) and Ag (i)
are the free-space loss and shadowing contribution in
the down-link path at t = t;. All quantities are
expressed in dB. At (dB) and Ag (dB) are supposed to
be quasi-stationary zero-mean Gaussian random
processes. The stationarity is maintained as long as
the environment in which the MS is moving does not
change significantly. In (1) the effects of Rayleigh
and Rice fading are neglected, assuming that the level
estimates are obtained through proper filtering.
However, the same filtering is not able 1o eliminate
the effects of A1 and Ag, due to the much lower pitch
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of shadow fading. Therefore it is advisable not to
compare instantaneous quantities but rather averaged
quantities:

N-1
@ yr6) = & Z,o yrG-m)

M-1
B) ys) = & ZO ys (i-m)

The number of averaging intervals can be different in
the two systems since channel propagation conditions
are usually different. Let &1 and £ be the minimum
acceptable levels for the power received from TBS and
SBS respectively. Assuming the BER vs. E /N,
curves in the two systems have similar slopes, the
decision statistics can be based on the relative average
levels:

@ &) = yx() - & , *x=Ts

The autocorrelation function of the two shadowing
processes is supposed to be exponentially distributed
[4]:

(5) E{Ax (i)Ax (i+n)} = G%x Yx‘n‘ , x=T,8 |

where o4; and oZ, are the variances of the shadowing
processes in the terrestrial and satellite links, while
vr < 1,and ys < 1, are the parameters which
determine the decaying rate of the correlation. The
variance of the estimated relative level from TBS is:

N-
©) c%:Var{sr}=°T%T 142 21 (l-%)yf‘} ,

n=1

and a similar expression for 6§ = Var{8s}. The
variance in the estimates is usually large enough for
an unnecessary handover to occur, that is a handover
followed by a handover back to the former system. In
order to decrease the probability of unnecessary
handovers, Py, a hysteresis cycle is introduced in the
handover inizialization procedure. Letting AG) = 51 (i)
- 8s (i) , the rules for issuing a handover request can
be expressed as:

(7) HOG) [TBS —> SBS} : AG) < - Hy
(8) HOG) {SBS —> TBS} : A() > Hg

where Hp and Hg are the hysteresis margins. The
decision statistics is given by the distribution of the
variable A(G) ~ N [u(), 6], where u(i) = E{dr(®)] -
E(8s (i)} and 02= 0% + ok .

An approximate evaluation of the probability of
unnecessary HO can be obtained as:
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- Pu(TBS -> $BS) = Prob{A() < - Hr , A(i*k) > Hs)
- olHt+HOY, o (Hs - pis)
= Q[frtp0). ofHs-p)

21 B NP
where Q (x) V—J exp( 2) t

2n )y

An expression similar to (9) holds for Py(sBs -> T8s).
The larger the values for Hy and Hg, the longer will
be the delay in issuing a handover request, D, which
is comprised of two contributions [8]: the first is due
to the averaging of measured levels, while the second
is the effect of the hysteresis cycle. For a given MS
speed, evaluation of D depends on the slope of
E(dr(i)) and E{3s (i)} as a function of i. As far as the
terrestrial link is concerned, the slope can be derived
from [9]. In the case of the satellite link, a distinction
must be made between systems employing
geostationary (GEO) satellites and those with
constellation of small satellites on low-Earth orbits
(LEO). In the first case, for all practical purposes the
path loss slope can be assumed to be almost zero.
The situation changes drastically when the satellite is
on a LEO: the relative angular velocity of the
spacecraft w.r.t. Earth renders the slope much steeper.
Only the case of a GEO orbit is considered here. The
delay in issuing the handover request TBS -> SBS can
be estimated through the following equation:

(10) Dr = 12L + RQw"'® )

where T,, is the averaging time, v is the MS
velocity, R is the distance of the MS from the TBS at
the overlay borderline, K = 45 - 6.6 log (hp), hp is
the TBS antenna height. A similar expression holds
for SBS -> TBS handover.

3. INTER-SYSTEM HO EXECUTION

In order to analyze inter-system handover
execution, some assumptions are needed about
network architecture. The satellite system is supposed
to be integrated with a GSM-like (or DCS-like)
terrestrial system [10]. The satellite system shares the
fixed facilities of the terrestrial network. Since the
switching facilities are located on ground, transparent
satellites are considered. The Home Location Register
(HLR) can be unique for both systems in the service
area. The home of a user is located in the satellite
system if and only if it belongs to an area not covered
by the terrestrial system. On the other hand, a
dedicated Visitor Location Register (VLR) is assumed
for each system.

Suppose, as before, a simplified situation with
only one TBS and one SBS in visibility. A flow
diagram of the TBS->SBS handover procedure



(including initialization and excecution) is shown in
Fig.1, while the main signaling flow is shown in
Fig.2. While it is connected to a TBS during an
active call, the dual-mode MS monitors the Broadcast
Control Channels (BCCH) coming from both TBS
and SBS. If MAHO is adopted, the measurements
results are sent to the TBS on the Slow Associated
Control Channel (SACCH) to assist the handover
decision process performed at TBS/MSC level.
Monitoring continues until the necessity for a
handover is recognized. The handover request is issued
to the Satellite MSC (§-MSC), which grants one of
its available channels. The handover execution
message is forwarded, through a Fast Associated
Control Channel (FACCH), to the MS, which starts
transmitting on the assigned satellite channel.
Handover indication to the T-MSC includes
characteristics of the granted channel and the relative
commands. It is evident that the delay introduced by
the satellite hop must be properly taken into account,
since it may generate a time interval during which no
message blocks are received from both the MS and
the fixed network side.

As pointed out in the introduction, the handover
failure rate is affected by the delay in the handover
inizialization process. However, it also depends on
the availability of free channels to be assigned to
handover requests which, in turn, is tightly related to
the selected channel assignment strategy. Fixed and
dynamic criteria refer to the free channel selection
among a pre-assigned permanent channel set of each
cell or among all the available channels, respectively.
An intermediate solution (flexible) adds to the pre-
assigned permanent channels a set of emergency
channels, which are distributed to the cells on either a
scheduled or a predictive basis. Further, borrowing
strategies are possible where the free channel can be
also searched in the neighbouring cells, provided it
does not interfere with the active calls [6].

In the present study the channel assignment
strategy is supposed to be basic fixed, as this choice
seems reasonable in an integrated satellite and
terrestrial environment. However, the fixed
assignment could be effectively modified in the cells
where inter-system handovers more often take place.
In particular, a subset of the prc-assigned permanent
channels of cach satellite and terrestrial cell covering
the border area could be permanently devoted to
satisfying inter-system handover requests.

Guard channels or queueing of handover requests
have been proposed to keep the probability of
handover failure low [6,7]. In particular, queueing of
handover requests scems an interesting method of
giving priority to handover requests with respect to
new call attempts. The MS, after recognizing the necd
for handover, is usually able to communicate on the
old channel with acceptable quality for a certain time
interval, waiting for thc new channel. Note that in
Fig.1 the queueing alternative is considered.
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4. NUMERICAL RESULTS

On the basis of the previously developed model,
a numerical analysis is carried out. Fig.3 shows the
standard deviations 6 (continuous line) and o5 (dotted
line) as a function of the number of averaging
intervals. The following values are assumed for the
shadowing model parameters: o, = 6.5 dB, ¥ = 0.8,
Oas = 3.5 dB, v5 = 0.7. Choosing N =37 and M =
16, it turns out 61 = g = 3 dB. In this case,
hysteresis margins can be equal.

The probability of unnecessary handover is
plotted in Fig.4 versus the common value of
hysteresis margin, assuming p(i) = (i +x). The
benefit of inserting the hysteresis cycle is evident.

The delay in issuing the handover request is
shown as a function of the hysteresis margin in
Fig.5, supposing the sampling interval is 250 msec,
R = 3000 m, v = 13 m/s, and for two values of the
number of averaging intervals in the terrestrial link
measurement N (N = 40, continuous line; N = 200,
dotted line).

As far as the execution of inter-system handover
is concerned, a queueing algorithm based on FIFO
(First In First Out) discipline has been simulated for a
satellite cell provided with 200 channels (110 s mean
occupancy time), for a 15% handover traffic over the
total offered traffic. The simulation results are
reported in Fig.6, in terms of probability of handover
failure versus the residual handover margin, here
defined as the difference between the signal level at
the time instant when the handover request is issued
and &1. As the advantages of queueing increase with
this margin, it clearly results that the optimization of
the handover procedure must involve both the
inizialization and the execution processes.

(22}

-
I

Standard deviation (dB)
w o [+2)
J [~
V.
i
|

e

/
|

-
|
]

0

0 20 40 60 80 100
Number of averaging intervals
Fig.3 - Standard deviation in the power

level measurement (continuous line: or;
dotted line: og)

147

SN
N

N\

0 2 4 6 8 10 12

Logl0[Pul

Hysteresis margin (dB)

Fig.4 - Probability of unnecessary
handover as a function of the common
value of hysteresis margin Hy = Hg

250 .
4
¥

200 -

150 -t
/'
4D A
100 1/}

50 / / —

Delay (sec)

\

0 2 4 6 8 10 12
Hysteresis margin (dB)
Fig.5 - Delay in the initialization phase of

a TBS -> SBS handover (continuous line:
N = 40; dotted line: N = 200)



l ] 1
g 0.25 : o-—%—‘o—%—@-‘%_e‘é%i
& R T T Rk
& 020 b
g 015+ U S Y &
= [ ‘\) ((d) ]
= F (b) J\D % ]
s I ST ST’ SO0 NP UL DU SO =
2 0.05 s 5 "é ‘Ei- ;
& s : é;_ : ]
0+ { B pg
! i
0 1 2 3 4 5
Residual margin (dB)

Fig.6 - Probability of handover failure
offered traffic: (a),(b) 250 E; (c),(d) 300 E
queue: (a),(c) unqueued ; (b),(d) FIFO

5. CONCLUSIONS

A key aspect in the integration of satellite and
terrestrial mobile systems is the effectivencss and the
reliability of inter-system handover procedures.
Difficulty arises in trying to estimate the relative
quality of two systems employing different
modulation and coding formats. The criticity of the
comparison and the user terminal complexity could be
lowered if the satellite and the terrestrial sysiems were
as similar as possible.

The optimum handover procedure should
minimize the probability of unnecessary handover, on
one side, and the probability of handover failure, on
the other. The compromise between these two
contrasting objectives must be carried out on the
basis of a model that includes the overall handover
procedure. The paper has proposed and analyzed a
complete inter-system handover model, consisting of
both the inizialization and execution phases.
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ABSTRACT

Westinghouse Electric Corporation is developing both
the Communications Ground Segment and the Series
1000 Mobile Phone for American Mobile Satellite
Corporation’s (AMSC’s) Mobile Satellite (MSAT)
system. The success of the voice services portion of
this system depends, to some extent, upon the
interoperability of the cellular network and the satellite
communication circuit switched communication
channels. This paper will describe the set of user-
selectable cellular interoperable modes (cellular
first/satellite second, etc.) provided by the Mobile
Phone and described how they are implemented with the
ground segment. Topics including roaming registration
and cellular-to-satellite "seamless” call handoff will be
discussed, along with the relevant Interim Standard IS-
41 Revision B Cellular Radiotelecommunications
Intersystem Operations and IS-553 Mobile Station -
Land Station Compatibility Specification.

INTRODUCTION

According to Frost and Sullivan International,
in 1996 terminal sales for mobile satellite
communications are expected to increase to $1 billion,
with annual service revenues surpassing more than $472
million [1]. This will occur because we live in an
information starved society that needs a means of
seamless communications for land, sea, and air. Our
current terrestrial cellular network covers significant
portions of the United States and, although Inmarsat
covers most of the planet, cost for terminals and service
are excessive for many applications. For example, the
least expensive Inmarsat voice terminal is the $15
thousand Standard M terminal with a $5.50 per minute
phone rate [2].

