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THE APPLICANT

Motorola, Inc., through its wholly owned subsidiary
Motorola Satellite Communications, Inc., is today filing an
application with the Federal Communications Commission to
construct, launch and operate a global digital mobile personal
communications satellite system called IRIDIUM. Motorola is a
world leader in the design and manufacturing of electronic
equipment, systems, and components. Its products are distributed
worldwide and include two-way mobile radios, pagers, cellular
telephone systems, integrated circuits, and data and information
processing and handling equipment. Motorola also is in the
forefront of research and development of new and improved mobile
communications equipment, cellular radio technologies and
satellite communications subsystems. Motorola has combined its

expertise in all of these areas to develop IRIDIUM.

THE IRIDIUM BYSTEM

This past June, Motorola announced the development of
its IRIDIUM mobjle satellite system which envisions the use of
many small low earth orbit satellites to provide worldwide
cellular personal communications services. Subscribers to this
system will use portable or mobile transceivers with low profile

antennas to reach a constellation of 77 satellites. These




satellites will be interconnected to one another by radio
communications as they traverse the globe approximately 413
nautical miles above the earth in seven polar orbits. Principles
of cellular diversity are used to provide continuous line-of-
sight coverage from and to virtually any point on the earth's
surface, with spot beams providing substantial and unprecedented
frequency reuse (more than 5 times in the U.S. alone).

This application requests authority from the Commission
to operate IRIDIUM for both domestic and international use. As a
global communications satellite system with worldwide continuous
coverage, IRIDIUM can offer the full range of mobile communi-
cations services including radiodetermination, voice and data, on
land, in the air, and on water. Any subscriber unit will be able
to communicate with any other IRIDIUM subscriber unit anywhere in
the world, or with any telephone connected to the public switched
telephone network,

Each satellite in the IRIDIUM system will be relatively
small and have éophisticated electronics capable of communicating
with mobile subscriber units and earth station gateways on the
ground, and with other low earth orbit satellites in the
constellation. IRIDIUM's innovative digital cellulér design and
spot beam technology is somewhat analogous to present day
cellular telephone systems, except in reverse. In the case of
cellular telephones, a static set of cells serves a large number
of mobile units, whereas IRIDIUM's cells will move at about 7,400

meters per second while mobile units remain relatively still.
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FREQUENCY SPECTRUM PLAN

In this application, Motorola is requesting authority
to use the RDSS uplink band (1610-1626.5 MHz) for the provision
of mobile satellite services. This 16.5 MHz of spectrum,
however, will only meet expected demand for IRIDIUM services
through the latter part of this decade. Ultimately, IRIDIUM will
need to access up to 100 MHz of L-band spectrum worldwide to meet
projected demand into the next decade. 1In light of the current
restrictions on the use of the RDSS band, Motorocla has requested
a waiver from the domestic fregquency allocation table to provide
both two-way voice and data services on a co-primary basis with
radiodetermination services. Such generic mobile satellite
services in this band are fully consistent with the Commission's
proposed frequency allocation plans, and are fully compatibkle
with the use of this spectrum by other compliant RDSS systems as
well as by the radio astronomy and aercnautical radio navigation
communities.

In addition, IRIDIUM will need 200 MHz of spectrum in
the Ka-band for its gateway feeder links and 200 MHz for the
intersatellite links. Such use of the Ka-band spectrum is fully
consistent with both the domestic and international table of
allocations, and will be coordinated with others to avoid

interference to any planned use of this band.
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MARKETS AND PROPOSBED SERVICES

Bulk transmission capacity on the IRIDIUM system will
be provided to licensed and authorized carriers, who in turn will
sell mobile communications services to the public in their
authorized service areas. Due to its limited capacity and cost
structure, IRIDIUM is not designed to compete with existing
landline and terrestrial based cellular mobile systems. Instead,
IRIDIUM will target markets not currently served by mobile
communications services, such as (1) sparsely populated locations
where there is insufficient demand to justify constructing
terrestrial telephone systems; (2) areas in many developing
countries with no existing telephone service; and (3) small urban
areas that do not now have a terrestrial mobile communications
structure.

JRIDIUM will offer the full range of mobile services
including RDSS, paging, messaging, voice, facsimile and data
services. More than half of IRIDIUM's projected six millioﬁ
subscribers will use RDSS and ancillary paging and messaging

services.

IC ON ONB

IRIDIUM will provide mobile communications services to
the entire United States, including all of its territories and
possessions. In addition, IRIDIUM will extend the reach of
modern, reliable telecommunications services to and from all

worldwide locations. By supplying a full range of mobile
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services to many remote and underserved areas, IRIDIUM will
provide critical life saving communications services to the
public.

IRIDIUM also achieves highly efficient use of the
frequency spectrum by reusing the bandwidth by more than five
times within.the U.S. and more than 200 times worldwide.
IRIDIUM's innovative and flexible service will permit the
constellation of satellites to shut off various frequencies and
service offerings to accommodate regulatory requirements in any
nation. In addition, IRIDIUM will be updated and expanded as
satellites are replaced.

Motorola's considerable experience in space
communications, cellular technology and private mobile services
provide the necessary qualifications for constructing this
innovative system. IRIDIUM will promote U.S. leadership into the
21st century in mobile, personal and satellite communications.
These innovative services will enhance U.S. global
telecommunjications competitiveness and positively affect U.S.

trade.

MOTOROLA I8 READY TO PROCEED

Motorola is firmly committed to the development of
IRIDIUM. To date, it has devoted substantial resources to this
project. Commission action on this application by early 1991 is
imperative if Motorola is going to meet the demand for satellite
mobile communications service by 1997. Certain elements of the

satellite design must be fixed by the third quarter of 1591 in




order for IRIDIUM to become operational by 1997. In order to
provide service as expeditiously as possible, Motorola
concurrently requests a Section 319(d) waiver to begin
construction on certain long-lead items in advance of a

construction permit.

THE COMMISGION SHOULD ACT EXPEDITIOUBLY

IRIDIUM is an excellent vehicle for furthering the U.S.
goal of achieving a co-primary allocation in the 1610-1626.5 MHz
band for RDSS and MSS, as proposed by the Commission in its
recent Second Notjce of Inguiry in GEN Docket No. 89-554, F.C.C.
90-316, released October, 1990. By approving this application :
promptly, the Commission will promote U.S. interests and provide
an innovative worldwide offering for the upcoming WARC scheduled

for February 1992.
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I. ANTRODUCTION

In June of this year, Motorola, Inc. announced the
development of its IRIDIUM satellite system, a state-of-the-art
global personal communications system which will provide millions
of users throughout the world advanced mobile digital voice and
data communhications by 1997. The IRIDIUM system is composed of a
constellation of 77 low earth orbit satellites circling the globe
in seven polar orkits some 413 nautical miles above the earth.
The satellites will use the L-band for subscriber links and will
be interconnected by means of radio crosslinks in the Ka-band to
form a network which provides continuous line-of-sight communica-
tions from and to any point on the earth's surface, as well as
all points within an altitude of 100,000 feet above mean sea
level. Figure I-l illustrates the major components of the
IRIDIUM system including its communications capabilitjes. Figure
I-2 depicts the orbital posiiioning of the satellite
constellation.

The IRIDIUM system will be capable of providing
radiodetermination ("RDSS"), two-way digital voice and data
communications between any two portable, mobile and transportable
user units anywhere in the world, and interconnect any such
subscriber unit to the public switched telephone network
("PSTN"). Each of the satellites contains an array of spot beams
which use digital cellular technology to communicate with the

subscriber units. IRIDIUM's cellular system design reuses the
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frequency spectrum far more efficiently than any other mobile
satellite~based technology proposed to date.

By this application, Motorela, Inc., through its wholly
owned subsidiary Motorola Satellite Communications, Inc.
("Motoreola”™), is taking the first domestic regqulatory step toward
the establishment of its IRIDIUM system. Motorola is requesting
authorization to construct, launch and operate the continuously
replenished 77 satellite system in low earth polar crbits in
conjunction with ground stations and appropriate control
facilities. This system initially will operate over all domestic
United States points utilizing the available spectrum in the RDSS
L-band (1610-1626.5 MHz).} IRIDIUM eventually will need
additional L-band spectrum by the end of the decade to meet the
projected worldwide demand for services. In addition, 200 MHz of
spectrum will be needed in the Ka-band for the intersatellite
crosslinks (22.55-23.55 GHz): 100 MHz of bandwidth for the
satellite to fixed gateway/control downlink (18.8-20.2 GHz band):
and another 100 MHz for the fixed gateway/control to satellite
uplink (27.5-30.0 GHz band).

Motorola understands that the domestic alleocation for
the RDSS band is currently limited to the provision of

radiodetermination and ancillary messaging satellite services.?®

¥ Motorola has no need for the paired downlink RDSS spectrum,
since it will provide both earth-to space and space-to-earth
communications using only the 1610-1626.5 MHz band.

# gee 47 C.F.R. § 25.392(d) (1989).




Accordingly, a waiver is requested of the domestic Table of
Frequency Allocations to provide both two-way digital voice and
data services on a co-primary basis with RDSS.? Such a generic
mobile satellite service is fully consistent with the
Commission's proposed frequency allocation plans in this band,?
and as demonstrated in the attached technical appendices, IRIDIUM
is fully compatible with other authorized RDSS licensed systems.

Motorola does not anticipate providing any satellite
services over the IRIDIUM system directly to the public.
Instead, Motorola will be a wholesale supplier of IRIDIUM's
transmission capacity to other carriers which in turn will offer
their mobile radio services directly to users. Motorola will
enter into individual arrangements with these carriers for fixed
terms, subject to possible renewals, on a non-common carrier
basis. Motorola and possibly others will manufacture and supply
the subscriber units to vendors for sale to the public.

This application requests a domestic license to operate
IRIDIUM among the United States and its territories and
possessions, In addition, Motorola requests authority to provide
transmission capacity between the United States and other nations

for the provision of mobile services as other foreign

=4 See 47 C.F.R. §§ 2.102 & 2.106 (1989). Additional minor
technical waivers are also requested herein in order to comport
IRIDIUM's innovative low earth orbit design with the Commission's
existing rules in the RDSS band. See Section VI hereto.

¥ see second Notice of Inquiry in GEN Docket No. 89-554,
F.C.C. 90-316, at 44 74~76 (released Oct. 1, 1990) ("WARC-92

Second Ingquiry Notice").




administrations authorize the use of the IRIDIUM system. IRIDIUM
is also designed to provide mobile satellite capacity
domestically within foreign countries.? 1Indeed, IRIDIUM's
technical design provides for service flexibility and universal
global coverage and makes it uniquely qualified to obtain such
authorizations. As each projected spot beam cell passes over
different geographic regions, it will have the ability to utilize
only those frequencies and to provide only those services

authorized by each foreign administration.
B. t L+ asues

At this time there is only one satellite system --
Geostar Positioning Corporation ("Geostar®™) ~- currently licensed
to operate in the domestic RDSS band.¥ As originally envisioned
by the Commission when it allocated this portion of the L-band
for RDSS, multiple satellite systems would provide
radiodetermination and ancillary messaging services to the
public. The Commission believed that up to twelve co-coverage

systems could be permitted using pseudo-random CDMA modulation

2 It is anticipated that separate authorizations to use the
IRIDIUM system in foreign countries will be obtained from their
administrations as the need arises.

&/ See Geostar Corp., 60 Rad. Reg., 2d (P&F) 1725 (1986). This
authorization was conditioned upon the standard RDSS construction
and launch milestones, which required completion of Geostar's
first satellite by August 1990, and full system implementation by
August 1992. Id. at 1730. In 1989, the Commission granted
Geostar a one year extension of its milestone requirements.




characteristics.’ As the Commission recently conceded, however,
in its WARG-92 Second Inquiry Notice, "[t]his service has not
materialized as originally anticipated."! Geostar's most recent
applications to modify substantjally its existing authorizations
raise serious gquestions about the economic viability of its
licensed geostationary satellite system.¥ As pointed out by
Motorola in Comments to Geostar's recent satellite system
modification requests, it has now been more than seven years
since Geostar first proposed a dedicated RDSS system, and such a
system is no closer to reality today than when it was first
proposed. i/

On September 4, 1990, the Chief of the Common Carrier
Bureau placed on public notice Geostar's applications to modify

its authorizations and to extend the deadlines for construction

1 see Report and Order, 58 Rad. Reg. 2d (P&F) 1416 (1985),
reconsjderatjon 104 F.C.C.2d 637 (1986) (RDSS Allocation Order):;

Second Report and Qrder, 104 F.C.C.2d 650, 660~63 & n. 44, 60
Rad. Reg. 2d (P&F) 298 (1986) (Eaﬁ__L;g_ngzng_gzg_:)

¥  p.c.c. 90-316, at § 70.

¥  see File Nos. 43-DSS-MP/ML-90, et al. To date, Geostar has
only been able to provide modest interim operations using two L-
band payloads on GTE Spacenet satellites which merely relay
LORAN-C/GPS data from user terminals inbound to subscriber
central control points. Geostar also provides outbound links to
receive-only mobile units using C-band transponders on Spacenet
III. See GTE Spacenet Corp., 1 F.C.C. Rcd 1163 (1986); GTIE
Satellite Corp., Mimeo Nos. 5175 & 1181 (released June 16, 1986,
and December 2, 1985, respectively).

¥/ see Comments of Motorola, Inc., filed November 5, 1990, in
File Nos. 43-DSS-MP/ML-90, et al. :




and launch of its dedicated RDSS satellite system.4’ 1In that
public notice, the Commission merely requested comments to
Geostar‘’s applications and did not establish a cut-off period for
accepting contemporaneous applications as required by Section
25.392(b) of the rules.¥¥’ Ellipsat Corporation, however,
submitted an application on November 2, 1990, for authority to
provide a communications satellite system in the RDSS-band.&’ ps
of this date, that application has not been accepted for filing
or placed on public notice by the Commission's staff.

With the submission of Motorola's application today for
authority to construct, launch and operate its IRIDIUM system,
the Commission now has bhefore it three separate proposals for
using the same frequency spectrum. Under the Commission's RDSS
processing rules, all three of these proposals should now be
considered in conjunction with one ancther and given equal
treatment for purposes of considering their respective technical
showings and interference analyses. Each application should be
processed separately on its own merits as long as mutual
compatibility is achieved. 1In particular, since Geostar is now
proposing to construct and launch a different RDSS dedicated

satellite system, none of the current applicants should have to

U4/ gsee Public Notice, Report No. DS-999, 5 F.C.C. Rcd 5400
(1990).

