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Message From the IMSC ’97 Conference Co-Chairs

Stephen Townes Bob Huck
Jet Propulsion Laboratory Commnication Research Centre

On behalf of NASA’s Jet Propulsion Laboratory and Industry Canada’s Communications Research Centre,
we welcome you to Pasadena for the Fifth International Mobile Satellite Conference. The Organizing
Committee has done an excellent job of putting together a conference that will stimulate thought and discussion
about our theme of “The Next Generation” of satellite-based mobile communications. We hope that you will
use this opportunity to exchange ideas with colleagues and enjoy the lovely Pasadena area.

This being our fifth IMSC (at two-year intervals), it is somewhat ironic that only now do we have the theme of
“The Next Generation.” It has been a long road since the late seventies and early eighties, when many of us
first began working in the area of satellite mobile communications. The reality is that first-generation systems
like AMSC, TMI, INMARSAT, Optus, and Orbcomm are now on line, Iridium and Globalstar are beginning
to launch this year, and ICO, Odyssey, and others around the world are coming soon.

There are two points to make about the first-generation systems. First, having operational systems available
will give us a much clearer picture of issues related to how well the current technology performs and of the
market for the current and future mobile satellite services. Second, since many of these first-generation
systems have been in planning for many years, it is clear that we should already be planning the second
generation so that the concepts and technologies will be in place when needed.

How has technology changed since the first generation? Can we make the currently offered services better
(less expensive, more ubiquitous, etc.) by appropriate insertion of technology and market research? What are
the new services that might be offered, and what new technologies will we need to enable them? How will
mobile satellite services become an integral part of the information infrastructure, offering multimedia
services? What are the regulatory challenges to be faced by mobile satellite services as the information
infrastructure goes global? These questions are the cornerstones of IMSC *97, and we invite you all to
participate in the definition of “The Next Generation.”

International Mobile Satellite Conference vii






Contents

Session 1
PIENATY ..ottt s 1
Session 2
Networking and Protocols I: Mobile and Hybrid Networks.........cccoveeueevrnnen.e. 11
Session 3
CDMA ...ttt ettt et e sat et st e s b s e st ne e s b e e e e a e n e s b s e st 51
Session 4
Demand, Economics and Technology ISsues...........ccocervmiiiiiiiniiiniiniinnininen. 89
Session 5
Current and Planned SYStEMS .........ovvveivrieiiinteriiierrerencer e ens 123
Session 6
PrOPAZAtION .o..veieverieeece ettt ettt st r e st s en 167
Session 7
Terminal Technology ......ccooociiiimniiieiececeie e 229
Session 8
Networking and Protocols II: Channel Assignment and Intersatellite Links...... 267
Session 9
Modulation, Coding and Multiple Access L.......cccovviiimviiiiiiiiiiiiee, 301

Session 10
TErTNINAl ANLEIIIIAS o ceeeeeeeee et e e e eeeee e s et eesaanesessssreeaneseansstestnserannsssnnnersansrnns 341

Session 11

Spacecraft TeChNOlOZIES .........cociiiiiiiiieii i 369
Session 12

Advanced System Concepts L......ccceerviiiiiiiiiiiiiiiii e 405
PAnel 2. 459

Session 13
Modulation, Coding and Multiple Access IL.......cccooiiii 465

Session 14
Applications and EXPeriments ..........ccoccueiriiiiiniiiniiiiiiniiiiie e 497

Session 15
Advanced System Concepts IL.....c.ccooiiiiiiii 531







Session 1
Plenary

How MSAT Came About
R. E. Anderson, USA; and O. S. Roscoe, Vistar, Canada..........cccocceeereevenreninannns 3







Plenary Session

How MSAT Came About

Roy E. Anderson
P.O. Box 2531, Glenville, NY 12325
Phone: 518-384-1212 FAX: 518-384-1211
email: regainc@aol.com

Orest S. Roscoe
Vistar, Suite 1410, 427 Laurier Ave. W., Ottawa, Ontario K1G 3J4
Phone: 613-230-4848 FAX: 613-230-4940
email: roscoe@vistar.ca

ABSTRACT

In the 1960s engineers in Canada and the United
States concluded that a satellite system for land,
maritime, and aeronautical services was technically
feasible and would be economically viable. They
identified land mobile needs that would not be served
by terrestrial means.

In the following decades there were technical,
regulatory, and business hurdles to overcome.
Technical feasibility was proven by the use of NASA
and other satellites. Regulatory issues were addressed
in the U.S., Canada, and at worldwide conferences. A
UHF band was allocated internationally to the mobile
satellite service, but in the U.S. pressures by
commercial and public service entities caused it to be
diverted for terrestrial use. An L-band allocation for
aeronautical mobile satellites was modified to include
maritime and land use in the U.S. and Canada, but
only after years of acrimonious international debate.

When the debate was over, the U.S. and Canadian
governments authorized generic satellite systems in
the L-band. More than two years of vigorous
competition for the license in the U.S. was finally
resolved by requiring applicants to form a consortium
that became the American Mobile Satellite
Corporation. In Canada, the process was more
straightforward. Telesat Mobile Inc. was established
by Telesat Canada and several other investors to
implement MSAT on a commercial basis, following
an undertaking by the Canadian government to
purchase a significant amount of its capacity. AMSC
and TMI built identical systems to provide MSAT
services for North America.

INTRODUCTION

It has been the tradition in mobile communications to
have completely separate systems for land, maritime

and aeronautical communications, and even for
different users within each of those categories.
Competition for radio frequencies caused the tradition
of separate systems to be firmly ingrained in the
minds of providers and users of mobile radio services.
They carried this prejudice over to satellites: there
should be separate satellites for each service.

Early in the space age a few engineers who were
interested in mobile communications realized that a
satellite could be used like an improved ionosphere.
Just as you could have all kinds of users bouncing
signals off the ionosphere you could have all kinds of
users relaying their ftraffic through a satellite, and
with greater capacity and better control than the
ionosphere.

By 1965 it was evident that satellites could improve
communications for ships and aircraft far from land.
Few people thought that satellites were needed for
land mobile communications. There were separate
developments of satellite mobile services for air and
maritime users. They eventually came together in the
generic MSAT service as the result of influence from
the engineers who believed that generic satellites
would serve all users better than separate systems.
MSAT is the mobile satellite service for North
America that is offered by the American Mobile
Satellite Corporation and TMI Communications. It
took a long time to bring it about.

AERONAUTICAL MOBILE SATCOM

In 1937 when commercial service started, and as it is
today, oceanic air traffic communications was in the
high frequency, short wave band. For the North
Atlantic there are traffic control base stations at
Gander, Newfoundland, Reykjavik, Iceland, and
Shannon, Ireland. Air traffic controllers and airplane
pilots talk to each other using the ionosphere to
reflect their signals beyond the horizon.

International Mobile Satellite Conference
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Communications are often bad, and occasionally
wiped out by solar storms that are especially
troublesome at the high northern latitudes of the busy
transoceanic routes. In 1964 the first geostationary
satellite, Syncom, relayed messages from an aircraft
far out over the Pacific. The success of the
experiment led to the inclusion of VHF transponders
on the NASA ATS-1 and ATS-3 satellites for more
aeronautical satellite experiments.

The experiments were highly successful. Boeing
installed VHF antennas on the first production 747's,
and the Airlines Electronic Engineering Committee
wrote standards for aircraft equipment. Airlines and
governments teamed up to launch an AEROSAT
satellite, and a contractor was selected to build it.
Uplink and downlink frequencies in the L-band were
allocated internationally for the exclusive use of
safety related aeronautical communications through
satellites.

The AEROSAT program was hampered by
disagreements among its participants. Some wanted
it to be at VHF in the bands used for direct air-ground
communications over land, and some wanted it to be
in the L-band. A final blow came with the mid-70's
oil crisis. Because of a big jump in fuel costs, the
airlines could no longer fund their part of the program
and it was terminated.

After AEROSAT the interest in aeronautical satellites
waned to a level near zero. It was revived with a
vengeance in 1983 when the first application for
mobile satellite service requested the generic use of
the aeronautical L-band. Aviation entities throughout
the world teamed up to retain the band for en route air
traffic control even though there was no realistic
prospect of its use for that purpose. = The ensuing
regulatory battles contributed years of delay to the
implementation of MSAT.

There is a limited use of satellites by aviation, but
not for air traffic control. Administrations that are
responsible for air safety are evaluating the use of the
Global Positioning System combined with digital
communications for improved traffic control. When
all of their stringent requirements can be met and the
system can be built, satellites will play their part in
better air traffic control. A target date is 2005.

MARITIME MOBILE SATCOM

Just as with aviation, the first plans for maritime
satellites were based on the concept of exclusive radio

frequencies and satellites for their industry. L-band
frequencies adjacent to the aeronautical L-band were
assigned for maritime use only. That band eventually
became generic, not through an international
regulatory battle, but rather in response to demand
without much objection by maritime users.

Prior to the introduction of satellites, ships at sea
communicated by Morse code in the HF band. The
vagaries of ionospheric propagation complicated and
sometimes disrupted communications. It took hours,
and sometimes days for a message to reach its
destination.

In 1976 COMSAT Corporation introduced worldwide
commercial maritime communications with three
Marisat satellites. In 1979 the International Maritime
Satellite system, Inmarsat, became the worldwide
provider of maritime services. As time went on, the
demand for land mobile and aeronautical
communications became so great that Inmarsat
changed its charter to include those services, and thus
in fact became a worldwide generic satellite service
even though it operated in a band that was assigned
exclusively to maritime satellite communications.

In the 1960's most land mobile communications
served public safety and business. There was a very
limited mobile telephone service. The ideas that led to
cellular and PCS were in their earliest incubation. So
were the ideas that led to land mobile satellites.
Prevailing thought was that land mobile satellite
communications would never be needed, that all land
mobile needs would be met with terrestrial systems.

MOBILE SATCOM IN CANADA

In Canada, the interest in mobile satellite
communications was largely motivated by a
requirement for reliable, thin route and mobile
communications to serve the vast, sparsely populated
regions of the country. Approximately 80% of the
Canadian land mass, north of the 55th parallel in the
west and the 50th parallel in the east, is home to less
than 500,000 residents. Only 100,000 people live
north of 60° latitude, in an area about half as large as
the 48 contiguous United States. Until the mid '70s,
the communications needs of the area were served
with HF radio, which was even more unreliable than
elsewhere at these high latitudes because so much of
the auroral zone lies over Canadian territory.
Eventually the fixed, community communications
needs were met with the Anik satellites. The mobile
needs, however, remained.

International Mobile Satellite Conference
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The potential of satellite communications technology Services planned to be provided by MUSAT included
to meet the Canadian needs was first experienced in two-way voice and low-rate data to ships, aircraft, and
May, 1967 when Canada joined the U.S. sponsored land terminals for mobile and transportable
cooperative research and development program to communications in the 240-400 MHz allocations,
explore the potential of satellites for tactical military data collection in the 401-403 MHz band, emergency
communications. Over the next five years, beacon monitoring in the 406-406.1 MHz band,
experimental programs were conducted to test maritime mobile service in the L-band to complement
Canadian developed aircraft, ship, and manpack INMARSAT coverage which was missing in
stations with the U.S. Lincoln Laboratory Canadian Arctic waters, and military fixed satellite
experimental UHF satellites, LES-5 and LES-6, and service in the 7250-7750 and 7900-8400 MHz bands.
the operational TACSATCOM-1. System To meet Department of National Defence needs,
performance R&D included tests of operation at low interoperability with the U.S. FLTSATCOM and
elevation angles, ionospheric scintillation fading, LEASAT systems was included as well as some anti-
airborne multipath, and modems. A number of firsts jamming capabilities. Thus it can be seen that
were achieved in the Canadian tests, including the MUSAT was truly multipurpose, although it served
first air-to-air mobile satellite communications using government departments and agencies primarily. Its
phased array antennas on a C47 and a C130 Hercules planning spanned the mid 1970s, in parallel with the
aircraft, in July 1969. The program demonstrated the AEROSAT program, but implementation was stalled
feasibility of mobile satellite communications at by the onset of the ecarly stages of government
UHF and resulted in the development in 1972 of a spending restraints.
proposal for a Canadian military satellite similar to
the U.S. FLTSATCOM system. However, because The MUSAT proposal also suffered from its inability
one satellite would not be able to meet the global to provide public services in the 240-400 MHz band
needs of Canadian commitments to NATO and to because the band was allocated in Canada to meet
peacekeeping roles, the proposal was not military and civil government needs and in the U.S.
implemented. strictly to serve military needs. This was remedied by
the 1979 World Administrative Radio Conference
On the civilian side, solutions were sought by the (WARC) which, based on proposals by Canada and
Canadian Department of Communications (DOC) for the U.S., allocated 806-890 MHz to the mobile
the problem of providing reliable communications in satellite service on a primary basis in the Americas
the north, and in 1970 DOC proposed that a UHF (ITU Region 2), as well as in some Region 1 and 3
transponder be included on the joint DOC-NASA countries. The allocation was shared with the mobile
communications technology satellite program (CTS- terrestrial service, limited to national boundaries,
Hermes), in addition to the primary mission 12 GHz subject to agreement between the administrations
transponders for direct broadcast TV and other small concerned, and did not include the aeronautical mobile
terminal services. However, the UHF transponder, satellite service. Nevertheless, the allocation
which was to have been used for demonstration of permitted an expansion of the planned MUSAT
thin route and mobile communications to small system to meet a much broader range of mobile
terminals, had to be abandoned because of satellite communications requirements. It also allowed the
launch weight constraints. prospect of economies of scale from sharing at least

some technology with the terrestrial mobile service.
Interest in a Canadian UHF satellite persisted,

however. Requirements were broadened to include DOC-NASA COOPERATION

civil government, military, and commercial maritime

user needs for mobile, data acquisition, and other In the same time period as DOC was developing the
specialized communications services in rural and MUSAT concept, through the '70s, NASA conducted
remote land areas and Arctic and coastal waters. experiments with its Applications Technology
Traffic studies indicated that the aggregated needs of Satellites which were used for numerous land mobile
the government departments and agencies could be communications voice, data, and position surveillance
met by a geostationary multipurpose UHF satellite tests.  The experiments demonstrated technical
system, dubbed MUSAT. Economic feasibility feasibility of land mobile satellite communications
resulted from system cost sharing by the many user and revealed numerous applications which would
agencies. benefit from the technology.
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Given the possibility of public services in the new
UHF allocation and an interest by NASA, DOC
initiated discussions with NASA in February, 1980
which resulted in a concept for a joint DOC-NASA
demonstration satellite program. Canada would
provide the satellite, modified to meet NASA
requirements, and NASA would provide the launch
and launch support services. Following the model set
by Hermes, use of the satellite would be shared.
Launch would be in the late 1980s. The objectives of
the joint program were to demonstrate the technical
and economic feasibility of mobile satellite services,
formulate the institutional arrangements for a follow-
on commercial system, and provide a period of
interim  operational services prior to the
implementation of a commercial system.

Phase A studies commenced in September, 1980,
carried out cooperatively between DOC and NASA.
These established technical feasibility and indicated a
strong potential commercial demand. One of the
studies was NASA sponsored and carried out under
contract by General Electric. Its objective was to
determine the best way to provide ubiquitous mobile
communications in the United States. The study
concluded that one half of the contiguous states land
area would not be served by cellular telephone because
of too low a population density. About one tenth of
the population lived in this unserved area. Service to
that population as well as to transportation and
remote fixed locations would comprise a market large
enough to justify a mobile satellite service.

In early 1982, a government exchange .of letters took
place, agreeing that at the request of Canada, the
United States and Canada would enter into
negotiations to permit the introduction of mobile
satellite services in the 806-890 MHz band. Phase B
(project definition) was authorized in July, 1982, with
the principal objectives of refining the studies of
market demand and commercial viability carried out in
Phase A, developing performance requirements and
specifications for the spacecraft and ground segment,
developing the required technologies, and developing a
technical, cost, and management proposal  for
program implementation.  Launch of the satellite
was planned for 1988.

The basic Canadian service requirements were for
coverage of the Canadian land mass including the far
north within range of a geostationary satellite and
coastal waters to the 200 mile offshore limits.
Principal services were mobile radio, mobile

telephone and mobile data, requiring an estimated
allocation of 12 MHz in the 806-890 MHz band.
Data collection was to be provided in the 401-403
MHz band, and emergency beacon monitoring in the
406-406.1 MHz band. The Phase B studies confirmed
that there was a growing, strong user demand for
mobile satellite services.

Notification of the International Frequency
Registration Board concerning the Canadian UHF
mobile satellite was first made in January, 1983, of a
six beam system using an allocation of 8 MHz. and
capable of service in both Canada and the U.S., in
anticipation of the joint DOC-NASA project. This
was subsequently amended in November, 1983,
reducing the six beams to four with domestic
coverage only. In 1984, in a Canada Gazette Notice,
DOC proposed that a further 12 MHz in the 806-890
MHz band and 30 MHz at L-band be reserved for
second generation expansion.

Corresponding regulatory évents in the U.S.
commenced with a NASA petition for rulemaking
filed with the FCC in September, 1982 to provide a
U.S. frequency allocation for mobile satellite service.
The internationally allocated UHF radio frequency
band was recommended for the service. Public
comments requested by the FCC and received in
March, 1983 indicated considerable support.
However, objections were also raised with NASA
about the planned joint program with DOC, on the
grounds that the program was in conflict with
commercial interests and would compete for limited
spectrum. This resulted in postponement of an April,
1983 planned signing of a negotiated agreement for
cooperation between DOC and NASA.

COMMERCIALIZATION OF MSAT

The rapidly building commercial pressures in the
U.S., coincident with the results of the Canadian
Phase B demand study results confirming a potential
for commercial viability, resulted in the MSAT
program being reoriented from a government-led
DOC/NASA  demonstration program to a
commercially-led program, with DOC and NASA
falling back to support and coordination roles.
Canadian studies in progress were redirected to
support development of a commercial system in
which Telesat Canada and a U.S. company would
procure jointly the space scgment of a two satellite
system providing service in both Canada and the U.S.
The commercial model proposed was eventually
implemented. Each company would own and operate
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one of the satellites, which would be a back-up to the
other in case of failure as well as supply spare
capacity in the event that one experienced a traffic
overload.