The solution to this dilemma is a system that
will provide both cellular and satellite coverage with

user-selectable priority modes to determine which
system has communications priority and under what
circumstances, if any, a handoff to the backup system
will occur. This is accomplished with a mobile phone
tranceiver that contains both MSAT and cellular
interactive equipment. The mobile must allow mode
programming from the user handset and be capable of
monitoring the status of either network. Then, the
mobile phone can process status to generate
registrations on the appropriate network or seamless call
handoffs between networks.

This paper will discuss the details of MSAT
and cellular interoperability by describing the five
Series 1000 Mobile Phone modes of operation. The
cellular only and MSAT only modes first must be
described in enough detail to be referenced by the three
hybrid modes. The hybrid modes, including MSAT
Priority with Cellular Backup, Cellular Priority with
MSAT Backup, and Cellular Home Location Register
(HLR) Priority with MSAT Backup, will explain how
similarity and flexibility between the MSAT and cellular
networks allow an intricate scheme of priority allocation
and handoff.

CELLULAR ONLY MODE

For day to day mobile voice communications in
urban or suburban environments, cellular
communications may be the network of choice.

Cellular coverage is complete in most metropolitan
areas and offers the most cost effective interface to the
Public Switched Telephone Network (PSTN). In
addition, a terrestrial network such as cellular
eliminates the propagation delay associated with satellite
communication (.25 seconds for a geostationary
satellite). Thus, an individual confined to a
metropolitan environment and performing voice
communications may chance the dropped calls
associated with cell to cell handoff and select the
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Figure 1: Cellular Network

cellular only mode.

The cellular network consists of a network of
switches connected to the PSTN. These switches mimic
the operation of PSTN End Office (EO) switches where
calls routed throughout the PSTN are terminated and
connected to the users. In the cellular network, all calls
between a PSTN subscriber and a cellular mobile phone
are still routed through the PSTN. The added feature is
that the call terminates at a cellular Mobile Switching
Center (MSC) which controls and connects directly to a
network of cells encompassing and defining the MSC’s
region of coverage (Figure 1). Adjacent regions of
cells are controlled by different MSC's. These cells
contain base stations that provide the microwave links
to the cellular mobile phone and T-1 trunks to shuttle
this information to the MSC.

Upon mobile power-up, the cellular phone
scans the preassigned control channels and locks onto
the strongest channel which connects to the MSC
through the control channel’s base station. If the
mobile phone is registered in the MSC’s Home
Location Register (HLR) database, all necessary
information is already present to allow subscribed
features like call waiting or conference calling to be
implemented. If the mobile phone registers as a roamer
in a visiting MSC, the visiting MSC requests
permission for registration from the home MSC. Then,
the mobile’s status will be contained in the visiting
MSC’s Visitor Location Register (VLR) database. All
PSTN calls, which are automatically routed to the home
MSC, now will be forwarded to this visiting MSC.

Upon reply to a paging request or in response
to a call initiation, the serving MSC will allocate a free
voice channel from the mobile phone’s resident cell.

The forward and reverse voice channels contain enough
bandwidth (20 kHz each) to allow transmission of voice
and either status control data or Supervisory Audio
Tones (SAT) and signalling tones.

As a mobile phone engaged in a conversation
travels between cells, a seamless handoff process is
required (Figure 2). Once the SAT tones transponded
by the mobile phone are received by the MSC with less
power than a predetermined handoff threshold, the
MSC sends a Measurement_Request_Invoke message to
the target (neighboring) MSC using an IS-41 data link.
This command includes information regarding the
serving cell and channel of the mobile phone. The
target MSC then commands all cells within proximity to
the mobile’s cell to read and report the received SAT
power level. The target MSC assimilates the readings
and responds with a
Measurement_Request_Return_Result message to submit
the signal quality of a potential target cell. The serving
MSC then determines that the target MSC contained the
cell with the strongest reception, so it sends the target
MSC a Facilities_Directive_Invoke message to indicate
the source and destination cells and the mobile phone’s
identification. The serving MSC also uses this
opportunity to allocate the specific voice trunk channel
between the two MSC’s to establish a connection
between the PSTN and target MSC through the serving
MSC. The target MSC responds with a
Facilities_Directive_Return_Result message which
includes an allocated voice channel for the mobile
phone and requests SAT. The serving MSC relays this
status information to the mobile on the control portion
of its voice channel. The mobile then acknowledges
with a signalling tone and retunes to the new channel.
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The target cell began sending SAT on the new voice
channel after transmission of the
Facilities_Directive_Return_Result message, so the
mobile phone tunes to this SAT and transponds it back
to the target cell to indicate a successful handoff. This
causes the target MSC to send a
Mobile_On_Channel_Invoke message over the 1S-41
link to the serving MSC. Upon reception of this
message, the serving MSC switches the PSTN
connection from the serving cell to the target MSC.
The target MSC then allows full voice communication
through the target cell to the mobile phone.
Communications will occur on this cellular voice
channel until the next handoff or until an on hook is
noticed by a loss of SAT.

Target

Serving
MSC MSC

Mobile
voice, SAT, command

]~ -
Meas_Req_Invoke

Meas_Req_RR

Facilities_Directive

Facil_Direc_RR

Handoff Order

SAT

—
SAT

-
Mobile_On_Channel
-

voice, SAT, command

—————
Figure 2: Cellular Call Handoff

MSAT ONLY MODE

Many applications for MSAT, including
marine, airborne, rural, fax, and data communications,
are difficult for cellular communications. In these
circumstances, MSAT is the most consistent and
possibly the only means of mobile communications to
the PSTN. To avoid the added processing of hybrid
modes, a user may choose to use the MSAT, only. He
or she may not even purchase the optional cellular
hardware.

The MSAT network consists of a Feederlink

Earth Station (FES) that supplies all communication
channels to the mobile phones via a geostationary
satellite and allows communications to the PSTN
through a Gateway Switch (GWS) that operates similar
to an MSC. All allocations are controlled by a
Network Control Center (NCC) that performs all
processing and maintains all control channels (Figure
3). As the system expands, more satellites and FES’s
may be added.

Network Control Center

Interstation Out-of-Band
i i Signalling
)
naling (Satellite)

Access Contro Access Control

and Signalling and Signalling
Mobile
FES - .
In-Band Signalling { Terminal

and Communications -~
Communications,

(Satellite)

Communications,

GWS

c PSTN

Figure 3. MSAT System Architecture

Operator

Interface

Upon power-up the mobile phone must find a
control channel by first checking its previously assigned
satellite beam, and if inaccessible, checking other
beams. Before the mobile may access the system, it
must read and update all system information from the
control channel which includes congestion and
configuration information. The mobile phone stores
control channel and beam information in its non-volatile
memory, and if a new channel is required, the mobile
must perform a log-on procedure which tells the NCC
who the mobile phone’s identity and configuration.

At this point, the mobile phone is ready to
make or receive phone calls. The structure of the
MSAT system is similar to the cellular system because
both contain separate control and voice channels with
roaming information passed over the control channels
and in-call information multiplexed over the voice
channels. The main difference is that MSAT’s voice
channels cover thousands of square miles with beam
overlap eliminating the need for a live-call handoff.
Also, voice channels use Time Division Multiplexing
(TDM) for control data and replace the SAT tone with
a periodically required TDM unique word,

151



Mobile @ NCC  EES ESIN

Channel_Req
__—.———’
Chan_Assign
i} £ Chan_Assign
_.__.-_’
Scramb_Vector
-
Voice_Frames
Voice_Frames
—- Dial
_____’4
Ringing
Ring Ack
Off Hook
Answer
Conversation
— - ——— >

Figure 4: Mobile to PSTN Call Setup

When the mobile phone initiates a call (Figure
4), the called digits are sent with the mobile’s
identification to the NCC to request a voice channel.
The NCC validates the identification number and
assigns the voice channel for the mobile phone and the
FES completes the call set up. The mobile phone then
sends its security key and scrambling vector to the FES
to verify database continuity and avoid fraudulent
access. The FES and mobile then exchange voice
frames containing off hook supervisory information
causing the mobile to switch to voice mode. At this
point, the FES dials the number through the PSTN and
receives a response from the PSTN including ringing,
busy, or operator recordings. The FES sends the
response to the mobile phone which is passed to the
user since the mobile phone is in voice mode. An off
hook response from the PSTN to the FES causes the
FES to change state to 'In Conversation’ and requests a
similar response from the mobile by sending an
*answer’ unique word on the command portion of the
voice frame. Conversation continues between the
mobile phone and FES to the PSTN until a call release
is issued by either party.

When a PSTN call is routed to the FES (Figure
5), the FES rings back the caller and requests a channel
from the NCC which validates the mobile phones’s
identification number and determines its control
channel. The NCC then verifies the mobile phone’s
availability by sending a call announcement to the
mobile phone. The NCC validates the mobile based on
its response and assigns the voice channel to both the
mobile phone and the FES. The mobile phone retunes
to the voice channel and sends its scrambling vector and
access security key to the FES to be verified and allow

secure, non-fraudulent communications. The mobile
phone then switches to voice mode and conveys the
ringing tone from the FES voice frames to the user.
The mobile phone acknowledges the receipt of ringing
to the FES, and once the user answers the phone, voice
frames are sent to the FES with an 'off hook’ unique
word causing the FES to establish a voice connection
between the two users. Conversation continues until a
call release is issued by either party.
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.
Chan_Assign
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Figure 5: PSTN to Mobile Call Setup

When either the mobile phone determines that
the user has hung up or the FES determines that the
PSTN user has bung up, an 'on hook’ unique word is
sent on the voice control channel to request a call
termination.

MSAT PRIORITY, CELLULAR BACKUP MODE

If a user is predominantly in a rural
environment but occasionally visits urban areas, MSAT
would be the preferred means of coverage but cellular
would provide a poteatial redundancy. A user also may
prefer the consistency of satellite coverage and only
want cellular coverage as a backup to assure continuous
communications availability. Every cell to cell handoff
in the cellular network introduces a slight risk of
dropping the call, so a user may prefer the consistency
of a single satellite beam spanning thousands of square
miles. If the user travels through a city where large
buildings block the mobile phone’s view of the satellite,
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satellite coverage may temporarily wane and the cellular
backup can be used.

Once the mobile phone is powered up, it
attempts to operate in MSAT as described earlier. If all
attempts to obtain a control channel fail or the MSAT
refuses service based on the mobile’s status or
erroneous operation, the mobile phone automatically
switches to cellular operation. If the mobile phone
attempts to make a phone call and cannot obtain a voice
channel, it will automatically switch to cellular mode
and attempt the same phone call over the cellular
network. Finally, if the mobile phone is roaming and
notices loss of access to the control channel, it will
attempt to find a new control channel, and if none exist,
it will register on the cellular network. Once in the
cellular system, the mobile phone will continually
monitor the MSAT control signals and will periodically
attempt to re-register on MSAT if a control channel is
present.

Registration and re-registration is possible
between these two systems because the GWS appears to
be another MSC to the cellular network. When using
MSAT, the HLR thinks that the mobile phone is in a
VLR. When communications is lost with the satellite,
the cellular transceiver attempts an autonomous
registration which is received by the resident MSC and
sent to the HLR. The HLR previously registered the
mobile phone with the VLR in the GWS. Then, the
HLR updates the database with the location of the
resident MSC to allow all phone calls to be routed to
this MSC rather than the GWS. The HLR treats the
whole operation as if a cellular mobile just traveled
from the coverage of one MSC to another. When the
satellite coverage returns, the cellular portion of the
mobile phone stops operating and the mobile phone
registers with MSAT. This causes the GWS to send a
registration notification to the HLR to re-register the
mobile phone with the VLR of the GWS. This process
also appears to be a cellular autonomous registration to
the HLR. At this point all calls will be rerouted to the
GWS from the HLR.