2/ 47 C.F.R. § 25.392(b) (1989).
13/ See Application of Ellipsat Corporation for Authority to

Construct an Elliptical Orbit Communication Satellite System,
.filed November. 2, 1990. -




demonstrate compatibility with Geostar's licensed system.’ of
course, each applicant still must show how it will coordinate
with other RDSS systems to avoid harmful interference.i¥

The expeditious processing of Motorola's application is
critical in order to ensure that necessary international radio
regulatory coordination and consultation is obtained and that the
United States adequately formulates and achieves its objectives
at the World Administrative Radio Conference ("WARC™) in February
1992.%' prompt processing of this application is also needed if
Motorola is to meet the expected demand in thé United States and
worldwide for mobile communications service in those areas not
adequately served by. terrestrial carriers and other mobile
satellite providers. Based upon the lead times required for
constructing the IRIDIUM system, Motorola must fix certain

elements of the satellite design by the third quarter, 1991.

c. Pioneers Preference Requested

As demonstrated throughout this application, Motorcla's
IRIDIUM system combines, for the first time, advanced low earth
orbit satellite and cellular technologies to enable carriers to
provide new and innovative mobile services in the United States

and throughout the world. IRIDIUM is exactly the type of system

¥ see 47 C.F.R. § 25.392(a) (1989).
13  see 47 C.F.R. § 25.392(f) (1989).

8/ On this date, Motorola is submitting separately its detailed

Comments in response to the WARC-92 Second Inquiry Notijce.



that the Commission must have envisioned when it recently
proposed the award of "pioneer's preferences" in its proposed
Rule 1.402.4

Indeed, Chairman Sikes recently referred to Motorola's
IRIDIUM system as just such a new and innovative service worthy
of encouragement by the Commission.’ The Chairman went on to
emphasize "the need to develop an international regulatory
framework that is not just conducive, but hospitable to
innovation and technological advances," and that "[a]ll other
things being equal, what the Communications Act directs is for
the FCC to 'tilt!' in the direction of technoclogical

advancements. "i¥/

D. Format and Content of Application

Motorola has set forth in detail all pertinent
technical and operational aspects of its proposed satellite
system as required by Section 25.392 of the Commission's rules.
Motorola believes it has provided all the required information on

each and every item specified in the rules, including the

1/ see Establishment of Procedures to Provide a Preference to
Applicants Proposing an Allocatjon for New Services, 5 F.C.C. Rcd

2766 (1990).

i¥/  gee Remarks of Chairman Alfred C. Sikes, before the
wWashington Annenberg Program Conference on the 1992 World
Administrative Radio Conference (Nov. S, 1990).

¥ The Chairman cited Sections 157, 218 and 303(g) of the
Communications Act of 1934, as amended, to support this view.

Id.




information identified in Appendix B to the Space Station Filing
Procedures, 93 F.C.C.2d 1260, 1265 (1983), and the RDSS
Allocation Order and RDSS Licensing Order. In addition,
Motorola has provided information in support of its rule waiver
requests. To the extent the Commission requires additional
information or data concerning the IRIDIUM system, Motorola would
be happy to provide such information either by formal amendment
or informally in communications with Commission staff.

This application is divided into eight sections and
seven appendices. Section I provides a brief overview of the
IRIDIUM system and this application. Section II sets forth
significant public interest benefits supporting the prompt grant
by the Commission of authorization for the IRIDIUM system. The
most significant markets and overall demand for IRIDIUM are
identified in Section III, along with the proposed service
offerings. Orbital considerations are described in Section IV.
The technical description of the entire IRIDIUM system is set
forth in Section V. Section VI contains specific requests for
waiver of the Commission's rules in order to allow the IRIDIUM
system to operate in the RDSS band. Certain international
considerations are discussed in Section VII. Motorola's legal,
technical and financial qualifications are described in Section
VIII. The appendices contain Motorola's interference and sharing
analyses, further technical and operational details concerning
IRiDIUM, IFRB advance publication data, supporting financial

data, FCC Form 430, and the separate satellite applications.
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TI1. PUBLIC INTEREST CONSIDERATIONS

The IRIDIUM system is an ideal example of technology
serving the public interest, convenience and necessity.
Motorola's pioneering efforts have resulted in a system
architecture that enjoys unprecedented spectrum efficiency,
unlimited service flexibility, and unmatched geographical
coverage. The IRIDIUM system truly meets the Commission's
statutory mandate "to make available, so far as possible, to all
the people of the United States a rapid, efficient, Nation-wide,
and world-wide wire and radio communication service with adequate
facilities at reasonable charges ... for the purpose of promotiﬁé
safety of life and preoperty through fhe usé of wire and radio
communication ...," and "to encourage the provision of new
technologies and services to the public."®’ Authorization of the
IRIDIUM system will serve as a landmark of telecommunications
development for many decades to come.

A. IRIDIUM Uniquely Meets the Mobile Bervice
Needs of Users In the United Btates and

Ihroughouyt the World

The IRIDIUM system, with its continuous global coverage
to virtually all points on the surface of the earth and up to
100,000 feet above mean sea level, will bring the benefits of
digital mobile voice and data service to all those individuals in

the United States and akrecad currently in need of reliable

2 47 U.s.C. §§ 151, 157 (1988).
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telephone communications. As indicated in Section III to this
application, Motorecla estimates that demand for IRIDIUM in the
United States will exceed 1.3 million units by 2001 with another
4.7 million units worldwide.

Those persons living or travelling in remote areas of
the United States where landline and mobile radio service are
minimal or nonexistent, will be able to use an IRIDIUM subscriber
unit to communicate with anyone in the world connected to the
PSTN or another IRIDIUM subscriber unit. Thus, for the first
time, persons living or travelling in the outer reaches of Alaska
will be able to communicate with offices in New York City or
persons living in the U.S. Virgin Islands merely by using a
handset and dialing a telephone number. Such instant
communications access will greatly benefit a large number of
individuals currently in need of reliable and cost-efficient
telephone service. Motorola estimates that approximately 10
million Americans live in these remote locations.

Absent the development of IRIDIUM, persons living and
travelling in such remote and scarcely populated areas of the
country probably would never be able to obtain access to the
telephone network. Insufficient demand exists for supporting the
construction of a terrestrial-based telephone system in most of
these locatjions either by means of landline or cellular radio
technologies. The incremental cost for IRIDIUM to serve these
remote areas is minimal once the satellite constellation is

launched and operational due to IRIDIUM's global- coverage. All
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that is required to connect a subscriber to the IRIDIUM network
is a portable unit.

In addition, IRIDIUM offers every subscriber unit, no
matter where it is located, immediate access tc reliable and
cost-effective radicdetermination and position location
information, as well as associated messaging capabilities. Such
services will be of significant benefit to the U.S.
transportation industry.

B. No Other 8ystem Design Has Ever Been Proposed
with the Orbit/Bpectrum Efficiency of the

IRIDIUM Gystem

The number one problem in the satellite communications
industry today is that of efficiently utilizing the available
spectrum. New radio systems and subscribers are proliferating,
but there remains a finite amount of frequency spectrum available
for use. The IRIDIUM system has broken out of this policy
bottleneck with a worldwide radio communications system that
reuses its bandwidth mg;g_;ﬁgn_fixg_;imgg within the contiguous
United States and more than two hundred times worldwide. IRIDIUM
will be able to serve the entire RDSS market with substantial
margin using only the RDSS uplink band. IRIDIUM will not use the
16.5 MHz of spectrum in the 2483.5-2500 MHz band, which may then
be allocated for other uses. No other satellite communications
system either proposed or authorized by the FCC even approaches
such a high level of orbit/spectrum efficiency. In fact,

Motorola's understanding of _the. current state of the




- 13 =-

geostationary mcbile satellite design is that as much as 120 MHz
of uplink and downlink spectrum is required for such systems to
provide the same transmission capacity over the same territory as
IRIDIUM.

Such efficient usage of the limited frequency spectrum
resource directly serves the public interest, convenience and
necessity. Indeed, the Commission has previously recognized the
United States obligation to other countries under Article 33 of
the Internmational Telecommunications Union Convention to "bear in
mind that radio frequencies . . . are limited natural resources
... [which] must be used effectively and economically ..., "&/

c. The Unparalleled Flexibility and Innovations
in the Technical Design of the IRIDIUM System

Will Benefit the Public

The digital technology of the IRIDIUM system and its
innovative intersatellite radio links enable users to receive
most type of mobile telecommunications service, including
radiodetermination, facsimile, paging, two-way voice, or data.
All of these services will be available on a 24-hour basis, seven
days a week, in any country which authorizes the provisien of

such services. The system design, however, is also capable of

a/ i i to ation nter jona
c jcatj i Wo inistrative dio Co nce on
the e s jo - j i 4 anning of
e agc i ilizi t, 45 Fed. Reg. 85,126, 85,127
(1980); see also Assignm rbit cations t ace
Stations in the Domestjic Fixed-Satellite Service, 84 F.c.c.2d

584, 592, 610 n.93 (1981) ("1980 Orbit Assignment Order").
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shutting off various frequencies and limiting the types of
offerings to any region which may limit IRIDIUM's authority to
operate. For example, the satellites can be programmed to use
only the RDSS portion of the L-band over the United States while
using other L-band MSS frequencies over Europe and Africa.

There also are inherent technical and ecconomic
advantages to JRIDIUM's low earth orbit satellite design, such as
minimal transmission delays and reduced subscriber unit power
requirements. These advantages ultimately lead to smaller, more
economical subscriber units and better quality communications.

Moreover, the JRIDIUM system will constantly be updated
and expanded as satellites are replenished and new technologies-
are developed. For example, as new frequency allocations are
authorized worldwide for IRIDIUM, satellites under construction

can be modified to utilize additional spectrum.

D. a st Will Save Ma ives

Central to the FCC's regulatory mission is to give
priority to spectrum utilization that helps ensure the safety of
life and property.®’ wWith the IRIDIUM system, ambulatory
patients can have access to top~flight medical advice, the
injured or lost can be located, and the handicapped can live with
the freedom of knowing that they are one phone call away from

help should the need arise. 1In essence, IRIDIUM extends the

2/  gee 47 U.S.C. § 151 (1988).
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countless public health benefits of the telephone from the house
or office to the cutdoors.

IRIDIUM also can be used by the aviation, shipping and
trucking industries as a primary or backup communications system
for emergency or distress situations, such as for missing planes
and for accident location determination. By accurately relaying
these reports to the appropriate authorities, IRIDIUM will help
save lives.

E. Motorola Is Uniquely Qualified to
te RIDIUM 8a m

All of the public interest benefits of a proposed new -
technology are of little.value if the applicant lacks the ability
or commitment to implement the proposal. Motorola is uniquely
qualified to bring the benefits of low earth orbit mobile
satellite technology to the public. It was a pioneer in the
development of cellular technologies and today is the largest
U.5. manufacturer of cellular telephones and systems. Motorola
also is a world leader in the production and development of
private mobile radio services. Moreover, Motorola has extensive
experience with developing satellite communications subsystems
based on its work for the U.S. Government. The combination of
all of these technologies and resocurces within one company has
resulted in the development of its IRIDIUM system.

Motorola is firmly committed to the development and

implementation of IRIDIUM. Over seventy-five engineers and
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managers at Motorola currently are working on the system.
Although IRIDIUM features many innovations and a state-of-the-
art satellite design, there are no technological limitations
which will prevent it from becoming a commercial service by 1957.

r. The IRIDIUM System Will Establish U.S.
Leadership in Mobile, Persconal and Batellite

Qone

In today's highly competitive world, it is especially
important for the FCC to take actions which help maintain and
advance U.S. leadership in mobile, personal and satellite
communications. The approval of IRIDIUM alsc will promote the
expansion of U.S. private sector investment and involvement in
civil space and related activities. The IRIDIUM system will
establish U.S. leadership in these technologies for several
decades, much as Early Bird did for the last half of the 20th
century. Such leadership will provide countless public policy
and economic growth benefits.

G. The IRIDIUM System Will Make a

Major Contribution to U.8. Global

ness acommu ations

RDSS technology was first developed in the United
States and has since contributed positively to U.s.
competitiveness in telecommunications. Now, with the satellite
technological revolution represented by the IRIDIUM system, the

low earth orbit concept can truly be put to work to add
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significantly to the U.S. Gross National Product and to enhance
U.S. exports.

It is anticipated that IRIDIUM's global capabilities
will be utilized abroad to provide both domestic and interna-
tional mobile services. With only relatively minor incremental
costs associated with additional gateways in foreign countries,
IRIDIUM can offer the full range ¢of mobile communications
services to millions of individuals worldwide currently without
telephone access. In addition, substantial revenues are expected
from the sale in foreign countries of subscriber terminals and
gateways.

H. IRIDIUM Promotes the Commission's Multiple Entry
olicies atelljite Daljive obile Services

IRIDIUM is fully compatible with compliant RDSS
systems. As such, it will provide carriers and users with
another competitive choice for obtaining satellite delivered
communications. The Commission has stated on numerous occasions
its preference for multiple entry in space-based communications
systems, including those in the RDSS band.#’ IRIDIUM will bring
the benefits of such competition, including innovative services
and technologies at reduced costs, to the public in a timely
manner.

Although the Commission initially may have expected

multiple entrants into the RDSS band, to date only Geostar

2/  see e.g., RDSS Licensing Order, 104 F.C.C.2d at 653-54.
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retains the authority to operate a radiodetermination service.
And as previously noted in Section I of this application, there
are serious questions as to Geostar's long term viability.
Motorola firmly believes that low-earth orbit satellite systems,
like IRIDIUM, offer the only realistic possibility of achieving
an economically viable RDSS system. With its global coverage and
package of services, IRIDIUM will be able to achieve the revenue
base necessary to justify the construction and operation of such
a systen.
I. IRIDIUM Promotes the International Communications
d ormation Poli Goa the ted states
The IRIDIUM system enjoys an unmatched ability to bring
modefn digital telecommunications to underserved areas in other
parts of the world. Those areas may range from urban centers in
developing countries and Eastern Europe to the polar regions of
the world. Both this Commission and the Executive branch have
articulated several U.S. policy goals which will be furthered
directly and substantially by the establishment of such a global
telecommunications system, including:&/

. The promotion of the free flow of information
throughout the world:;

) The promotion of the development of efficient,
innovative, and cost~efficient international

#/  see Establishment of Satellite Systems Providing
International Communjcations, 101 F.C.C.2d 1046, 1064=-65 (1885),

citing "A White Paper on New International Satellite Systems,”
Senior Interagency Group on International Communication and
Information Policy (February 1985).
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communications services responsive to the needs of
users and supportive of the expanding requirements
of commerce and trade;

. The promotion of continuing evolution of an
international configuration of communications
services that can meet the needs of all nations,

with attention toward providing such services to
developing nations.