Commercial activity was inaugurated in the U.S.
with the formation of the Mobile Satellite
Corporation in July, 1982, by Roy Anderson who
was the principal participant in the satellite
experiments and in the NASA study by GE, and John
Keisling, a major participant in the study. Mobile
Satellite Corporation filed an application for Mobile
Satellite Service at the Federal Communications
Commission on March 9, 1983. The application
proposed land, aeronautical and maritime mobile
satellite communications for the United States
including Alaska, Hawaii, Puerto Rico, the U.S.
Virgin Islands and territorial waters out to 200 miles.
Tt requested that two radio frequency bands be allocated
for transmissions of all kinds between mobiles and
satellites. One, the UHF band, the other, the L-band,
(1545-1559 and 1646-1660 MHz) that was reserved
exclusively for aeronautical safety communications.
Neither band was in use. Technical and operational
assurance of preemptive access for safety services
would be achieved by continuous network control of
every mobile unit.

Four months after Mobilesat filed its application for a
license, Skylink Corporation filed an application that
did not include a request for the L-band. Two
geostationary satellites would serve North America.

The initial system configuration selected by Telesat
was for two hybrid satellites to serve North America,
each with two UHF beams and four L-band beams.
Feeder links to base and gateway stations were to be
at Ku-band. The UHF band was to be used primarily
for moving vehicle applications and the L-band for
transportable and mobile applications where higher
gain antennas could be provided and line-of-sight to
the satellite was assured. To the mobile radio,
telephony, and data services to land and ship terminals
initially targeted for satellite service, aeronautical
mobile, fixed rural and remote telephony, and wide
area paging were added.

REGULATORY BATTLES

With two applications on file, the Federal
Communications Commission responded to the
NASA request. It announced that it had adopted a
Notice of Proposed Rulemaking on November 21,
1984. The Commission stated that it planned to

allocate "....eight megahertz (821-825 and 866-870
MHz) [UHF-band] for a land mobile satellite service.
Spectrum in the 1.5 GHz [L-band] range is expected
to increase the capacity and offerings of such service
either in the initial system or future generations."

The UHF-band requested by Mobilesat and Skylink
was between the band allocated to cellular mobile
telephone and a band used by business and public
safety mobile radio. It was the band that the FCC
planned to allocate to the mobile satellite service in
its November, 1984, Notice of Proposed
Rulemaking. The requested band was in reserve - no
licenses had been granted for its use. It was allocated
internationally for mobile satellites. Canada and the
United States had an agreement that it would be used
for that purpose.

What seemed like a reasonable request by the two
mobile satellite applicants met with a storm of
opposition. From one side cellular radio telephone
service providers and equipment manufacturers argued
that their band was not wide enough to meet their
future needs and they should get the reserve band that
Mobilesat and Skylink wanted. On the other side
Motorola, a leading manufacturer of cellular and other
mobile radio equipment, had expected to persuade the
FCC to extend the business and public service band
to include the reserve band.

Motorola was especially aggressive in its opposition.
They argued that all mobile communications needs
everywhere in the country would be met with non-
satellite mobile radio systems. Motorola, with the
Associated Public-Safety Communications Officers,
Inc. (APCO) stated that the reserve band was
desperately needed for public safety communications.
APCO orchestrated a campaign to have large numbers
of public safety officers file comments to the FCC
opposing allocation of the band to mobile satellites.
Motorola, APCO, and Mobilesat lobbied Congress
and the FCC. Motorola and APCO won. On July
24, 1986, the FCC issued a Report and Order
allocating the band to public safety.

Mobilesat had estimated that the UHF-band alone
could not  accommodate enough  mobile
communications to justify investment in the satellite
system. Its application for the aeronautical L-band,
argued that the only way the aeronautical community
could get their safety service was to license the L-
band for air, land and maritime service so that
investment in a satellite system would be justified.
Aeronautical safety service could be assured by
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designing the system to give aeronautical safety
communications priority and preemptive access.

There was a national and international outcry.
Satellite communications had been on aviation's back
burner since the demise of AEROSAT, but suddenly
it became of prime importance. Committees were
formed to conduct studies to determine the width of
the band needed for aeronautical safety
communications. They all concluded that it was just a
little more than the entire L-band. It was absolutely
essential to keep the "pizza trucks" out of "their"
band.

Within the Federal Aviation Administration the
persons responsible for radio frequency coordination
viewed the Mobilesat application unfavorably. Other
FAA managers and each Administrator that served
during the years-long proceedings did not oppose
allocation of the band to generic use. They agreed
with Mobilesat's argument that aviation would not
have the advantage of satellite communications unless
it was willing to share the use of the band so that an
economically viable system could be built.

On January 28, 1985, the Federal Communications
Commission released the Notice of Proposed
Rulemaking it had announced on November 21,
1984, proposing to establish a Mobile Satellite
Service for the United States. It invited interested
parties to submit applications for the license to
provide the service. Although the L-band allocation
to MSS had not yet been made, applicants were
encouraged to include that band. The Commission
agreed with NASA and Mobilesat that the UHF-band
alone was not sufficient for development of multiple
services and efficient use of the spectrum.

On April 30, 1985, twelve applications for the
Mobile Satellite Service license were filed at the
FCC. The applicants were a mix of large companies
with unquestioned qualifications, start-up companies
with a varied range of qualifications but a serious
commitment to the project, and some speculators
who knew there was a chance to make money from of
the FCC licensing procedures.

One application was mostly a photocopy of the 1983
Mobilesat application, even retaining the Mobilesat
name, with a letter stating that the applicant would
do what was described therein. The FCC did not
dismiss the application. At a NASA sponsored
meeting held at the Jet Propulsion Laboratories in
Pasadena, CA in November, 1985, the applicant

announced the terms of the financial settlement he
would make with the company that got the license.
He warned that if the company did not agree, the legal
fees to get rid of him would be more than the
financial settlement.

On July 24, 1986, the Federal Communication
Commission allocated the L-band to the Mobile
Satellite Service including land, maritime and all
aeronautical uses. It specified rules on the use of the
band to insure priority and preemptive access for
aeronautical safety.

The FAA did not object to the allocation. Public
announcement of FAA policy was finally made in the
August 15, 1988, issue of Aviation Week. It agreed
to the sharing. It spelled out the requirement for
priority and preemptive access and the procedure for
reserving adequate satellite capacity for aviation safety
when the demand for non-satellite communications
increased.

The FCC would issue only one license for the
mobile satellite service. It could select the licensee
by lottery, as it had done with cellular radio telephone
licenses, or it could hold comparative hearings to
determine which applicant had the best proposal.
Neither one seemed like a good choice. The lottery
might select a poorly qualified applicant.
Comparative hearings would take years of time and
costly legal proceedings with appeals of every
decision.

The Commission attempted to narrow the field of
applicants by requiring each to place five million
dollars in a escrow account, the money to be used
toward the construction of the system. Eight of the
applicants complied.

The Commission then decided that instead of a lottery
or hearings it would require the applicants to form a
consortium and file a single application on behalf of
the consortium. The FCC dismissed the individual
applications and directed the Consortium to file its
application by July 27, 1987.

There were many points of contention among the
applicants and they split into two factions, each
submitting an application. The FCC dismissed the
applications of each faction and set September 4 as
the date for submitting a unified application. Again
two applications were filed, one by a group of five
who called themselves the United States Mobile
Satellite Consortium. The five divided ownership,

International Mobile Satellite Conference



Plenary Session

marketing, administrative and procurement businesses and 20%, respectively. Canadian Pacific subsequently
among themselves, including the construction and withdrew, and TMI was later reorganized as TMI
operation of a dedicated $145 million satellite. The Communications Limited Partnership (TMIC).

other group of three stated that the plan violated the

antitrust laws and asked the FCC to invalidate the AMSC launched the first MSAT satellite, which was
contracts among the five. named AMSC-1, on April 7, 1995. TMIC launched

its MSAT-1 on April 20, 1996.
On February 9, 1988, the eight applicants jointly

filed a technical amendment describing the system REFERENCES
proposed by the group. The geostationary orbit was
selected with one large satellite at 101°W, near the iy 0.S. Roscoe, A Small Terminal Satellite
longitude of the central part of the U.S. Service Communication System for Remote Areas,
continuity would be assured by an agreement with Canadian Electronics Engineering, December
Telesat Mobile Inc. of Canada, which would place a 1970.
similar satellite nearby at 106.5°W. [2] C.A. Franklin and PM. Boudreau,
Multipurpose UHF  Satellite  System
IMPLEMENTATION (MUSAT), presented at the Communications
Satellite Workshop - Canadian Experience
Public announcement and formal signing of the Joint and  Australian  Planning,  Canberra,
Ownership agreement between the eight applicants Australia, August 22-24, 1979.
was consummated at a meeting in . Pasadena, [3] AF. Brisken, RE. Anderson, R.L. Frey,
California, on May 3, 1988. With that action, the and JR. Lewis, Land  Mobile
American Mobile Satellite Consortium was formed, Communications and Position Fixing Using
subsequently incorporated in 1989 as American Satellites, IEEE Transactions on Vehicular
Mobile Satellite Corporation (AMSC). The meeting Technology, Vol. VT-28, No. 3, pp. 153-
was held in conjunction with an annual Mobile 170, August 1979.
Satellite Conference sponsored by NASA at its Jet [4] R.E. Anderson, R.I. Frey, J.R. Lewis, and
Propulsion Laboratories where many studies . and R.T. Milton, Satellite-Aided Mobile
experiments in satellite mobile communications were Communications: Experiments, Applications,
conducted in cooperation with some of the applicants and Prospects, IEEE Transactions on
and with Canadian organizations. On August 4, Vehicular Technology, Vol. VT-30, No. 2,
1989, the FCC issued a license to the Consortium. May 1981.
The allocation of the L-band to all mobile services [51 R.E. Anderson, R.L. Frey, and J.R. Lewis,
was contingent upon the assurance that aeronautical Satellite-Aided Mobile Communications
safety would have priority and preemptive access to Limited Operational Test in the Trucking
the use of the satellite. Industry, prepared for National Aeronautics
and Space Administration, Goddard Space
In Canada, the commercialization process proceeded Flight Center, Greenbelt, MD. Contract No.
with far less drama than in the U.S. Telesat Canada NASS5-24365, Final Report for Period Nov.
reached agreement with DOC that Telesat would lead 1977 - July, 1980, SRD-81-005, July 1980.
commercial implementation of MSAT, subject to a [6] C.A. FPranklin, MUSAT 10 MSAT:
Canadian government undertaking to lease capacity on Evolution of Mobile Satellite
the satellite for services to government departments Communications in Canada, presented at
and agencies. The government agreed to purchase Fibresat 86, International Conference on
airtime up to a value of C$ 126.5 million, to be Satellite and Fibre Optic Communications,
consumed over the operating life of MSAT, on a Vancouver, Sept. 9-12, 1986.
prepayment basis to assist in financing 7] A.E. Winter, M.J. Zuliani, and D.J. Sward,
implementation. In addition, the government Land Mobile Satellite Communications via
committed C$ 50 million for technology and MSAT, Earth Oriented Applications of
applications development to assist commercial Space Technology, Vol. 5, No. 4, pp. 345-
success and to garner industrial benefits. Telesat 349, 1985, Pergamon Press.
Canada subsequently incorporated Telesat Mobile Inc. {8] R.E. Anderson, A Long Journey to AMSC,
(TMI) in 1988, in which it held 50% ownership, with March 1995. (Available from the Author)

Canadian Pacific and Itochu Corporation holding 30%
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Integration Towards a Future Terrestrial and Mobile Satellite
Based Communication System - An Analysis
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email: aeg@comnets.rwth-aachen.de

ABSTRACT

The aim of this paper is to provide a comprehensive
performance analysis for candidate integrated GSM based
and mobile satellite communication systems. After a brief
introduction of terrestrial and mobile satellite
communication networks a basic set of common services
envisioned for integrated system operation will be
presented. Two possible integration scenarios able to
provide this set of services will be identified and
discussed. Appropriate evaluation models as well as
performance parameters will be presented. In the analysis
section of this paper a comprehensive performance
evaluation of call handling procedures like inter network
handover and location management in these integrated
systems will be given. Based on the identified
performance parameters the restrictions and limitations
will be discussed. The paper concludes with a summary of
the results and an outlook into the field of future
integrated terrestrial and mobile satellite system solutions.

1 INTRODUCTION

The GSM (Global System for Mobile Communication)
network is nowadays readily available in most west-
European and Asian countries and is currently extending
its reach even into the United States of America, Canada,
Africa and Russia. The coverage though within these
countries is many times limited to specific areas where the
population and therefore also the customer density is very
high. Extending the coverage to less populated regions
provides less return on investment to a potential network
operator and/or service provider of such a system and is
therefore proceeding at a slower pace or is not proceeding
at all.

During the past years, an increased demand for personal
mobile communication paired with a steady increase in
communication technology and aided by corresponding
regulatory decisions have led to the introduction of new
cellular communication networks including soon to come
mobile satellite systems. All of these new systems,
including the old ones, are envisioned to be part of a new
global communication system architecture - UMTS -
interconnected as illustrated in the proposal illustrated in
figure 1. Several access systems paired with different
service specific backbone networks will provide

environment specific telecommunication services from
indoor urban to open nomadic environments.

Fig. 1 Envisioned UMTS communication infrastructure for the
21% century according to ETSI/SMG3 (still under discussion)

In this approach systems like IRIDIUM™,
GLOBALSTAR™, ICO™, and ODYSSEY™ will be part of
a hierarchical cellular concept providing umbrella like
coverage on a global or near global basis [1, 3].

The integration of already existing cellular networks like
GSM and proposed mobile satellite systems following this
concept will therefore significantly enhance the
functionality and flexibility, as well as the availability of
global telecommunication services. The satellite systems
involved will be able to provide global or near global
coverage and wide-area roaming to users outside their
individual terrestrial cellular coverage areas. They can
also complement existing cellular radio systems like GSM
or DCS 1800/1900 in specific areas or regions. Whenever
a terrestrial mobile cellular communication network is
only operated in an ,insular'* mode for example, the
mobile satellite system can insure the possibility to be
reached or to perform a series of telecommunication
services [7].

In order to be able to propose an efficient structure for
such an integration of terrestrial ceflular and mobile
satellite communication systems a thorough analysis and
discussion of the protocols and procedures involved,
stating the possibilities and restrictions of each considered
integration scenario is required. The scope of this paper is
to perform such an analysis for two proposed inter-
segment handover protocols in an integrated LEO (Low
Earth Orbit) satellite system and GSM.

! Insular in this context means the coverage of small regions or towns
only, avoiding the coverage of less populated surrounding areas.
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2 SERVICES AND USER REQUIREMENTS

Mobile satellite systems that are currently being developed
will provide services which are a mix of satellite services
(e.g. radiodetermination) and services similar to those
provided by GSM. In the following table an overview of
the services envisioned for mobile satellite systems and
GSM are presented.

Table 1: Mobile Satellite System and GSM services [3]

Service/System GSM Mob. Satellite
Voice 13 kbps 2.4 - 4.8 kbps
Data 9.6 kbps® 2.4 kbps
Fax Group 3 Group 3

Paging SMS Available
position/location - Intrinsic/GPS

Integrated GSM and mobile satellite PCN will aim at
harmonising the columns presented in table 1. In general
terms this will lead to an increase in the number or quality
of possible services with respect to each single network
(e.g. positioning services for former ,,GSM only*“ users or
higher available bit rates for former ,,satellite only* users).
User requirements in this field indicate that in addition to
the new/better services made available, additional
functionality in the network should be provided to manage
the interaction between both original networks. A call
drop or poor speech quality are not acceptable at any point
in time. In addition a high degree of billing transparency
and security within the network is desired.

3 INTEGRATION SCENARIOS

When considering the integration of GSM and a possible
LEO satellite PCN the question of level of integration for
this envisaged system arises. User requirements such as
global availability, single number roaming, ease of use and
value for money as well as network operator requirements
such as signalling and power efficiency, location register
interworking and a minimum of required GSM
modifications need to be taken into account [1].

As a result of requirements both an integration at network
and system level infer [1,4]. Corresponding to these two
levels of integration two integration scenarios can be
defined.

The first scenario, integration at network level (figure 2),
provides an integration of two separate networks. They are
connected via a fixed terrestrial network and are each
operable on its own without having to make use of
components from each other. All exchange of necessary
data-information may be achieved via especially designed
interworking functions. Having a large degree of
independence, this scenario is very efficient in terms of

2 9.6 kbps is the normal circuit switched data rate in GSM. Future
packed transmission (e.g. GPRS) will allow much higher data rates.

hard and software for each independent segment since
each segment may be individually designed to provide an
optimum solution for the special requirements of the
segment.

A
unnuunm%ﬂi ‘

Fig. 2 GSM and mobile satellite system network level
integration scenario

A second scenario, integration at system level, is
characterised by both sub-systems (terrestrial and satellite)
using the same data base (HLR- Home Location Register
and VLR - Visitor Location Register) and using the same
main switching facility (MSC - Mobile Switching Center).
In contrast to the network level integration scenario
though, the system level integration scenario does strongly
depend upon the satellite system network architecture and
requires the implementation of an interworking unit at
MSC level. This is mainly because the part of the satellite
network involved in the integration process may not
provide all of the required functionality (i.e. full BSS -
Base Station Subsystem functionality).

It is the aim of this paper to make use of the first
integration scenario providing a basis for evaluating the
integration performance of the system in terms of call
handling including handover and location management
issues.

4 INTEGRATED NETWORK FUNCTIONALITY

The integrated network functionality can be defined based
on the desired set of user requirements to be fulfilled (see
section 2). Within the following subsections this
functionality shall be identified and discussed.
Performance parameters shall be found in order to
evaluate the new functional behaviour.

4.1 FUNCTIONAL REQUIREMENTS

Based on the user requirements identified two new
functional requirements of the Integrated GSM and mobile
satellite PCN emerge:

1. To avoid ongoing call drops with the combined
network due to lack of coverage or traffic congestion,
procedures should be implemented that allow to switch
between both available networks: inter-network
handover.