If a mobile phone roams into cellular coverage
and then initiates a phone call, the MSC will determine
network coverage. If the cellular call begins to fade, a
seamless in-call handoff back to MSAT may be
initiated. The details and occurrences of this seamless
handoff are covered in the next mode and in figure 6.

While the satellite portion of the mobile phone
is registered on the MSAT, the cellular portion of the
mobile phone cannot independently register on an
available MSC. This would cause the HLR to believe a
mobile phone is fraudulently accessing the cellular
network. From the HLR’s point of view, the mobile
phone is registered in one VLR (the GWS) and another
mobile phone is trying to use the same mobile

identification to register on another MSC. At this
point, the home MSC would cancel both registrations.
Without being able to register in the cellular network
while being registered on MSAT, handoff from MSAT
to cellular is impossible because the cellular network
has no idea where the mobile phone is located or with
which cell to establish registration. Consequently,
MSAT to cellular in-call seamless handoffs are
impossible without significantly changing the operation
of the cellular network. To avoid this, once a call is in
progress on the satellite, no seamless handoffs to the
cellular network will be allowed. Instead, if satellite
coverage wanes during a phone call, the call will be
dropped and then the mobile phone will autonomously
register on the cellular network.

CELLULAR PRIORITY, MSAT BACKUP MODE

Of the three hybrid modes, this mode should
be the most common. This mode allows a cellular user
to fortify communications capabilities by allowing
regular cellular operation with a satellite fall-back if
cellular coverage degrades. This mode allows roaming
analysis and registration similar to the methods of
MSAT Priority with Cellular Backup, but this mode
also allows seamless call handoff from cellular to
MSAT during a phone call as cellular coverage wanes.
Thus, the user, who is typically covered by cellular
coverage but wants redundancy to patch the gaps in the
cellular network, can maintain continuous
communications coverage.

As mentioned previously, this mode allows a
roaming mobile phone to analyze its coverage, and
when the coverage degrades, switch to the other
system. This uses the same principles as the satellite
priority mode except the cellular service has priority, so
if cellular coverage wanes and the mobile phone reverts
to MSAT, the cellular coverage must be periodically
tested to determine the ability to re-register. The
process of registering on cellular is the same as with the
satellite priority mode. The only difference is that the
mobile phone will attempt registration on an MSC
before resorting to a GWS.

The new concept introduced by this mode is
the seamless call handoff. Since internal MSC cells
have coverage overlap, any situation extensive enough
to cause a cellular call to be dropped would not allow a
seamless handoff to MSAT; whereas, the MSC’s border
cells present a situation where a mobile phone gradually
leaves coverage. Consequently, the MSC is equipped
with provisions, including inert cellular handoff
channels, to provide seamless handoff from these
border cells when cellular coverage is waning and
another cell cannot receive the handoff. These inert
channels are cross referenced with each border cell such
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that the channels are considered acceptable by the MSC
but are used by cells distant enough from the serving
cell to avoid any possible contention during the handoff
process.
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Figure 6: Cellular to MSAT Handoff

The ladder diagram (Figure 6) indicates that
the cellular to MSAT handoff is a combination of MSC
to MSC handoff (Figure 2) and PSTN to mobile call
setup (Figure 5). This process succeeds in convincing
the mobile that it is receiving a new phone call on the
MSAT while convincing the serving MSC that it is
handing off to a stronger target MSC. All can be
accomplished with a single phone number shared
between the cellular and MSAT networks.

Consistent with 1S41, the serving MSC begins
searching other cells and neighboring MSC’s whenever
SAT degrades below a threshold. All MSC’s will be
fitted with software to petition the GWS whenever the
border cells attempt handoff. The GWS will return the
minimum value allowed by an MSC without deeming a
call as lost, thus giving the adjacent MSC’s top priority.
If this nominal value is strongest, the mobile phone and
MSAT perform call setup to assign a satellite voice
channel. When the FES receives its channel, it sends a
Facilities_Directive_Return_Result to the serving MSC
to request the cellular portion of the mobile to change
channels. This new cellular channel is inert but
accommodates transparency with the MSC. Upon
verifying the scrambling vector information, the FES
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requests activation of the voice trunk from the serving
MSC to the GWS to allow connectivity from the MSAT
voice channel to the PSTN through the MSC. After the
FES and mobile phone exchange voice frames, they
both switch to voice mode and allow conversation. The
handoff is complete.

CELLULAR HLR PRIORITY, MSAT BACKUP
MODE

This mode is similar to Cellular Priority with
MSAT Backup except roaming in & visiting MSC is
avoided. The mobile phone will monitor its location,
and if it is roaming and notices a pending registration
on a visiting MSC, the mobile phone will cease cellular
activity and register on the MSAT. Consequently, the
user will minimize cellular roaming charges and still
enjoy continuous coverage. The mobile phone will
periodically sample the cellular network to determine
whether it has returned to the home MSC. If so,
cellular registration will be reinitiated.

If the mobile phone leaves the HLR during a
phone call, the HLR will petition to handoff to a VLR
as well as MSAT. This is similar to the regular
cellular priority mode to minimize call disruption. If
registered in the VLR upon completion of the call,
service immediately will be transferred to MSAT.
Thus, this mode has unique roaming functions, but
operates similar to the standard cellular priority mode
during a call.

CONCLUSIONS

The current communications market has
dynamic needs which are satisfied only partially by any
given communications system. To better match
society’s communications needs with networks of
varying cost, topology, features, and performance,
hybrid networking is the obvious solution. By
introducing interoperability to networking, the users
will reap the benefits of diversity. MSAT was
developed with cellular interoperability considerations
lending toward an integrated system of national
coanectivity, inexpensive urban voice communications,
and high speed data communications.
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ABSTRACT

Ever since the U.S. Federal Communication
Commission opened the discussion on spectrum
usage for personal handheld communication, the
community of satellite manufacturers has been
searching for an economically viable and
technically feasible satellite mobile
communication system. Hughes Aircraft
Company and others have joined in providing
proposals for such systems, ranging from low to
medium to geosynchronous orbits. These
proposals make it clear that the trend in mobile
satellite communication is toward more
sophisticated satellites with a large number of spot
beams and onboard processing, providing
worldwide interconnectivity. Recent Hughes
studies indicate that from a cost standpoint the
geosynchronous satellite (GEOS) is most
economical, followed by the medium earth orbit
satellite (MEQOS) and then by the low earth orbit
satellite (LEOS). From a system performance
standpoint, this cvaluation may be in reverse
order, depending on how the public will react to
speech delay and collision.

This paper discusses the trends and various
mobile satellite constellations in satellite
communication under investigation. It considers
the effect of orbital altitude and
modulation/multiple access on the link and
spacecraft design.

MOBILE SATELLITE ARCHITECTURE

The architecture of a mobile satellite is
complex and its design varies strongly with orbit
altitude. In general, it consists of

1) Multibeam mobile band antennas

2) Fceder link antennas

3) Crosslink antennas

4) Transponder, including processor for
a) Signal routing
b) Regeneration
¢) Storage and reformatting
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The complexity is partly due to the large
number of beams and the associated frequency
translation and power amplification equipment,
and, partly, to signal routing and dynamic
bandwidth and power allocation. As traffic varies
and power has to be appropriately allocated, beam
bandwidth and beam power limitations have to be
overcome by special techniques. Because of the
complexity of the mobile satellites, new
technologies have to be applied to save power and
weight. These technologies are mostly in
existence. However, a great deal of design effort
still has to be spent on the realization. This is
particularly true for onboard processors, active
arrays, and the associated beamforming networks
(BFNs). Active arrays are ideally suited for
mobile applications because of their built-in
redundancy and power sharing features. The
problem of diplexing and passive intermodulation
generation has to be addressed and the question of
whether to use one or two mobile link antennas
must be answered.

The choice for a mobile satellite system
cannot be made without considering connectivity
and circuit establishment. Worldwide connectivity
can be accomplished by satellite crosslinks or
terrestrial links between gateway stations. The
circuit connection should be chosen to minimize
path delay. For most connections, it scems that the
GEOS has an advantage over LEOS and MEOS in
that circuits need not be rapidly handed over from
onc beam to the next or one satellite to the other.
However, studics indicate that even though
MEOS and LEOS require more feeder link
stations for identical total channel capacity, the
total ground system cost for all scenarios remains
the same because the money is in the ground
circuit switching equipment, which remains
constant.

SYSTEM CONSIDERATIONS

Orbit Altitude

The choice of altitude or the size of the
spacecraft antenna is greatly influenced by the
fact that uplink power levels of the mobile



handheld unit should be low, only a fraction of a
watt, to avoid any health hazard and to keep
battery packs small. If the ground coverage area is
kept constant, then, with increasing altitude, the
satellite antenna beamwidth must be reduced or
the satellite antenna gain and size must be
increased. Under these conditions, the ratio of
gain over space loss is constant and received
signal levels and transmitted power levels remain
the same for all altitudes. The choice of altitude is
also influenced by the fact that the earth is
surrounded by two radiation belts, one electron
belt at around 2,000 km and one proton belt
stretching from about 1,000 to 30,000 km with a
maximum at 6,000 km and saddle dip minimum at
13,000 km. A LEO has the advantage of low
intensity radiation and small signal delay, but the
disadvantage of frequent eclipse cycles and a
large number of satellites. Also, the ground
acquisition is more complex because beam
coverages are quickly changing.

A MEOS, during a 6 to 8 hour orbit, sees a
great part of the carth; therefore, only 8 to 12
satellites are required, and the altitude is pretty
much on the declining radiation intensity versus
altitude slope of the proton radiation belt. Still,
because the satellites need a shield against proton
radiation, they will be relatively heavier. Also,
because the satellites are moving, each satellite
beam has to be designed for maximum beam
traffic.

In the case of GEQ, three satellites are
sufficient. However, for small levels of uplink
power and for a sufficiently high number of
channels and downlink carrier effective isotropic
radiated power (EIRP), big satcllitc antennas with
narrow (and therefore many) spot bcams are
required. For mobile to mobile traffic it is
necessary to demodulate and route the signal
inside the satellite. The large delay does not
permit a dual hop operation.

Number of Satellites Versus Altitude

Table 1 gives the number of satellites as a
function of altitude and orbit inclination at
10°ground station elevation angle. The total
number is coarsely calculated for the number of
satellites required in one orbital planc, which
depends on user elevation. From the resulting
geocentric earth angle 2L , one can obtain the
minimum number of required spacecraft per orbit
plane (n/L) and the minimum number of total
satellites for ideal area coverage.

The approximate total number of satellites for
given inclination is
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2(1+0.57sini)

N. = ]
T 1=+1=sin’L

Traffic

Traffic is routed from gateway to the mobile
user or from the mobile user to another mobile
user. Connections are worldwide, i.e., a mobile
user should be able to communicate with another
mobile user half way around the earth. For LEOS,
this feature requires satellite to satellite links; for
MEQS, this requires a tolerable double hop; and
for GEOS, a satellite crosslink or a double hop,
the delay of which may be objectionable.

Signal Delay

Figure 1 shows the expected signal delay for
LEO, MEOQ, and GEO. The signal delay consists
of coding, path, and processing delay. For LEOS,
the processing delay may exceed the path delay,
because the signal is routed through several
satellites. In case of GEQ, the path delay is
significant, and, for global interconnectivity, the
path delay is equivalent to a dual hop delay,
whether the signal is routed by terrestrial or
intersatellite interconnections. Figure 2 shows the
effect of signal delay on the user. There it seems
that global interconnectivity from mobile to
mobile user (LEOS and MEQOS) is admissible; In
the case of GEOS for 80% of the population, itis
intolerable.Therefore, for GEQOS, global
interconnectivity is admissible only from mobile
to fixed user, i.e., by satellite/terrestrial
connection.But mobile to mobile connections
within a single satcellite coverage are still possible.