Irx. KARKETE AND DEMAND FOR SERVICES

A. Demapd Apnalysis

The phenomenal growth of the public and private land
mobile radio industry confirms that there is a very large market
in the United States and throughout the world for mobile
communications. Potential users number in the tens of millions.
While the market for satellite-based moﬁile communications is
expected to be substantial, it will amount only to a fraction of
the total mobile communications market.

Sateilite based mobile communications will be
commercially successful in areas that cannot be served by other
mobile communications services. The primary target markets
include (1) sparsely populated locations where there is
insufficient demand to justify constructing terrestrial telephone
systems; (2) areas in many developing countries with no existing
telephone service; and (3) small urban areas that do not now have

a terrestrial mobile communications infrastructure.
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1. Geographic Coverage

IRIDIUM will provide global telecommunicatibns service
on a continuous basis. All points from the North Pole to the
South Pole will be covered. However, the IRIDIUM system will not
compete with terrestrial systems with'respect to transmission
capacity and service costs. It will serve all international
markets with RDSS, voice and data services. This unique coverage
will provide service from any point in the world to any other
point in the world.

This capability of worldwide service is the critical
factor to IRIDIUM's commercial viability =- IRIDIUM will serve
many niche user markets with a single infrastructure. Once the
satellite constellation is in service, IRIDIUM can provide
service to all world markets with minimal additional
infrastructure investments. IRIDIUM will provide the only mobile

communications services to many U.S. and global locations.

a. Rural and Non MSA Markets

IRIDIUM will serve the entire United States and its
territorjies and possessions, including Puerto Rico, the Virgin
Islands, Alaska, Hawaii and the other U.S. Pacific Islands.
IRIDIUM will provide businesses and individuals in these
locations with the opportunity for world-wide mobile RDSS, voice

and data services.
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There are also many rural portions of the U.S. that may
never have terrestrial cellular telephone service because of
sparse population coverage and remote location. Approximately 10
million Americans live in these areas. IRIDIUM will offer these
citizens sophisticated mobile telecommunications services

unavailable from terrestrial providers.
b. ve o ies

Developing countries will be another major IRIDIUM
market. These countries comprise approximately 3 billion people,
or 60% of the world population. Inadequate telecommunications
infrastructure:  in most developing nations is a major obstacle to
their further economic development. IRIDIUM's services will
promote the economies of the developing world by providing
modern, reliable telecommunications service to these developing
nations without the need for large indigenous infrastructure
investments. For example, India has more than 500 million people
in rural areas who have no access to telephone service. To
ameliorate this problem, the Indian government proposes to
provide portable public telephone bocoths in rural areas. IRIDIUM
'would provide an excellent solution to servicing these areas
because the only infrastructure costs of providing service would

be the phone booth and an IRIDIUM terminal.
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c. New Market Fconomies

New market econcomies, including most Eastern European
nations and the Soviet Union, provide a tremendous market for
modern mobile telecommunications services. Although these
nations have industrialized economies, their telecommunications
infrastructures do not satisfy existing demand, and are not
adequate for the increased commercial activity they are likely to
enjoy as their economies are liberalized. The telecommunications
capabilities of the IRIDIUM system will assist these nations as
they democratize their political structures and liberalize their

econonmies.,

d. garitimg and Aeronautical Coverage

IRIDIUM will provide space segment capacity to
authorized service providers which will serve domestic and
worldwide maritime and aeronautical markets. This coverage will
extend to aercnautical polar routes. For the first time, these
markets will enjoy the full range of mobile telecommunications

services, including RDSS, voice and data.
2. B a c ices

The U.S. Department of Commerce projects that the
market for radiodetermination services will exceed $1 billion
annually by the late 19%0s. The Commission has previously

recognized that RDSS can provide substantial services for life




safety, law enforcement, aviation, navigation, ground
transportation and resource management markets. See RDSS
Allocation Qrder, 58 R.R.2d at 1431-33 (Appendix B). The recent
application of Orbital Communications Corporation also projects a
substantial RDSS market.3¥

Bach IRIDIUM subscriber unit will have RDSS
capabilities. Positioning determination based on IRIDIUM will be
accurate vithin one mile for voice units. Optional GPS or
GLONASS circuitry will be offered tc improve accuracy to within
100 meters. ‘

Motorola estimates that more than 3 million
subscribers, over half of the subscriber base, will use RDSS and
ancillary paging and messaging services in the following

categories.

a. Emergency gervices

IRIDIUM will provide RDSS emerdgency location services
for planes, boats and land vehicles that have IRIDIUM receivers
for voice and data services. Market estimates for this service
are included in other categories which use IRIDIUM voice and data
service, such as trucks, boats, aircraft, and recreational

vehicles,

&/ Application of Orbital Communications Corporation for a Low-
Orbit Mobile Satellite System, filed February, 1980, at 25-35.
See Public Notice DS5-953, released April 11, 19%0.




b. Iracking

RDSS tracking services will be available for subscriber
units. Low cost RDSS~only units will also be able to provide
tracking services. Motorola will offer tracking service using
IRIDIUM rather than geosynchronous satellites.

This service will be used primarily by trucking fleets
in conjunction with two-way messaging. There are an estimated
3.1 million long haul trucks in the U.S.# Approximately ten
percent of these trucks are expected to subscribe to IRIDIUM's
tracking service. Other applications will be found in the
tracking of hazardous wastes and military convoys. The

international market is estimated at four times the U.S. market.

c¢. Global Paging

Motorola expects global paging to be used extensively
by both domestic business people and foreign visitors travelling
on business in the United States. This will be direct satellite-
pager service and will allow the user to be paged instantaneously
from anywhere in the world, and to receive a short message on an
alphanumeric pager.

The estimated paging market in the United States for
the year 1997 exceeds 23 million users. The vast majority of

these users will be for local or regicnal pagers. The global

%/ pittberner Associates, Inc., Radio in the Local Loop, in
Project ESS Update XXV XII-11 (1990).
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paging users will be most frequent among the fifty million
foreign business persons travelling in foreign countries each
year. Motorola estimates a three percent penetration rate,
assuming approximately the same penetration of pagers among
foreign business persons as the penetration of pagers among the
entire United States population today. As a result, it is
expected that there will be 1.5 million global pager users among
business persons traveling abroad. 1In the U.S., there will be a
6% penetration rate among 5,000,000 potential users, or 300,000
subscribers.

3. VYoice and Data Services

IRIDIUM will not compete with the public switched
telephone network ("PSTN*) and terrest:ial'cellular systems
Primarily because of its rate structure. Instead, IRIDIUM will
provide service to locations that do not otherwise have access to
the PSTN or terrestrial cellular services. Major applications of
IRIDIUM will be in governmental communications, international
travel, commercial air travel, business and general aircraft,
marine shipping, long-haul trucking, recreational vehicles,

pleasure boats, construction and oil and mineral exploration.

a. Governmental Communications

As a satellite-based communications system, IRIDIUM
essentially will be disaster proof. It can be used in emergency

.situations such as earthquakes,. hurricanes, tornados, floods,




etc. Federal, state and local governments will use IRIDIUM as a
secondary communications system in situations where standard
communications services are inconvenient or impocssible to access.
Foreign governments will employ IRIDIUM extensively for emergency
services as well as communication from areas without telephone

service.

{1) JYsdera) Government

The federal government has approximately 3 million
civilian employees. .Government agencies such as the Drug
Enforcement Agency, Federal Bureau of Investigation, U.S. Custoi;
Service, Coast Guard, and the State bepartnent will use IRIDIUM
for travel and emergency communications capabilities. United
States diplomatic missions abroad also may use IRIDIUM as an
emergency communications system.

Motorola estimates civilian federal government use as
10,000 subscribers. In addition, the armed forces could employ
IRIDIUM for non-combat applications. Another 10,000 subscribers
are estimated for this purpose.

IRIDIUM will enjoy significant use by foreign
governments for communications in areas without telephone
service. These foreign governments will likely purchase 400,000

units,




(2) gatate Governments

State governments in the United States have
approximately 4 million employees. State governmental agencies
will use IRIDIUM for law enforcement, emergency and travel
applications. The penetration rate is estimated at 0.2 percent,
or 8,000 subscribers. The international market for state
governments is estimated at 20 times the U.S. market, or 160,000

subscribers.

(3) Leocal governments

IRIDIUM will be used as an emergency or secondary
. communications system by nunicipalities and local governments.
Individual local governments will have a limited number of units
available for emergency communications in case of a naturail
disaster, such as the San Francisco earthquake. Police,
firefighters, rescue teams, as well as the American Red Cross and
other emergency organizations, will be able to use IRIDIUM units
in areas where other communications are not available.

There are approximately 20,000 communities in the
United States of various sizes (cities, towns, villages), The
local governments in these communities employ approximately seven
million people. An IRIDIUM penetration rate of 0.4% is assumed
which results in 28,000 subscribers. International demand by
local governments is estimated at 20 times that in the U.S., or

560,000 subscribers.




». Internatiopal Travel

Foreign business travelers in developed countries will
be the main users of IRIDIUM's global paging service as discussed
above. United States and foreign business people travelling to
many developing countries will rely on IRIDIUM's voice and data
terminals, in addition to paging units, since sophisticated and
reliable communications services are not always available in
these countries. An estimated 60% of the 50,000 U.S. business
people travelling to developing countries will use IRIDIUM.
Foreign business people travelling to developing countries will
purchase an additional 120,000 units. The estimated total

subscriptions for international business travel is 150,000.
c. Commercial Air Travel

IRIDIUM's global coverage will offer reliable
telephone, data and RDSS services by authorized service providers
to commercial aircraft at all geographic latitudes, including
flights on polar air routes. The installation of terminal units
will not require stesrable antennas. low gain antennas,
including flush mounted antennas, may be used for this purpose.
As a result, IRIDIUM will offer significant advantages over
existing commercial air travel communications systenms. _

There are approximately 5,000 air carrier aircraft in
the United States. Eventually, most of these aircraft will have

in-flight public telephone service. A low-earth orbit system
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provides better coverage and lower cost receivers than land-
based and geosynchronous-based in-flight telephones. It is
assumed that IRIDIUM will capture up to fifty percent of the in-
flight market, or 2,500 aircraft. This aircraft service will be
available to over two hundred million passengers each year.
Approximately five percent, or 10 million passengers, are
expected to use IRIDIUM. Subscriptions in the international air

carrier market should be approximately the same as in the U.S.
d. Genersl] Aviatiop

There are approximately 200,000 general aviation
aircraft in the United States. The penetration rate is expecteé
to be at least that of similarly priced eéuipnent, such as a
LORAN-C receiver, which would result in 60,000 subscribers for
general aviation aircraft. The international market is expected
to add anocther 40,000 users. These services will also be

provided by authorized service providers.

e. Business Aviation

Continuous and high quality data and voice service is
presently not ;eadily available to business aircraft. IRIDIUM
will £ill this void by providing through authorized service
providers voice, facsimile, and data services for a complete
flying office.

There are approximately 10,000 turbo prop and turbo jet

business aircraft in the United States. By 2001, this number is




expected to increase to 14,000 aircraft. Given the need for
reliable communications at all times and the generally high value
of information being communicated, approximately fifty percent of
these business aircraft, or 7,000 customers, will subscribe to
IRIDIUM. An estimated 2,000 subscribers will be drawn from

foreign owners of business aircrart,

rt- Recreational Vehicles

There are approximately 8 million recreational vehicles
in the United States. IRIDIUM service will provide owners of
these vehicles with reliable telephone service in remote
locations, such as camps, parks and rural roads. A hand-held
phone could alsoc be used for hiking and other recreational
activities. Consumers of higher-priced recreational vehicles are
prime candidates for becoming IRIDIUM subscribers. The expected
penetration rate is five percent, or 400,000 subscribers. The
international market is expected to contribute another 100,000

subscribers.

g. PRleasure Boats

There are approximately 10 million pleasure boats in
the U.S. 1In the luxury class of boats (greater than 26 feet
long) there are an estimated 300,000 pleasure boats.
Approxinately seventy percent of these luxury boats, or 210,000,

are expected to subscribe to services carried over IRIDIUM by




licensed service providers. There should be a similar

subscription level in the international market.

h.  ghipping

Today, ships travelling on the U.S. coast, rivers,
canals, and lakes lack affordable, reliable and continuous
communications service. vVoice, facsimile, and data services
through authorized providers will be welcome in this market.

There are approximately 30,000 ships in the United
States which fall into this category. IRIDIUM will allow for a
lower cost complement to other systems serving this market. A
penetration rate of twenty percent, or 6,000 subscribers is
anticipated. Another 40,000 coastal and inland shipping

subscribers are estimated in the international market.

i. Constructjop and ©il and Miperal Exploration

IRIDIUM will provide critical voice and data services
through authorized carriers to remote construction and natural
resource exploration sites, including off-shore points. First
class telecommunications services will improve the efficiency of
thése businesses. Th; U.S. market is estimated at 5,000

subscribers, with another 15,000 internaticnally.

j. ERublic Telephone

Many areas in developing countries of Asia, Africa and

South America have no telephone service. In many cases, these




developing countries cannot afford to install the necessary
infrastructures. IRIDIUM is ideally suited for these situations
since the satellite infrastructure will be provided immediately
and at no cost to the host country. Only ground terminals will
be needed to begin service. The sstimates of people with no
access to telephone service range from one to two billion people.
Assuming one public phone per 2,000 people, there is a market for
up to one million phones. The estimated 30% penetration rate of

- this market for IRIDIUM will yield 300,000 subscribers.

k. Domestic Business Travel in Developing
gountries

As discussed above in Section III.B.3.b, communications
in many developing countries are inadegquate and create a major
impediment to conducting business in these countries. 1In
additioﬁ to serving visiting business people from developed
nations, IRIDIUM will offer critical communications services to
the indigenous business community. IRIDIUM'S reliable mobile
voice, data and facsimile service within these nations will
benefit these developing economies in all but the most
industrialized countries, with combined populations of over four
billion people. The potential market for use of IRIDIUM in
domestic business travel is estimated to exceed one million

units. A 30% penetration rate yields 300,000 subscribers.