2. To be able to be reached at any desired time and
location and to enable user selection of the
communication network to be wused initially,
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procedures should be implemented allowing for the
appropriate user data flow: inter-network roaming.

It will be seen in the following sections if and how these
two functional requirements can be fulfilled.

4.2 PERFORMANCE PARAMETERS

To be able to evaluate the performance of procedures
implemented to fulfil the desired functional requirements
a set of performance parameters has to be identified.

For the inter-network handover for example it is important
to evaluate the handover interruption time as well as the
handover failure rate. For a potential network operator a
signalling analysis would be of additional interest.

For the inter-network roaming procedures it is important
to know how often a location update has to be performed
for a specific scheme and how much signalling is involved
in the update as well as potential paging procedures.

4.3 INTER-NETWORK HANDOVER

In order to perform an inter-network handover within an
integrated GSM and mobile satellite PCN (Personal
Communication Network) an especially designed
communication protocol between the two networks has to
be used. It has to account for transmission errors over the
GSM and mobile satellite radio channels by allowing
several repetitions of the PDUs (Protocol Data Unit) sent
between the mobile terminal and the respective
transmission counterparts in both systems.

One candidate protocol is a modified GSM inter-MSC
handover protocol given in figure 3 below.

MS BTS MSC ' SRSS Satellite
Measureunent Repart
Messurement Kesult
inndover Required fter Segaient
Manddver Request
Tatef Segment
Handover Reguest Ack,
Handover Comnusid
andsiver Coaynand
Uandover Access
Handover Access

Pliysical Informaiion

Physical Information
SABM
SABM
A
A
Taier Segment
Handover Complete
Inter Segment
Intes Sepment Handaver Comgplelc
P
Clear Conmand
Clear Complese
« P
e

Fig. 3 First inter-network handover protocol based on the GSM
inter-MSC handover.

Modification have to be made to several of the protocol
timers taking the special propagation environment and the
different frame structure and bit-rates of the satellite
network into account. The LAPD ~timer T200 and the
physical information timer T3124 were modified to 220
ms and 660 ms respectively. In addition the max. number
of I-frame repetitions within the FACCH/F LAPD,-

protocol were set to 17 accounting for a different
IRIDIUM like frame length of the satellite network (see
GSM recommendation 04.06).

4.4 LOCATION MANAGEMENT

A major area of concern to the network layer protocols of
an integrated GSM and satellite PCN is the definition of
location areas and the management of the mobility of a
mobile user within the joint network [5].

Wherever the GSM and the satellite network are
overlapping, it is preferable to make use of already present
definitions of location areas (in GSM a location area may
be any subset of coverage areas of BTSs-Base Transceiver
Station connected to a single BSC-Base Station
Controller) and use existing procedures to update them
accordingly. This may require conversion between GSM
location areas and (virtual) satellite ones, but this
functionality is quite easy to handle with respect to a
specialised satellite segment mobility management.

In areas where the GSM segment is not present though
these specialised procedures need to be used in order to
provide the same quality of service (QoS) to users there as
compared to the GSM system.

4.4.1 Single Satellite Location Area

One possibility of defining a location area for use if in an
integrated network solely satellite coverage is present is
the satellite coverage zone approach shown in figure 4
below.

L |lk£5\‘|<ill it
il nul “

i

Fig. 4 ,Satellite” Scenario: The coverage zone of the satellite
makes up a particular location area

In this approach the location areas are satellite based and
each satellite carries his location area with him as he
passes over the globe at very high speeds due to his
dynamic behaviour (see Introduction). This causes users to
move in and out of location areas quite rapidly. dependent
upon the satellite selection strategy and the speed (height)
of the constellation used.

In order to obtain a first feel for the amount of location
updates required though this location update scenario was
chosen for reference purposes.

4.4.2 Gateway Location Area

Another possibility of defining a location area (without
making use of user localisation methods) is to choose as
one location area all satellites that are being serviced (in
terms of connection management) by a specific gateway
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(see figure5). Since all satellites are connected to a
gateway (no ISL’s) at a given point in time this approach
is valid.

el 168

i "
g0 ! guyieed! :

.Fig. 5 ,,Gateway" Scenario: The coverage zone of all satellites

connected to a specific gateway make up a particular location
area

4.4.3 Geometric Location Area

A third possibility to define a location area is to use
localisation information provided by the satellite system
(elementary localisation of every user is available in the
network for billing purposes) to generate a for every user
specific location area. This location area will be much
smaller than in any of the previous definitions (see
figure 6).

il

rrszﬂunnnnau

f
557

Fig. 6 ,.Geometric* Scenario: A specific uncertainty radius
around the users periodic reported position makes up a location
area

The procedure works in such a way, that every user
defines a location area when his/her terminal is turned on
for the first time by taking the approximate present
position and drawing a circle with a certain uncertainty
radius around it. Whenever the user senses that his/her
present position is outside this original defined location
area a location update is performed and a new location
area is generated.

Every one of these definitions has its advantages and
disadvantages. With the help of stochastic simulation
insight may be gained as to the optimal way of defining a
location area according to the methods specified.

5 SIMULATION MODELS

For the simulations performed in the evaluation process
several assumptions for the user, the satellites system and
the transmission environment were made. For the user it

was assumed that his movement be of random nature with
respect to the regular periodic movement of the mobile
satellite system. An average talk time of 120 seconds was
assumed (negative exponentially distributed). The activity
of each user was assumed to be 10 mErlang.

In order to model the terrestrial propagation loss and the
corresponding BER within the GSM system the
propagation prediction model developed by Okumura and
Hata combined with an estimation for the co-channel
interference within the GSM system was used. The
transmission probabilities of a GSM layer 2 frame for a
given CIR ratio can be calculated according to the ETSI
GSM pattern files which are available for a CIR ratios of 3
dB, 5 dB, 7 dB, 9dB and 11 dB. A modified version of
these pattern files were used within the context of this
paper.

The GSM propagation loss for an urban propagation
environment according to Okumura and Hata can be
estimated according to the following formula:

Lypan(dB) = 6955+ 26.16 - log,o f. — 1382 - logo &,

—a(h,, )+ (449 — 655 log,, h, ) -log,o R (1

with:

frequency

base station height
mobile terminal height
distance to base station

150 MHz < f, £ 1500MHz
30m <hy £200 m
Im<h,£10m
1km<R<20km

The correction factor

a(hy) = (11-l0gyq f, = 07) - h, = (156-logyg f. = 08) (5,

for an antenna height Am = 1.5 m equals to zero and is not
considered for the rest of the calculations.

-From formula 1 the propagation loss for suburban
propagation environments:

sturban (dB) = Lurban -2 [IOglo(fc / 28)] -54dB (3)

and the propagation loss for open propagation

environments:

Lopen (dB) = Lurban —4.78- (IOgIO fc)2
+1833- log,q £, — 4094 dB @

can be derived. Interference within the GSM scenario is
estimated by a normal distribution around -148 dBm.

The satellite environment used for the performance
evaluation of the protocols for call setup and termination
can be characterised by essentially a two state model: the
channel showing Ricean behaviour for non shadowed and
Rayleigh/Log-Normal behaviour for shadowed conditions
[3]. The combination of Rayleigh/L.og-Normal behaviour
for the shadowed or bad“ channel state is sometimes also
called Suzuki-process.
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Fig. 7 Gilbert Elliot (two state) channel model for the L/S band
mobile satellite radio propagation environment

The combined probability density function for the combine
model equals to [5]:

pdf (§)=(1— A) - pdfgic.(S)

+A- J PAf Ragieigh (’5‘) pdf 1y (Sp)dS,
0 ° ®)
with A being the shadowing factor representing the
probability of being either in the ,,good* or ,,bad* state.
Assuming a matched filter reception (Viterbi decoder)
the E,/N, ratio can directly calculated and the BER can be

estimated using a receiver curve like the one shown in
fig. 8.

=0
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Fig. 8 Viterbi decoder receiver BER curve [2]

For the mobile satellite radio access system a bit rate of
150 kbit/s with slot duration of 800 bit using a
TDD/TDMA scheme were assumed. When using a %
coder this amounts to two GSM layer 2 frames in every
mobile satellite system layer 2 frame. For first time access
to the mobile satellite system a pure Aloha channel
allowing a maximum of 4 access repetitions was used.

6 SIMULATION RESULTS

In this section an exert of the simulation results to be
expected for the full version of this paper will be
presented.

6.1 INTER-NETWORK HANDOVER

The simulation results obtained for the modified GSM
inter-MSC handover protocol are given in the following
figures. For an open environment (fig. 9 and 10) the mean
handover interruption time was found to be 264.6 ms
(ranging from 200 to 4200 ms) with a handover failure
rate of 1.38 %.

Teér
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Fig. 9 Inter-network handover simulation results for the

modified GSM inter-MSC handover protocol in an open
environment

The cumulative probability density function (fig. 10)
shows a large step around 200 ms almost down to 0.1 and
afterwards a steady exponential decay up to 4200 ms.
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Fig. 10 Cumulative probability density function for the inter-
network handover simulation results of the modified GSM inter-
MSC handover protocol in an open environment

Summarising it can be concluded that in an open
environment the inter-network handover is possible when
making use of the modified GSM inter-MSC handover.
For any other environment [6] though the inter-network
handover blocking rate increases drastically (12.93% for a
suburban environment) so that a handover seams only
reasonable for very few cases where a connection has to be
maintained at all costs and with all means. Another
possibility would be to introduce a new seamless handover
scheme but this would require major modifications to the
GSM standard implemented.

6.2 LOCATION MANAGEMENT

Figure 11 shows the simulation results of the simulation
for the satellite coverage location area approach.
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Fig. 7 Geometrical Location Update Distribution (0 - 90° Long.
and 0 - 90° Lat.)

Since for the satellite coverage location area approach no
terrestrial geometries need to be taken into account, the
amount of location updates do only depend upon the
constellation (here IRIDIUM) of the satellite system.
Figure 12 shows a first set of simulation results for the
gateway based location area approach using 3 gateways.

RWTH Aachen Communication Networks

Fig. 12 Geometrical Location Update Distribution for 0 to 75
Longitude and 0 to 75" Latitude using 3 gateways

As a conclusion out of both simulation runs it can be
stated that for a mobile satellite system on the average
without user localisation many more location updates have
to be performed. It may also be concluded that a
terrestrial, gateway based location area definition is quite
superior to a pure satellite system based one. The paging
efficiency for an Iridium type system would be 1/48 (the
Iridium system has 48 cells per coverage area) for the
satellite coverage area approach and about 3 (much more
paging) for the gateway (22 gateways) based solution
(several satellites are connected to one gateway). The
geometric location area solution follows directly from a
refinement of the gateway based solution and seems to be
a good compromise because the amount of location
updates does only depend of the ratio of the size of the
geometric segment to the average speed of the end-user.
First simulation results for users within a confined area
(Europe) show a linear relationship between the average-
users speed (0-100m/s) and the amount of location updates

necessary (0-38 updates/day for a 200km location area)
Further analysis is required in this area.

7 SUMMARY AND CONCLUSION

As a conclusion of the analysis and performance
evaluation of the candidate inter-network handover
protocol inter-network handover between a mobile satellite
and the GSM network seams feasible in open propagation
environments. A handover in suburban or even urban
environments appears to be unreasonable due to the high
percentage of handover failure.

For the location management a terrestrial geometry based
solution seems to perform best. Further investigation
though is necessary, especially in the area of paging vs.
location update frequency.

For future integrated terrestrial cellular and mobile
satellite systems an improved decentrally organised
seamless handover solution seams reasonable since the
large handover interruption times can be avoided and an
increased number of handover tries becomes possible
because the connection can be maintained via the original
communication system until the handover is successful..
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ABSTRACT

A procedure that allows implementing a guaranteed handover
(GH) service in a satellite-fixed cell non geostatioary satellite
constellation is presented. Conditions to be satisfied at the
call set-up demand time from a GH service subscriber are
listed. Simplified implementations of the procedure are
discussed, and applications of the technique are indicated.
Offering GH service leads to an increase in satellite capacity
depending on the proportion of GH users in the network.

INTRODUCTION

Several non-geostationary satellite constellations will offer
to mobile users switched circuit services (paging, voice, fax,
data) [1]. These are :

- IRIDIUM (start of service : mid 1998)

- GLOBALSTAR (start of service : early 1999)
- ICO (start of service : early 2000)

- ODYSSEY.

In all the above constellations, satellites are equipped with
multibeam antennas, where each beam covers an area on the
earth surface, called satellite cell. Should each beam remain
pointed in a given direction with respect to the satellite
body, the cell is called a satellite-fixed cell.. Satellite cells
move along with the satellite and on-going calls must be
handed over from one beam to the next (beam handover), and
eventually to the next satellite (satellite handover).

In the event the next beam or satellite has no idle circuit to
take over the handed-over call, the call is terminated (forced
call termination), and this event is referred to as a handover
fail..

Current mobile ‘users in Public Land Mobile Networks
(PLMN) experience handover fails, but only as a result of
their own mobility. PLMN fixed users do not, as they
always remain in a given cell. Now, future non-
geostationary satellite constellations will eventually
complement PLMN for the purpose of increasing the service

Gerard Maral
Ecole Nationale Superieure des
Télécommunications (E.N.S.T.)
Site de Toulouse. France
email : maral @tlse.enst.fr

area. The system designer should therefore take into account
the presence among candidate subscribers of fixed users, and
design the system so that it offers a Quality of Service
{QoS) acceptable not only to any mobile user [2], but also
to any fixed one. For the latter, the reference QoS would be
that of Public Switched Telephone Networks (PSTN) or
current Geostationary Satellite Networks (GSN). This
implies avoiding any forced call termination due a to
handover fail.

A simple method to guarantee the success of any fixed user
handover consists in reserving at the call set-up a channel in
all the cells the user will visit. However, the duration of the
call is not necessarily known at call set-up, and the number
of concemed cells is consequently uncertain. Moreover the
method leads to overdimensioning the satellite capacity, as
the reserved circuits would remain unused most of the time.

In this paper, a technique allowing to guarantee the success
of a handover, is presented. The technique is based on circuit
reservation and makes use of the minimum satellite capacity
during the minimum time. The corresponding service will be
hereafter called Guaranteed Handover (GH) service, and can be
offered to any category of users (fixed and even mobile). A
user subscribing to the service is called a GH user. The
duration of the GH service subscription should be known by
the network management system at the instant the GH user
initiates a demand for call set-up.

The remaining of the paper is organised as follows. The GH
technique is first presented with general assumptions, and a
procedure is derived. Then simplified implementations of the
procedure are discussed for relevant cases. Examples of
applications of the GH technique are indicated. Finally,
results obtained by simulation implementing the GH
technique in a simple network geometry highlight the
increase in the required satellite capacity as a result of having
to service a given proportion of GH users.

GUARANTEED HANDOVER TECHNIQUE

The proposed technique guarantees to any GH user the
success of all handovers during the time interval he has
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subscribed to the GH service. So doing, the technique only
reserves the capacity strictly necessary, and during the
minimum time, in the cells visited by that user during the
specified subscription time interval. At the end of his
subscription, the GH user turns into a regular user, and is
not protected any more against handover fails. The GH
service can be offered to any fixed or mobile user, under the
condition that the user's position be known at call set-up,
and for a mobile user that his speed be significantly lower
than that of the sub-satellite point, i.e. negligible when
compared to 7 km/s for LEO constellations and 2 km/s for
ICO ones. This is achieved in practice for most mobile users
(pedestrians, land and maritime mobiles, subsonic airplanes).

It is assumed that a position determination technique is
available which allows the network management system to
determine the position of the GH user at call set-up demand
time. From the known satellites trajectories, the network
management system identifies the cells that will be visited
by the considered GH user during the subcription time. The
originality of the proposed GH technique resides in that a
circuit is not reserved in all of these cells, but only in those
cells for which the GH user is at a distance less than a

_critical distance Dyax which will be defined here below. If

no circuit is available in one of these cells, the call is
blocked. Otherwise, a circuit is reserved in each one, the call
is set up, and at the time the GH user enters any of these
cells, the reserved circuit is used to convey the handed over
call in progress. This guarantees the success of all handovers
within these cells. For any cell the GH user is farther away
than Dpgax at call set-up demand time, the GH user waits
until he becomes positioned at a distance Dpax from the
considered cell entry point and then requests a circuit in that
cell. If the cell has idle circuits, one circuit will be reserved
for his call to be handed over successfully. Otherwise, the
GH user request is queued with others of his kind, and any
circuit that is liberated later on, before handover occurs, is
used to fulfil in priority the requests in that queue, according
to a FIFO discipline. The requests in the queue have priority
over both new calls and handed over calls of regular users.
The number of GH calls must be kept within limits,
according to the procedure discussed further below, in order
to guarantee that all queued requests from GH users are
satisfied in time with liberated circuits.

Definitions

Figure 1 shows the trajectory of a GH user. For convenience
the figure assumes fixed satellites and a user moving to the
right with velocity equal to the resultant velocity of
subsatellite point and earth rotation. As this resultant
velocity is identical for all users, user frajectories are parallel
lines (neglecting the mobile user velocity). The arrow X (1)
represents the trajectory of user (i) through cells (j), (k), (1)
and (m) from his position at call set-up demand time to the
end point of his GH service subscription. Other users would

have different trajectories and possibly would visit a different
set of cells. Therefore circuit reservations are dependent of
the position of the user at call set-up demand time, and the
specified time interval the GH service is subscribed for. Cell
contours are represented by ellipses, although any other
realistic shape could be considered. Such a contour represents
a constant radiofrequency parameter (antenna gain, satellite
EIRP or G/T, power flux density). Adjacent cells overlap,
and therefore a transition zone exists between cells within
which the handover is performed, thus ensuring the required
minimum link quality at all times. To reduce the number of
handovers, it is considered in the figure that the handover is
initiated as late as possible. The entry point of a cell on the
trajectory of the user is therefore taken to be the point of the
contour that is at the extreme right of the transition zone.
For a given cell (j) one defines the longest path, Dmax(j), as
the longest path through the cell for all possible trajectories.

Xoll) X(0K Xl

X0k

Figure 1 : trajectory of GH user (i)
The notations in Figure 1 are as follows :

- X() : position of user (i) at call set-up demand time.