Frequency Spectrum

There are several frequency spectra in L-band
and S-band designated to mobile communication.
In addition, for communication to and from
gateway stations, there are feeder link frequency
bands of the fixed satellite services required. The
available LMSS bandwidth at 1.5/1.6 GHz must
be shared among all the mobile satellite operators.
This need can be met by allocating sections of the
band to each operator, where the allocation may
change from region to region. Mobile satellites
require a dynamic allocation of bandwidth to each
beam. For GEOS, the allocation of bandwidth per
system can be geographically fixed but may
change with time of day or just with time.
Because of necessary frequency coordination, the
multiple access method for mobile to mobile band
traffic is most conveniently chosen to be

voem



frequency division multiple access (FDMA) or
time division multiple access (TDMA/FDMA) as
it permits allocation of small lumps of bandwidth.
Because of the spectral density requirement, the
L-S-band with 1.6 GHz up and 2.4 GHz down is
reserved for multiple access/modulation systems,
which have low spectral densities like TDMA or
code division multiple access (CDMA).

Modulation and Multiple A ccess

Several types of voice coding, forward error
correction, modulation, and multiple access
systems are under investigation. The spectral
channel packing density for FDMA is 5 kHz and
for TDMA is 30 to 80 kHz per channel. With
CDMA, the packing density is about 40 channels
per MHz, i.e. ,40 CDMA channels can be
superimposed in a 1 MHz band. While the normal
mode of satellite operation uses a dual frequency
band for up and downlink transmission, a novel
approach uses time division duplexing (TDD),
where the transmission to and from the mobile
users takes place in a single frequency band
(Iridium). It means that all network uplink
transmission packets have to arrive at the
spacecraft at the same time and that the total
network must be synchronized.

With TDMA, where the transmissions are
already synchronized, this is just another time
constraint. It may require additional storage at the
mobile earth station beyond what is required for
TDMA burst transmission. If the transmission
format is maintained, TDD will double spacecraft
and ground terminal peak power and signal
bandwidth, although average power will remain
constant. The benefit of TDD is that only a single
mobile satellite antenna may be used for both
transmission and reception and that any
intermodulation will not get into the satellite
receive band.

Frequency Reuse

To have low power levels at the mobile
transmit terminal, to provide many simultaneous
transmissions to many distributed users, and to
enable reuse of the mobile frequency spectrum,
the mobile satellites are equipped with multibeam
antennas. The antenna gain and number of beams
is dictated by the link, i.e., uplink EIRP, number
of channels, signal processing gain, and required
E/N,, for given error rate. Frequency reuse makes
it possible to use the narrow mobile bandwidth
many times over. For FDMA, four or seven
separate frequencies are generally considered
practical, i.e., the operating frequency can be
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repeated in the fifth or eighth beam. For CDMA,
depending on spectrum bandwidth, every third
beam or, ultimately, every beam may reuse the
same frequency. If every beam uses the same
frequency, the mobile unit at the third beam 3 dB
crossover point will witness a threefold
interference.

The frequency reuse factor with optimum
beam stacking determines how far two beams,
carrying the same frequencies, must be apart.
With four distinctive frequencies, the beams of
equal frequency are two beamwidths apart; with
seven different frequency bands, corresponding
beams are 2.5 beamwidth apart. The more
frequency bands, the farther beams of the same
frequency will be separated and the higher the
beam isolation will be (Figure 3).

Bandwidth per Beam

To take advantage of frequency rcuse, the
available bandwidth must be divided by the
number of frequencies. Assuming an antenna with
K beams, frequency reuse 1/4, the L-band
bandwidth can be reused K/4 times, i.e., each
beam will carry one-fourth of the bandwidth.
Assuming that out of the total 12 MHz land
mobile band only 4 MHz is allocated for a given
satellite, each beam will have 1 MHz, and the
total L-band bandwidth will be K x 4/4 = K MHz.
Assuming 5 kHz carrier spacing, cach beam could
provide room for 10 6/5 x 103= 200 channels.
From a power point of view, only N carriers can
be supported. Therefore, for FDMA only, a feeder
link and downlink bandwidth in excess of N x 5
kHz has to be made available. Because several
feeder link stations are uplinking simultaneously,
there must be a packaging of carrier spectrum
from C- or Ku-band to the mobile band and vice
versa. However, the large amount of mobile
bandwidth, made available by frequency reuse,
can be put to advantage for stagger tuned
transmissions and for easing coordination with
other operators.

Assuming enough power is available, the
beam capacity is 200 channels due to bandwidth
limit. For beams with heavy traffic, however,
bandwidth can be borrowed from adjacent beams
and therefore the traffic of the congested beams
can be increased, provided that traffic in the ad-
jacent beams and available bcam power permits it.
In other mobile bands, e.g. 1.610 to 1.6265 GHz
up, 2.4835 to 2.5 GHz down, more bandwidth
may be available for LMSS bandwidth usage.



Flexible Power Allocation

Ideally, all beam amplifiers should amplify all
signals. This process is automatically achieved in
a phased array. If a reflector antenna is used, the
beam amplifiers can be embraced by a hybrid
matrix, or a selected number of becams may be
embraced by partial matrices. Another approach is
to use constant efficiency amplifiers. It can be
shown that with a dynamic range of 6 dB most
beam power requircments can be satisfied before
bandwidth limitations occur.

Antenna Types and Sizes

The antenna size depends on the spacecraft
altitude. For GEOS and 100 beams, the antenna
diameter is about 5 to 7 meters; for MEOS and 60
beams, the diameter is about 2 meters; and for
LEQS, the antenna can still be smaller. The
antennas may be active arrays or passive
reflectors. The active arrays, which have antenna
elements and associated active clements in excess
of the number of beams, have two distinct
advantages, namely, they do not require redundant
units or redundancy switches;rather, they are able
to distribute power and provide it where needed.
Signals are amplified by all the amplifiers, not
only by a single devoted amplifier. If there is high
traffic in a particular beam, as many carriers can
be made available to this beam as the traffic
necessitates and as bandwidth permits. Figure 4
shows various antenna concepts like dual
reflector, active array, and single transmit/receive
Cassegrain. The active array antenna, when
evaluated on a system basis, proves to be most
promising, provided it can be realized and
deployed.

Satellite Crosslinks and Feeder Links

Satellite crosslinks simplify signal routing and
reduce path delay. Crosslinks for LEOS and
MEOS must be in the forward/aft direction and
sideways to satellites in other orbit plancs.
Satellite crosslink frequency will be in Ka-band.
The beamwidth of the crosslink antenna should be
wide enough to hit the target satellite with some
pointing uncertainty. To communicate with
satellites that travel in the same direction,
(seamless transmission), the number of orbital
planes must be 3, 5, 7, etc. and connections are
between alternating planes. While the GEOS
feeder link requires only a fixed antenna, MEOS
and GEOS may need tracking antcnnas to point at
other gateway stations. Signals connected via
crosslinks to other target areas or to a gateway
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station are routed within the satellite by the
onboard processor.

Satellite Processor

A processor is necessary for feeder link to
mobile beam routing, feeder link spectrum
compaction and decompaction, and
demodulation/remodulation for TDD. For very
low mobile EIRP of O.5 watt, the GEO mobile to
mobile link cannot be closed because of uplink
noise limitation, unless the uplink noise is
removed from the transmission by regeneration.

The processor can be of transparent or
regenerative type and may take over the
beamforming functions for matrixed amplifier
antennas or phased arrays. A transparent
processor would perform variable bandwidth
switching and routing and, if nccessary, mobile to
mobile signal switching. A regenerative processor
would also demodulate, remodulate, and store
information for TDD operations and reformat up
and downlink modulation. The processor makeup
depends on the modulation/multiple access
method used and on whether FDD or TDD is
uscd, transmission is transparent or regenerative,
beam to beam signal routing is done aboard the
satellite or on the ground, or the processor has
beamforming capability.

Mobile Signal Path

The workings of the mobile link become clear
when following the signal path. In case of a
TDMA/FDMA feeder link, the voice channel is
sampled, A/D converted, and combined with other
TDMA carriers in an FDM format. A particular
gateway station may transmit a certain portion, a
multitude of TDMA carriers out of the total
number of carriers. Other gateway stations will
occupy their share of the available feeder link
spectrum. At the mobile satellite, the feeder link
band, consisting of M interleaved carrier sub-
bands, which go to a particular beam (bp), where
M is the number of contributing gateway stations,
is received, filtered, and translated by the
processor. The total feeder link spectrum is
decompacted to a multilayered spectrum. For
easy processing, it is advantageous if the feeder
link provides grouping of carriers for the beam
spectra, in which case, a single variable
bandwidth filter can filter out the group of
carriers addressed to a certain beam.

The beam spectrum is translated to the mobile
link frequency (bp), after which the signal



undergoes beamforming and amplification and is
fed to the antenna feed network. Beamforming
may, however, be performed at any point in the
signal path, provided phase tracking is maintained
through to the transmit antenna. Finally, the signal
is transmitted in the form of TDMA/FDM and is
received by the mobile user. The mobile receiver
automatically locks up to the correct carrier
frequency and to the correct burst time slot.

On return, the signal emanating from the
mobile user is a time burst, which, when
combined with time bursts of other stations, forms
the TDMA data stream. The receive narrow beam
antenna receives the TDMA carrier and other
TDMA carriers originating from the same beam
area and downconverts the signal to the IF
frequency, where they are filtered and processed.
The onboard processor frequency shifts the
signals and fits them into a feeder link spectrum,
which is the sum of all beam spectra, for downlink
transmission. The receiving gateway station
retrieves the signal. By regencrative processing, a
single TDM carrier may be used in the downlink.

A certain number of frequencies and/or time
slots can be made available for mobile to mobile
traffic, beam to beam switching, and
demodulation/remodulation. The router provides
feeder link spectrum decompaction, mobile to
mobile routing, de/remodulation, and return
feeder link spectrum compaction.

For MEQS, the processor will only provide
spectrum compaction/decompaction. Signal
aboard the satellite routing is optional.

Link Performance

The transmission system employs voice
activation and power control. The uplink noise
claims part of the downlink EIRP. Its addition to
the downlink noise has minimal effect on the
mobile to feeder link traffic because the feeder
link goes into a large earth station antenna, but it
may bring the C/N link below threshold in the
mobile to mobile traffic case, requiring cither the
G/T ratio to be increased or the mobile to mobile
carriers to be demodulated.

SPACECRAFT CONFIGURATION

MEOS and GEOS configurations are three
axis stabilized. The orientation of the spacecraft
depends on the angle of the orbit toward the sun.
When the sun is less than 23° from the orbit plane,
the spacecraft flies orbit normal, i.e., the roll axis
is in direction of flight, the yaw axis is in line with
the earth center, and the pitch axis is
perpendicular to the orbit plane. The solar wings
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are in line with the pitch axis. In case of inclined
orbiting MEQS, when the sun is more than 23°
from the orbit, the spacecraft flies in the nadir
orientation. While the earth goes around the sun
and the scasons change, the yaw axis must rotate
(which is another good reason why mobile
satellites are circularly polarized).

The considered payload power is in the 2 to
4 kW range. For eclipse operation, it is assumed
that the traffic is reduced to a fraction of daylight
traffic. The payload mass, depending on
configuration, is up to 1000 kg. Spacecraft
designed for geosynchronous operation require
some changes when they are applied to medium
earth orbit:

1) Provide reaction wheel control (instead of
momentum wheel control)

2) Provide yaw altitude reference
3) Modify earth sensor for MEO operation

4) Provide storage for telemetry and
command

5) Increase electronic unit shielding
6) Provide thicker solar cell covers

7) Reduce allowable battery depth of
discharge

CONCLUSION

The trend in mobile satellite communication at
this time appears to go towards more sophisticated
satellites with a large number of beams and
onboard processing providing worldwide
interconnectivity. The economic factor will play
an important part in choosing between the LEO,
MEOQ and GEO future mobile satellite system
solutions. Ulitmately the best service provider at a
reasonable system cost may win this competition.
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Table 1. Number of Satellites Versus Altitude at 10° Elevation

No. of Satellites
Earth for Ideal Area Approximate
Centered No. of Coverage Total No. of
Distance to | Half Cone | Satellites per . Satellites Approx
Inclination, | Satellite, Angle, Orbital Plane, 2 2(1+0.57 sin ) per Plane X | Min No. of
Altitude, km deg R, km L, deg 360/2L 1_\] 1—sin2L 1= 1-sin?L {No.of Planes | Satellites
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ABSTRACT

Designing a mobile satellite system entails
many complex trade-offs between a great number
of parameters including: capacity, complexity of
the payload, constellation geometry, number of
satellites, quality of coverage ...