4. pgummary of Demand Analysls

Table III-1 sumnarizes the expected demand for IRIDIUM.
The addressable market for &)l types of IRIDIUM applications in
the U.S. exceeds 30 million userg. The estimated numbers of
subscribers after five years in operation will exceed 1.3 million
in the U.S. and 6 million worldwjide. All IRIDIUM units will be
capable of receiving RDSS. Radiodetermination and two-way
messaging services will be offered to the trucking market which
comprises approximately 25% of the total subscriber base. Global
paging will alsoc account for 25% of the subscribers. The
remaining 50% of IRIDIUM subscribers will be split among other

service applications.




TARLE III~1
IRIDIUM DEMAND SUNOARY

(BY Year 2001)

Mdr:;:;blo Pu:;:;tin v.s. Poreigm Total

Market Seument —VUsexs = __Rated  Bubscribers Subscribers  Subscribers-
ADSS Tracking 3,100,000 10 310,000 1,240,000 1,550,000
RDES-Global Paging 5,000,000 & ioc, o000 1,200,000 1,500,000
Federal Government 3,000,000 0.7 20,000 400,000 420,000
States Governaent 4,000,000 0.2 8,000 160,000 168,000
Local Qoverumment 7,000,000 0.4 28,000 560,000 588,000
Internaticonal Travel 50,000 60 30,000 120,000 150,000
Commercial Aircraft 5,000 $0 2,500 2,500 5,000
Geaneral Aviation 200,000 30 60,000 40,000 100,000
Business Aircraft 14,000 50 7.000 2,000 %, 000
Recreational Vehiclas 3,000,000 s 400,000 100,000 500,000
Luxury Pleasurs Boats 300,000 -70 210,000 210,000 420,000
Shipping 30,0600 20 6,000 40,000 46,000
Construction and 10,000 50 5,000 15,000 20,000

0il and Mimersl

Exploratioms
Public Telepbone — - - 300,000 300,000
Domestic Business :

Travel i — —— 300,000 300, 000

Totals 30,709,000 4.5 1,386,500 4,689,300 6,076,000




B. Rroposed Services

IRIDIUM is a glcbal RDSS, voice and data communi-
cations system that can provide mobile communications within the
United States, and between the United States and any other
location in the world. The IRIDIUM network will communicate
through gateways to existing communications networks such as the
public switched telephone network and terrestrial cellular
telephone systems. IRIDIUM is intended to extend the coverage'of
existing telephone networks, not to compete with themn.

All services will be offered on a global basis, as
authorized in each country. The range of specific services
available to any individual subscriber depends only on the type

of unit selected.

1. Radiodetermination and Ancillary Bervices

IRIDIUM will offer RDSS services for automatic location
reporting, paging and tvo-way messaging. These services will be

available on a global basis.

a. RDE§

IRIDIUM can provide low-cost RDSS-only location
reporting services. 1In addition, RDSS capability is integral to

voice units.




b. global Paging Services

An alphanumeric pager for instantanecus global paging
will be offered. The pager unit will be similar in size and
performance to the present terreastrial pagers. It is primarily
intended for use in domestic and intermational metropolitan areas
where adequate telephone service is available for timely

response,
c. Two-Way MNessaging

Two-way messaging will be offered in conjunction with
RDSS to report unit positions and to receive and transmit short
messages. The primary application for their service will be for

trucking fleet management.

2. Pata Bervices

Global data services will be available over IRIDIUM.
Users can send facsimiles and other data from any point in the
world to any other point. '

Data will be transmitted at a rate of 2400 bits per
second. IRIDIUM subscribers need only add a modem to an IRIDIUM

voice terminal in order to send and receive data.

3. Dpigital Voice Services

IRIDIUM will provide two-way, high gquality 4800 bits

per second digital voice communications using handheld portable




and vehicle mounted terminals. IRIDIUM mobile terminals will be
available in combination with terrestrial cellular phones, with
RDSS and in combination with Global Position System (“GPS"“)
units. A terminal may be designed for in-flight telephone
service on commercial aircraft and a unit to be used on general

aviation and commercial aircraft.

C. Transceiver Description snd Features

The IRIDIUM subscriber unit ("ISU") product family
consists of hand-held portable units, the vehicular mobile units,
transportable units and pager units. The ISU offers worldwide B
RDSS, voice and data communications, and will be lightweight,
economical and as easy to use as a cellular phone. The ISU
communicates with IRIDIUM's satellite constellation, which forms
a practical, low-power communications link for next-generation
telephony.

ISU product development at Motorola is in progress.
Because Motorocla has extensive design and development experience
in conventional cellular telephones, digital cellular telephones
and pagers, Motorola is uniquely qualifjed to design and develop
a quality ISU product family. The economic advantages of
Motorola‘'s technical experience and volume production
capabilities will cause 1ISU prices to follow a reduction pattern
somevhat similar to that experienced with cellular phones.

However, they are not expected to experience as rapid and
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dramatic reductions as occurred with cellular radio because fewer
units will be manufactured.

It is anticipated that an "open system” functional
specification will be made available, allowing other
manufacturers to design and build ISU products. ISU product
compliance to the ISU functional specification will be verified
through rigorous "type approval® testing.

The initial jintroduction prices for the basic handheld
telephone are expected to bg in the neighborhood of $2,000 (1990
dollars), and somewhat more for more complex units. A pager is__
expected to cost approximately $200-300. An RDSS-only unit made

by Motorola or a third-party could cost as little as $200.

1. Radiedetermination Terminals

RDSS-only units without any voice or other data
capabilities are expected to become available as the market
develops for such services. As an option, Global Positioning
System (GPS) or GLONASS receiver circuitry can be added to

provide the user with more accurate location information.

2. Paging Termipals

The pager ISU provides worldwide paging in an apparatus
similar in size, weight and operation to a Motorcla pager. In
addition, other manufacturers are expected to offer pagers

compatible with IRIDIUM.
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3. Portable Terminals

The ISU portable user interface will emulate, as much
as possible, the existing Motorola cellular telephone interface.
The ISU will have many of the same programmable features found in
conventiocnal cellular telephones.

The hand-held portable ISU provides full-duplex voice
communication in an apparatus similar in size, weight and
operation to a Motorcla DynaTAC portable cellular phone. The
portable ISU will be small and lightweight. See Figure III-1l for

a depiction of a portable ISU.

4. Nobile Terminals

The vehicle mobile ISU provides voice and 2400 baud
data communication in an apparatus similar in size, weight and
operation to a Motorola mobile cellular phone. Mobile
installation configurations include hands-free calling for
driving safety, and dual antenna diversity for superior signal

reception.

S. Iransportable Terminals

Where permitted, the transportable ISU will provide
full-duplex voice and full-duplex 2400 baud data communication in
an apparatus similar in size, ;oight and operation to a Motorola
mobile cellular phone. The transportable ISU can be temporarily

installed in a building or at other locations.
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p. Information Concerning Sales of Communjcations Services

1. proposed fales of Communications gervices

IRIDIUM will be operated on a non-common carrier basis
by selling bulk transmission capacity on the satellite con-
stellation to major authorized carriers in the United States and
abroad, RDSS will be priced on a usage basis. Voice and data
offerings will be priced in units of service time, rather than

transponder capacity, and sold for fixed terms.

2. Nature and Principal Teras of Offerings To Be uidc
Available to Other Parties

Plans for the sale of IRIDIUM's communications services
will take into account such factors as competition, customer
demand, and flexibility in pricing and payment terms. The
services will be sold in wholesale bulk units on a traffic minute
basis.

IRIDIUM's unique ability to provide telecommunications
service from and to anywhere in the world has already attracted
considerable interest from é number of major domestic and
international carriers. Proposals are being presented to a
select group of customers. Final negotiations relating to
business terms, technical and legal matters could occur prior to
Commission approval of the IRIDIUM system. Buyers will have the
right to terminate agreements should Motorola elect not to

continue the program because of regulatory considerations.
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3. Specific and Detailed Information Concerning
Mazketing Plans

In National Association of Requlatory Utility
Conmissioners v, P.C.C,, 525 F.2d 630 (D.C. Cir. 1976), gert.
denied sub nom Nat'l Association of Radiotelephone Svstems v.

F.C.C., 425 U.S. 992 (1976), the Court held that "the
characteristic of holding oneself out to serve indiscriminately
appears to be an essentjial element" of common carriage, and that
an entity will not be a common carrier "where its practice is to
make individualized decisions, in particular cases, whether and
on what terms to deal.® Jd. at 641-42. 1In applying these
holdings to satellite transponder sales, the Commission found
that as Qtable one-time offerings to buyers and sellers with
particularized needs, these business relationships would not be
expected to be provided uniformly and indiscriminately to all
potential customers on a common carrier basis.®’ accordingly,
the Commission authorized applicants to apply for domestic
satellite licenses for non-common carrier purposes.®’ Moreover,

the Commission has held that long-term leases are consistent with

i/ gee Domestic Fixed-satellite Transponder Sales, 90 F.C.C.2d
1238, 1255-57 (1982) ("Iransponder Sales Decisijon"), aff'd, World
Communications, Inc. v, P.C.C., 735 F.2d 1466 (D.C. Cir. 1984).

@ 14, at 1257.




the criteria established for the provision of non-common carrier
offerings.i

IRIDIUM's offerings should similarly be classified as
non-common carrier services. Motorola will negotiate individual
long-term arrangements with major international carriers for
wholesale bulk transmission services. These carriers will, in
turn, provide telecommunications services to members of the
public.

A description of the proposed markets and services that
can be offered by IRIDIUM is contained elsewhere in this
application. The market response to IRIDIUM's satellite system-'
has been strong. Motorola fufther believes that prospective
carriers will demand long-term relationships in order to ensure

adequate capacity at stable prices.

4. Names of Any Purchasing Customers for Which Sales
contracts Have Been Executed

Although Motorola has not entered into definitive
agreenments for the sale of communications capacity, it has
engaged in detailed discussions with a number of prospective
customers. Market response to IRIDIUM has been very positive.
Motorola has entered into Memoranda of Intent with several major

international telecommunications carriers.

&/  cee satellite Business Systems, 95 F.C.C.2d 866, B869-70
Establishment of Satellite Systems Providing

(1883);
101 F.C.C.2d 1046, 1104-06 (1985)
("Separate Systems"), reconsideration, 61 Rad. Req 2d (P&F) 649
(1986), :nx;hs:_zsggnaiﬂgxgsign 1 F.C.C. Rcd 439 (1986).
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Iv. ORBIT CONSIDERATIONS

A. Requested Orbits

The IRIDIUM system consists of a constellation of 77
low-earth orbit satellites in seven polar orbits, with eleven
satellites egually spaced in each orbital plane. The selection
of the operating orbits for the satellites was based on the
simultaneous solution of many criteria, each of which are vital

to the commercial and technological feasibility of IRIDIUM.

B. orbit Selection Criteria

.The following six criteria were considered in selecting
the number of satellites and orbits:

The primary criterion for developing IRIDIUM's orbit
selections was the need to provide single global coverage over
the entire surface of the earth at all times to insure that any
IRIDIUM subscriber unit will always have at least one satellite
in view. This requirement defines the minimum number of orbital
planes and number of satellites within each plane.

A second selection criterion required that some portion
of each orbit be available to allow each satellite to operate in
a low pover enviromment, thereby permitting power generation
subsystems to be recharged. This requirement allows the size of
the power subsystem to be minimized and makes it feasible to

design a "small" satellite.
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A third criterion for selection required that the
relative spacing and line-of-sight relationships to neighboring
satellites be repeatable to allow the on-board subsystenms which
control crosslinks to be simplified, thus reducing the size,
weight and power on the satellite design.

A fourth orbit selection criterion invelved minimizing
the cost of the entire constellation of satellites. This is a
two-part optimization which requires that the number of
éatellites be minimized along with the cost of launching each
satellite into its operational orbit. 1In general, the costs _
associated with launch vehicles increase as the satellite weight
and orbit altitude increase. )

To insure that reasonable link margins could be
established for "small”™ satellites directly communicating with
low power subscriber units, the minimum slant angle as measured
from the horizon to the line of sight between subscriber units
and satellites was set at 10 degrees. This criterion also
impacts the orbit selection process which must still provide -
continuous coverage while providing a feasible link margin needed
to offset the effects of slant range and foliage.

The last criterion involves the operational altitude
regime. Operational altitudes above 600 nautical miles are
affected more by the radiation environment which drive up
hardware costs, whereas altitudes lower than 200 nautical miles
Create excessive on-board fuel requirements and frequency of

stationkeeping maneuvers.
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¢. oxbit selection

The orbit selection process focused on the satisfaction
of all of the above criteria. The paper contained in Appendix C
hereto provides an extensive analysis of the general topic of
earth coverage provided by families of polar satellites. The
selected IRIDIUM constellation is comprised of seven evenly
spaced circular polar planes, with each plane containing eleven
satellites in a ring. See Figure iv-l for a view of these
planes. The satellites within each plane are spaced 32.7 degrees
apart, and travel in the same direction at approximately 16,669
miles per hour in a north/south direction and 900 miles per hour
westward over the equator. Each satellite circles the earth
every 100 minutes.

The seven planes of satellites co-rotate towards the
north pole on one side of the earth and "crossover" and come down
towards the south pole on the other side of the earth. oOf
course, the earth continues to rotate beneath the IRIDIUM
constellation. The 11 satellites in each plane are egually
spaced around their planar orbit, with the satellites in the odd
numbered planes (1,3,5, and 7) in phase with one another, and
those in the aven numbered planes (2,4, and 6) in phase with each
other and halfway out of phase with the odd numbered planes. In
order to prevent the satellites from colliding at the poles, a
minimum miss distance is maintained between the planes in phase.

Each of the seven co-rotating planes are separated by slightly
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more than 27 degrees, and the "sean" between planes 1 and 7,
which represents plane 1 satellites going up on one side of the
earth and plane 7 satellites coming down in the adjacent plane,
is separated by slightly more than 17 degrees.

This satellite constellation provides coverage over the
entire surface of the earth with single coverage provided at the
equator and increasing levels of coverage as the satellites move
toward the poles (due to individual satellite coverages beginning
to overlap). The chosen altitude of 413 nautical miles is
compatible with the desired altitude regime of greater than 200
and less than 600 nautical miles, and with the need to minimize
the cost of thé launqh vehicles needed to placerthe satellites
into their operational orbits. Several launch vehicle suppliers
should be able to place IRIDIUM satellites inﬁo the required
orbits at a reasonable price.