- L@) : length of the trajectory where the GH service is
subscribed by user (i), starting from X(i).

- Xp(®[j,k] : handover point of user (i) from cell (j) to cell

- )g;zi)[j,k] : position of user (i) at the time he should request
a circuit in cell (k).

- Dp(@[j.k] : distance between position of user (i) at call set-
up demand time to the handover point from cell (j) to cell
(k). This distance is calculated by :

Dn®k] = XpMk] - Xo) @

Figure 2 shows the position of the GH user (i) and three
cells (k), (1) and (m), at call set-up demand time. The regions
and zones illustrated in the figure result from considering in
the figure that users are fixed and cells move to the left.
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- Region Ry ('before’ region) : this region is obtained by
translating cell (k) to the left so as to position the GH user
(1) on the left side of the contour of the translated cell (k).
Region Ry, extends to the right of the right part of the
contour of the translated cell (k). Its extension in the
direction perpendicular to the users trajectories (vertical
direction in the figure) is equal to the height of cell (k).
Any user, be it regular or GH, positioned in region Rp, at
the call set-up demand time from the GH user (i) will have
left cell (k) before the GH user (i) enters it. Therefore, it is
certain that a circuit will be liberated before the GH user (i)
enters cell (k).

- Region Ry (after’ region): this region is obtained by
translating cell (k) to the left so as to position the GH user
(i) on the right side of the contour of the translated cell (k).
Region Rj extends to the left of the left part of the
translated cell (k) contour. Iis height is equal to that of
region Rp. Any user, be it regular or GH, positioned in
region Ry at call set-up demand time from the GH user (i)
will enter cell (k) after the GH user (i) has left it. The
circuit liberated by the GH user will be available to one of
these incoming users.

- Region Rq ('during' region): this region is the region
comprised between Ry and Ry. All users in this region
will be located within cell (k) during some time interval
when the GH user (i) is himself within cell (k). This
means that the users in region Rq and the GH user (i) will
be competing for a circuit in cell (k).

Note that the above definitions of the three regions have
been illustrated in the case of cell (k), and that there would
be three other different regions associated with each one of
the other cells (1) and (m), as well as with any other cell
visited by the GH user (i).

Figure 2 also displays the following zones :

- Zg {X0(@)} : zone served by cell (k) at call set-up demand
time from the GH user (i)

- Zx {XK()[j.k1} : zone served by cell (k) at the instant the
call from the GH user (i) is handed over from cell (j) to
cell (k).

- Zk {Xp(DIk 1]} : zone served by cell (k) at the instant the
GH user (i) is handed over from cell (k) to cell (1).

- Zx{Xx} : zone served by cell (k) at the instant the GH user
(i) is positioned at X(i) = X This zone lays somewhere
in between the two above zones, i.e. :

Xh(DK] < Xk < Xh(D[k,1] @

Hence, Zk Xk} can be considered as a scanning cell (k) over
region Rg.

Other definitions involve the following ones :

- NgH)ZK{Xk}] : number of active GH users in zone
Zy {Xk] at call set-up demand time from the GH user (i).
These GH users keep their status of GH users while their
calls are being handed over from cell (j) to cell (k).

- C(k) : capacity of cell (k)

- W(i)ik] : length of the quene of GH users requesting a
circuit in cell (k) at call set-up demand time from the GH
user ().
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Figure 2 : Definition of regions and zones
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Conditions for handover success for the GH user (i) :

In order to experience a successful handover, the GH user (i)
must request a circuit in cell (k) soon enough for at least one
circuit to be liberated before he enters cell (k). In the worst
case, cell (k) is fully booked when the request is issued by
the GH user (i). Now all users in cell (k) will travel at most
the distance Dppax(k) within cell (k) before exiting cell (k)
and releasing their circuits. Consequently, the GH user (i)
should issue his request when reaching the position X(i) =
X ()(j.k] at a distance Dmax from its entry point in cell (k).
Then X, (i)[j.k] is given by :
X D0k = Xp®{j k] - Dyax(k) 3

This is illustrated in Figure 1. Two situations can be
experienced :

1 - Non-overlapping zones :

This happens when zones Zy { X (D)[j,k]} and Zx{Xo(i)) are
distinct. Therefore, at call set-up demand time the GH user
(i) is positioned at a distance larger than Dpax (k) from its
entry point in cell (k). Hence :

Dh@)ik] > Dmax(®) then Xo() < XDk @)
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Once the call has actually been set-up, the GH user (i) waits
until he becomes positioned at a distance Dyax (k) from cell
(k) entry point and then requests a circuit in cell (k). If a
circuit is available, it is immediately reserved for him.
Otherwise, his request is placed in a queue, with a FIFO
discipline. The requests in the queue are prioritised with
respect to any other call, be it that of a regular handed over
user, or a new call from both regular or GH users. In this
manner any new call attempt or regular handed over call is
not accepted unless the queue is empty.

Therefore, channels liberated in cell (k) are firstly allocated to
GH users whose requests are standing in the queue.
Nevertheless, it must also be guaranteed that the request of
the GH user (i) when entering the queue will be satisfied
before his call is handed over from cell (j) to cell (k). This
imposes that the number of active GH users in zone
Zx{Xn@()[,k]} be less than the capacity of the cell, i.e. :

NGH () [Zk{Xn(®)[jk]}] < Ck) ®
‘When this condition is satisfied, the call set-up demand from
the GH user (i) is accepted at the time it is initiated and the
user will be allocated a circuit in cell (k) at the latest when
handover occurs. If (5) is not satisfied at the time of call set-
up demand, there exist a possibility for the GH user (i) to
face congestion when entering cell (k) and as the GH service
cannot be ensured, the call set-up demand of the GH user (i)
is rejected. This is perceived by the user as call blocking.

2 - Overlapping zones :

Here, zones Zx{Xnh(@){j.k]} and Zx{X@)} intersect or are
tangent. It means that at call set-up demand time the GH
user (i) is positioned at a distance from the entry point of
cell (k) less than or equal to Dmax(k). Hence :
Dp(Dlj.k] < Dmax(k) then Xo() 2 X ()[j.kl (©)

In this case, the GH user (i) immediately requests a circuit in
cell (k). If there is an idle circuit in cell (k), this circuit is
reserved at once for the GH user (i) in order to guarantee the
success of his handover from cell (j) to cell (k). Otherwise,
the call must be blocked : indeed, it is not certain that at
least one circuit will be liberated, and even so, it could
happen that the liberated circuit be allocated to another GH

user whose request is standing in the queue and has priority
over new calls.

Connditions for handover success for GH users others than
(i)

It is also necessary to make sure that the acceptance of the
demand for call set-up from the GH user (i) does not prevent
GH users with calls in progress from experiencing a

successful handover from cell (j) to cell (k). This refers to
those active GH users whose request for a circuit has not yet
been initiated and introduced in the queue because they have
not yet reached the critical distance Dpax(k) to their own
entry point in cell (k). Those users are likely to be further
away than the GH user (i) from the handover point.

In the worst case, it may happen that, in the absence of the
call from the GH user (i), the request of some other GH user,
say (n) with n # i, would have filled the queue up fo its
maximum acceptable size where the capacity C(k) of cell (k)
would be just large enough to accommodate all GH users,
excluding the GH user (i). Now, let us consider that the call
set-up demand of the GH user (i) has been accepted, and he
arrives at the point where he should request a circuit in cell
(k) before the GH user (n) does. Then his request loads the
queue to its maximum acceptable size. Next the GH user (n)
comes to the point where he should request a circuit in cell
(k), and now the size of the queue exceeds C(k).
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Figure 3 : Procedure for ensuring a GH service
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In this way, the GH user (i) has 'stolen’ the circuit of the GH
user (n) who will not get a circuit and will experience a
handover fail. As the GH user (n) has been accepted as a GH
user prior to the set-up of the call from the GH user (i), this
represents a default in the procedure. To prevent this, the
number of accepted GH calls must be kept within limits, and
this is reflected in the following restriction :

NGHW{Zk{Xk}] < Ck)
for Xp()[j.kl < Xk < Xn(D[k,1] m
If condition (7) is not satisfied for all values of Xk in the

specified interval, then the call set-up demand of the GH user
(i) shall be refused.

Figure 3 summarises the complete procedure which must be
followed in order to ensure a GH service. This procedure
must be applied for all cells pertaining to the distance L(i).
Should the procedure indicate that at a given step the call set-
up demand from user (i) must be refused, then all
reservations made at previous steps should be cancelled.

SIMPLIFIED IMPLEMENTATIONS

Several cases allow important simplified implementations of
the procedure described above.

Identical cells

With cells identical in shape and capacity, if all cells are
crossed in a similar manner by the trajectory of the GH user
(i), condition (7) needs to be satisfied just for one cell, as it
would then be verified for all cells .Similar considerations
apply to condition (5). This reduces the number of cells to
be evaluated.

Scanning effort reduction:

When the cells are rectangles aligned in parallel way with
respect to the satellite trajectory, the scanning operation over
all values of Xk defined in condition (7) can be reduced to a
check limited to the two extreme values of the specified
interval, i.e. :

a.- Xx = Xn()[j.k] wuser (i) enters cell (k) (8)
b.- Xk = Xn(i)[k,1] user (i) leaves cell (k) ©

Thus doing, one will consider that once a given cell (n) is
overlapped by cell (k) after cell (k) has been translated to any
of these extreme positions, all GH active users in cell (n) are
dwelling in the overlapping area, and are included in the
calculation of the total number of active GH users, i.e. :

NGHO)[Zx (Xk}] = Zn NGH®)[Zk (Xn(® [ X]}]

+ 2 NGHM)Zk {Xn@k.11}]

where :

- X5, ¢ sum operator over n cells

- n : numbering of cell partially or totally overlapped by the
translation of cell (k) to the two extreme positions defined
by (8) and (9). The user {i) is included only in one of the
above terms.

- NgHM)[ZK {Xk}] : number of GH active users in cell (n).
considering only those GH users who maintain their GH
status in cell (k).

(10)

The above practice is pessimistic, and definitely generates a
higher call blocking probability, but it leads to a drastic
simplification in the network management system
computational load, both by reducing the cell scanning to
only the two extreme positions, and by eliminating the need
for introducing the exact position of GH users others than

@.
Rectangular cells, aligned, equal size, equal capacity

Now all cells have the same rectangular shape and length,
they are aligned in parallel way with respect to the satellite
trajectory, then Dmax(k) is a constant, Dmax. Additionally,
they have the same channel capacity, then C(k) is a constant,
C. Users separated by more than Dy ax never will be jointly
served at a given time by a unique cell. This simplifies the
procedure in the following way :

1- At call set-up demand time, the GH user (i) requests a
circuit in the cell he is presently in and in the adjacent
one. If a circuit is not available simultaneously in both
cells, call set-up is refused. Otherwise the available circuit
in the user's present cell is used to set up the call and the
available circuit in the adjacent cell is reserved and used at
call handover.

2- At every handover, the GH user (i) requests a circuit to be
reserved in the subsequent cell for the next handover.

MAIN APPLICATIONS
Leased lines :

An operator may wish to use non-geostationary satellite
networks as a substitute to long distance terrestrial lines.
This means considering a number of GH users with infinite
trajectory length L(i). The procedure for a GH service must
be applied to all cells in the constellation, and for all
possible trajectories.

Using a resonant constellation reduces the computational
effort as the trajectories of the satellites repeat every sidereal
day, and it is enough to define L(i) for a sidereal day (23
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hours and 56 minutes). The set-up instant is not critical
because the operator can wait for necessary conditions to be
present.

Circuit allocation

The GH procedure applies both for cells with a fixed number
of circuits (Fixed Circuit Allocation, ECA), or with circuits
being assigned dynamically (Dynamic Circuit Allocation,
DCA).

- FCA systems : The procedure is applied cell after cell.
Satellite handover can be considered as the handover from
the last cell of the current satellite to the first cell of the
subsequent one.

- DCA systems : Cell capacity now corresponds to the
maximum capacity that can be assigned to a single cell,
Cmax- Although Cqax could be equal to the total satellite
capacity, Cgay, in practice it must be lower, to avoid that
other cells be impeded to offer any service. Beam handover
is not a problem, as the user keeps his allocated circuit
while changing cell into the same satellite.

Satellite handover

- Handover between co-orbiting satellites : The geometry of
satellite footprints is fixed and the concept of "street of
coverage" applies [4]. By representing satellite footprints
as rectangles of equal size, and considering that the
satellite speed is greater than the earth rotation, one can
assume trajectories parallel to satellite tracks, and apply
the simplifications proposed in the previous section.

- Handover between co-rotating satellites : This applies to
adjacent polar orbits (except at the seam). As the orbits
converge to the pole, the cell size is a function of the
latitude.

- Handover between non--co-rotating satellites : This applies
to polar constellation for seam orbits and non polar
constellations. The user trajectory in Figure 1 is no longer
a straight line, but a succession of segments with "breaks’
in between at every handover. Distances must be measured
along the trajectory, regardless of the breaks.

SATELLITE CAPACITY DIMENSIONING

Simulation runs implementing the procedure for GH service
in the simplified case of rectangular and equal aligned cells
have delivered results reported previously [3] (in that article,
GH users are called "fixed”, and regular ones are called
"mobile") . It has been shown that :

- the call set-up blocking probability for GH users is twice
that of regular ones.

- the probability of call forced termination due to handover
fail is zero for GH users (as expected) and nearly equal to
the call set-up blocking probability for regular users.

if the service provided to regular users is taken as a reference,
maintaining a constant QoS requires that the satellite
capacity be increased according to the following rule of
thumb :

AC(%) = A kgH(%)
where :
— AC : channel capacity increase
-kgy : proportion of GH users in the network,

- A: Design parameter, depending of the QoS

an

For a call set-up blocking probability, Py, comprised
between the interval : 1%< Pp <5%,

and a call dropping probability, Pdrop, comprised between
the interval : 0.1%< Pdrop <1%,

the value of A is included into the interval : 0.8< A < 0.9,

CONCLUSIONS

This paper has presented a procedure that allows
implementing a GH service in a satellite-fixed cell non
geostatioary satellite constellation. Conditions to be satisfied
at the call set-up demand time from a GH user have been
identified. Simplified implementations of the procedure have
been discussed, and applications of the technique have been
indicated. It has been shown that offering GH service leads to
an increase in satellite capacity depending on the proportion
of GH users in the network.
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ABSTRACT

The fundamental trade-off between handover and satellite
diversity for the operation of the mobile user link in non-
geostationary satellite PCNs (NGSO-SPCN) is discussed
with respect to the three highly important criteria bandwidth
consumption, service availability, and signalling complexi-
ty. A combined strategy called channel adaptive satellite
diversity (CASD) is proposed, which promises a better re-
duction of service impairment than handover, and which
is not as bandwidth consuming as permanent dual satellite
diversity. The basic idea of CASD is to use dual satellite
diversity only during periods, where the channel conditi-
ons are critical. The crucial benefits and drawbacks of this
method will be discussed and quantitatively analyzed.

The performance evaluation is based on a specially deve-
loped software tool, which allows the simulation of the
non-geostationary satellite constellations and which inclu-
des an elevation-dependent Rice-Rayleigh/lognormal model
for two correlated mobile satellite channels. All parameters
of the model have been derived from channel measurement
campaigns conducted for different elevation angles and dif-
ferent environments.

Representative simulation results are presented for the Glo-
balstar and ICO constellation. For the sophisticated CASD
scheme, some alternatives are discussed with respect to pa-
rameter settings and an optimal solution is assessed.

1. INTRODUCTION

The availability and quality of service in geostationary and
non-geostationary mobile satellite systems (NGSO-MSS) is
crucially influenced by the particular characteristics of signal
propagation in the link between the mobile or personal user
and the satellite. Specifically in the low/medium earth orbit
(LEO/MEQ) satellite scenario, the behaviour of the channel
— and hence the parameters of any shadowing and fading
processes for a channel model — are expected to be closely
coupled with the varying elevation angle of the user link.

In this critical shadowing and fading environment, both han-
dover and satellite diversity are good means for reducing
possible service impairments. However, both methods have
their advantages and drawbacks. Typically, satellite diver-
sity reduces the service impairment better than handover,
if realistic implementations of both are considered. On the

other hand, handover is less bandwidth consuming than sa-
tellite diversity, because with satellite diversity one has to
allocate bandwidth for every involved satellite at the same
time, whereas with handover bandwidth as to be allocated
only for one satellite instantaneously. Another important
parameter to be considered is the complexity of the required
signalling for both schemes.

Especially in the NGSO-MSS environment low bandwidth
consumption, low terminal complexity and maximum QoS
are all highly important. Consequently, we investigate the
trade-off between handover and satellite diversity for diffe-
rent LEO and MEQ systems with respect to these parame-
ters. A new scheme called channel adaptive satellite diver-
sity (CASD) is proposed, which combines the advantages of
the two “pure” strategies.

Two of the proposed first generation S-PCN systems, na-
mely Globalstar [1] and ICO [2], include the use of satellite
diversity as fundamental system characteristic. In the course
of this paper, representative simulation results are presented
for these constellations. Table I summarizes the relevant
parameters.

TABLE I
CONSTELLATION PARAMETERS AS CONSIDERED IN THIS PAPER.

Globalstar ICO
Orbit altitude 1414km | 10354km
Orbit period 114 min 360 min
Number of satellites 48 10
Number of orbits 8 2
Inclination 52° 45°
Min. user elevation angle 20° 20°
Min. gateway elevation angle 5° 5°

II. NARROWBAND CHANNEL MODEL

The narrowband channel model considered in this paper is
essentially based on earlier channel modelling work, cf. [3],
[4], [5]. This section shortly recalls the most important
characteristics, since it is helpful for the understanding of
the CASD scheme introduced later on. Moreover, also the
evaluation of simulation results is clearly facilitated with
a clear picture of the underlying channel model. For a
comprehensive and detailed discussion of the channel model
the reader is referred to [5].
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The model takes into account the following three main cha-
racteristics of the non-geostationary MSS channel(s):
1. The channel depends on the user environment and the
user velocity (like the geostationary LMS channel).
2. The channel depends on the time-varying elevation
angle (which is in fact quasi-static in the GEO case).
3. Channels from one user to different satellites are cor-
related, mainly with respect to their azimuth angle dif-
ference.