This paper aims at defining a methodology
which tries to split the variables to give rapidly
some first results.

The major input considered is the traffic
assumption which would be offered by the system.

A first key step is the choice of the best
Rider or Walker constellation geometries - with
different numbers of satellites - to insure a good
quality of coverage over a selected service area.

Another aspect to be addressed is the
possible altitude location of the constellation, since
it is limited by many constraints. The altitude
ranges that secm appropriate considering the
spatial environment, the launch and orbit keeping
policy and the feasibility of the antenna allowing
sufficient frequency reuse are briefly analysed.

To support these first considerations, some
"reference constellations” with similar coverage
quality are chosen. The in-orbit capacity needed to
support the assumed traffic is computed versus
altitude.

Finally, the exact number of satellite is
determined. It comes as an optimum between a
small number of satellites offering a high (and
costly) power margin in bad propagation situation
and a great number of less powerful satellites
granting the same quality of service.

INTRODUCTION

The market recorded a few years ago a
large increase of interest in mobile
communications.

The first systems were analogic terrestrial
systems with low capacity and low coverage area.

Maritime mobile communications provided
by Inmarsat satellites on geostationnary orbits
offered global coverage but with low capacity
requiring powerful terminals.

Today, with the progress of technologies
and the expansion of cellular digital systems, the
terrestrial systems can provide large capacity with
real handset terminals but the problem of large
coverage is still remaining. A solution could be to
use satellites to complete the cellular coverage for
large regions having a low traffic density. The
geostationnary orbit shows some limitations for
such missions (big antennas, large propagation
delays ...); others solutions based on low earth
orbit (LEO) or intermediate circular orbit (ICO)
are proposed.

However, the choice of such constellation
parameters (number of satellites, altitude,
inclination angle ...) is difficult because depending
on a lot of interleaved variables.

The scope of our study is to propose a
simple first optimization method which takes into
account the major constraints for a decoupled
choice of each of the constellation parameters.

TRAFFIC ASSUMPTION

Several hypothesis sustain the analysis:

- The service is a mobile satellite voice
telecommunication service compatible with
handsct terminals.

- The quality shall be nearly the same than for
cellular voice systems in term of availability, the
terminal will weight less than 600g, and have an
autonomy of approximatively 1 hour in active
mode and around 10 hours in sleeping mode.

- The bandwith available is nearly 10 MHz in L.
band for the mobile return link and nearly 10 MHz
in S band for the mobile forward link.

The number of subscriber and their
repartition has an important impact on this
optimization. As an example, the calculation is

=
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conducted here on the basis of the inputs stated in
the FCC filings [1].

SATELLITE CONSTELLATIONS

The technical litterature describes a great
number of satellite constellations, with elliptical or
circular orbits, polar or inclined, different ways to
dispose the satellites into planes ...

In term of quality of coverage, the studies

The method leads to an optimization of
each of these 3 points separately in order to
minimise the cost of the mission for the service
required. For a first approach of this problem, only
the most important constraints are taken into
account for the optimization of each parameter
(figure 1). Further comparisons around these
solutions would of course be needed to validate
and refine the results.

The first study is on the constellation
geometry which is chosen to provide the best

PTIMIZATI ]

TRAFFIC ASSUMPTION

\ ORBIT KEEPING
SERVICE AREA — —~| GEOMETRY OF THE CONSTELLATION i‘/

—a{ TERMINAL SIZE & WEIGHT ]\
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CAPACITY

/‘ SPATIAL ENVIRONMENT l
{ ANTENNA SIZE

BANDWITH AVAILABLE

AVAILABILITY

L‘ TOTAL NUMBER OF SATELLITES l¢<

\‘ PROPAGATION MARGINS AVAILABLE

figure 1: Constellation optimization methodology

of Rider [2], Beste, Walker [3], Luders or
Ballard [4] show different kinds of polar or
inclinated circular orbits which give the best
results for a worldwide coverage. The satellites
are homogeneously distributed between several
planes equally inclinated.

The High Inclinated Orbit (HIO) with
elliptical orbit is a good solution for regional
coverage, the satellite stay during Iong periods on
the provided region, however in our case, the
problem of such orbit is the same than for
geostationnary orbit, the distance between the
mobile and the satellite beeing too important,

A constellation can be described with a few
parameters. These parameters have been regrouped
in 3 major points;

- The number of satellites.

- The orbit altitude (or the period).

- The geometry of the constellation which
correspond to the repartition of the satellites into
planes, the location of this planes around the
world, inclination angle and the phasing angle
between 2 satellites belonging to adjacent planes.
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quality of coverage for the desired regions. Then,
the altitude and number of satellites are analysed.

OPTIMIZATION

Geometry of the Constellation

The constellations which are taken into
account are the polar Rider constellations and the
Walker or Ballard constellations.

Polar Rider Constellations

The best polar constellations for a large
range of number of satellites, giobal
or zonal coverage and for single or multiple
visibility have already been identified by Rider.

For such constellations the coverage
becomes better as latitude increase. There is no
way to favour some medium latitude.

For single visibility and global coverage the
Rider constellations are the best ones already

-3



identified for a number of satellites greater than
15.
nstellati

The other kind of constellations studied are
the inclinated regular Walker [3] or Ballard [4)
constellations. They are identified to provide
worldwide coverage with single or multiple
visibility levels.

For single visibility, the Walker
constellations are better than Rider ones when the
number of satellites is equal or less than 15.

However, this is not the only interest for
Walker constellations. In fact the coverage of the
entire world is not always a priority for a mobile
telecommunication system. The coverage of high
populated land masses could be sufficient. In such
a'case, "Walker-like" constellations can favour the

of satellites per planes shall not exceed 4 times the
number of planes and vice versa: too many planes
will be very costly to be launched and too many
satellites per plane create overlaps incompatible
with the optimization.

Several thousand of constellations bave
been analysed.

Z metr

In accordance with the service area, we will
focused on "Walker-like" constellations inclined
around 50°. Four quality criterias are defined to
perform the best constellations in relation with the
assumed traffic distribution:

- The maximum and average values of D - the
distance between a location on the earth and the
nearest sub-satellite point - for latitudes between
0° and 25°,
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figure 2: 40 satellites geometry quality comparison for 45°, 50° and 55° inclination angles

latitude where the majority of the subscriber occur.
To analyse the quality of coverage for
these constellations, large computations have been
initiated. The time and space distribution of
D, the distance between a location on the earth and
the nearest sub-satellite point is calculated for each
latitude and for a number of satellites varying from
5 to 99 (for a given altitude, this distribution
directly corresponds to the elevation angle
distribution).

For a number of satellite lower than 13, all
the factorisation of the number of planes versus the
number of satellite per planes with every possible
phase number [3] and every inclination angle
between 30° and 90° are computed.

For larger number of satellites, the number

- The maximum and the 95% values - over time
and space - of D for latitudes between 25° and 70°
weighted by the percentage of the traffic density
on these latitudes.

In accordance with these coefficient values,
for some different numbers of satellites, the best
constellation geometries are identified.

An exemple of 40 satellites comparison is
given in figure 2

Altitude

The choice of the altitude is the result of a
very difficult trade-off due to the number of
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constraints and implications. But several options
can be put aside.

First, the ranges of altitude acceptable for
spatial environment and orbit keeping policy
reasons must be identified.

Then, the in-orbit capacity is compared for
several constellations at different altitudes on the
basis of similar coverage quality.

A further point must be assessed: the
feasability of the satellite antennas, having the size
and the number of beams needed for the capacity
estimation.

The best altitude are identified and the
launch policy is later approached for thesc
different altitudes.

Spatial environment & orbit keeping

Electronics and solar arrays arc affected by
the ionizing radiations.

Different kind of radiations occur with
more or less intensity depending on altitude and
inclination angle [5]. Solar radiations correspond
to proton or heavy ions radiations. Galactic
radiations are composed of heavy ions.

The terrestrial magnetic field interfere with
the magnetic field created by these radiations and
trap the particle around the earth. These regions of
trapped particle are defined as the Van Allen belts.
The location of these belts fluctuate with time
depending on solar activity.

3 kinds of phenomena occur in the presense
of ionizing radiations:

- Background noise proportional to the radiation
flow in the equipments

- Defaults on the material structure duc to the
quantities of radiations received for a long time.
The solars array performances decrease with these
quantities. If a maximum loss of a 25% of the
capacity is accepted over 10 years, Si cell
utilisation exclude altitude ranging between 1500
and 10.000 km on 50° inclinated orbits.

- Single event (SE) which are aleatory
phenomena appearing sometimes during the
crossing of only one high ionizing particle.

The SE can be destructive (SEL) or can only
involve a temporary loss of informations (SEU).
The occurence of SE on clectronics depend on
their level of integration and their technologies.
The Linear Energy Transfert (LET) depending on
the material (IMev/mm for Si) and the critical
value L of the LET define the component
sensibility to SE. No SE occur when the LET is
lower than Ly but this lead to low integration
levels; in the opposite, high integrated component
levels with low L lead to SE occurence when the
particles encountered are sufficiently energetic. A
lot of studies have been made on several
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components by CNES and ESA laboratories using
CREME or NOVICE softwares to compute the LET
and Lg values. On 50° inclinated orbilts it is
recommended to avoid the range of altitude between
2000 and 3200 km and above 12.000 km.

Another problem must be assessed: the orbit
keeping policy, since the constellation net tends to
get distorted with time.

The satellite trajectory is affected by
several factors. The principal one is the earth
gravitation, then the flattening of the earth at the
poles, the atmospheric rubbing, the moon and solar
attraction and the solar radiation pressure {7].

These constraints lead to change the orbit
parameters. There is a decrease in altitude,
fluctuations on inclination angle, an orbit
ascension node drift and fluctuations on the true
anomaly.

In the case of satellites constellations only
the relative location between satellites is
important. The ascension node drift and the
inclination angle fluctuations are the same for all
the satellites in the first order of magnitude. On the
contrary, the true anomaly fluctuate differently for
different satellites. However this correction doesn't
depend much on the orbit altitude.

The decrease of altitude is related to
atmospheric rubbing and solar radiation pressure.
It depends on the initial altitude orbit, and in a
second order of the inclination angle.

hm) 770 ] 860 | 1300 | 1600

Dh (ki) atmmos. rubbing | 140 [ 37 2 1

Dh (km) solar radiation [ 4.6 | 47 | 52 | 54

ergol consum. (kg) 92142 ] 0.7 ] 08
figure 3

Figure 3 shows the altitude decrease for a 320 kg
satellite with 7 m2 section on 6 years life.

In term of orbit keeping, the altitude will be
kept above 750 km with preference for altitudes
greater than 1000 km.

These first studies on the altitude
determination identify two ranges of altitude:
- Between 750 km and 2000 km (or 1000 km and
1500 km prefered).
- Between 10.000 and 12.000 km.

In orbit capacity

In the ranges of altitudes already identified,
some of the best constellations found with the
criteria defined in the " traffic assumption "



paragraph, are considered in order to provide equal
quality coverage. This leads to select:
A - 99 satellites, 770 km altitude (99/11/1/53).
B - 63 satellites, 1000 km altitude (63/9/1/53).
C - 40 satellites, 1400 km altitude (40/8/2/52).
D - 27 satellites, 2000 km altitude (27/9/5/50).
E - 8 satellites, 10.000 km altitude (8/4/2/50).
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These results display an important decrease of the
required capacity as the altitude increases.