The nearly symmetrical relationships between planes in
the chosen constellation also simplifies the on-board subsystems
wvhich control inter-satellite crosslinks. Neighboring satellites
slightly ahead of a reference satellite move smoothly towards the
referance satellite's plane and cross over that plane at the
poles. They then move smoothly away from the reference satellite

as the cluster approaches the equator.




D. Deployment and Replenishment of fatellites

There are several deplcoyment options for the
constellation that are presently under evaluation. Single or
multiple satellite launches are being considered.

The majority of the constellation probably will be
deployed using multiple satellite launches to facilitate rapid
completion of the 77 satellite constellation. Final completion
of each plane will be obtained by single satellite per launch
enplacenent.

Replenishment of the constellation will be accomplished
using single sgtellite launches to minimize cost and to replace

rapidly non operational spacecraft.

B. Safety cConsiderations

The IRIDIUM constellation is designed to comply with
all safety practices and procedures presently accepted in the
aerospace industry. Launch safety will be assured through
compliance with appropriate range safety controlling documents
from the selected satellite launch complex.

An additional safety consideration for the IRIDIUM
progran consists of avoidance of satellite to satellite
collisions in the polar areas. The constellation is designed
witﬁ the assurance of clearance between satellites as they pass

each other at the poles. Small deviations between actual orbit
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slements and pure polar orbits with exactly the same orbit phase
angles are used to assure that ceollisions do not occur,

At the end of useful life, fuel is expended to enhance
the decay of the satellite into lower orbits where natural
atmospheric drag will cause it to burn up during reentry.

Careful selection of materjals will be made to insure complete
consumption during the reentry trajectory.

Systems design includes the considerations necessary to

assure user safety.

F. Public Interest Copnsiderations

The public interest considerations noted in Section II
of this application also support the assignment Af these proposed
low-earth orbits to IRIDIUM. By utilizing polar orbits at
relatively low altitudes, IRIDIUM is able to take advantage of
superior propagation characteristics and frequency reuse
techniques to enable worldwide mobile communications at
affordable costs. Such services alsc can be offered in
conjunction with other terrestrial and satellite-based
communications systems on an interference free basis.

To date, no commercial carriers utilize low-earth
orbits to provide communications service to the public. oOnly
fixed geostationary satellites currently provide space
communications. As the geosynchronous‘orbit becomes more and
more congested with satellites and interference considerations

prevent further use of the orbital arc, low-earth orbit
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satellites will provide a realistic alternative for the continued
and expanded use of space for global communications. Through the
granting of this application for radio station licenses, this
Commission can start the process of licensing and coordinating
low-earth orbital assignments.

In addition, the proposed orbital assignments will
provide continuous coverage to the contiguous United States as
well as all noncontiguous U.S. areas, including Alaska, Hawaii,
Puerto Rico, the Virgin Islands, and U.S., territories in the
Pacific. The Commission has long recognized and encouraged the
provision of satellite service to these offshore points in order-

to integrate better domestic U.S. communications services.¥
v. IRIDIUNM SYSTEM DESCRIPTIION

A. General Overview of Systen

The IRIDIUM system is composed of: (1) a Space Segment
comprised of a continuously replenished constellation of 77
small, smart satellites in low earth orbit, (2) a Gateway Segment
consisting of earth stations and associated facilities
distributed throughout the world to support call processing
operations and to provide for PSTN interconnection, (3) a
centralized System Control Facility:; (4) a Launch Segment to

transfer the satellites into orbit; and (5) a Subscriber Unit

%/ gee, ©.9., 1980 Orbit Assignment Order, 84 F.C.C.2d at 604-
05 (1981); Domestic communjcatiop~Satellite Facjlities, 35
F.C.C.2d 844, 856-59 (1972) ("Domsat II").
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(®"ISU™) Segment. Figure V-1 provides a pictorial summary of the
major elements of esach of the system segments.

The IRIDIUM system architecture is extremely flexible
and has been designed with the following objectives in mind:

. Efficient use of gpectrum and RF power:
. Continuous global coverage;
. Reljiable communications in nearly all environments

and terrains;
® Minimizing user terminal size, weight and cost:
. Minimizing satellite production and launch costs;
. Allowing for economical upgrades to increase

system capacity and to implement improvements
resulting from natural technology eveoluticn.

B. gpace Segment

The Space Segment includes a constellation of 77 small
satellites in low-earth orbit which are networked together as a
switched digital communications system utilizing the principles
of cellular diversity to provide maximum frequency reuse. Each
satellite will utilize up to 37 separate spot-beams to form cells
on the surface of the earth. Multiple relatively small beams
allow the use of higher satellite antenna gains and reduce the RF
power required in the satellite and the user terminal. The
spatial separation of the beams allows increased spectral
efficiency via time/frequency/spatial reuse over multiple cells,
enabling many simultaneous user messages over the same frequency

channel.
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The constellation of satellites and its projection of
cells is somewhat analogous to a cellular telephone system. 1In
the case of cellular telephones a static set of cells serves a
large number of mobile users; in the case of IRIDIUM, the users
move at a slow pace relative to the spacecraft, so the users
appear static while the celis move. As each satellite nears the
poles, the cutermost spot beams are disabled to eliminate
unnecessary overlap with beams from adjacent satellites. §See
Figure V-2 for a global depiction of such spot beam coverage.

Each satellite operates crosslinks as a medium used to
support internetting. These crosslinks operate in the Ka-band
and include both forward and backward looking links to the two
adjacent satellites in the same orbital plane which are nominally
at a fixed angle and 2,173 nautical miles away. Up to 4 inter-
Plane crosslinks are also maintained and these links vary in
angle and distance from the satellite with a maximum distance of
2,200 nautical miles. Crosslink beams never intercept the earth.

Each satellite can communicate with earth-based
gateways either directly or through other satellites by means of
the crosslink network. The system architecture is designed to
accommodate 250 independent gateways, although initially between
5 and 20 gateways will be constructed, including two in the U.S.

The initial system is sized to handle the expected
demand plus some margin for the end of this decade; however,
IRIDIUM allows for capacity growth in subsequent years as the

need arises. Technological improvements in power avajilable on




=118

3

FIGURE V-2

»
ar
1)
"
1)
" ¥ [1)
"
'
1] [ 1]
[1]
a8 4
1]
»
L]
»
»
»
[
» (1]
" L 4
[T "
.
"
w " lJ »
L]
* o
Ll
n
(1]
* ) "
T
" .
"

”

GLOBAL SPOT BEAMS



- 52 -

board spacecraft, launch weights, antenna technology, electronic
technology, and areas not now known will allow for system growth
within the overall systenm design that provides for a natural
evolution as IRIDIUM matures.

The IRIDIUM system has been designed to meet the
technical requirements set forth in the international Radio
Regulations and the applicable provisions of Part 25 of the
Commission's Rules and Regulations. The system design also is
fully compatible with all compliant RDSS systems, the radio
astronomy community and GLONASS.

The major satellite characteristics are shown in Table
V-1. The following subsections will describe in greater detail

these and other aspects of the IRiDIUM system.
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TABLE Vv-1

MAJOR IRIDIUNM SATELLITE CHARACTERIBTICS

Stabrilization
Mission Life

Station Keeping

Fregquency Bands

Earth Coverage
Max. Number of Uplink
Channels per Satellite

Max. Number of Downlink
Channels per Satellite

Number Intersatellite
Channels per Satellite

Number Gateway Channels
per Satellite

Total Occupied Bandwidth

Polarization

Transmit EIRP

Satellite G/T

Wet Mass with Reserve

orbit

3=-Axis
5 Years

+/=- 0.5 Degrees Attitude Accuracy
+/- 20 Kilometers Position Accuracy

1610-1626.5 MHz
18.8-20.2 GHz
27.5-30.0 GH2z
22.55-23.55 GHz

5 Million Square Miles Per
Satellite

110 per cell averaged over 37 cells
110 per cell averaged over 37 cells

3,000 Maximum

2,000 Maximum

16.5 MHz € lL-band
200 MHz @ Ka-band (crosslinks)
100 MHz € Ka-band (gateway uplink)

Right Circular 100 MHz @ Ka-band
{gateway downlink) @ L-band &
Ka-band (Gateway and TT&C links)

Vertical @ Ka-band (Intersatellite

links)

12.4 to 21.2 dBw @ l-band

14.5 to 27.5 4Bw @ Ka-band
{Gateway)

37.9 dBw @ Ra-band (Intersatellite)

-19.6 to =5.3 dBi/K @ L-band
-10.1 dBi/K € Xa-band (Gateway)
5.3 to 7.0 dBi/K € Ka-band

(Inter-satellite)
3g6.2 kg.

Pclar (7 planes)
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Each satellite has the capability of projecting 37 L-
band spot beams on the surface of the earth. The spot beams form
a continuous hexagonal pattern with one center spot beanm
surrounded by three rings of equally-sized beams. The three
rings consist of 6, 12, and 18 spot beams, respectively. Each of
the 37 spot beams is created such that they are approximately the
same shape and size (372 nautical miles in diameter), and combine
to cover a circular area with a diameter of about 2,200 nautical.
miles for each satellite. Each satellite is in view by a single
ISU for approximately nine minutes.

Each satellite has 6 multiple beam phased array
antennas plus one fixed beam cupped dipole antenna. The phased
array antennas are located on the side panels of the hexagonal
satellite, each of which forms six cellular beams. The fixed
beam antenna is located on the bottom of the satellite and forms
a single cellular beam in the nadir direction. Active
Transnit/Receive (T/R) modules are utilized to provide power
amplification for the transmit function, low noise amplification
for the receive function, switch selection between transmit and
receive, and digital phase control for active heam steering of
both the transmit and receive beams in the phased arrays.

The composite L-band pattern is illustrated in Figure

V-3 as it is projected on the surface of the earth. The six cell
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FIGURE V-3 37-CELL PATTERN
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pattern of each phased array (beam types 1-6) is repeated for
each of the six panels. The nadir cell (beam type 7) is served
by the cupped dipole located on the nadir face of the satellite.
Each of the phased array antenna beams have been optimized to
provide the desired cell coverage, The antenna aperture gains
(on-boresight) and beamwidths for each of the beam types are
listed in Table V-2. PFigures V-4 to V-10 depict the satellite L-
band antenna gain contours. Tables A-2 to A-5 in Appendix A

provide the peak antenna gains and specific link analyses.

TABLE V~2
ANTENNA APERTURE GAINS AND BEANWIDTHS
Aperture 3 dB Beamwidth Elevation
Beam Type Gain (dBi) Azimuth (deg)
1l 25.0 19.0 5.4
2 25.0 19.0 5.4
-3 25.0 19.0 5.4
4 23.9 15.0 7.0
5 23.0 1%.0 8.5
6 20.0 26.0 11.5
7 12.0 45.0 45.0

b. Irormation of the Cellular Pattern

IRIDIUM operates with a 7-cell frequency reuse pattern,
as shown in Figure V~11. The cells denoted as A through G are
scanned by the satellite antenna arrays in accordance with the
timing pattern and sequence shown in Figures V-3 and v-12.
During the time slot that the antenna is peinting at a cell,

satellite transmissions may be made and receptions of
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EXHIBIT I (Revised)

TECENICAL INFORMATICN

-3and ’Tzlink and Downlink) 1810-14626.5 MHz [(15.3 MHz)
Folarizaticon Right Hand Circular
Zenter Trazuency TOMA Crcoss Band
Crannel Zandwidth 280 Xz Downlink
126 ¥Hz Uplink
Zateway and TT75%C (Upliink) 27.53-30.0 GHz (100 MHz) -
‘Downlink) 18.8-20.2 GHz ({100 MH:z)
Polarizat:ion Right Hand Circular
Center Treguency 5 Channels (single channel per
link)
Channel Bandwidth 13 MHz
Intersatellite Link 22.55-23.35 GHz (200 MHz)
Polarization Vertical
Center Fregquency 8 Channels (single channel per
link}
Channel Bandwidth 25 MHz

Final Amplifier Output Power=

L-Band
(Cells 1 - 37)

1.5 to 11.8 Burst Watts per
carrier

Ka-Band
Gateway 1.0 to 25.0 Watts per
channel
Intersatellite 5.1 Burst Watts per carrier?

Receiving System Noise Temperature?

L-Band 553 K
Ka-Band
Gateway 1454 °K
Intersatellite 789 - 1114 °K

2 See Appendix A of IRIDIUM system application.



Gain of Each L-Band Channel (Not a transponder)?¥

orbital Locations?®

Altitude 413 Nautical Miles

Number of Planes 7 Polar Planes

Spacing of Planes 27 Degrees (except
planes 1 & 7
spaced 17
Degrees)

Number of Satellites Per Plane 11 sSatellites

Spacing of Satellites In Plane 32.7 Degrees

Predicted Satellite Coverage Contours s

Functional Block Diagram of
Satellite Communications System
and Switching Capabilities 2

Physical Characteristics of Satellite

Attitude Accuracy +/=~ 0.5 Degrees
Position Accuracy +/= 20 kilometers
Antenna Axis Attitude &/

Antenna Pointing Accuracy Toward
Earth +/- 0.5 Degrees

¥  see Appendix A of IRIDIUM system application.

¥ See Section IV to the IRIDIUM system application for the
factors which support these orbital assignments.

2/ L-band cell (1 - 7) contours and Ka-band gateway and
intersatellite link contours are provided in the IRIDIUM system
application at Section V. See Appendix A of the IRIDIUM system
application for receiving antenna gain, transmitting antenna
gain, receiving system sensitivity (G/T), saturation power flux
density, and effective isotropically radiated power.

3 sSee Section V of the IRIDIUM system application.

&/ See Section V of the IRIDIUM system application.




Estimated Minimum Lifet}me of
In-Orbit Satellite”’ 5 Years

Attitude Stabilization and Station-
keeping Systems

o

Electrical Energy System

Emission Limitations (L-Band)
Channel Bandwidth 280 KHz
Spurious Emissions Attenuated

30 dB @ 100% x Channel Bandwidth from carrier
60 dB @ 200% x Channel Bandwidth from carrier

i/ The basis for this lifetime estimate is contained in Section
V of the IRIDIUM system application.

& A description of these systems is contained in Section Vv of
the IRIDIUM system application.