A. Elevation-dependent Single MSS Channel Model

The general Rice-Rayleigh/lognormal channel model used
for a single LMS channel has been introduced and discussed
in [3]. Fig. 1 illustrates the basic idea: The fading process is
switched between Rician fading, representing unshadowed
areas with high received signal power (good channel state)
and Rayleigh/lognormal fading, representing areas with low
received signal power (bad channel state). The two global
channel states are driven by a two-state Markov chain.

(2) s > >
JFMMQrm
Signal
sh g (: o — —
% o Good Bad
i Rayleigh/
Rice
Channel State Lognormal
Fading Fading
1 > Lognormal
Fading
H, o
Spectral
VPO | shaping
Commplex
@ Gaussian
Process
Fig. 1. Dynamic MSS channel model based on Rice-

Rayleigh/lognormal fading processes.

The original model parameters have been derived for a Eu-
ropean geostationary satellite, evaluating measurement data
for different environments. However, the general model
approach can easily be applied to non-geostationary LMS
systems as well by assessing elevation-dependent parame-
ter sets for the typical LEO/MEQ scenario. Aiming at this
goal, several dedicated measurement campaigns have been
conducted for different elevation angles and different envi-
ronments [6],[7],[8]. The channel measurements indicate
a strong dependence on the elevation angle, especially in
urban and suburban environments. As an example, Fig.2
provides a simplified set of measured and fitted elevation-
dependent data for all five parameters of the model, which
are valid for urban environment.

B. Correlation of Two MSS Channels

Exploiting multiple satellite visibility on Earth, the ser-
vice availability (the percentage of time when the service
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Fig. 2. Elevation-dependent channel parameters for urban envi-
ronment.

is available) may substantially be improved. Of course,
gain in service availability can only be achieved if the con-
sidered satellite channels behave different. Therefore, any
dependency between the channels influences the benefit of
satellite diversity.

In [4] a concept for modelling the shadowing behaviour of
two statistically dependent satellite channels was developed,
which is based on a four-state Markov chain, Fig.3. In this
context, the mathematical notation and analytical treatment
of dual satellite diversity has been discussed introducing
a correlation coefficient, which depends on the elevation
angles and on the azimuth separation of the two satellites.

Fig. 3. Four-state Markov model for the shadowing of two corre-
lated land mobile satellite channels.

Again, the numerical implementation of the correlation mo-
del and its associated parameters is validated by results from
real measurement campaigns. Fig. 4 illustrates the depen-
dency of the correlation on both azimuth and elevation se-
paration. The correlation decreases with increasing azimuth
separation and is smaller if the satellites have different ele-
vation angles.
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Correlation Coefficient p

Fig. 4. Correlation of shadowing vs. azimuth and elevation sepa-
ration in urban environment; Ae = g1 — £2,&2 = 35°

III. CHANNEL ADAPTIVE SATELLITE DIVERSITY
A. Earlier Work and Reference Schemes

Satellite systems offering single coverage of the service area
may rely on extensive link margins to overcome not too hea-
vy shadowing (tree shadowing, e.g.). Other systems such
as Globalstar or ICO essentially provide double coverage of
the earth. This feature enables the application of satellite di-
versity, i.e., the simultaneous communication with a user via
two or more satellites. If one of these satellites is shadowed,
there is some chance for another satellite being still in view
to the user and maintaining the service. In this way, satellite
diversity can substantially improve service availability (the
percentage of time when the service is available).

A “simple” implementation of this concept, namely a non-
adaptive full diversity, has been extensively discussed and
evaluated in former work [5]. “Full” refers to the fact that
with this scheme both diversity channels are always used
when the geometrical visibility is given, i.e. they both con-
sume link resources permanently. Considering for instance
the case of both channels being in good channel state and
a pure selection diversity being implemented, this scheme
does obviously not use the expensive user link bandwidth
resources very sparingly. On the other hand, one gains si-
gnificant improvement in terms of service availability. The

essentials of the full diversity scheme are given by the solid
line components of the flowchart in Fig. 5.

A less bandwidth consuming alternative to the full diversity
operation is pure satellite handover. The major trade-off is

then between bandwidth consumption and signalling com-

plexity. Considering service availability, ideal (hard) han-

dover shows the same performance as full diversity. For

realistic implementations of both, however, service impair-

ments are slightly better reduced through diversity. This

is mainly due to non-ideal (hard) handover because of the

delay for signalling message exchange.

A more comprehensive discussion and a numerical perfor-

mance comparison of these two alternative schemes can be
found in [9].
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Fig. 5. Approach for satellite diversity simulation and performan-
ce evaluation in terms of service availability and required
link capacity. Replacing the direct flow line by the dashed
line components makes up the adaptation of full diversity
toward CASD.

B. CASD Scheme

The driving force behind the development of a new and
more sophisticated scheme is the prospect of combining
the advantages of full diversity and pure handover without
including their respective drawbacks, i.e., essentially: mini-
mize the bandwidth consumption while keeping the service
availability to a maximum (as achieved with full diversity).
Considering for instance a situation where both diversity sa-
tellites are typically unshadowed during long time periods
(as in highway environment) one can easily conclude that a
straightforward approach to reach this goal is to release one
of the channels since it does not affect service availability.
However it is also obvious that the bandwidth saving poten-
tial of this scheme is closely related to the user environment,
with some inherent reduction for critical environments such
as urban. It is therefore highly important to elaborate a so-
phisticated implementation of this principle in order to meet
the characteristics of the respective environments. Already
before looking on any concrete solution, one can generally
formulate the demand for an adaptive solution. From here,
it is only a last consistent step to use the channel conditions
themselves for deriving the decision to activate or release
a channel, because the channel behaviour also reflects the
user environment.

We propose such a channel adaptive satellite diversity
(CASD) scheme as a consistent adaptation of the full diversi-
ty solution. The dashed line elements in Fig. 5 illustrate the
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required adaptation of the full diversity scheme (solid lines)
on a general level: whenever two satellites are geometrically
visible, an additional logic is introduced that decides if only
one or both of the corresponding channels are activated. The
decision is derived from the channel conditions and results
in activation and release procedures of the channels. The
behaviour of this logic is therefore very similar to a hando-
ver scheme, where an old channel is forced to be released
or dropped, and a new channel has to be set up. From this
viewpoint, the CASD may also be seen as a hybrid solution
between full diversity and pure handover.

Fig. 6 provides insight into the details of a possible realiza-
tion of CASD. The process is driven by two timers Tyctivate
and Tyyop which are implemented in the receiving branches
of the user terminals. The starting point of the depicted time
interval is given with the situation that due to the CASD
scheme channel 2 is inactive (i.e. no link capacity is used).
As soon as the received power level in channel 1 drops below
a given threshold (bad channel state), the timer Tyctivate CON-
trols the set-up of channel 2 via the partner diversity satellite.
If channel 1 keeps below the threshold during the comple-
te timer period, channel 2 is activated. In an operational
system, of course, the complete channel set-up signalling
has to be performed within this period. Thus the signalling
protocol together with the round trip delay effectively set
a lower bound to an applicable Tyctivate. Section IV will
provide some respective numerical considerations. Once
both channels are in use, a Tyrop timer is initialized for both
fading processes whenever the power threshold is exceeded.
If one of the channels experiences a timeout while staying
above the threshold for the whole timer period, the partner
channel (if there is a second active diversity channel) is re-
leased. This can be modeled to happen immediately after
t = Tysop by assuming that the required release message(s)
are sent just before the timeout.

The dashed parts of the fading processes in both channels
illustrate the link capacity saving compared to the full diver-
sity scheme.

IV. PERFORMANCE EVALUATION

We have performed extensive simulations for one gateway
(GW) at -100°W/40°N, i.e. somewhere in the centre of the
United States, and a number of user positions (UPs) uni-
formly distributed in a circle around the GW, forming its
service area. The constellation parameters for the two inve-
stigated systems, Globalstar and ICQ, have been set to the
values given in Table I. Furthermore, we assume that the
GW always selects the two satellites with the highest ele-
vation angle for potential dual satellite diversity operation
toward mobile users. The channel model is according to
Section I1, with a link margin of 7 dB for both systems. Mo-
re details on the general simulation program flow and basic
service area considerations can be found in [10], whereas a
dedicated presentation and discussion of numerical results
for full diversity is given in [S].
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Fig. 6. CASD operation: Timers Tyetivate and Td,op used in the
fading processes of the two satellite channels. Solid lines
indicate an active channel, whereas in dashed line periods
link capacity is saved.

In this paper we focus on the performance evaluation of the
CASD scheme compared to its “parents” (1) full diversity
scheme and (2) pure (non-ideal) handover operation. The
three performance quantities are

(a) service availability,

(b) link capacity (resp. bandwidth) requirements, which
correspond to the average number of used satellites,
and

{c) channel set-up signalling requirements.

Inafirst step it is worthwileinvestigating the influence of the
timers on these quantities in order to fix reasonable values.
Fig. 7 provides corresponding simulation results for three
representative environments and user velocities, showing
the influence of both timers at the same time. Given an
environment/velocity pair, the task of finding optimum timer
values could of course consist of solving a multidimensional
optimization problem subject to a certain target function
in analytical form. But then the problem is basically to
formulate one such target function since there is obviously
no unique “optimum” taking into account the three given
quantities; rather there is some inherent fuzziness.

A more pragmatic approach is to consider in a first step
natural lower bounds for the timer values and then to reduce
possible choices step by step by taking into account the target
performance quantities in prioritized manner.

First of all, a lower bound for Tyctivate and Tyrop is given
by the duration of signalling message exchange for channel
set-up and channel release, respectively. Here a simplified
version of the formerly proposed forward satellite handover
signalling protocol {11] can be applied, then basically requi-
ring one message being sent from the mobile terminal to the
GW and vice versa. Neglecting processing delay, the accu-
mulated propagation delay alone yields a maximum (for the
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worst case, i.e. minimum elevation angle) of roughly 40 ms
for LEO and 180 ms for MEO constellations.

Given this lower bounds for the timer values, one may next
allow a maximum of 1% decrease in service availability to be
introduced by CASD compared to full diversity. (Note that
the ideal full diversity case is represented in the figures by
Thctivate = 0 and Tgrop = 00.) Applying this to the availabi-
lity surface regions, Fig. 7(a), the applicable timer pairs are
immediately reduced. In the next step, it seems reasonable
to give complete priority to the link capacity requirements
(b) over the signalling requirements (c), because bandwidth
saving is what the whole CASD is primarily for. Minimi-
zing the link capacity requirements within the allowed timer
pair region finally yields an “optimum pair”. Despite some
differences with respect to the environments and user velo-
cities one finds that Tyctivate = 100 ms and Tgrop = 2 s is
a generally attractive choice for LEO systems. Specifically,
these values also yield a low channel set-up rate although
this criterion has not really been used for the selection.
With these timer settings extensive simulations have be-
en performed to numerically evaluate the performance of
CASD in comparison with full diversity (FD) and pure han-
dover (PH). For the remainder of this paper we restrict our-
selves to the presentation and discussion of simulation re-
sults for urban environment and a user velocity of 5 km/h.
In Figs. 8 and 9 (a) the service availability, (b) the avera-
ge number of used satellites (reflecting the bandwidth con-
sumption), and (c) the channel set-up rate (as indicator for
signalling requirements) are all recorded versus the distan-
ce between user and gateway in order to catch the general
performance decrease when approaching the edge of the
service area. Fig. 8 provides the respective curves for Glo-
balstar, Fig. 9 shows the ICO results for comparison. Note
that “handover due to channel condition” (i.e. pure non-
ideal handover) is given by Tactivate = 100 ms (200 ms) and
Tdrop =0.

Qualitatively, the performance of CASD — compared with
FD and PH - is the same with respect to all three criteria
for both systems. The figures prove that — as intended
— CASD is capable of significantly reducing FD capacity
and PH signalling requirements at the same time. With
suitable timer settings, the respective drawbacks of both
parent schemes can be largely avoided. Atthe same time, the
decrease of service availability is virtually negligible. Other
timer settings would shift the respective CASD curves either
closer to the FD or to the PH ones. This characteristic can be
utilized in areal implementation by introducing another level
of adaptivity: the timer values need not be fixed but may
adapt to different environments and/or traffic load situations
dynamically during the operational phase of the system.

V. CONCLUSIONS AND OUTLOOK

A new channel adaptive satellite diversity (CASD) scheme
has been proposed for non-geostationary mobile satellite sy-
stems. The basic idea is to use dual satellite diversity only

during periods with critical channel conditions. The new
scheme shows a better reduction of service impairment and
requires less signalling than pure handover, and at the same
it is not as bandwidth consuming as full dual satellite diver-
sity. A numerical performance evaluation has been based
on extensive computer simulations for two candidate sy-
stems. Besides an exact constellation calculation, the simu-
lator includes as core module a sophisticated environment-
and elevation-dependent channel model taking into account
the correlation of two MSS channels.

A promising extension of the CASD scheme is an approach
that does not only adapt to the propagation channel condi-
tions but also to the traffic load variations encountered in
the serving satellites or spotbeams. In case of high traffic
load the extended scheme could reduce the average number
of used satellites at the expense of service availability. A
higher service quality could be provided by changing toward
full diversity operation during periods of low or moderate
load.
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Abstract

This paper investigates the problem of call routing in a
dynamic satellite personal communications network. A
previously proposed scheme is presented, and its
limitations highlighted. We present a new definition of an
FES service area based on highest satellite connectivity.
In-call FES handover rates are evaluated for a range
distances from FES at various latitudes. A ‘mobility
management scheme suitable for dynamic S-PCN is
described. A novel method of determining the probability
of a future in-call FES handover at location updating time
is presented. Finally the variation in size of the area
around an FES where location updating results in a
probability of no future in-call FES handover being above
a range of thresholds is presented. Results are presented
for two different types of dynamic satellite constellations.
They are a Globalstar-like LEO system and a ICO-like
MEO system.

Introduction

First generation mobile satellite communication networks
will be the first systems to offer truly global roaming.
These new satellite networks will provide communications
to both developed and developing areas of the world
where there is little or no telecommunications
infrastructure or where it is not economically viable to
offer terrestrial cellular coverage due to low population
density. The services offered by these new systems will be
similar to those currently available in second generation
terrestrial systems like GSM[1] such as low bit rate
telephony, paging, fax and data.

‘When a mobile communication network receives a mobile
user terminated call, the call is routed to a Mobile
Switching Center that is associated with the users last
registered location area. As a location area is associated

with one MSC only, this routing strategy does not involve
any further inter MSC re-routing during call set-up. Any
further inter MSC handovers during the call are due only
to the mobility of the user.

In a dynamic satellite personal communication network it
is highly likely that each Fixed Earth Station (FES) in the
ground network will have MSC functionality. On receiving
a user terminated call it is preferable to route the call to a
FES that has a high probability of maintaining the call
throughout its duration. Inter FES handover during a call
is highly undesirable as the handover is likely to involve
international re-routing of the call to the new FES. The re-
routing of the call will have an associated delay and
possible higher call charge rates as the new FES may be
owned by a different network operator, both of these
properties compromise the quality of service to the user.
Unlike terrestrial networks an inter MSC handover can be
initiated not only by a mobile terminal but also a stationary
terminal. This is caused by the dynamic connectivity
property of a non-GEO satellite constellation. As satellites
come in and out of view, a mobile terminal will attempt to
use the satellite that is providing the most optimal channel
even if this satellite does not have direct connectivity with
the FES that is currently handling the call. To restrict the
user terminal’s choice of satellites to those only offering
connectivity with the current FES can compromise the
quality of service.

Network Architecture

We assume that the ground segment of the sateilite
network consists of two types of FES. The first type of
FES is the Primary Earth Station (PES). PES are
responsible for the co-ordination and control of satellite
resources. We assume that there are enough PES
distributed around the globe to ensure that each satellite is
always in view of at least one PES. The second type of
FES is the Traffic Earth Station (TES). The TES is

International Mobile Satellite Conference

33



Networking and Protocols |

responsible for carrying S-PCN speech and data to
terrestrial networks such as GSM,PSTN and ISDN. The
results in this paper refer to the TES type earth station.

SVLR S-VLR

Figure 1 S-PCN Network Architecture.

Described below in Table 1 are the constellation
parameters of the two systems we have considered in this
paper.

ICO-like |. Globalstar-like
Number of Sats. 10 48
Inclination Angle 45° 52°
Altitude 10349km 1414km
No Of Planes 2 8
FES Min Elev. 5° 10°
Terminal Min Elev. 10° 10°

Table 1 Constellation Parameters.

Guaranteed Coverage Area

As described above due to the dynamic motion of the
satellites in a non-GEO constellation, the area around the
FES where a terminal can connect with the FES via a
satellite is continuously changing in time. The dynamic
connectivity property introduces complexities into the
routing of mobile terminated calls, that are not found in
terrestrial systems such as GSM. In order to reuse the
terrestrial approach to call routing in a S-PCN system the
concept of the Guaranteed Coverage Area (GCA) was
introduced in [2]. The GCA is defined as the area around
the earth station where a mobile terminal can connect to
the earth station via at least one satellite that is above the
minimum elevation angle of the terminal and FES.
Although the instantaneous coverage area of the FES will
be larger than the GCA, outside the GCA region
connection with the FES cannot be guaranteed. Therefore
while a terminal is roaming in the GCA of an FES, calls to
the mobile are to routed to the FES. A network of FES’s is
in presented [2] for the Globalstar and ICO-like systems
respectively. The FES’s are arranged to have minimal

overlap between GCA’s, while ensuring that the earth’s
land mass is completely covered by the GCA’s.

Shown below Figure 2 and Figure 3 are the CGA’s for an
FES at 40° latitude in the ICO and Globalstar-like
systems.
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Figure 2 ICO-like CGA.
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Figure 3 Globalstar-like CGA.