The choice of the higher altitudes should be the
better one; however, for altitude near 10.000 km
the number of channels required on a single
satellite can be critical.
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figure 5: Relative capacity in orbit to carry 90% of the traffic
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figure 4: Satellite capacity (in number of channels) versus the percentage of traffic carried

An Iridium-like constellation (which
provides lower quality of coverage) a Globalstar-
like and an Odyssey-like constellation (which both
provide better quality coverage) are also
considered.

A model computes the satellites load versus
time. For a mobile, the usefull satellite is the
satellite which is in view with the highest
elevation angle. The model takes into account the
subscriber breakdown into several earth regions. A
daily variation traffic curve is considered in the
model. The satellite capacities needed to carry x%
of the traffic are shown for the different
constellations in figure 4.

The capacity required to be launched for
each constellation is computed and compared to
the reference constellation E. Results are shown in
figure 5 for 90% of the call request provided.
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Antenna size

The choise of the altitude depends also on
the satellite feasability.

The mobile system makes the coverage
with several spot beams. The number of spot
beams needed depends on the maximum capacity
that a beam should be able to support and on the
total bandwith available. The size of these spot
beams needs to be small enough to increase the
satellite gain and then minimise the power
consumption at both the satellite and the mobile
terminal. A 1000 km diameter is assumed.

Circular beams allow a 7 cell frequency
reuse pattern over an hexagonal structure.

The antenna size is calculated versus the
altitude for the 1000 km diameter spot beams.




Calculation are carried to comfirm that the traffic
can be supported by these values.

The antenna diameters found for the various
altitudes are given in figure 6. These results point
out that a 10.000 km altitude is related with an
achievable antenna size and complexity.
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figure 6: L Band antemma size {(m) versus the altitude

Altitude Conclusions

Two ranges of adequate altitudes are
identified; between 750 and 2000 km and between
10.000 and 12.000 k.

As far as the LEOs are concerned, the
prefered altitudes are the higher ones: they
minimise the number of satellites to be launched
and the in-orbit capacity. In fact, if the required
number of channels were much larger, the choice
of lower altitudes could be jpreferable. In the case
studied here, an altitude around 1500 km is
scelected to minimise the radiation effect problems:
constellation C is a good candidate.

A further study would be required to refine
the launch strategy. Considering the launchers
available in the late 90ies (including Adas, Ariane
4 and 5) multiple launches could be used for the
LEO C constellation targetting 1 or 2 planes per
launch. Dual launches could be used for the ICO E
constellation. The satellite design will have o
comply with the fairing of volume and the mass
performances of the launchers.

Number of satellites

The number of satellites, for a given
altitude, influences the quality of the coverage.

Using a simulation model, the average
propagation margins necessary on the satellite and
on the mobile terminal is computed for some
different qualities of coverage through the
combination of the elevation angle distribution
between the mobiles and the satellite and the
differents margins corresponding to these elevation
angles,

The different margins are evaluated for
each elevation angles through a Lutz propagation
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model [7]. They are computed for different
availability, different Bit Error Rate (BER),
different surroundings, different interleaving and
different coding rates assumption.

The choice of the number of sateHites
correspond to a quality of coverage optimizing the
average power margin versus the satellite sizing.

CONCLUSION

This paper describes a method to select
satellite constellations responding to particular
traffic assumption and service quality. Many
elements like multiple access, modulation, hand-
over technique ..., influence the final
performances. However, thcy mostly stand as
possible ways to improve the first approach based
on traffic distribution over latitudes, constellation
geometry, altitude, capacity and propagation
margins.

In the case studied here, Walker
conslellations inclinated at 50° are prefered. Two
altitudes are favorable: around 1500 km or around
10.000 km. The number of satellites will depend of
the optimization between the avcrage power
margin and the satellite sizing.

A final choice between these 2 alternatives
will be based on the comparison of their cost
implied to manufacture and launch the 2 systems.
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ABSTRACT

This paper reviews candidate satellite payload ar-
chitectures for systems providing world-wide communi-
cation services to mobile users cquipped with hand-held
terminals based on large geostationary satellites.

There arc a number of problems related to the pay-
load architecture, on-board routing and beamforming,
and the design of the S-band Tx and L-band Rx antenna
and front ends. A number of solutions are outlined, based
on trade-offs with respect to the most significant per-
formance parameters such as capacity, G/T. flexibility of
routing traffic 10 beams and re-configuration of the spot-
beam coverage. and payload mass and powcr.

Candidate antenna and front-end configurations
were studied, in particular direct radiating arrays. arrays
magnified by a reflector and active focused reflectors
with overlapping fecd clusters for both transmit
(multimatrix) and receive (beam synthesis).

‘Regarding the on-board routing and beamforming
sub-systems, analogue techniques based on banks of
SAW filters, FET or CMOS switches and cross-bar fixed
and variable beamforming are compared with a hybrid
analogue/ digital approach based on Chirp Fourier Trans-
form (CFT) demultiplexer combined with digital beam-
forming or a fully digital processor implementation. also
based on CFT demultiplexing. '

INTRODUCTION

Land-mobile satcllite communications is evolving
towards providing compatibility with the services offered
by terrestrial celiular personal communication systems,
and complementing them in low population density areas
where terrestrial coverage cannot be provided cconomi-
cally.

Offering the user world-wide roaming capability (as
is intended in an FPLMTS context) requires integrating
terrestrial and satellite networks and a user terminal ca-
pable of operating within both of them (frequently
referred to as "dual-mode terminal™). This requires the
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development of satellite user terminals adapted to each
application, such as vehicle-mounted terminals (VH),
portable laptop terminals (PT), and pocket size hand-held
telephones (HH). Existing L-band VH and PT terminals
(for instance INMARSAT-M) are compatible with the
current INMARSAT-TI spacecraft and other satellites
now in construction such as MSAT, INMARSAT-III, the
EMS payload on ITALSAT-F2 and the LLM payload on-
hoard ESA's satellite ARTEMIS, Satellite HH terminals
have not been developed so far.

At its last conference (WARC'92) the ITU allocated
new frequency bands to the mobile satellite service, from
1613.8-1626.5MHz (Earth-to-space) and 2483.5-
2500MHz (space-to-Earth). These new allocations were
primarily implemented for future satellite systems for HH
voice communication, based on non-GSO satellites (so-
called big LEOs) like the IRIDIUM, GLOBALSTAR,
ODYSSEY., ELLIPSO and CONSTELLATION systems.
The technical choice (non-GSO satellites) made for those
systems is based on the belicf that providing good quality
voice and data communication services to HH terminals
is far beyond the easy reach of GSO satellites. Neverthe-
Iess, some studies [1] have shown that although GSO
satellites for HH communications are very large and
complex, they could be implemented before the end of
this century.

ESA is actively pursuing system studies and tech-
nology developments by different technical solutions
based on GSO, Medium Earth Orbit (MEO) [2], Low
Earth Orbit (LEO) and Highly inclined Elliptical Orbits
(HEO) [3].

This paper summarises the results of internal
studies performed 1o size a GSO payload for HH commu-
nication. Section 1 outlines the system background, sec-
tion 2 describes the payload architectures studied and as-
sociated technologies, section 3 describes satellite mobile
link antennas based on large unfurlable reflectors and
deployable phased arrays and section 4 gives the overall
payload configuration and system budgets for the selected
option.



1.  SYSTEM BACKGROUND

The satellite system considered here is for land-mo-
bile personal communication, in particular to users
equipped with HH terminals, using the recently allocated
frequency bands in the L and S-bands.

Table 3. System parameters

Orbital position GSO, 20° East
Coverage of land masses only

Min. elevation for coverage 10°
Launch date year 1998 - 2000
Lifetime (with 85% reliability) 10 years

2483.5MHz - 2500.0MHz
1613.8MHz - 1626.5MHz
2.5 (average)

5000 voice circuits

40%, both ways

Mobile frequencies, downlink
Mobile frequencies, uplink
Frequency re-use

Satellite throughput

Voice activation

Access FDMA, 4KHz channels
Required link quality, C/No 39dBH:z
Reference Terminal G/T (HH) -24dB/K
Reference Terminal EIRP (HH) -3dBW
Satellite EIRP (S-band) 62.6dBW
Satellite G/T (L-band) +6.1dB/K

Table 1. Uscr categories and services
USER MOBILITY | TERMINAL | CO-OPE
RATION
Traveller open/shadow | HH dual mode High
Mobile mobile chn. | VH dual mode Low
Government | mob./outdoor HH, VH High
Remote outdoor HH, portable High
Telephony PT or VH
Recreational land/sea HH Low
Data outdoor semi-fixed High
Collection

A definition of the user categories and telecommu-
nication services to be provided is given in Table 1. A va-
riety of user terminals have been conceived (Table 2) to
match the different user necds for mobility and transport-
ability. Two parameters are of paramount importance
when designing the mobile terminal for a given user
application: the antenna (gain and profile) and the
transmitted RF power. The antenna radiation pattcmn
(and gain) has to be adapted to the problems of user mo-
bility and hence possible degree of co-operation in point-
ing towards the satellite. The antenna profile and size is
crucial to the terminal integration in a vehicle, suitcase,
or for an ergonomic hand-held design. The transmitted
RF power will have an effect on the DC power demand
and therefore the size of the batteries required
(transportability). In addition to that are the short and
long term safety aspects for the user related to the bio-
logical effects of the radiated fields. especially for a HH-

The forward and return link budgets are summa-
rised in Table 4. The antenna coverages have been oplti-
mised for a satellite located at 20° East (over the Euro-
pean/African region). The margins in the link with the
mobile users assume line-of-sight communication with
C/M better than 5dB (Ricean channel).

Table 4. Mobile link budgets

type terminal.
Table 2. User terminal types

hand-held | portable vehicle
size pocket laptop antenna + set
antenna gain 0 ~ 3dBi +7dBi +4dBi
Tx RF power < 500mW W 2W
EIRP [dBW] -3~0 +7 +7
G/T [dB/K] 24 ~-21 -17 -20

The mosi relevant system parameters are summa-
rised in Table 3. The satellite has been sized to provide
the equivalent of 5000 voice (2.4Kb/s coding rate) cir-
cuits to HH terminals over the land masses and coastal
walers of the geographical areas from which the satellite
is seen with more than 10° of elevation angle.
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Forward down link (2.5GHz)

EIRP/channel 29.6dBW
Satellite Tx antenna gain (*) 33.0dBi
Satellite power/channel 4.4dBW
Number of activated channels 2000
Satellite EIRP (total) 62.6dBW
Path loss -192.5dB
Atmospheric loss -0.15dB
CClI interference loss -1.0dB
C/M loss -1.0dB
HH terminal G/T -24.0dB/K
Received C/No 39.5dBHz
Overall forward link C/No 39.0dBHz
Margin (ref. 39dBHz) 0.0dB
Return up link (1.6265GHz)

HH terminal EIRP -3.0dBW
Path loss -188.8dB
Atmospheric loss -0.1dB
C/M loss -1.0dB
CCl interference loss -1.0dB
Satellite Rx antenna gain (*) 34.0dBi
Satellite system temperature 279dBK
Satellite G/T (at L-band) +6.1dB/K
Received C/No at satellite 40.7dBHz
Overall return link C/No 40.2dBHz
Margin (ref. 39dBHz) +1.2dB

(*) includes Tx and Rx losses
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2. REPEATER ARCHITECTURES

The repeater includes the feeder link interface sub-
system, the payload processor and the Tx and Rx mobile
link sub-systems. The payload processor performs
routing. switching and beamforming. The primary driver
for the processor is the large number of beams for the re-
quired coverage. This has a major impact on both
channelisation and beamforming, but the advantages in
on-board power saving, increased frequency re-use
potential and improved satellite G/T are significant for
this application. Other design drivers which have to be
considered are: 1) large number of feeds (having an
impact on swilching and beamforming); 2) frequency re-
use flexibility (easily implemented in a digital processor,
but requires local oscillator tunability in an analogue
one); 3) total capacity; 4) traffic routing flexibility:

5) fine channelisation for granularity, 10 reduce beam
blocking probability; 6) possibility to rearrange the fre-
quency plan in orbit; and last, but not least, 7) reliability
(bearing in mnind the fact that massive and complex
processors lead to massive redundancy requirements).
Three generic types of payload processors were con-
sidered and a detailed trade-ofl between them was per-
formed.