& A description of this system, including provision for
operation during eclipse conditions, is set forth in Section V of
the IRIDIUM system application.
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FIGURE V-6 CELL 3 PATTERN,
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FIGURE V-8 CELL 5 PATTERN
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FIGURE V-9 CELL 6 PATTERN
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FIGURE V-10 CELL 7 PATTERN
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FIGURE V-11
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transmissions from ISU's may occur during the respective transmit
and receive intervals. Transmissions may be on the same
frequency at the same time in any cells with the same letters (A,
B, etc.) as shown in Figure V-11.

Each satellite has scanning beam antennas which are
programmed to point at the correct cell on the earth at the right
time. Figure V-13 shows the integration of the 7-cell pattern on
a satellite and how it is integrated with satellites whose
antenna patterns are contiguous.

The positioning of the satellites is such that the
cells merge at the eguator as shown in Figure V-2. As the
satellites move toward a pole, the distance between satellites in
adjacent planes decreases. This causes antenna patterns to
overlap. As the cell patterns begin to overlap, selected spot
beam antennas are deactivated to permit an orderly reconstitution
of the frequency reuse pattern. This synchronized control of the
cells is defined as cell management.

On a global basis, there typically are 1,628 cells and
the seven-cell pattern reuses each frequency over two hundred
times. Within the contiguous United States alone, IRIDIUM will
achieve more than five times frequency reuse. No other existing
or proposed satellite system comes close to achieving these

spectrum efficiencies.
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2. Bpectrum Utilization and Prequency and
t

The IRIDIUM system will receive and transmit signals in

the United States at the following frequencies:

Subscriber Unit 1610-1626.5 MHz
Uplink and Downlink3
Gateways and Satellite 27.5-30.0 GHz (Uplink)
Control Facilities 18.8-20.2 GHz (Downlink)
Intersatellite Crosslinks 22.55-23.55 GHz

The IRIDIUM system is designed for single L-band
operation. This means that no frequency spacing is required
between the up and down link carriers, and that the paired RDSS
band (2483.5-2500 MHz) will not be needed for the proposed

service.
a. enc ans

The Frequency Plan for the L-band is shown in Figures
V-14 and V-15. The uplink consists of up to 102 frequency
channels spaced every 160 KHz. Each channel occupies a 126 KHz
bandwidth. It is expected that a maximum of 64 carriers may be
used, 9 of which will be control channels. The downlink consists
of up to 46 carriers. The carrier spacing is every 350 KHz and

each channel occupies a bandwidth of 280 KHz. It is expected

4/ The IRIDIUM system will be capable of operating in the 1610-
1660.5 MHz band worldwide, but will only utilize those portions
of the spectrum over any geographic region authorized by the
appropriate regulatory bodies.
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that a maximum of 29 carriers may be used, 4 of which will be
control channels.

The downlink uses Digital Speech Interpolation (DSI)
technigques to reduce its bandwidth. A 2.2:1 DSI activity
compression ratio is used allowing the 25 downlink traffic
carriers to handle up to 55 voice channels. The four control
channels provide the DSI control information to the IRIDIUM
subscriber terminal units, as well as the paging and
synchronization signals.

The spectral occupancy of the carriers will be arrénged
to protect the radio astronomy (1610-1613.5 MHz) and GLONASS (up-
to 1616 MHz) frequency bands. Motorola does not anticipate any
difficulties entering into memoranda of unéerstanding with the
appropriate radio astronomy parties to protect certain
frequencies where necessary to avoid unacceptable interference in
these bands. See Appendix B.

The IRIDIUM system crosslinks require 200 MHz of
spectrum. The appropriate allocation for this type of service is
the Intersatellite Link Service ("ISS") allocation at 22.55-23.55
GHz. This application reguests the use of frequencies in these
specified bands; however, it is recognized that the space
research community anticipates future use of this spectrum on

such systems as the ATDRSS. It is believed that because of the

a2/ These figures assume a fully-operational GLONASS system.
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general geocentric isclation of the two systems the likelihood of
unacceptable interference is low. ¥

Polarization for L-band links will be right circular.
Polarization for the Ka-band intersatellite crosslinks will be
vertical. The polarization for the Gateway links will be
circular.

Spurious emissions beyond the usable bandwidth of each
frequency band will be attenuated by input and output filters,

and the radio frequency design.
b. ompat ity with Othe 88 Systems

IRIDIUM is fully compatible with all compliant RDSS
systems and will not cause objectionable interference to any
licensed system. See Appendix B hereto. Motorola agrees to
coordinate with Geostar or any other licensed system operator to
avoid harmful interference as required by Section 25.3%2(b) of
the Commission's Rules. As set forth in Section VI of this
application, Motorola requests a waiver of Section 25.392(f) of
the Rules to provide such coordination through technical means

other than the spread spectrum technigques set forth therein.

3/ 1t should be noted that the FCC Industry Advisory Committee
to WARC-92 is recommending additjional ISS allocations in the 22
and 33 GHz part of the spectrum to accommodate possible future
needs. Motorola understands that this proposed 1SS allocation
use and development strategy has been discussed and coordinated
with cognizant U.S. space research officials.
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3. Traffic capacity

The multiple access format for IRIDIUM uses both time
division ("TDMA") and frequency division ("FDMA") which results
in a very efficient use of spectrum. A 14 slot TDMA format is
used, allowing each cell to be assigned on the average two time
slots. The average traffic capacity of the IRIDIUM system using
the 16.5 MHz from 1610 to 1626.5 MHz is therefore 2 x 87 traffic
channels or 174 full duplex voice channels per cell. The IRIDIUM
system places approximately 40 cells (time variant over 10
minutes) over the continental United States and its coastal
waters. The traffic capacity for the contiguous United States
would then be 40 cells x 174 or 6,960 full duplex voiée
channels.

Other non-contiguous parts of the United States would
also be served by the IRIDIUM system, including Alaska, Hawaii,
the Virgin Islands, Puerto Rico and the island territories in the
Pacific Ocean. At 174 full duplex voice channels per cell and
1628 operable cells worldwide, the theoretical maximum capacity
of the system would be 174 x 1628, or 283,272 full duplex voice
channels using just 16.5 MHz of spectrum.ﬂ’

For RDSS only applications, the traffic capacity would

be even larger. The basic RDSS data may be transmitted in a

8/ These capacity figures may be reduced somewhat depending
upon the future deployment of GILONASS.

3/ Id.
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single burst in the TDMA time slot. Each cell exchanges two
bursts every 60 milliseconds, or 33.3 bursts per second.
Therefore, the capacity per carrier per second over the
continental United States would be 40 cells times 33.3 or 1333.
Given the capability of 40 active RDSS traffic carriers on the
downlink, the total system capacity would be over 191 million
observations per hour.®®’ IRIDIUM can provide observations to all

subscribers. There is no limit on the number of subscribers.
4. O ations Bubsystem

The IRIDIUM communications system provides L-band
éommunications between each satellite and individual subscriber °
units, Ka-band communications between each spacecraft and ground-
based facilities (either Gateway or System Control Facilities),
and Ka-band crosslinks from satellite to satellite. The transfer
of Telemetry, Tracking, and Control ("TT&C") information between
the System Control Facilities and each satellite is generally
provided via the a Ka-band communications links, with a dedicated
link (via omni antenna) provided as a backup. Figure V-16 is a

'top—level block diagram for the communications subsystem.

28/ I14.
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a. - d s be er al Links

The L-band communications requirement is supported by
an antenna complex consisting of seven antenna panels which form
37 cellular beams. Of the seven beams that can be formed
simultaneously (one from each panel), six may be active during
any time slot (based on the projected overlap between the cell
patterns of adjacent satellites). The L-band communications
subsystem is sized to provide transmit and receive capability for
up to six fully loaded cells.

Each active receive beam supports up to 87 traffic
channels spaced at 160 KHz intervals. Each active transmit beam
supports up to 45 traffic channels requiring a maximum of 280
TDMA modulator channels per satellite. The larger uplink channel
quantity is balanced with the use of a 2.2:1 DSI voice activity
compression ratioc on the downlink.

The L-Band communications subsystem is designed to
support bit error rates of less than 10°? end-to-end for voice.
The lower bit error rates required for data transfers will be
supported through the use of processing hardware installed at the
subscriber units to apply more robust protocols and coding in
order to counter the deep fades experienced in the L-band links.
The FDMA/TDMA architecture selected for use on IRIDIUM will allow
growth in the capacities of future satellite launches through

additional freguencies, while maintaining compatibility with the
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data rates, channel spacing, and slot allocations described

herein.
b. ate links

To form a transmission network that is able to
transport subscriber communications around the entire earth
requires that the satellites of the IRIDIUM constellation be
interconnected. Each satellite will communicate and route
network traffic to the two satellites that are fore and aft of
the vehicle in the same orbital plane. Two separate fixed
waveguide slot arrays peinting in forward and aft directions are-
used for the in-plane links. The gain of these arrays is
approximately 36 dBi. Figure V-17 depicts a typical crosslink
antenna gain contour. Table A-8 in Appendix A gives the peak
antenna gains and specific link analyses.

In addition, each spacecraft will be interconnected to
the satellites in the adjacent two orbital planes. Mechanically
steered waveguide slot arrays are used to track the co-rotating
adjacent planes (cross-plane)., The gain of the cross-plane
antennas are also 36 dBi. The cross-plane antennas are optimized
to provide a 5 degree elevation beamwidth so that mechanical
scanning is required in only the azimuth direction.

These four cross links provide both direct and
practical routing between users throughout the world and provide
a substantial redundancy that can continue to support traffic

flow in the event of degradation to one of the satellites. These
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links will experience neither transmission fades nor multipath as
can be seen in the link budget calculations in Appendix A. The
low link margins both limit the power requirements aboard the
satellites and minimize any possibility of interference
originating from the satellites. Each of the four crosslinks
supports 600 simultaneous circuits for an effective capacity of
1300 voice channels assuming the 2.2:1 DSI factor.

The frequency plan for these crosslinks requires the
allocation of eight distinct center frequencies for crosslink
communications in order to support all necessary satellite-to-
satellite communications on a non-interfering basis. The burst
data rate for each link is 25 Mbps and the charinels are spaced at
25 MHz intervals. Each Ka-band crosslink is designed to support

2 bit error rate of less than 10’ using rate 1/2 FEC coding.
c. tewa inks

The Ka-band gateway links support simultanecus
communications with two ground-based gateways (or system control
facilities) per satellite. The antenna elements for the gateway
subsystem are located on the nadir panel of the satellite.
Satellite beam-center gains for maximum range is 18.0 dBi on the
downlink and 21.5 dBi on the uplink. The transmission links are
designed to function even during rainfalls that attenuate the
signal by up to 13 dB in the downlink and up to 26 dB in the
uplink, Multiple antennas separated by up to 34 nautical miles

provide spatial diversity which avoids sun interference and helps
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mitigate rain attenuation. This proﬁides link availability of
99.8% for gateways. Figures V-18 to V=27 depict the satellite to
gateway downlink antenna gain contours. Figure V-28 depicts the
gateway to satellite uplink antenna gain contour. Tables A-6 and
A-7 in Appendix A give the peak antenna gains and specific link
analyses for the gateway link.

Each of the two full-duplex gateway links supports 600
simultaneous circuits for an effective capacity of 1300 voice
channels assuming the 2.2:1 DSI factor. The frequency plan
requires the allocation of six distinct center frequencies each
for uplink and downlink gateway links. The modulation rate in
each direction is 12.5 Mbp; and the channels are spaced at 15 MHz
intervals. Each link is designed to support a bit error rate of

less than 10~ using 1/2 rate FEC.

5. Transmission Charact stics

a. Provision of RDSS and Other Services

The IRIDIUM system has been designed to provide RDSS
plus voice and data services using digital transmission in a
combined time and frequency division multiplexing scheme. RDSS
is accomplished by performing an electronic calculation of the
stationary position of the ISU relative to a satellite orbit.
Given these results and a description of the satellite orbit, the
position of the ISU can be determined to within one mile.

Accuracy can be improved with time. The ISU measures the arrival
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of the start of downlink transmissions by correlation detection
of the unique word which begins the event. The arrival of
subsequent bursts, at once per frame are noted. The difference
between actual arrival time and expected arrival time are
recorded. Using these values and the ephemeris parameters of the
orbit, the ISU computes an estimate of the distance and time from
the satellite to the ISU when the satellite is at Point of
Closest Approach ("POCA"™). 1In an iterative process, a difference
equation is solved and an estimate of pseudo range produced.
Worst case, the technique will require a few minutes of passive
listening to provide an answer.

| Voice is provided by the transmission of the output of
a VSELP 4800 BPS voice coder. Processing by this type of voice
coder produces discrete blocks or packets of data at the coder
framing rate. Each information packet will be protected from
errors with a combination of forward error correction and error
detection which increase the information bit rate of 4800 bits
per second to a link transmission rate of about 8500 bits per

second.
b. dulati aracteristics

The modulation and multiple access technigques used in
IRIDIUM resembles those of a terrestrial cellular system,
especially the newer digital cellular systems (GSM, U.S. digital

cellular, etc.). A combined frequency division and time division




- 67 =

multiple access format is used along with data or vocoded voice
and digital modulation techniques (QPSK, MSK, etc.}).

Each subscriber unit operates in a burst mode using a
single carrier transmission. The bursts are controlled to occur
at the proper time in the TDMA frame. A typical uplink TDMA
format is shown in Figure V-12. The TDMA frame has fourteen time
slots. Each ISU will burst so that its transmission is received
at the satellite in the proper time slot, Doppler corrected. The
downlink transmission format is similar, though slightly higher
in bit rate to the uplink.

This overall scheme has been chosen tc maximize
frequency reuse, minimize spectrum requirements, maximize the
possibility of sharing spectrum, and minimize the complexity of
the subscriber units, the satellites, and the gateways that
interface with the terrestrial Public Switched Telephone Network
("PSTN"). Use of digital technigques also provides good
communication with lower signal to noise ratios than could be
achieved with analog modulation techniques. Ultimately, this
permits service to be provided to more users, using less
spectrum, and at lower cost.