The size and shape of the GCA’s varies with latitude due
to elevation angle distributions changing with latitude.
This method of defining an FES service area, requires that
the mobile terminal use a satellite that is currently
providing connectivity with the FES. Connection with the
FES through any satellite above the minimum elevation
angle of the terminal requires that the minimum elevation
angle of the FES is lower than that of the terminal. This is
the case with the ICO-like system where the difference in
minimum elevation angle between the FES and terminal
results in an circular area of radius 550km around the FES,
where a terminal can connect to the FES through any
visible satellite. Therefore while roaming in the GCA the
mobile terminal maybe required to use a satellite that is
not optimal (i.e. highest elevation angle) or to use a
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satellite which is currently not available due to shadowing
which becomes more prevalent at lower elevation
angles[3] &{4]. These two cases could potentially lead to
an FES handover, while inside the GCA of the FES. Or an
alternative result is the call being dropped.

Optimum Satellite Connection Area

As described above the GCA requires the terminal use a
satellite that is currently providing a connection to the
FES, not the satellite that the terminal is most likely to use.
As shadowing becomes more prevalent at lower elevation
angles the satellite with the highest elevation angle to the
terminal is the most likely to be providing a good channel.
Shown below in Figure 4 and Figure 5 are the areas
around and FES at 40° latitude in the ICO and Globalstar
-like systems, where a terminal can connect to the FES
through the satellite with the highest elevation w.r.t. the

terminal.
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Figure 4 ICO-like highest satellite connectivity.
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Figure 5 Globalstar like highest satellite
connectivity.

When Figures 4 and 5 are compared Figures 2 and 3
respectively the extent to which the GCA restricts the
terminal from using the highest satellite becomes clear.

When Figure 3 and Figure 5 are compared it is clear that
optimum satellite coverage area extends to a higher
latitude than the GCA, this is due to the fact that a satellite
is not always available above 70° latitude in the
Globalstar-like system, therefore the GCA does not
include this region in its definition, as connection with the
FES cannot be guaranteed. However the optimum satellite
coverage area is concerned only with the highest satellite
loosing connectivity the FES. Although above 70° latitude
a terminal may not always have a satellite visible, when
one or more satellites are visible connectivity with the
earth station is guaranteed through the highest satellite, in
the region shown in Figure 5.

In-Call FES handover

In this section we evaluate the probability that the highest
satellite w.r.t. the terminal will lose connectivity with the
FES during a call and therefore induce an FES handover.
Calls within the 100% connectivity area will always
complete without loss of FES connectivity. To evaluate
loss of connectivity with an FES during a call in the region
where connectivity is less than 100%, we must consider
the duration of the connection periods in relation to the
call length. Consider a connection period i, where the user
terminal is connected to an FES via the highest satellite for
a period Ct seconds. If we assume that the cail distribution
length is negative exponential with a mean of m seconds,
and that the starting point of each call is uniformly
distributed within the connection period, then the
probability of a call completing within the connection
period is given by ;

: 1 Cefi}pr =t
PComplete {l}=m jtzg dtdt (hH

1=0

The overall .probability of a call successfully completing
without loss of connectivity with the FES, requires that the
call begins in a connection period and is completed within
the connection period. Therefore the probability of a call
completing successfully within a series of N different
connection periods is given by;

N
PN{; FES Handover = 2 PCompIele {l} PCrmnect {l} (2)
i=1

Where P} is the probability of the connection
period i occurring.
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Shown below are the successful call (m = 90 seconds)
completion rates for FES at 40 degrees latitude in the
Globalstar and ICO-like systems.
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Figure 6 ICO-like Call completion rate without
loss of connectivity with FES.

Figure 7 Globalstar-like Call completion rate
without loss of connectivity with FES.

When Figure 4 is compared ‘with Figure 6 is it clear that
there is little difference between the connection probability
and successful call completion probability. This indicates
that the connection periods are significantly longer than
the call duration. However this is not the case when Figure
5 and Figure 7 are compared. The successful call
completion rate area is noticeably smaller than the
connection probability area, indicating that the connection
periods are nearer to being of the same order as the call
duration periods. This is due to the fact that the average
duration of an ICO-like satellite pass is much longer than
that of a Globalstar-like satellite. Also comparing Figure 5
and Figure 7 the successful call completion rate above 70°
latitude is not 100% although the connection probability

is. This is due to the fact the call cannot be completed
because the terminal loses connectivity with the satellite,
as the Globalstar like system does not provide continuous
satellite coverage above 70° latitude.
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& 20 degress lalitude
—— 0 degreas latitude

Successful call completion rate
°
u
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Figure 8 ICO-like FES handover probability vs distance.
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Figure 9 Globalstar-like FES handover vs. Distance.

Shown above Figures 8 and 9 are the call completion rates
without FES handover against distance (averaged over
azimuth) from FES’s at various latitudes.

Mobility Management

Due to the dynamic motion of satellites in a non-GEO
constellation re-use of the GSM approach to mobility
management results in a large increase in mobility
management signalling. To overcome this problem a
mobility management scheme was proposed in [1] & [5],
In this scheme mobile terminals make a location update
after moving a predetermined distance from their last point
of contact with the network. Upon receipt of a user
terminated call the network must page the terminal
through all spotbeams that provide coverage over the
location area. This is necessary as the terminal could be
anywhere inside the location area and therefore could be
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monitoring the paging channel on any spotbeam. The size
of each users location area can be varied to reach an
optimum trade-off between location updating and paging
signalling. This results in a significant reduction in
mobility management signalling when compared with
GSM type method, it does however assume that the mobile
terminal will have the ability to measure its position while
in idle mode. It should also be noted that once the mobile
terminal makes a location update the new location area is a
circle of a given radius LAR centred at the point of the
location update. This results in the location area being
positioned relative to the user location and not to any
given network entity as is the case with GSM. As a result
the location area cannot be guaranteed to be contained
wholly within the coverage area of one FES. Therefore the
S-PCN system must evaluate which FES’s are suitable to
have the terminal registered at. As shown earlier we can
evaluate the probability of a user terminated call being
successfully completed without FES handover at a given
distance and azimuth away from the FES. Given that the
network has no knowledge of when the next call will
arrive for the terminal, and therefore where the terminal
will be in the location area when the call arrives, the
probability of successful cail completion without FES
handover must be evaluated over the entire location area,
which is given by;

2n rLAR
PF ES < fe =0 ,[ r=0 PNn FES Handover (r’e) PUser (r’ 9 )rdrdﬂ

©)

The probability Ppgs represents the probability that a
terminal making a location update, will successfully
complete a wuser terminated call without loosing
connectivity with the given FES, at some point in time
after the location update. The function P,(r,0) relates to
the users position probability distribution within the
location area.

The above function describing Prgs can be evaluated by
using the Virtual Paging Cell method introduced in [6]
and the data shown in Figures 5 & 6. In this method at
location updating time the location area is divided into
VPC’s, the probability of the user being located in one of
the cells some time later (e.g. when a mobile terminated
call arrives) is evaluated. Once the probability of the user
being in a cell when a user terminated call arrives has been
calculated, the probability of completing a call without
FES handover can be found for the centre of the cell from
the data in Figures 6 & 7. In this paper we assume that
each user will travel in a constant direction from the centre
of the location area.

The Prgs function was evaluated in simulation and
compared with FES handover rates for various mean call
duration’s in the Globalstar and ICO-like systems. Shown
below are the parameters used to described each mobile
terminals mobility and call arrival rate.

Number of Users 20000

Direction of travel Constant between 0 and 27
Speed 100-150 km/h
Location Area Radius 200km

Call Arrival Rate / user 1 call/hr
Simulation Time 24 hours

FES Position 40° lat. 0° long.

Table 1 User mobility parameters.

Shown below in Figures 10 & 11 are the results for mean
call duration’s of 90, 400 and 800 seconds.
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Figure 10 Globalstar-like FES handover rate vs Prgs.
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Figure 11 ICO-like FES handover rate vs. Pggs.

As expected for a call duration of 90 seconds both sets of
results demonstrate a close match to the expected result, as
the data used to calculate Prgs was based on a mean call
duration of 90 seconds. The effect of increasing the call
duration results in a higher than expected FES handover
rate. The effect is much more dramatic in the Globalstar-
like system, this is again due to the relative shorter
duration of satellite passes in this system.

Given that we have demonstrated that the probability of a
call being successfully completed without FES handover
at location updating time, we can evaluated the size of the
areas around the FES where a mobile terminal can make a
location update with a given location area radii with a
probability Prgs greater than a specific threshold value.
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Figure 13 Globalstar-like FES location updating area vs.
location area radius.

The results shown above relate to an FES at 40° latitude.
They demonstrate the impact the size of the location area
has on the area around the FES where a location update
can be made with a value of Prgs above a given threshold.
This effectively means that in determining the users
optimum location area radijus, the users position relative to
the FES must be considered as well as the call arrival rate
and mobility of the user.

Conclusions

In this paper we outlined the GCA approach to call routing
a dynamic satellite personal.communications network. The
GCA method was shown to prevent the mobile terminal
from using the highest satellite a significant proportion of
the time, at certain distances from the FES. Consequently
we presented the Optimum Satellite Connectivity area as
the area around the earth station, where the satellite with
the highest elevation to the mobile terminal will provide
connectivity to the FES. We then presented FES handover

probabilities for FES at various latitudes for a typical
mobile call length distribution.

A mobility management scheme suitable for S-PCN based
user positioning was revisited. A novel method of
calculating at location updating time the probability of a
future user terminated call requiring FES handover, for a
given illustrated. Results
demonstrated the effect of longer mean call duration’s on
the accuracy of the algorithm. Finally we showed how size
of the area around the FES where a terminal can make a
location update with a probability of no future in-call FES
handover being required above a certain threshold value
varies with location area radii. This would be of interest to
operators of FES who would wish to have users remain
registered at their FES, only while the probability of any
future call being completed without handover to another
FES is high.

For systems that wish to exploit satellite diversity the
second highest satellite can be included in the calculations.

location area radii was
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ABSTRACT

Automatic-repeat-request (ARQ) error control
is often employed to assure high fidelity informa-
tion transmission. However, ARQ error control
can provide poor throughput for satellite multi-
casting. The throughput in such communication
may be improved by the combination of a terres-
trial network parallel to the satellite network and
a judiciously modified ARQ protocol. In particu-
lar, retransmitted ARQ frames can be sent terres-
trially in such a hybrid network, allowing higher
throughput than in a pure-satellite network. This
work presents analytic results to establish the po-
tential for improving the throughput of satellite
multicast communication employing ARQ error
control by the adoption of such a hybrid network

architecture.

INTRODUCTION

A satellite is excellently suited for multicast
communication. As in all communication systems,
an error control scheme is required for multicast-
ing. Such schemes may be broadly classified as for-
ward error correction (FEC) and automatic repeat
request (ARQ) protocols. While numerous error
control schemes for point-to-point communication
(unicasting) appear in the literature, relatively few
for point-to-multipoint communication (multicas-
ting) have been presented (see [1, 2, 3, 4, 5, 6, 7, 8]
for a representative selection). Error control for
multicasting is hence fertile research territory.

*This work was supported by the Center for Satellite
and Hybrid Communication Networks under NASA Grant
NAGW-2777 and by the Institute for Systems Research
under National Science Foundation Grants NSFD CDR

8803012 and EEC 940234.

Fax: (301) 314-8586

We have chosen to begin our venture into this
territory by examining ARQ protocols for multi-
cast delivery of data. The typical problem in a
multicast ARQ system is that since retransmis-
sions are sent over the multicast channel, those re-
quired by only one receiving station do not benefit
the other receivers. Accordingly the throughput
for the system falls drastically as the number of
receivers increases. Furthermore, if one receiving
station is a “poorer listener” than other stations,
i.e. suffers a relatively high frame error rate, then
the throughput to all stations is essentially lim-
ited to the throughput achievable to that poorer
listener [9].

If the retransmissions could somehow be sent
only to the receivers which require them, the
throughput might be improved considerably. It
is natural, then, to suggest supplementing a satel-
lite multicast system with a set of point-to-point
terrestrial links between the transmitter and each
receiver, as depicted in Figure 1. In such a system,
retransmissions may be sent terrestrially instead
of via the satellite multicast link, and an improve-
ment in throughput might be possible. Further, if
the ARQ acknowledgements are sent terrestrially
as well, then the receiving stations do not require
satellite transmission capability, and the cost of
such stations may be correspondingly reduced.

In this article, we examine the throughput of-
fered by such a hybrid (satellite and terrestrial)
network configuration for unicast and multicast
selective-repeat ARQ) operation. In the next sec-
tion we examine the throughput for unicasting and
multicasting in pure-satellite and hybrid networks.
Numerical examples are presented in the following
section. Finally, we conclude with some thoughts
for future work.

International Mobile Satellite Conference

39



Networking and Protocols |

% satellite
data /

transmitter
terrestrial links
g R
acknowledgements retransmissions

Figure 1: Multicasting in a hybrid network.

ANALYSIS

Point-to-Point Communication

We first examine unicasting in a pure satellite
network. We make the following assumptions and
notational definitions:

1. Infinite buffering, infinite window size; ideal
selective-repeat ARQ protocol.

2. All acknowledgements are delivered without
€erTors.

3. The satellite frame error rate (the probability
a frame sent via satellite arrives in error at
the receiver) is p,, while the terrestrial frame
error rate is p;.

4. There are { information bits and h non-
information (overhead) bits per information
frame sent either via satellite or via a terres-
trial link.

5. In the hybrid network, all retransmissions are
sent terrestrially.

6. We define the throughput, n, as the expected
value of the ratio of the number of information
bits delivered to a receiver per bit sent to that
receiver. We will attach subscripts to 1 to
denote the number of receivers (1 or M) and
the type of network (satellite or hybrid).

We remark this last assumption can be demon-
strated by straightforward analysis to be valid for

plausible, implementable combinations of satel-
lite link and terrestrial link bandwidths and error
rates.

Let B denote the expected number of frames
sent to a receiver per frame delivered to that re-
ceiver. (In point-to-point pure-satellite and hy-
brid networks, and in a pure-satellite multicast
network, 3 is equivalent to the number of frames
transmitted per frame delivered.) For the pure-
satellite network we have [10, 11]:

o0
Brsatettite = Y _i(1—ps)pi" =

i=1 1-ps
The throughput is then
£ 1 £
ite = = 1- .
hsatlite = R Brpeseie LAY

In the hybrid network, each frame is sent ini-
tially via satellite, and all retransmissions are sent
terrestrially, so we have:

oo
ﬂl,hybrid = 1 (1 —ps) =+ ps (1 '“pt) Zipi_z
i=2
ps [ 1 }
1-p)+2 | 2o - -n)
1—pt+ps
1-p;

This yields for the throughput:

o £l l—pt
M, hybrid = C+h |1—pi +ps .

Point-to-Multipoint Communication

For analyzing multicast networks, we preserve
the assumptions of the point-to-point analysis and
add the following;:

1. There are M > 1 receivers.

2. The noise processes experienced by all re-
ceivers are independent and identical.

3. There is no competition among receivers for
access to the acknowledgment channel.

4. The propagation delays for acknowledge-
ments traveling from the receivers to the
transmitter are the same for all acknowledge-
ments.
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5. The transmitter maintains a history of which
stations have acknowledged which frames.
Accordingly, if receiver m (m = 1,2,... ,M)
has positively acknowledged receipt of frame
F, an acknowledgement is not required from
m for any retransmissions of F which may be
required for other receivers in the network.

In the multicast pure-satellite network, the
transmitter continuously sends frames via the
satellite multicast channel to the M receivers,
which generate respective acknowledgments to
send to the transmitter. Upon receiving acknowl-

edgments from the receivers, the transmitter re- -

transmits the frame if one or more receivers so
requested through their acknowledgements. Oth-
erwise a new frame is sent.

Let m; denote the number of receivers which
successfully receive some frame F after exactly
j multicast transmission attempts to deliver F.
Also let (j) denote the probability with which
the frame F is successfully delivered to all M re-
ceivers with j or fewer transmissions. Then, by
counting all possible combinations of the number
of transmissions required to deliver F to each of
the M receivers, given F was transmitted j times,

we obtain
M M
. M
0 = 33 N (it )
my =0 m;=0
Z:=1mh=M

x H Pt —ps)]mk]
k=1

where the multinomial coefficient is given by

M oM
my, Mz, -+ ,Mj mylmg!---m !’

Suppose a random variable A assumes the value
4 if the transmitter must send frame F exactly j
times to elicit positive acknowledgements for F
from all M receivers. If we define v(0) = 0, then
7(4) is the cumulative distribution function for the
random variable A. Then we may calculate §, the
expected number of frames sent per frame deliv-
ered to all receivers, as:

B satenite = E[A] =D _ jlv(5) —v(i — 1]

=1

Hence the throughput for multicasting in a pure-
satellite network is
£l 1

DM ,hybrid = 7757 3
L + h ﬁM,sateltite

with O, satentite Calculated as above.

In the hybrid network, each frame is initially
sent via satellite and all retransmissions are sent
terrestrially. Hence, for multicasting in a hybrid
network, the expected number of frames sent to a
receiver per frame delivered to that receiver is the
same as for unicasting in the hybrid network:

n 7 £ [ 1-p
M,hybrid = T1,hybrid = 7 R

NUMERICAL EXAMPLES

We now turn to some numerical examples to
better understand the throughput expressions de-
rived above. For these examples, we will make the
following further assumptions:

1. Binary symmetric channel (BSC) models
characterize the terrestrial channels and the
logical satellite channels between the trans-
mitter and each receiver. The crossover prob-
abilities (bit-error rates, BERs) are g, for all
logical satellite channels and ¢; for all terres-
trial channels.

2. The terrestrial channel BER is ¢ = 1075.

3. There are £ = 2200 information bits and
h = 48 overhead bits in all ARQ informa-
tion frames, whether sent via satellite or via
a terrestrial link. (The value of h was cho-
sen supposing the ARQ frame has a 16-bit
sequence number and a 32-bit CRC for er-
ror detection. The value of ¢ was chosen to
maximize the throughput in a point-to-point
satellite network, which is the reference net-
work for comparison purposes, as calculated
by a straightforward differentiation method
presented in [12].)

4. In finding B, sateliite, We approximated the
infinite summation by truncating the sum-
mation at the minimum j such that v(j) >
1—-1073. (We justify this truncation not only
as a fair approximation, but also because, in
an actual network, a station which requests
retransmissions too frequently would likely
be recognized by the transmitter as suffering
from excessive noise, and would accordingly
be disconnected from the communication.)