SAW + Analogue BFN

This is a fully transparent processor bascd on group
demultiplexing by SAW filter banks. The beamforming
cnables a limited number of spot beams to be generated
giving contiguous coverage. This is a well known design
used in many existing systems ¢.g. INMARSAT 11T, EMS
and LLM payload on ARTEMIS. The main advantages
of such a design are, besides the mentioned transparent
group demultiplexing. power and bandwidth flexibility
and the ability 1o handle any type of modulation, whereas
the limitations are on matching traftic to beams (due o
filtering granularity) and frequency re-use.

CFT + Analogue BFN

This payload processor is characterised by time do-
main analogue demultiplexing (which is enabled by the
Chirp Fourier Transform ), possibly enhanced by addi-
tional fine digital channelisation (if very narrow band-
widths. below 100KHz, are required), followed by an
analoguc beamforming network, The main features of all
CFT based repeaters are low granularity, which can go
down 1o very small channel groups (in case of FDMA) or
1o individual carriers (in case of a TDMA access
scheme), simple and flexible L and S-band in-orbit fre-
quency plan re-arrangement and the possibility to have a
compressed feeder spectrum without the need to map the
feeder to mobile spectrum.
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CFT + Digital BFN

This processor is based on SS-FDMA concept of
transponder channel switching, but is easily adapted for
use with TDMA or CDMA access schemes, due 10 its
transparent nature. The routing function is performed in
principal on a channel-by-channel or carrier-by-carrier
basis. using a demultiplexer implemented in hybrid CFT
technology enhanced by digital demultiplexing {4]. In
many cases, however, the ultimate channelisation down
10 single user circuit is not needed and significant reduc-
tions in processing load can be achieved by demultiplex-
ing down to small groups of channels (typically 20 to 30
circuils). without noticeably degrading the overall per-
formance. The coverage is achieved by a large number of
narrowband repositionable overlapped beams. Beam-
forming is digital narrowband i.e. perfornmed on a limited
number of channels or carriers. There is a possibility to
perform individual channel processing including on-
board level control to save downlink RF power and active
interference suppression to maximise frequency re-use.
Total control of feed clement signals enables beam re-
configuration in case of failure or misalignment.

Accurate user location for beam pointing is a neces-
sity. if the advantages of beam repositioning are to be
utilised. Digital beamforming lends itself well to direc-
tion finding algorithms. which can be implemented in
the return processor for this purpose. Other networking
implications following from this design approach arc
mobile to mobile link service, adaptability to variations of
traffic distribution and transparency for introduction of
NCW services.

In summary. the main advantages are maximised
routing flexibility, best frequency re-use capability, high
RF power efficiency (due to near-peak antenna gain and
possible power control), compact feeder link and, of
major importance for service to hand-held terminals,
peak satellite G/T. The single most significant disadvan-
tage is that a processor of this type has not been flown
hefore whilst it is based on technology which still needs
10 be developed to space standard.

Mobile and Feeder Link Subsystems

Due 1o the high incidence of components involved
in mobile antenna feed element chains, significant
advantages in payload mass and DC power consumption
can be expected from their improvements. In particular
integration and miniaturisation is necded for low-loss
output combiners (semi-active antenna) and bandpass
filters. very low noisc figure L-band LNAs integrated
with bandpass filters. and high efficiency medium-power
S-band SSPAs, )

The feeder link sub-system is not described in de-
1ail. because of its commonalty with previous designs. An



estimate of mass and DC power requirement for this sub-
system is, nevertheless, presented in Table 5.

3. S/C ANTENNA DESIGN

The spacecraft multibeam antennas are required to
provide reconfigurable coverage of land masses from scv-
eral posilions on the geosynchronous orbit and to ac-
commodate changes in traffic to beams, with maximum
DC to RF efficiency. Over 33dB gain is required in both
the forward and return links, with 20dB sidelobe isola-
tion for frequency re-use. It is further assumed that the
same beam footprints are used for the up and down links.

Direct Radiating Arrays

Active arrays can provide the required flexibility.
The use of separate transmit and receive antennas is con-
ceptually simpler than the re-use of the same aperture,
but implies complex deployment. For the same aperture,
either interleaved or co-located (dual frequency) elements
are possible. A configuration with separate antennas,
8mx2.7m at L-band for receive and 5.1mx1.7m at S-
band for transmit, each with 192 subarrays of electro-
magnetically coupled annular slots, has been evaluated.
The beams are elliptical and, even with optimum sub-ar-
raying, sidelobe control requires a power inefficient exci-
tation taper or use of diffcrent amplifiers. Beamforming
is complex since all clements are involved for each beam.

Reflector Antennas

Multifeed reflector antennas are the other alterna-
tive. In the receive mode, where ampliwude control at feed
level has no power efficiency impact, focusing reflector
antennas using beam synthesis [5] lead 1o the smallest
feed and reflector sizes. Each beam is formed by optimal
weighting of pre-amplified signals from only some of the
feeds.

For transmit, amplifiers must operate close to nomi-
nal power for optimum DC to RF efficiency.

Active focusing reflector antennas, with overlapping
feed clusters, and one power amplifier at each feed re-
quire complex power switching to cope with changes in
beam loading. Imaging antennas [6] where a fecd array is
magnified by one or two reflectors, suffer from reflector
oversizing and require inefficient feed illumination taper-
ing for sidelobe control.

One preferred option is semi-active multimatrix an-
tennas [7.8], as used for the INMARSAT 111 series,
which provide the required performance with optimuim
power efficiency, together with minimum reflector and
feed sizes. The same feeds are shared between scveral
beams and are powered from identical amplifiers via
Butler-like matrices, which direct the power towards the
selected outputs depending on their input phase law.

172

A design with 35 by 49A (4.2mx5.8m at S-band)
offset reflector (F/D=0.5) and a 128 element feed array

[

o

Multimatrix Antenna

Figure 1. Reflector Antennas on Spacecraft

placed on the satellite wall (Figure 1) fed via 16 8x8
hybrid matrices (Figure 2) has been analysed for global
coverage. As only land mass and 10° elevation coverage
is required, the number of feeds and matrices is reduced
accordingly, but not shown.

CENTRAL OUTER

BEAM BEAM

N TN

ABCD - - OPABC - - OPABC - -OPABC -~ - OP
128 Feeds

S
[Nk

Sixteen
8x8 Hybrids A B[od] [= = = = = R

128 Amplifiers 5
Low Level Beamforming
N N R R
Beam Inputs

Figure 2. Multimatrix Principle

Since thousands of channels are transmitted into
around 85 beams for land coverage, optimised complex
excitations (with a limited dynamic range to simplify
beamforming) can be used, as each amplifier contributes
to many beams and, therefore, its power is averaged.
With a 10dB range, central beams use 3 to 7 feeds and
outer ones up to 16, The cross-over levels between beams
vary {rom -3dB (centre) to -1.3dB (edge). Computed con-
tours of typical beams over the Earth's surface with these
excitations are shown in Figure 3 for the antennas of
Figure 1. A scaled version of this antenna (6.5mx9m),
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operating in the beam synthesis mode, is proposed for the
receive function,

Figure 3. Selected Optimised 35dBi1 Directivity
Contours

With digital beamforming it is cnvisaged to gener-
ate a large number of repositionable beams crossing over
around 1dB.

4. CANDIDATE PAYLOAD

Previously performed trade-offs led to the conclu-
sion that in the case of payloads with a large number of
beams (as is inevitably the case for global personal com-
munications) in conjunction with the requirement to use
many feeds per beam. narrowband digital beamforming
combined with CFT or all-digital multiplexing has a
significant mass advantage over other techniques based
on a SAW filter banks and analogue beamforming.
Therefore, the candidate payload is bascd on the repeater
design with digital beamforming and CFT processing.
The preferred antenna option is beam synthesis on re-
ceive and the semi-active multimatrix on transmit, be-
cause it avoids the use of different amplifiers in the
transmit mode and implics a minimum number of feeds
per beam,

Figure 4 shows a basic block diagram of the
candidate payload, while the main payload budgets are
shown in Table 5. Tt should be noted that the RF power
has been calculated for the most disadvantaged uscrs -
those in the beamns with lowest peak gain at the edge of
coverage. For users closer (o the centre of the satellite
coverage (i.¢. near the sub-satellite point) there is a
power advantage resulting from the lower path loss
(approximatcly 1dB) and higher peak antenna gain. The
actual benefit in total RF power requircment is dircctly
dependant on the distribution of the users within the
satcllite coverage and has not been evaluated in this

papet.
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Table 5. Payload budgets
Mass Power
[Kg] W]
C-band sub-system 12.2 306.0
receiver 1.6 6.0
HPA 5.9 300.0
output MUX 1.8
receive antenna 1.1
transmit antenna 1.8
power supply unit 25.0 250.0
FWD and RTN processors 107.1 381.0
S-band SSPA (n=33%) 84.0 2744.0
low noise amplifiers (L-band) 334 211.0
S-band Tx antenna 95.0
L-band Rx antenna 120.0
TTC interface unit 4.0
cables 43.8
harness 30.0
Total 554 3890

It has been assumed for the mass budgets that most
of the critical elements (all feeder link components, mo-
bile link SSPAs and LNAs, and digital circuitry) are 2
for 1 redundant, the notable exception being the feed
clement chains within the processors (DACs and the ana-
logue output components, including the CFTs). As the
antennas are essentially focus fed, graceful degradation is
not acceplable. A satisfactory reliability estimate was
obtaincd by securing 3 additional redundant chains for
every group of 11 chains (14 for 11 redundancy).

The assumed digital technology is radiation hard-
ened CMOS (0.8um). which is the selected option for a
1998-2000 launch.

Although FDMA access scheme has been taken for
this example. this type of payload design is well suited
for narrowband TDMA and would lead to similar, if not
lower, mass and power figures, due to the fact that the
processing load would be slightly lower in this case.

CONCLUSIONS

ESA is actively pursuing different space segment
oplions for the provision of voice and data communica-
tions to users equipped with mobile, portable and hand-
held terminals, at L and S-bands.

In particular a Geostationary (GSO) satellite option
is attractive (compared 1o MEO or LEO satellite constel-
lations), because of the low (3 to 4) number of satellites
involved, the technological heritage and the relative
simplicity of the ground segment and network manage-
ment.

This paper has described possible GSO payload ar-
chitectures, including L and S-band antennas and re-
peater sub-systems. For the mobile link antennas, direct
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Figure 4. Basic payload block diagram (redundancy not shown)

radiating arrays and focusing multifeed reflector anten-
nas have been evaluated. Concermning the payload proces-
sor, which performs the routing, switching and beamn-
forming functions, analogue and digital implementations
involving SAW filters, CFTs and digital beamforming
technologies have been evaluated and compared.

Finally, a candidate payload is described and its to-
tal mass and DC power consumption are calculated for a
total capacity of 5000 duplex voice circuits.

Key technologies that are required to be developed
to space qualification are CFT-based channel transmul-
tiplexing, digital beamforming. high efficiency medivm-
power S-band SSPAs, highly integrated very low-noise
L-band LNAs and large (6 o 10 metres) unfurlable L and
S-band antennas.
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ABSTRACT

In this paper, the system architecture for an
advanced Canadian ka-band geostationary mobile
satellite system is described, utilizing hopping spot
beams to support a 256 kbps wideband service for both
N-ISDN and packet-switched interconnectivity to small
briefcase-size portable and mobile terminals.