The system will use differentially encoded, raised
cosine filtered, quadrature phase shift keyed ("QPSK")
modulation. This specific format has been chosen as the best
compromise for the transmission channel between the satellites
and the earth which may experience a combination of multipath

fading and transmission impairments (shadowing) due to natural
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vegetation. Several competing modulation formats were considered
but were not chosen because they offered no improvement and
generally were more complex to implement. Raised cosine
filtering of the digital signal reduces the spectral occupancy
and thus permits multiple carriers to be placed close together

with acceptable levels of intermcdulation.

c. Performance Objectives

The IRIDIUM system is designed to provide service to
virtually 100% of‘the earth, 99.5% of the time. However, it
should be recognized that it will be economically, and at times,-
physically impossible to provide service to every single point on
the earth. There are practical limitations to the total number
of locations which will physically be within line of sight to the
satellites. The end-to-end bit error rate will be better than
0.01 for voice transmissioﬁs. More typical minimum bit error

rates will be between .001 and .0001.
d. e ANc alculations

The link budgets presented in Appendix A include the
use of QPSK modulation format and sufficient bits to provide the

equivalent of Rate 3/4 forward error correction.

6. Telemetry, Tracking and Control Subsystenm

The Telemetry, Tracking, and Control (“TT&C") subsystem

provides the functional hardware required for the reception,
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processing and implementation of command data, and the
collection, storing, multiplexing, and transmission of satellite
telemetry data. The TT&C subsystem operates with or without the
simultaneous functioning of the mission communications system,
and does not degrade or interfere with the mission communications
operations. The spacecraft antenna arrangement and the
communications hardware configuration insure that command and
telemetry functions are accessible during all phases of the
mission. Functional hardware redundancy will be used to ensure
reliability and preclude single point failures of the TT&C
subsystem. Typical functions of the TT&C subsystem are satellite
attitude control, thruster control, electronic egquipment
redundancy switching, multiple-point system monitoring for health
and status evaluation, control of system initialization and
testing, and general housekeeping tasks.

When the satellite is on-station, telemetry downlink
transmissions utilize the 18.8-20.2 GHz band, and telecommand
uplink transmissions utilize the 27.5-30.0 GHz band.
Alternatively, TT&C data may be conveyed to any gateway using the
satellite crosslink network provisions. TT&C data normally are
multiplexed into the wideband 20/30 GHz ground link or the
crosslink transmissions during on-station operations, but during
transfer orbit operations the TT&C capability is provided by
transmission over independent narrowband channels at the same
20/30 GHz carrier frequencies. These narrowband channels use

omnidirectional spacecraft antennas to permit direct communica-
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tions with a gateway regardless of the satellite attitude. These
antennas are linearly polarized. This link supports control and
data communication during pre-orbit operations, de-orbit
procedures, or during emergency or "lost bird" conditions where
the satellite is not earth-locked.

The narrowband TT&C communication link signal margins
are adeguate to permit a ground station antenna of moderate
beamwidth (approximately 1 degree) to receive and transmit TT&C
link signals. This meets the requirements of initial acquisition
and re-acquisition operations. When the narrowband transmission
mode 1s in operation, all of the TT&C data and control signals
are transmitted in digital form at a rate of 1.0 kbps each.

Large signal margins and FSK modulation are used to minimize the
effects of anticipated antenna pattern irregularities and grating
lobes which are characteristic of the satellite omnidirectional
antennas. Non-coherent modulation allows signal demodulation in
the presence of the rapid phase shifts likely to occur if the
satellite tumbles or spins. The TT&C satellite transmission

characteristics are summarized in Table V-3.
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TABLE V-3
TT&C BATELLITE TRANSMISSION CHARACTERISTICS
On-Station
Transfer Orbit Communications
{Omni Antenna) Network
Frequency/ 18.8-20.2 GHz/ 18.8-20.2 GHz/
Polarization Linear RHC (Gateway/SCS)
EIRP 9.5 dBW max. {(Uses Gateway
link or Crosslink)
Modes cof Operations Sequential data, Sequential data,
Selected data Selected data
Modulation FSK QPSK
Data Rate 1 kbps 12.5/25 mbps
(total Gateway
link/Crosslink
data rate)

The command subsystem is designed to maintain positive
control of the spacecraft during all mission phases., It provides
reliable control during launching maneuvers and for all satellite
operating attitudes. It also maintains the orbital velocity of
the satellite and controls housekeeping functions and
communications subsystem configurations. The command messages
are encrypted and authenticated to provide security, protecting
the satellite control subsystem against unauthorized access.

The command transmissions received from the ground are

demodulated into a digital bit stream. When the satellites
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receive and decode a valid command from the TT&C earth control
station, the spacecraft command subsystem generates a digital
command verification message which is transmitted back to the
ground. The spacecraft command subsystem then executes the
command in response to a subsequent verification transmission,
and executes the command. Some of the attributes of the command

uplink are summarized in Table V-4.

TABLE V-4

COMMAND BIGNAL CHARACTERISTICS

Transfer Orbit on-Station
Frequency 27.5-30 GHz 27.5-30 GHz
Ant. Polarization Linear RCP
Modulation FSK QPSK
Receive Flux Density (Uses Gateway link

-60 dBW/m2 max. or Cross-1link)

Data Rate 1 kbps 12.5 mbps (total
uplink data rate)

7. Autonomous Navigation and Control

Subsysten

IRIDIUM's Autonomous Navigation and Control Subsystem
("ANAC") is configured as a three axis bias momentum system.
Primary attitude control of the satellite is achieved by the
gyroscopic effects of a single Pitch Axis momentum wheel. The

design uses the momentum of a high speed, single degree of
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freedom wheel to provide inherent attitude stability. Magnetic
torquing and wheel speed control will be utilized for attitude
error correction. The primary sensors will be a pair of Barnes
Engineering Dual Cone Scanners implemented for the MANS
(Microcosm Autonomous Navigation System) to provide infrared
sensing of the earth and visible sensing of the Moon and Sun.

The system will be fully autonomous with ground control
backup capability after the satellite is placed in its final
orbit and initially attitude stabilized. The inherent gyroscopic
stability of the wheel provides stable attitude control and
reliable reacquisition in the event of a sensor failure or
.control anomaly. Figure V-29 is a representative block diagram
of the system.

The ANAC System is utilized during the parking orbit
and final mission orbit, and performs the following functions:

Parking Orbit: Determines altitude and position. The
momentum wheel, torquers and small thrusters are used to
establish and maintain three-axis stability during the parking
orbit. Satellite position is reported via telemetry to the
ground control.

Mission Orbjt: Maintains control during deployment and
mission operation. Stationkeeping can be performed autonomously
or in conjunction with ground commands.

The Momentum Wheel Assembly provides gyroscopic
stability of the wheel axis which is aligned to the satellite

Pitch axis in inertial space. Control of the Pitch Axis to
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maintain nadir pointing is achieved by wheel speed control to
exchange momentum with the satellite. Roll and yaw errors are
both controlled utilizing magnetic torquing. Wwheel speed
commands and magnetic torquing currents are developed in response
to error signals developed by the MANS Kalmann filter. The
Barnes sensor utilizes earth, sun, and moon sensing to develop
the required error signals. Torquing results from the
interaction between the magnetic fields of the coils and the
earth's magnetic field. Both roll and yaw errors are corrected
in response to a roll error signal.

MANS employs a modified existing space gqualified
scanning sensor to obtain altitude, rell, and pitch using
infrared detection of the earth. The same sensor obtains yaw and
orbit parameters using visible light detection of the azimuth and
elevation of the sun and moon. Two sensors are utilized to
obtain enhanced accuracy plus provide sensor redundancy. Using
this approach, fully autonomous navigation and attitude are
provided independent of any external resources. A Rubidium clock
is also required as part of the system to provide an accurate
time reference. Position, attitude, and rates are available at
250 msec intervals and provide the following attitude and
position knowledge accuracy:

. Attitude accuracy: +/- 0.5 degrees

] Position accuracy: +/- 20 kilometers

The system stationkeeping mode also utilizes an

autonomous approach using an abscolute stationkeeping method
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wherein each satellite is maintained within a prescribed "box"
with position within the box determined by the MANS system. This
approach requires minimal commanding. The positions of all the
other satellites are known without extensive data transmission,
and the system can be easily monitored from the ground as a check
mode.

A low thrust hydrazine system is utilized to minimize
spacecraft disturbance torques. The thrusters will always be
fired in the direction of the velocity vector to ensure optimal
propellant efficiency. The magnitude of the drag makeup is based
on the observed drift relative to its assigned box and the
required impulse computed during the ascending node of the orbiﬁl
The requifed command will be executed at the subsequent apogee to
raise and circularize the orbit to maintain the spacecraft within

the center of its designated box.

8. Propulsion Subsystem

The satellite uses a monopropellant hydrazine subsystem
to provide all propulsive functions. This subsystem applies
external torques and forces to the satellite to perform the
functions of orbit insertion, orbit adjustment, maintenance,
reaction control, and de-orbit. The principle components of the
subsystem include propellant storage pressure vessels, catalytic
thrusters, solenoid, manual, and pyrotechnically actuated valves,
plumbing, and telemetry instrumentation to evaluate the in-flight

performance of the subsysten.
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The propulsion subsystem includes a propellant load and
thrusters capable cof providing the delta-velocity increment
required to insert the spacecraft into the designated orbital
slot and positively de-orbit the spacecraft at end-of-life. The
on-orbit functions of the subsystem include, altitude, mean
longitude, and orbit inclination maintenance for the duration of
the operaticonal life. The on-orbit propellant load has been
sized to provide a 60% consumable reserve for on-orbit functions.
Table V=5 provides a preliminary propellant budget.

The hardware implementation of the subsystem utilizes
one surface tension propellant tank manifolded tc redundant
thrusters == each having a series redundant propellant control
valve and it's own thermal elements. Thrusters are located as to
provide limited redundancy. The surface-tension device in the
fuel tank ensures gas-free propellant delivery under all
acceleration environments. The tank capacity provides for an 8-

year mission life including the delta-velocity functions.

TABLE V-5

PRELIMINARY PROPELLANT BUDGET

Functieon Propellant Mass (kg)
Oorbit Insertion 17.5
Orbit Trim 2.2
Drag Makeup 3.6
EOL Decommission Maneuver 18.0

Total Propellant Mass 41.3
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Each solenoid valve is controlled by a thruster I/0
board which provides the interface between the propulsion
subsysten and the main payload processor. A background task
running on the main processor selects the proper valves and
timing for whatever function is commanded from the ground or by
the on-board attitude control task. The status of the subsystem
and maneuver bookkeeping is monitored via telemetry. End of
consumable life is detected via pressure telemetry coupled with

bookkeeping information.
9. c w system

The Electrical Power Subsystem ("EPS") is depicted in
simplified form in Figure V-30. The EPS.provides the power to
the satellite electrical loads over the expected lifetime. The
bus voltage varies from 22 to 36 volts and is converted to
required egquipment voltages by power converters located at the
loads.

The EPS is configured as a peak power tracking system
with the battery always on line. The peak power trackers are
adjustable and can be operated off the peak power point to reduce
battery charge current when the battery reaches a full state of
charge. The subsystem includes the following major elements:

. A high output photovoltaic solar array.

. Long life nickel hydrogen secondary batteries.

. Fault isolating power distribution system.
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. Redundant bus regulation and battery charging

controls.

The EPS contains fault protection features which
automatically respond to subsystem malfunction or to excessive
main bus loads. All power subsystem automatic function can be
overridden in response to ground commands. Sufficient telemetry
is provided to allow a comprehensive evaluation of EPS in flight
performance as well as complete equipment status.

The soclar array consists of 18 sun oriented planar
panels with 9 panes per wing. Each wing is attached to a
deployed astromast by a Graphite Fiber Reinforced Plastic
("GFRP") boom. During transfer orbit, the panels are folded and‘
stowed by a single wrap around cable against the spacecraft body.
During this time, the cutermost panel§ are periodically
illuminated by the sun and will aid in providing power to
housekeeping loads. When the spacecraft reaches its operation
orbit, the array is deployed and full power will be available.

The following mechanisms are used to deploy the solar

array;
. Multipoint solar panel support during launch by
restraint from a single wraparound cable.
. Cable release provided by redundant pyro activated
cable cutter.
) Deployment sequenced using simple thermo motorized
hinges.

Stepper motor drives are used for sun tracking. Two
seasonal drives (one/wing) and a common orbital drive provides

rotation of both wings about the deployed mast. -Power from the
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rotating array is transferred to the main bus by slip rings.
Each wing is independently oriented by redundant stepper motors.

The design incorporates high efficiency GaAs/Ge solar
cells on a lightweight GFRP substrate for minimum size and
weight. Array design and sizing will meet all power requirements
over the satellite mission life.

One 48 amp-hour nickel hydrogen battery will comprise
the battery system. Battery charge current will be controlled by
adjusting the peak power tracker based on amp hour integration
processed within. the on board computer, with temperature backup
controls within the Power Control Unit. The battery consists of
22 cells allowing for a single cell failure.

The batteries are trickle charged at a constant c/100
rate when they reach approximately 97% state of charge (actual
capacity). Recharge rate occurs at a level of c/1.2 to ¢/1.8 in
the peak power tracking mode from eclipse exit until switch to
trickle charge. The battery system will be sized to provide all
housekeeping loads during eclipse plus some capability for
communications.

Table V-6 sets forth the electrical power budget and

indicates EOL power capabilities:
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TABLE V-6
POWER BUDGET
SUBSYSTEM EQL(5 yrs,avg pwr)
Communications
Electronics 433
K band pwr amp(PA) 21
L band pwr amp(PA) 232 (battery supplied)
Attitude Control 50
Telemetry, Tracking, and Cmd 20
Electrical power and Distrib 75
Thermal Control 20
Battery Charge 750
TOTAL LOAD 1369 (excluding L band Pa)
Panel Capability 1429 watts
Margin (%) 60 watts (4%)
10. ite Physical Dasc tio

Motorola will evaluate a variety of satellite designs
before selecting a final design. It will be necessary to retain
the flexibility to choose a final design based on technical
capability and negotiations with potential suppliers. The
baseline design was developed by Motorola in conjunction with
consulting satellite engineers; however, Motorola reserves the
right to substitute an equivalent design at a later date if so
warranted. Motorola will, of course, keep the Commission
informed of its final choice in satellite design and

characteristics.
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The satellite will be three-axis stabilized. Figure
V=31 is an illustration of its design, and Figure V-32 is a
diagram of major bus subsystems.