Calculated throughput values for point-to-point
communication are presented in Figure 2. As
shown in the figure, the throughput in the hybrid
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Throughput in Point-to-Point Networks
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Figure 2: Throughput in point-to-point networks
(£ =2200, h = 48, g; = 107%).
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Figure 3: Throughput in point-to-multipoint net-
works (£ = 2200, h = 48, ¢; = 107%).

network comes to exceed that in the satellite net-
work as the satellite channel BER increases. This
is easily explained by the terrestrial link having
lower BER than the satellite link and by the shift-
ing of retransmissions onto the terrestrial link with
the adoption of a hybrid network. Note, however,
that as the satellite channel BER increases, the
terrestrial bandwidth required to support retrans-
missions approaches the satellite channel trans-
mission rate.

Figure 3 presents throughputs for multicast net-
works of two, five, and ten receivers. As is char-
acteristic in satellite multicasting, the throughput
is seen to fall rapidly as the satellite channel BER
increases, especially as the number of receivers in-
creases. However, the hybrid network provides
throughput significantly superior to that available
in the satellite network. While remarks concern-
ing required terrestrial bandwidth as in the uni-

cast case apply in the multicast case as well, the
throughput improvement achievable with a hybrid
network in the multicast case can be appreciable.

ADDITIONAL CONSIDERATIONS

The inherent problem in ARQ multicasting, as
stated in the introduction, is that retransmissions
sent over the multicast channel do not benefit sta-
tions which do not require them. Consequently
the throughput falls drastically as the number of
receivers increases. In this work we have suggested
a solution to this problem, namely retransmissions
be sent over a system of point-to-point terrestrial
links between the transmitter and each receiver.
However, many considerations remain to be stud-
ied.

We have not, for example, yet examined the ef-
fect of packet lengths on throughput. While the
frame length which maximizes throughput in a
point-to-point satellite network is easily calculated
([12]), the optimal frame length for unicasting in
a hybrid network, and for multicasting in satel-
lite and hybrid networks, remains to be found.
Adaptively changing the frame length may offer
a throughput advantage, particularly at high bit
error rates in the satellite channel.

‘We have also not yet studied terrestrial network
topologies other than a star topology. Our pro-
posed solution does not necessarily preclude other
configurations. On the contrary, other topologies
are not only acceptable, but perhaps even desire-
able. In particular, suppose the terrestrial network
is a tree of terrestrial links, with the transmitter at
the root node and a receiver at each non-root node.
Such a tree could not only support multicasting in
a hybrid network as we have described above, but
would also allow a retransmission request sent by
one receiver node to be serviced by the nearest
ancestor node having the requested frame. The
transmitter’s load in servicing retransmission re-
quests would then be reduced.

Similar possibilities arise if the terrestrial net-
work is a wireless network, as in, for example,
the case of mobile receiving nodes. For example,
mobile receivers, with omnidirectional antennas,
can broadcast retransmission requests to other re-
ceivers possibly nearby and receive frames over
the terrestrial wireless channel. A terrestrial tree
for retransmissions, albeit a continuously chang-
ing tree, is perhaps applicable for mobile receivers
as well.

Hybrid ARQ schemes for multicasting, which
employ FEC techniques for improving throughput
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have appeared in the literature recently, and these
suggest possibilities in the context of hybrid net-
works [7, 8, 13]. (The reader is cautioned that
the term “hybrid ARQ,” which is standard in the
literature for ARQ) schemes incorporating FEC, is
not related to our term of “hybrid network” for
a parallel arrangement of satellite and terrestrial
networks.) In [7], for example, an adaptive type-II
multicast hybrid ARQ scheme is proposed. Rate-
compatible BCH codes are used for error correc-
tion in this scheme. Each time another retrans-
mission is requested for a particular frame, the
transmitter sends an increasing number of par-
ity digits, which, when combined with the origi-
nal data frame, from a series of BCH codewords
of decreasing rate. Such an FEC technique would
not only improve throughput, it would reduce the
bandwidth required for retransmissions in a hybrid
network. This is particularly important since, as
we remarked in discussing our numerical exam-
ples which use a pure ARQ protocol, the band-
width required for terrestrial retransmissions in a
hybrid network approaches the satellite channel
bandwidth as the satellite channel deteriorates.

There are clearly many aspects of multicast
ARQ to explore. In addition to exploring such
aspects, we intend to also consider how to toler-
ate and/or recover from errors in systems where
the multicasted information has delay constraints,
such as voice and video multicast systems. Be-
cause of the delay constraints, ARQ is not suited
well for error control in such settings, and other
schemes for mitigating error effects must be de-
vised.

*

REFERENCES

[1] S. B. Calo and M. C. Easton, “A broad-
cast protocol for file transfer to multiple
sites,” IEEE Transactions on Communica-
tions, vol. 29, pp. 1701-1707, November 1981.

[2] I. S. Gopal and J. M. Jaffe, “Point-to-
multipoint communication over broadcast
links,” IEEE Transactions on Communica-
tions, vol. 32, pp. 1034-1044, Sept. 1984.

[3] K. Sabnani and M. Schwartz, “Multidestina-
tion protocols for satellite broadcast chan-
nels,” IEEE Transactions on Communica-
tions, vol. 33, pp. 232-240, Mar. 1985.

[4] R. H. Deng, “Hybrid ARQ schemes for point-
to-multipoint comimunication over nonsta-
tionary broadcast channels,” IEEFE Transac-
tions on Communications, vol. 41, pp. 1379-
1387, Sept. 1993.

[6] J. L. Wang and J. A. Silvester, “Op-
timal adaptive multireceiver ARQ proto-
cols,” IEEE Transactions on Communica-
tions, vol. 41, pp. 1816-1829, Dec. 1993.

[6] M. A. Jolfaei, S. C. Martin, and J. Mat-
tfeldt, “A new efficient selective repeat proto-
col for point-to-multipoint communication,”
in IEEE International Conference on Com-
maunications (ICC ’98), vol. 2, pp. 1113-1117,
1993.

[7] A. Shiozaki, “Adaptive type-II hybrid broad-
cast ARQ system,” IEEE Transactions on
Commaunications, vol. 44, pp. 420-422, April
1996.

[8] H. Liu, Q. Zhang, M. E. Zarki, and S. Kas-
sam, “Wireless video transmission with adap-
tive error control,” in 1996 International
Symposium on Information Theory and its
Applications (ISITA ’96), Victoria, British
Columbia, pp. 371-374, 1996.

[9] Y. Yamauchi, “On the packet radio multicast
scheme for the personal communications era,”
in International Conference on Communica-
tion Systems (ICCS ’94), Singapore, pp. 576~
580, IEEE, 1994.

[10] S. Lin and D. J. Costello, Jr., Error Con-
trol Coding: Fundamentals and Applications.
Prentice-Hall, 1983.

[11] S. B. Wicker, Error Control Systems for Dig-
ttal Communication and Storage. Prentice-
Hall, 1995.

[12] M. Schwartz, Telecommunication Networks:
Protocols, Modeling, and Analysis. Addison-
Wesley, 1987.

[13] H. Zhao, T. Sato, and I. Kimura, “A hybrid-
ARQ protocol with optimal adaptive error
control for multidestination satellite commu-
nications,” in International Conference on
Communication Systems (ICCS ’94), Singa-
pore, pp. 420-424, 1994.

International Mobile Satellite Conference

43






Networking and Protocols |

Satellite Based Mobile Transport Networks for Use in
Feeding Wireless Local Loop Systems - An Analysis

Alexander Guntsch
Communication Networks, Aachen University of Technology, 52064 Aachen, Germany;
Phone: +49.241.80.7916, Fax: +49.241.8888.242,
email: aeg @comnets.rwth-aachen.de

ABSTRACT

The aim of this paper is to provide a comparison between
terrestrial and mobile satellite based broadband network
planning for use in feeding terrestrial wireless local loop
(WLL) systems. After presenting a typical WLL urban
scenario the terrestrial design for connecting the WLL
nodes to a terrestrial backbone network via two pops
(point of presence) is given. This design is followed by
introducing the envisioned TELEDESIC™ broadband
mobile satellite network including its technical features
and limitations. Based on this mobile satellite broadband
network a design for connecting the same WLL nodes as
in the first case is provided. Special limitations due to the
characteristic requirements of the 20/30 GHz transmission
environment as well as dynamic channel allocation issues
are taken into account.

The paper concludes with a summary of the results and an
outlook into the field of satellite based mobile broadband
transport networks and their possible use in supporting
already existing network solutions.

1 INTRODUCTION

Within Europe and many other parts of the world heavily
populated areas are serviced by one or several mobile
cellular network providers in addition to the regular
wirebound communication technology. In recent years
with the coming liberalisation of the telecommunication
market a strong competition has grown and alternative
communication network providers have challenged the
market. One planned approach for ,getting to the
customer* without having to rely on wirebound techniques
is to make use of wireless local loops (WLL) or radio in
the local loop (RLL)

Traditional WLL/RLL systems are based on a mix
between wirebound and wireless communication
techniques. The last mile to the customer is realised e.g.
with a DECT relais or similar wireless communication
system whereas the backbone is realised using fiberoptical
and copper wire technology mixed with directive
transmissions on a point to point basis. Using wireless
local loop systems instead of copper wire dug into the
grounds provides a fast and cost effective method for
challenging the high costs of connecting the core network
to the point of service, the end-user.

Instead of using terrestrial directive transmissions to
connect the DECT relais to the telecommunication

backbone, envisioned broadband mobile satellite
communication (TELEDESIC, M-Star) could be used
providing a challenging solution with the advantage of
very short setup times to the potential customer. The
connection to the terrestrial segment could be performed
via modified terrestrial access nodes providing satellite
instead of directive terrestrial transmission links.

It is the aim of this paper to compare for a given real life.
scenario for the town of Gelsenkirchen, Germany a
terrestrial based and a mobile satellite based design. A
mixed quantitative and qualitative analysis will provide
the possibility to compare both solutions on a cost as well
as system performance level.

2 SERVICES INRLL SYSTEMS

Services being offered in telecommunication systems
which make use of radio in the local loop technology have
to at least match present wirebound services in terms of
availability, QoS, security and pricing [9, 10].

Within the context of this paper, a WLL/RLL system
based on DECT (Digital European Cordless Telephone)
technology is used. Table 1 shows a comparison of the
services currently being offered in normal analog
wirebound and within the DECT communication network.

Table 1: Present analog and DECT type services

Services Analog DECT
voice 4 kHz 32 kbps
(64 kbps PCM) ADPCM
data 300 - 28.8 kbps 32 kbps
(33.4! kbps)
fax group 3 group 3
supplem. yes yes

It can be seen that the requirement of equal or better
services is achieved and that for the case of data
transmission on the average a higher data rate can be
offered using DECT. Through careful design and by
providing appropriate link margins the comparability in
terms of BER and transmission delay can be achieved as
well.

! 33.4 kbps can only be achieved using a V34bis type modem.
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3 THE ,,GELSENKIRCHEN" SCENARIO

In order to have a basis for cost estimation in the
comparison process of the analysis a real life scenario, the
,:Gelsenkirchen® scenario was chosen as a basis for further
analysis. In Gelsenkirchen, Germany a test net based on
WLL/RLL technology is currently being investigated by
one of the large German telecommunication companies.

In figure 1 the town map of Gelsenkirchen is shown. For
the context of this paper only the traffic generated within
the city limits of Gelsenkirchen was taken into account.

= ST

Fig. 1 Map of the city of Gelsenkirchen, Germany to be
serviced via wireless local loop technology (topologic height
differences < 25m).

Investigating the population distribution of Gelsenkirchen
and the mix between residential and business areas within
the city a potential worst case traffic profile may be
generated. Since a potential WLL/RLL access network is
not seen as a replacement, but as competition to normal
wirebound telecommunication the aimed for market
segment of the overall telecommunication traffic generated
was set at 10%.

In addition it was assumed that every user considered
produces up to 75 mErlang of telecommunication traffic
outside his/her local premises. In real life large local
company-wide telephone systems as well as a restructuring
of the telecommunication tariff has lead to change in
telecommunication behaviour for residential areas leading
to a slight decrease of this rather high traffic value.

In figure 2 the calculated offered traffic distribution is
portrayed.

1500 ink/sqkm, 5.04 Eksqkm
4000 inhisgkm, 13.44 Efsqkin 0E

@ 9000 inh/sqkim, 30.24 Elsgkm GE

. 15000 inhisqkm, 50.4 Esqkm 0E

Fig. 2 Population/desired telecommunication traffic (10%)
distribution for Gelsenkirchen (1 square = 383 m X 383 m).

For the purposes of the evaluations within this paper it
was assumed that 10% of all city areas regardless of
specific location should be covered. A pre-selection of
specific areas to be covered would result in a different,
easier and cheaper approach for carrying the desired
telecommunication traffic.

4 TELECOMMUNICATION BACKBONE NETWORKS

In the following two sub-sections the specifics that need to
be taken into account when performing a terrestrial or
mobile satellite based connection planning of the
DANs/SANs (Satellite Access Nodes) to the core
telecommunication network (pops) shall be discussed.

4.1 TERRESTRIAL NETWORKS

The terrestrial backbone connection to the DANs (DECT
Access Nodes) is most easily performed by using directive
transmissions on a point to point basis from the DANs to
the other network elements required for collecting and
routing the traffic to the pops desired.

Of course in real life fibre optic or other connections are
used wherever available but for the purposes of the
comparison a pure directive transmission based terrestrial
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network shall be considered. Figure 3 shows the principal
hierarchy of the terrestrial backbone network.

Layer 1

Layer2

Layer3

Fig.3 Four stage terrestrial hierarchy

The structure resembles a tree like architecture including
the DANSs as leaves and two stages of routers/multiplexers
collecting the traffic to be fed to the terrestrial core
network pop.

Typical DANs will allow a maximum of 60 Erlang of
traffic to be collected with the respective loads of 300 and
1500 Erlangs of traffic for the two stages of
routers/multiplexers.

4.2 BROADBAND MOBILE SATELLITE NETWORKS

Future broadband mobile satellite systems like
TELEDESIC are envisioned to be complementary to
terrestrial wireless networks. They are a further
development of first generation mobile satellite systems
like IRIDIUM, GLOBALSTAR or ICO and will allow to
carry an increased amount of traffic providing high rate
speech and data services. Their main advantage though
over any terrestrial solution is the ability to reach many
parts of the population world-wide which would due to
very high investment costs of terrestrial networks never
get access to advanced digital applications through
terrestrial means.

Figure 4 shows the TELEDESIC LEO (Low Earth Orbit)
constellation of 840 satellites at 700 km orbital height
operating at 20/30 GHz (down-/uplink)[8].

Fig. 4 TELEDESIC Constellation (840 satellites !) [7]

The 840 satellites are arranged in 21 planes a 40 satellites
plus spares. Orbital synchronisation will be random which
allows to save fuel otherwise necessary to maintain the

exact position over time and space. Every satellite is
equipped with a set of intelligent phased array antennas
which will allow him to provide coverage to fixed earth
cells compensating the orbital satellite motion over time.
‘Whenever another satellite ,,sees” one of these fixed earth
cells under a higher elevation angle than the present one a
handover is performed. At hat equator every satellite
services a total of 64 super-cells (160 km x 160 km per
super-cell) which themselves are subdivided into 9 smaller
cells. These 9 cells are scanned using a SDMA approach
with a hop time of 2.276 ms (512 bit) per hop including a
0.292 ms guard time [7,8]. These 512 bits will allow to
transport one 53 byte ATM (asynchronous transfer mode)
packet per burst including some extra bits for FEC and
signalling.

A possible scenario for making use of the TELEDESIC
system for servicing a terrestrial RLL/WLL system is
shown in figure 5 below.

nmuullmm!‘-olmmmn
i w\%

Fig. 5 WLILJ/RLL scenario with a broadband mobile satellite
based connection to the pop

Making use of 500 MHz of spectrum in the 20/30 GHz
band the TELEDESIC system is able to support 900
32 kbps channels per cell. For these channels up- and
downlink are handled in a different way. Where as the
down link make use of a frequency division multiplex
(FDM) scheme, the uplink uses an advanced time division
multiple access (ATDMA) scheme which is packet based.

S SIMULATION MODEL AND ASSUMPTIONS

For the terrestrial calculations a combination of a center of
gravity algorithm for the placement of the DANs [2] and a
genetic network design algorithm [1] for the calculation of
the optimal routing and router placement position was
used. The traffic values for the DANs and the
router/multiplexer network elements were assumed as
stated in the previous section.

For the broadband mobile satellite network the most
challenging area encountered was the development of an
appropriate rainfall model for the area considered. Rain
accounts for the highest fading losses within the LOS (line
of sight) propagation environment at 20/30 GHz.
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Figure 6 gives an overview of the different rainfall rates
and probabilities responsible for the propagation fades
over Europe according to CCIR Rep. 563-2.

Fig. 6 Rainfall areas over Europe according to CCIR Rep. 563-
2

The corresponding table indicating the % of time that the
given rainfall rate for every zone is exceeded is given in
table 2 below.

Table 2: Rainfall parameters for the rainfall zones in figure 6
according to CCIR Rep. 563-2.

%of | A E F G H J K
time

1.0 0 1 2 0 0 0 2
0.3 1 3 4 7 4 13 6
0.1 2 6 8 12 10 | 20 12
0.03 5 12 15 20 18 28 23
0.01 8 22 | 28 30 | 32 35 42

The predicted attenuation with the given rain rate Ry can
be calculated following the CCIR approach [3] to:

AR =a-Ry Ly M
with L, i exL(AcmL1 ) for N0 S 10mm/h
= - —~CLiActua or
= P —2al> T Ry > 10 mm/
c=7v-bln(R,/10)cose 3

€ := elevation angle to the satellite

y=1/22

a(f) =421x107. 242 29< f <54 GHz @
b(f) =141. f 70077 ,85< f <25GHz )

Taking the right noise temperature at the receiver and the
technical specifications of a candidate mobile satellite

system (LEO) into account the following graph portraying
the received E/Ng over time can be calculated:

Eb/No

1 L 1 L L 1 L 3 1

Q
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Simulation Time (s}

Fig. 7 Calculated Ey/Ng over time for transmission at 20 GHz
without power control.