An assessment is given of the technical feasibility of
the satellite payload and terminal design in the post year
2000 timeframe. The satellite payload includes
regeneration and on-board switching to permit single
hop interconnectivity between mobile terminals. The
mobile terminal requires antenna tracking and platform
stabilization to ensure acquisition of the satellite signal.

The potential user applications targeted for this
wideband service includes: home-office, multimedia,
desk-top (PC) videoconferencing, digital audio
broadcasting, single and multi-user personal
communications.

INTRODUCTION

Both the development of experimental ka band
satellite systems, such as Olympus and ACTS [1], and
the conceptual studies of advanced future systems [2]
has produced designs that offer satellite services to
support a variety of user applications. These range
from narrowband (handheld) personal communications
to wideband B-ISDN trunking and supercomputer
linkup. Coupled with this is the study of new payload
and terminal technologies such as on-board processing,
multiple spot beam antennas, and intelligent terminals to
enhance the utilization of the ka-band.

Copyright ¢ 1993 by Spar Aerospace Limited.
Published by the IMSC’93 with permission.

The successfull application of all this technology is
however critically dependent on the market forces for
the various different communications services that will,
or perhaps more correctly, that are foreseen to exist in
the post 2000 timeframe. Consideration must be given
to the implementation, by that time, of both the LEO
type narrowband personal systems, and the possible
widespread deployment of the terrestrial B-ISDN fibre
optic network. Tt is perceived that a commercial
opportunity may exist, in between these two
applications, for an advanced wideband mobile satellite
communications service, although the expansion of
cellular bandwidths cannot be dismissed. The use of
the ka-band, however, is in any case an advantage to
satellite systems for "above the clouds” applications
such as an aeronautical service.

In this paper, one possible conceptual approach to
the design of such a wideband mobile satellite system is
presented. It begins with a discussion of the overall
system architecture followed by sections on both
payload and terminal design. Some aspects of these
designs, in particular the mobile terminal are currently
only at a preliminary stage. The concepts reported here
are part of a continuing overall study effort for the
Canadian Department of Communications, carried out
by a Spar led team of Canadian aerospace industry to
develop an advanced ka band satellite mission.

SYSTEM ARCHITECTURE

The overall architecture of the advanced mobile
satcom system comprises ka band service links and a ku
band backhaul and private business network. The
services supported on the ka band system include the
single-user land mobile, fixed or portable USAT, and
an acronautical service. The performance and key link
parameters for these are given in Table 1. The ka band
system utilizes a 0.5 degree and a 2.3 degree hopping
spot beam coverage for the land mobile and
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aeronautical services respectively, while the ku band
backhaul/business network operates with four fixed
beams. The land mobile and fixed services are
contrained to Canadian coverage only, and the
aeronautical service is extended to all of North America
including Mexico for continuity of transborder service.

Table 1. Service Parameters

Services Aveil | BER | info #DL | #
% Rates TX Beams
(kbps}
Single-User Mobile 99 10* | 16-256 | 7 84
Fixed/Portable USAT | 98.5 | 10° | 16-E1
Aeronautical 939 |1 10° | 16-E1 1 12
Fixed ku VSAT 999 [107 | &1 4 4

The payload is a baseband regenerative type, providing
the advantages of signal regeneration and full single-hop
interworking of services and interconnectivity of
terminals. An MF-TDMA primary uplink access
supports information rates in increments of 16 kbps
upto to the maximum carrier transmission rates. In
addition, a key objective of this on-board processing
design is to permit the greatest flexibility of bandwidth
usage approaching that of a bent-pipe transponder in
some respects. As such, the system will allow
operation of various terminal sizes with different
transmission rates required to support narrow (16 kbps)
to wideband (T1, El) source traffic.

The sizing of the conceptual design presented here, is
based on market studies for the post 2000 timeframe
previously carried out by others. The terminal
populations for each service is given in Table 2 below.
The aeronautical population is by user, and essentially
only considers Canadian air traffic. The trunk rate
indicated represents the average information rate
utilized by a terminal with a 5% grade of service and a
traffic intensity of .01 Erlangs/user.

Table 2. Service Populations

Services Trunk | #Trunks/ | Pop./hop | Tot
Rate hop{fix) (fix} Pop.
{kbps) | beam beam

Single-Usar Mobile 64 16 1154 8078

Fixed/Portable USAT

Agronautical 64 16 1154 1154

Fixed ku VSAT El 8 156 624

(@ 0.02 Erlangs/T

and Pb=.01%}

Single-User Mobile Service

This service, as its name indicates, is envisaged to
support a single land mobile user with information rates
upto 256 kbps. It also supports fixed/portable (but
stationary during use) USAT applications that can
operate at higher rates with larger terminals than is
possible with mobiles which require antenna tracking
and mobile power supplies.

The coverage for this service, comprising 84 spot
beams which are organized in groups of 12 and served
by 7 hopping TDM downlink carriers, is shown in
Figure 1. The link budgets are given in Table 3 with
notes regarding link parameters and assumptions. The
budget also includes a 1 dB allowance for an adjacent
satellite interference case produced by a "same satellite
system" spaced about 8 degrees away. The system
supports both mobile-to-base and mobile-to-mobile
communications.

Table 3. Land Mobile Link Budget

Link Parameters Forward: Return:
Base-to-Mobile | Mobile-to-Base

Description Units | Uplink Downlink | Uplink Downlink

Fraquency GHz 140 20.0 30.0 12.0

TX Antenna Diametar m 1.8 2.4 0.3x0.1 1.0

TX Antenna Gain' dgi 46.2 433 340 295

Transmit Powar dBw 7.9 15.0 8.8 14.2

No. of Spote? Spots 4 84 84 4

EIRP dBW 541 68.3 43.8 43.7

Space Loss {39500 kmj a8 207.3 210.4 2139 208.0

RX Antanna Dismster m 1.0 0.3x0.1 1.8 7.8

RX Antenna Gain dBi 310 320 44.7 44.9

G dB/X 2.2 6.2 16.8 20.7

Transmission Rate? kbps 1870.0 1500.0 384.0 13300.0

C/No Thermat dB-Hz 77.8 81.2 749 B84.93

Off-axis angle* deg. 2.0 8.0 8.0 20

Adjacent Sat Interference d8 83.4 87.0 80.8 91.2

C/No Unfaded dB-Hz 78.8 80.2 73.9 84.0

Sat Pointing Loss dB 0.2 08 0.5 Q.2

Atmos Loss dB 0.2 1.0 0.8 0.2

Ground Psinting Loas dg 0.2 1.0 1.0 0.2

Multipath Loss® 48 X 3.0 X 0.0

Availability % 99.95 996 985 99.98

Ottawa Rain Fade® dB 5.1 31 a0 38

Polarization Loss dB 0.1 0.6 0.6 a.1

System Margin dB 1.0 1.0 1.0 1.0

Faded C/Ne dB-Hz 3.7 70.0 84.1 78.8

Faded Eb/No dB-Hz 7.0 83 8.5 7.0

Demod impl. Margin dB 1.5 1.6 1.8 15

Nen-linearity degrad” dB 0.0 0.0 0.2 0.0

ideal Eb/No® dB-Hz 6.5 6.8 6.8 5.5

BER faded 8.8x10°* 6.4x10* 8.4x10* 8.8x10*

€.4x10* 6.4x10*

Maximum BER faded 99 .45 99.45

Overali Availability %

Two-way: Mobile-to-Mobile
6.4x10*
99,0

Notes:

1. Mabile TX gain is reduced by 1.0 dB for radome and rotary coupler and sateliite gein is
reduced by 1.5 dB for RF filter/coupling. Mobils antenna is 30 x 10cm microstrip patch
array. Ka band eatellite antenna is focus fed reflactor with single hotn per spot baam.

2. For ku band, 4 fixed beame and for ka band, 84 spots in happing beam groups of 12.

3. RF uvansmission rate for a four phase modulation with rate 1/2 FEC convolutional
coding end overhead for burst synchranization, aymbol timeng, and routing headers.

4. Qff-axis angle is the adjacent setellite separation,

§. Multipath foss includ feding and shadowing in 8 mobile environmant

6. Rain fading for the Ottewa location, with 5 3 dB uplink countermeasure gain using
adaptive forward error correction {AFEC) and 1/2 information rate reduction.

7. Non-linearity degradation for mobile uplink using an offset contnuous phase modulation
{0QPSK, MSK) operated with a class C faturated Impatt device.

8. ldeal EbMNo includes Viterbi soft decision decoding and differantial detection for mobile
terminals, and coherent for fixed base station terminals.
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Figure 1. Land Mobile Coverage

The terminal is envisaged as essentially a vehicular
unit that can either be directly used inside the vehicle or
serve as a relay unit by being remotely accessed via a
user to terminal air interface. The terminal consists of
a 30 cm x 10 cm microstrip patch that mechanically
tracks the satellite in azimuth, and transmits 10 w of RF
power. Further details are discussed in the terminal
design section below.

Aeronautical Service

The aeronautical service is essentially an airborne
version of the land mobile service with some key
differences as follows. The terminal requires doppler
compensation due to aircraft motion and greater
tracking capability in both elevation and azimuth. Since
this service is offered to an inherently multi-user form
of transportation, a higher time multipled multi-user
source information rate is expected.

The coverage for this service, comprising 12 spot
beams, served as a group of 12 by one hopping TDM
downlink carrier, is shown in Figure 2. As noted
previously, an all North American coverage is assumed.
The link budgets are given in Table 4 along with notes
regarding additional or different items to the land
mobile service. The key differences include no
allowances for rain fade, multipath, or atmospheric
losses. This effectively permits the use of an
aeronautical terminal, similar in size to the land mobile,
but operating with 12 larger spot beams compared to
the 84 spots required to support land mobile.

SAT. LOC. = 110.0W
PE. = 0.1 DEG
TOTAL NUMBER OF BEAMS = 12

.

Azimuth,deq

Figure 2. Aeronautical Coverage

Table 4. Aeronautical Link Budget
Link Parameters Forward: Return:
Base-to-Mobile | Mobile-to-Base

Description Units | Uplink Downlink | Uplink Downlink

Frequency GHz 14.0 20.0 300 12.0

TX Antenna Diameter m 1.8 10 03 1.0

TX Antenna Gain! dBi 48.2 329 37.3 295

Transmit Powar dBW 79 15.0 105 14.2

No. of Spote? Spots 4 12 12 4

EIRP dBw 54.9 47.9 47.8 437

Space Loes (39500 km} d8 207.3 210.4 2139 208.0

RX Antenna Diameter m 1.0 03 1.0 1.8

RX Antenna Gain dBi 3.0 33.7 344 44.9

G/T dB/K 2.2 78 5.8 20.7

Transmission Rate kbps 1870.0 1500.0 364.0 13%00.0

C/No Thermal d8-Hz 77.6 74.0 68.1 84.9

Off-axis angle deg. 20 8.0 8.0 20

Adjacent Sat interfacence dB8 83.4 798 73.9 91.2

CiNo Unfaded dB-Hz 76.6 73.0 67.1 84.0

Sat Pointing Loss dB 0.2 0.2 0.2 0.2

Atmos Loss dB 0.2 0.0 0.0 0.2

Ground Pointing Loss dB 0.2 0.5 0.8 0.2

Multipath Loss?® 48 0.0 0.0 0.0 0.0

Availability % 99.95 100.0 100.0 99.95

Ottawa Rain Fade®* dB 5.9 0.0 0.0 3.8

Polarization Loss d8 0.1 0.5 0.6 0.1

System Margin dB 1.0 1.0 1.0 1.0

Faded C/No dB-Hz 63.7 70.8 64.9 785

Feded Eb/No d8-Hz 7.0 9.0 9.0 7.0

Demod Impl. Margin a8 1.8 1.5 1.6 1.6

Non-linearity degrad d8 0.0 0.0 0.2 0.0

ideal Eb/No dB-Hz 5.5 7.8 7.6 5.6

BER faded 8.8x1