From this received E,/N, distribution over time the
appropriate BER and packet loss rates can be derived.
Using a 7/8 BCH code for example to protect a possible
ATM cell, 1 bit error per packet could be corrected so the
packet error rate would equal the probability of having 2
or more bit errors within the 512 bits/burst.

In order to compare the resulting probabilities for dropped
and blocked calls to the terrestrial planning scenario it has
proven to be useful to define a measure of quality for the
mobile communication scenario. Based on a similar
approach used for DECT type communication scenarios
[6], a quality of service (QoS) measure was defined to:

Aeonnection_block Reonnection_droj
QoS = = +10X == (6)

nconnections_attempted Rongoing _connections

It can be seen in (6) that within this quality measure a
dropped call is estimated to be 10 times more undesirable
than a dropped call, i.e. an unsuccessful call attempt. It is
further assumed that a QoS figure of 0.01 is the highest
still acceptable QoS figure to a potential end-user. With
this figure in mind the mobile satellite based solution can
be compared to the purely terrestrial one.

Since not only poor weather condition do account for a
high QoS value but also the blockage due to insufficient
channels per super-cell under special user demand
conditions, the channel allocation scheme has to be taken
account as well. Within the context of this paper a first
available dynamic channel allocation (FADCA) strategy
was taken as reference. With FADCA a potential channel
m; is only allocated if the following inequality for the
carrier to interference ratio (CIR) of the channel m; holds
true:

Cl. Ri s CIRthre.s‘hold (7)

CIR; can be calculated by summing up all of the potential
co-channel interference for a potential chosen channel m;
where as ClRyesnoig i 2 given value that indicates how
much CIR can be tolerated during reception over any
particular channel within the system. The antenna which
is mostly responsible for the level of received CIR within
the TELEDESIC system was estimated to be sufficient
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narrow to allow the full allocation of the 900 channels
within every cell of a super-cell at a given point in time.
This way the full spectrum can be used in every cell
during every 2.276 ms time slot (every 9™) that the
spectrum is available to it.

6 ANALYSIS AND SIMULATION RESULTS

In a first step the appropriate location of the DANs/SANs
has to be calculated. As mentioned before this was done
using a center of gravity (COG) algorithm [2] and the
traffic distribution for the given scenario depicted in
figure 2.

Figures 8 show the results of DAN/SAN geometric
distribution for the given scenario.

Fig. 8 Calculated DAN locations using the COG algorithm
A total of 30 DANs/SANs where needed to achieve the
desired coverage of 10%.

This distribution of the DANs/SANs was taken as a basis
for both the terrestrial as well as the mobile satellite based
evaluations. It was estimated that the costs per DAN are
equivalent to the cost per SAN. It was further assumed
that a directive terrestrial connection would be as
expensive as a connection to a mobile satellite. Therefore
for the quantitative cost comparison the DAN/SAN
network will not have to be taken into account and only
the additional terrestrial hardware and the extra links
necessary to connect this hardware to the DANs will have
to be compared to the system costs of the potential
broadband mobile satellite solution.

In figure 9 the results of the placement of the
multiplexers/routers is given. In addition to the traffic
distribution given in figure 2 the topology of the city was
taken into account. The net was optimized using a genetic
algorithm [1]. A total of 1000 generations were calculated

for the terrestrial net until this final (cheapest with single
link type) solution was achieved. It is made up of 10 first
level, 3 second level and 92 directive connections between

the network elements.
e Nodes
i % POP

asc
RST

u wWsT

Fig. 9 Optimized terrestrial network using a genetic algorithm
developed at the Institute for Communication Networks [1]

The additional cost generated by the supplementary
routers/multiplexers and the additional directive
connections amounts to about 1400 $ per Erlang carried
(typical market values for directive connections,
multiplexers and routers were assumed) which can be
further interpreted to about 100 $ per user (70 mErlang
peak traffic per user). This value constitutes the costs per
user that a potential broadband mobile satellite solution
could consume assuming the same pricing for calls carried
as in the terrestrial network.

For the Gelsenkirchen scenario an average of 9.2 Erlangs
traffic per km® is carried via the WLL/RLL system
solution. The population density amounts to 2760
inhabitants per km?. For Germany as a whole the average
population is less than 1/10 of this value: 230 inhabitants
per km®. This illustrates that careful planning of the fixed
earth cells is necessary in order to avoid very high loads of
traffic within one super-cell and only low amounts of
offered traffic in an adjacent one.

Using elementary mathematics the TELEDESIC system
would be able to carry the equivalent load of 14 super-cells
over the area of Germany which amounts to a total of
113400 simultaneous calls that could be served. The
average number of calls per super-cell that can be served
taking the potential weather conditions into account shall
be looked into next. In figure 10 the simulation results for

International Mobile Satellite Conference

49



Networking and Protocols |

the GoS parameter assuming the full use of the spectrum
(500 MHz) and two different availabilities dependent on
weather conditions (99.9% and 99.99%) are portrayed
over the offered traffic per square kilometer. The increased
availability from 99.9% to 99.99% is obtained by adding
extra link margin which enables to withstand heavier rain
but drawing heavily on the mobile satellites power supply.

10

99.8% availability ——
99,99% avaitability -
GoS 1% comparison threshold ~-

GoS
\

0.1
0.27 0.28 0.29

0.3 0.31 0.32 0.33
Caried traffic EAm~2

Fig. 10 QoS simulation results using 900 channels per super-
cell (500 MHz) and two different availabilities due to weather
conditions (99.9% and 99.99%)

In figure 10 it can clearly be seen that neither solutions
offers the required amount of telecommunication resources
on average to support a telecommunication scenario as
depicted in figure 1. Even though this result could have
been expected taking the amount of free channels per
super-cell and the traffic to be carried into account, the
simulation results also show that the average traffic per
km? in Germany taking a 10% market share into account
can also not be serviced sufficiently (0.92 E/km? rush hour
traffic).

As a result it can be concluded that either due to traffic
channel limitations only regional traffic or specific
customers (corporate networks) could be serviced or that
the amount of spectrum currently planned would have to
be extended. Another alternative would be to make use of
even smaller antenna spots, but due to limitations in
antenna technology (and due to subsequent pricing) this
alternative seams rather futuristic. With regional coverage
for example, the scenario as depicted in figure 1 can be
offered sufficient traffic channels because the placement of
the scenario on the border of four cells within one super-
cell would four fold the local capacity amounting to 3600
traffic channels to support the 2055 Erlangs of offered
rush hour traffic.

7 SUMMARY AND CONCLUSION

In this paper a comparison between a terrestrial and
broadband mobile satellite based planning for connected a
given WLL/RLL scenario to the telecommunication
backbone has been provided.

For both approaches an individual solution was calculated
first using the same boundary conditions for both cases. As
main conclusion of the comparison process it can be stated
that the broadband mobile satellite solution will only be

able to service a fraction of the expected offered traffic
(10% market share) with its current allocated spectrum as
compared to the terrestrial solution. For a country like
Germany an average market share of 3.3% could be
carried which is much less than the desired 10%
commonly assumed for new telecommunication network
providers. In urban areas even less percentage can be
carried due to a strong concentration of the offered traffic
per unit area.

Due to this limiting behaviour it can be concluded that
only regional coverage or specific customer/corporate
network solutions can be considered where a cost of about
100$ per customer serviced could be used to build an
equivalent broadband mobile satellite solution. If different
than terrestrial telecommunication tariffs are offered to the
end-user connected over such a solution, this number may
vary of course.
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ABSTRACT

This paper investigates the performance of channel coding
schemes targeting the provision of multimedia services by
satellite using a Synchronous CDMA (S-CDMA) access
scheme. An upper bound on the performance of
convolutionaly coded S-CDMA transmission is first
derived. It is shown that spreading and channel codes have
different influences on the performance of S-CDMA
transmissions. Hence, the trade-off between channel
coding and spreading is investigated. Finally, the
performance of concatenated Reed-Solomon (RS)-
convolutional codes is presented.

L. INTRODUCTION

Third generation mobile communication systems aim at
providing a wide range of multimedia services (telephony,
video conferencing, audio and video broadcasting ...) to a
large number of users. The provision of these services will
require the transmission of very high data rates while
achieving extremely low Bit Error Rate (BER) values
(between 10° and 107 for high quality video
broadcasting for example). In order to keep the mobile
terminal complexity as low as possible, it is essential to
reach the required Quality of Service (QoS) with very low
values of the Signal to Noise Ratio (SNR). Hence, the
choice of the optimum channel coding technique with the
best possible access technique is one important technique
in realising such performance limits.

In recent years, there has been a growing interest in the
capabilities of Code Division Multiple Access (CDMA)
for both terrestrial and Satellite Personal Communication
Networks (S-PCN). CDMA presents several interesting
features for mobile communications such as flexible
frequency reuse, the capability of performing soft-
handover and a lower sensitivity to interference. Moreover,
a novel and more efficient access technique for satellite
networks based on CDMA has recently been proposed [1].
Improved spectral efficiency is achieved by
synchronisation of the spreading code epochs at the
satellite input, hence giving rise to the term Quasi-
Synchronous CDMA (S-CDMA).

In Asynchronous CDMA (A-CDMA), the users start their
transmission in a completely uncoordinated manner.
Hence, the Multiple Access Interference (MAI) arising
from the non-orthogonality of the different spreading
waveforms is randomised by the variation in the
propagation delays and channel conditions. The spreading
codes of the interfering users are seen as pseudo random
codes at the receiver side, and the level of MAI is highly
independent from the choice of the codes used to spread
the signal. Therefore, for A-CDMA transmissions the use
of very low rate channel codes provides good coding gains
without any reduction in the spectral or power efficiency
[2,3].

On the other hand, the efficiency of S-CDMA lies in the
full exploitation of the cross-correlation properties of the
spreading codes. The use of channel coding will alter the
cross-correlation properties of the spreading codes and will
not prove as beneficial as in the case of A-CDMA. The
trade-off between channel coding and spreading for S-
CDMA is investigated in this paper. An upper bound on
the BER of convolutionaly coded S-CDMA is derived in
section two. In section three, the respective influence of
spreading and channel codes on the performance of
convolutionaly coded S-CDMA are identified. Then, the
performance of concatenated RS-convolutional codes is
presented in section four. Finally, conclusions are drawn in
section 5.

II. CONVOLUTIONAL CODING FOR S-CDMA

In this paper, an Additive White Gaussian Noise (AWGN)
channel shared by K users is considered. It is now
important to point out that S-CDMA can only be
efficiently used in frequency non-selective channel. The
multipath characteristics of frequency selective channels
would alter the correlation properties of the spreading
codes. Hence, S-CDMA is to be used for satellite
communications where coherence bandwidths are large
enough (of the order of 10 MHz) to keep the delay spread
negligible compared to the chip duration, hence justifying
the channel model used in this paper.
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In this section, a convolutional code with transfer function
T(D,N ) and free distance d is considered. If R
denotes the channel code rate, the energy per coded
symbol of the kth user E; is equal to R times the energy

free

per bit E,’: It is important to stress that, in order to

preserve the low cross-correlation properties of the
spreading sequences, the product between the chip
duration T, and the spreading code length N must be equal

to the coded symbol duration 7,. Moreover, the number of

spreading sequences with good cross correlation properties
is limited by the code length [1]. Hence, assuming a
constant bandwidth, the use of a Forward Error Correction
(FEC) code of rate R will reduce the number of available
sequences by a factor of I/R . Nevertheless, studies carried
out in the frame of the European project ACTS-SECOMS
showed that the number of available codes was higher than
the expected number of users in each spotbeam [4]. These
findings depend on the SECOMS system characteristics
and may not hold for other multi-spotbeam satellite
CDMA system. In such case, the use of trellis coded
modulations should be preferred to convolutional codes

51
The spread data of the kth user can be written as:

5. ()= id," ¢, (t—iRT,), (1)

where d is the coded symbol sent during the ith

signalling interval, and c,(¢) is the spreading waveform of

the user k.

The received signal can now be expressed as:
K

r(t)=2A,. -5, (t—‘:,,)~cos(c0”t +9,.)+ n(t). )
i=1

K is the number of active users in the system. A, is the
amplitude of the kth user signal level. O, is the initial
phase of the ith modulator and is assumed to be uniformly
distributed in the interval [0,21t]. ®, is the carrier angular

frequency. {'ci }‘ie{le} is the set of propagation delays

affecting the different users. It is assumed, without any loss
of generality, that 7,=0 mod [7,]. n(t) represents the

AWGN with two-sided power spectral density equal to
N,/2.

The output of the kth user correlator during the signalling
interval O is equal to:

 El i
y(’; =d(f __—+¢o +”o‘ . 3
The first term in Equation (3) corresponds to the
information bit to be recovered by the receiver and the

second term ¢, represents MAI due to the non

orthogonality of the different user spreading waveforms.
Since the MAI results from the combination of the signals
send by all the users (minus one) present in the system, it
can, according to the weak law of large numbers, be
modelled as a Gaussian random variable with a zero mean
and variance equal to:

var((b(,) = ;-Ag' E(piz.k (Ti )) ’ “)

ik
where the expectation is taken over all the data and

spreading symbols and the relative delays, and:
T

Pi,k('ri)=J.Si(t_'ti)’sk(t)- &)

0
Finally, 7, is a zero mean Gaussian random variable with

variance equal to N, E_ /4, where E, denotes the energy
7

of the spreading waveforms and is equal to Jsk () dr.
0

Convolutional codes with low constraint length can
efficiently be decoded using the Viterbi algorithm which
uses soft information inputs. Since convolutional codes are
linear, it can be assumed that the zero sequence has been
transmitted for the derivation of the bit error probability.
The first-event error probability B (d) will first be

derived. The first event-error probability is the probability
that a path that differs from the all-zero path in d bits has a
higher metric than the all-zero path [6]. It can be written
as:

d-1
P(d)= Pr( yE > o] . (6)

1=0
Equation (6) has been written assuming, without any loss
of generality, that the bits differing from the all zero path
have indexes ranging from O to d-1.

Equations (3) and (4) are used to derive the first-event
error probability:

d-(Ez/AY
P(d)=0 3 ©)
NyE, +2Ai E( 2 (’C ))
\ 4 g Pix\Ti
i#k
Equation (7) can be written as:
_ 2-d-R-E°/N,
Pz(d)_Q{\/Hoz-y~(K—1)-R-EZ/N(, ’ ®)
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where o =——— ) — is the Average Interfering Energy

Ratio (AIER), and y =E(p,.2,k (T,))/ E? depends on the

cross-correlation properties of the spreading waveforms.

In general, the transfer function of convolutional codes can
be expressed as:

oo

T(D,N)= Y a,D'N'® ©)

d=d g,

Hence, an upper bound on the bit error probability can be
written as [6]:

B<1(D.N)= 3 B,B@,

d=d oy

with B, =a,7(d).

10

Using the following approximation of the Q function [7]:

o(y5+y)<oWx) =, an

an upper bound on the bit error probability of
convolutionaly coded S-CDMA transmissions can be
found:

d ree R-E} [Ny

l z‘dﬁ'ee'R'Elf/NO

B}
1+ay (K~1)B—+
Ng

F,=0 Eb %€
d1+a-y-(K—1)~R~1—Vk—
0 . (12)
N =1
XdT(D,N) —d-REL[Ng

dN

Bp
1+oy-(K=1}R—+
=¢e No

As seen in the analysis presented above, the performance
of S-CDMA depends on the choice of spreading
waveforms. Moreover, in order to achieve good spectral
efficiency, satellite communication systems aiming at
providing multimedia services will have to use large
antennas and cover the service area with a large number
spotbeams. Hence, the choice of the best spreading
waveforms should be made considering the necessity to
have a set of code large enough to enable the
communication with all the users in the different
spotbeams. One good solution is to use preferentially
phased Gold codes that are particularly well suited for
multi-beam applications [1]. In fact, it is possible to
generate a certain number of preferentially phased Gold
families with quasi-orthogonal cross-correlation properties
inside the family, and pseudo random correlation
properties among elements of different families [8]. Users
in a given spotbeam will be allocated spreading codes

belonging to the same family, and users in other spotbeams
will use spreading codes from the other families. The in-
beam multiple access interference is then almost
eliminated. And the multiple access interference generated
by adjacent spotbeams will be attenuated by the beam
isolation. Note that throughout the calculations, no
parameter for adjacent spotbeam MALI is used. However,
this interference can be incorporated into the total thermal
noise density as it neither depends on the spreading
waveforms nor on the channel coding scheme [3]. The use
of rectangular pulse shaping and preferentially phased
Gold codes is assumed in this paper.

The performance of convolutionaly coded S-CDMA
obtained through Equation (12) will now be compared to
simulation results. Figure 1 compares the simulated
performance of the best half rate convolutional code with
constraint length 7 to the upper bound (12). The spreading
code length has been assumed equal to 31, and perfect time
synchronisation between the different users is considered.

107"

Bit Error Rate

-6 L \ i i

2 25 3

35 4.5 5
Eb/No (dB)

Figure 1: Convolutional coding for S-CMDA
Comparison between simulation and analysis
« AIER=10dB, 29 users: - analysis; * simulation
» AIER= 6 dB, 10 users: - analysis; 0 simulation

The performance upper bound provided by Equation (12)
matches very closely the results obtained by simulation.
Hence, Equation (12) will now be used to investigate the
trade-off between channel coding and spreading for S-
CDMA transmissions.

IIT. TRADE-OFF BETWEEN CHANNEL CODING AND
SPREADING FOR S-CDMA
The following two figures present two different
spreading/convolutional coding schemes that have the
same processing gain. Moreover, in order to keep the
complexity of the two decoders comparable, both codes
have the same constraint length. The performance of the
best half rate convolutional code of constraint length 5
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used with a Gold spreading code of length 63 is compared
to that of the best convolutional code of length % and
constraint length 5 used with a Gold code of length 31.
Both the case of 10 users transmitting under perfect power
control conditions and the case of 30 users with an AIER
of 15 dB are presented. In Figure 2, perfect time
synchronisation between the different users has been
assumed. A maximum timing error of one third of