The satellite structure will be capable of supporting
the mass, volume, and heat dissipation requirements of the
satellite. The structure itself will be capable of providing the
required support and rigidity during all phases of launch,
transfer and orbit insertion. The structure is a hexagonal tube
of aluminum honeycomb panels supporting horizontal aluminum
honeycomb shelves at both ends. Aluminum honeycomb stiffening
ribs positioned vertically along the full length of the tube at .
three of the six corners support an internally mounted propellant
tank. ©On one end of the hexagonal tube is the Zenith panel-which
supports two-axis articulating solar arrays on an extendable
mast. The Nadir panel, on the opposite end, supports Ka-band
crosslink and gateway antennas and a single L-band subscriber
antenna. The remaining six subscriber antennas cover the side of
the hexagonal panels. Bus, processor, and communication
electronics are located on the inside of the hexagonal tube.

The structure has the following features:

. Simple structure assembly

. Interchangeable subassemblies

™ Mocdular assembly of all subassemblies .

. Low structure weight

o Grounded subassemblies to avoid space charging

effects.
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FIGURE V-31 SATELLITE DESIGN
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The structure will be compatible with the volume,
thermal, acoustic, and vibration constraints of a variety of
commercial launch vehicles, including Delta, Atlas, and Pegasus.

The Thermal Control Subsystem maintains the temperature
of the spacecraft and its components within a safe operation
range under the simultaneous effects of the external space
environment and component thermal dissipation during the entire

mission. The major elements of this system are:

. Surface finish coatings

. Thermal insulation blankets

. Thermal conducting materials

* Makeup heaters

' Temperature sensors and thermal control processing
. Heat pipes

Temperature control is performed by using passive
design technigues, heat pipes, and heater augmentation. The
passive surface finish, insulation, and heat pipe elements
compensate for the seasonal and orbital variations in solar flux,
while the heaters compensate for internal dissipation due to the
variation in number of users over different areas of coverage and
the state of the electrical power subsystem during eclipse and

sunlight operations.
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The spacecraft mass budget is as shown in Table V-7,

TABLE V-7
SPACECRAPT MASS BUDGET
Subsystem Mass (kg)
Structure 24.9
Thermal Control Subsystem 12.1
Propulsion (Dry) 8.6
GN&C Subsysten 9.8
Electrical Power Subsystem 78.9
Antenna Subsystem 83.3
Communication Electronics Subsystem B1.8
Spacecraft Mass (Dry) 299.4
Consumables 41.3
Spacecraft Mass (Wet) - 340.7
Spacecraft Reserve Mass 45.5
Spacecraft Wet Mass with Reserve 386.2

11. oOperational Lifetime and SBpace Segment Reliability

The operaticnal lifetime of each satellite is
determined by a number of factors, including solar array
degradation, stationkeeping fuel consumption, and random parts
failure. The following indicates the estimated lifetime of the
satellites for each of these factors:

Sclar array degradation - 5 years

Stationkeeping fuel - 8 years (3 sigma orbital,
insertion accuracy assumed)

Random parts failure - 5 years
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Redundancy will be provided on critical hardware as
determined to be necessary through reliability analyses and

predictions.

c. wa ent

1. QOverview

The Gateway Segment controls user access and provides
interconnection to the terrestrial Public Switched Telephone
Network ("PSTN"). There will be multiple gateways distributed
throughout the world; initially two of these gatewafs will be
sited in the continental U.S. to provide separate coverage of
both the eastern and western halves of the country. Two
additional sites will be located in eastern and western Canada to
provide coverage for that country as well as Alaska.¥’

Each Gateway contains an Earth Terminal and Switching

Equipment necessary to support IRIDIUM's Mission Operations.

2. Parth Terminal

The key Earth Terminal parameters are summarized in
Table V-8. Each earth gateway terminal contains three RF front-
ends supporting continuous operations with extremely high
reliability. O©One RF front-end is used to establish uplink and

downlink communication with the "active" satellite while another

i/ when these exact locations are identified, separate gateway
applications will be filed.
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is used to establish communication with the next "active"
satellite. A third RF front-end provides backup capability in
case of equipment failure and also provides geographic diversity
against unusual sun or atmospheric conditions that would degrade
service. Each RF-front-end consists of a Ka-band antenna,

receiver, transmitter, demodulator, modulator, and TDMA buffers.
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TABLE V-8

GATEWAY EARTH TERMINAL BSUMMARY

Data Rate
Error Correction Coding
Modulation

Frequency Bands: Transmit
Receive

Ground Tracking Antenna
Diameter

Gain

Maximum Sidelobe Level

3 dB Beamwidth

Pointing Angle Range

Ground Acquisition Antenna

Transmitter EIRP
Clear Weather
Heavy Rain

Receiver G/T

Minimum Eb/No

12.5 Mbps

Convoluticonal, Rate=1/2, K=7
QPSK

27.5-30.0 GHz (Uplink)
18.8-20.2 GHz (Downlink)

3.5 Meters

54.0 dB € 20 GHz
57.5 dB & 30 GHz

20 dB below main beam peak

0.36 Degrees @ 20 GHz
0.24 Degrees @ 30 GHz

360 Degrees Azimuth
+5 to 90 Degrees Elevation

Passive Array, Configquration
TBA '
$51.4 dBW (+/~ 3 4B)

to 77.4 dBW Max. {(+/- 3dB)
23.2 dBi

6.9 dB € BER-10°

Since the orbiting satellites are in motion relative to

the gateways, both primary antennas follow the track of the
nearest two satellites. The communication payload being conveyed
across the "active" link must be handed off periodically, from

the current satellite to the next one as the active link
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disappears from view. This handoff process will be transparent
to both IRIDIUM and PSTN users involved in active calls.

Each RF front-end is controlled by an earth terminal
processor, which provides antenna pointing commands based on
ephemeris data provided by the System Control Segment ("SCsS"),

In addition, this processor provides status and performance data
to the SCS so that the gateway coperations within acceptable
limits can be verified. The SCS will be able to direct specific
gateway hardware to be tested, diagnosed, and reconfigured as
necessary. In addition, the SCS can direct the gateways to
reduce or terminate their access tc the IRIDIUM network or the .
PSTN when continued operations would result in possible harm to
either one. ‘

The RF front end High Power Amplifier power output will
be controlled to compensate for atmospheric attenuation (such as
rain). Received signal strength will be monitored and used to
obtain information on atmospheric attenuation. The received
electric field intensity at the satellite will be maintained at a
constant level that is within 6 dB of the minimum required to
maintain a 10" bit error rate. The vast majority of the time,
this will imply that the RF front end EIRP will be within 3 dB of
nominal.

communication with the SCS will normally be achieved by
using up to 1 Mb/s data rate to the "active" satellite; the
information is transported by the IRIDIUM Ka-band network between

each satellite and the "active" satellite serving the SCS. To
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insure that essential information flow is not disrupted in the
face of Ka-band network anomalies, backup terrestrial
communication channels conforming to CCITT V and X Series
Recommendations will also be provided between the gateways and
the SCS.

To provide a reliable backup method of monitoring and
controlling satellite operations, the gateways will transparently
relay essential Tracking, Telemetry, and Control ("TT&C™)
information between the overhead satellites using Ka-band
channels and the SCS using terrestrial data communication
channels. This egquipment also performs the following functions:

. Processing of call control data packets to

establish and terminate virtuél circuits for
IRIDIUM subscriber units.
. Processing of system control data packets to

support SCS communications.

3, witch ipment

Each gateway provides switching equipment to interface
between the communication paylocad in the Ka-band link and the
voice/data channels of the PSTN for establishing, maintaining,
and terminating calls. This equipment performs the following
functions:

) Transferring in-band line/address signals

associated with PSTN Signalling System Rl to
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establish and terminate circuit-switched
connections.

. Transferring common channel signalling information
associated with PSTN Signalling System 7 to
establish and terminate circuit-switched
connections.

] Supplying in-band tones and announcements to PSTN
users to indicate call progress conditions

] Digital switching of PCM signals between channels
derived from the earth terminal data, channels
connected to the PSTN, and channels used to
support in-band signalling of call control or

progress information

4. Missjon Operatjoms

Each gateway provides external interfaces that allow
IRIDIUM to set up connections between users and the PSTN,
transfer billing information for each call, and transfer or
update information in the subscriber files for its subset of

registered users.

5. nterconnectio

IRIDIUM will provide both veice and data connections
through its satellite network, allowing information to be
transferred between a subscriber terminal and any other IRIDIUM

-or- PSTN user. Voice connections will be designed to be fully
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compatible with applicable ANSI T1 standards and the CCITT G and
Q Series Recommendations for digital transmission systems
utilizing Signaling Systems Rl and 7 (as adapted for the U.S.
telephone network). It is anticipated that interconnections will
be made to local exchange, inter-exchange, and international
carriers to allow an IRIDIUM user to establish a connection to
any destination in the world.

Data connections will be designed to be fully
compatible with the Commission's 0SI standards developed in the
context of its Computer III Ingquiry, as well as with applicablé

CCITT V and X Series Recommendations.

D. System Control Segment

The System Ceontrol Segment {("SCS") provides control of
the satellite constellation. The S5CS manages and controls all
IRIDIUM system elements, insuring that service to the user is
maintained in both the short term and over the long haul.
Functions performed by the System Control Segment fall into two
general areas: active control of the satellites, and control of
the communications assets of the satellites. These tasks are

performed by separate, collocated subsystems.
1. onst on ratio

The primary functions of the constellation operations

subsystem include:
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° Managing each satellite orbit. Over time a
satellite's orbit tends to decay because of
effects such as high altitude atmosphere and
solar pressure. One of the constellation
operations functions is to monitor this decay
and order the firing of thrusters on the
satellite to correct the orbit.

. Monitoring each satellite's health. Telemetry
information reflecting the status of each of the
satellite's many systems is continuously
telemetered to the System Contrcl Segment. When
unusual situations or failures occur it is often
possible to issue commands to a satellite to "work
around® the problem, and sometimes even correct
it.

. Supporting satellite launch and checkout. As each
satellite is launched, it must be maneuvered into
its final orbit and tests must be run to verify
proper functioning. These activities are
performed under the control of the constellation
operations subsystemn.

'y Removing satellites from the constellation. As
each satellite reaches then end of its useful life

it must be maneuvered away from the rest of the
constellation and safely de-orbited.

2.  Network Operatjons

The network operations subsystem provides the
capability to manage the communications networks. Under normal
conditions the functioning of the satellites in terms of
communication to the subscriber units, gateways, and to each
other will be autonomous. In the event of abnormal conditions
such as very heavy traffic loading or node failure, the network
operations subsystem will provide instructions to the network

nodes on what steps to take to maintain service quality to the
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users. The steps may be very simple or very complex depending aon

the specific conditions.

3. Location of 8C8 Bubsystems

The network operations and constellation operations
subsystems will be replicated at two separate sites to provide a
continuous capability in the event of some catastrophic event.
By positioning the cobservation sites approximately 52 degrees
north and spreading them in latitude, it is possible to observe
every satellite every orbit with three earth terminals. The
earth terminals will be nearly identical to those described in -
Section V.C.2. A final SCS element, the Operations and Analysis
Subsystem, will be located at Chandler, Arizona. This subsystenm
provides long term planning and analysis for the entire IRIDIUM
system. Chandler is particularly attractive as a site because
access to the design engineers will be key to performing the

analysis functions.

E. Subscriber Unit Segment

Communications between the ISU and the satellite is
over a full-duplex FDMA channel in TDMA bursts of QPSK modulated
digital data. Digitized voice is enceded and decoded using the
Motorola 4800 bps VSELP vocoder algorithm (selected as the U.S.
Digital Cellular competition). Subscriber 2400 baud data and

4800 bps digital voice data are protected with convolutional
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coding and interleaving. Table V-9 provides a technical summary

of a typical subscriber unit.

- TABLE V-9

BUBBCRIBER UNIT BUMMARY

Coded Date Rate: Uplink 180 Kbps
Downlink 400 Kbps
Error Correction Coding Convolutional, Rate=3/4, K=7
Modulation QPSK
Frequency Band 1610.0-1626.5 MH2
Antenna:
Type Quadrifliar Helix
Gain +1.0 to +3.0 dBi
Area of coverage 360 Degrees Azimuth
+10 to %0 Degree Elevation
Transmitter EIRP: Peak B.45 dBW (7.00 Watts) Maximum
Average -4.70 dBW (338 Milliwatts)
Maximum
Receiver G/T -23.8 to =-21.8 dBi
Minimum Eb/No 3.1 dB @ BER-107°

ISU uplink TDMA burst timing is synchronized to the
downlink burst. The ISU compensates for changes in satellite
range by timing the uplink burst transmission to arrive at the
satellite with correct TDMA frame alignment. The ISU also
compensates for the satellite Doppler frequency shift by

adjusting the uplink transmit frequency.
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F. c ent

The Launch Segment encompasses the systems required to
deliver each satellite to a specified parking orbkit for
positioning in the constellation. This segment includes the
launch vehicle and all associated equipment used to support the
launch, integration of the launch vehicle and satellite, and
control of launch operations. Satellites will be launched one by
one or several at a time. At the end of launch vehicle powered
flight, the launch segment provides the satellite state vector
{(position and time) to the SCS which them assumes control over
the satellite.

Pre~launch and launch operations are basically the same
as those in practice for launches today. The SCS determines the
overall launch plans and launch schedules. The launch vehicle is
assembled and tested by the Launch Segment before mating with the
satellite. The satellite is then mated with the launch vehicle
and undergoes pre-flight integration testing and checkout.

The SCS computes and provides the Launch Segment with
the parameters that specify the desired parking orbit. The
Launch Segment performs all planning and targeting required for
the launch vehicle to achieve the desired parking orbit. The
Launch Segment computes the mission-specific data load for the LV
flight computer and loads the flight computer.

Launch operations are controlled by a Launch Control

- Center ("LCC") under the direction of the System Control Segment.
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Satellite telemetry is passed to the launch vehicle and relayed
to the LCC as part of the telemetry. The LCC monitors the launch
vehicle status and relays satellite telemetry to the SCS. The
5CS processes and monitors telemetry to validate readiness of the
satellite to launch. The LCC may recompute and uplecad the launch
vehicle mission data load before launch.

The 1CC makes a recommendation to launch based on
results of satellite and launch vehicle readiness testing and
environmental monitoring (weather, etc.).

The launch vehicle is monitored and controlled by the
LcC. The LCC monitors range safety and can send an abort or
destruct command to the launch vehicle after ignition if
pre-determined range safety guidelines are violated.

‘The satellite provides health and status telemetry data
to the launch vehicle. The launch vehicle transmits the data to
the LCC, along with launch vehicle status data. The LCC provides
the SCS with the satellite telemetry data received via the launch
vehicle. The SCS monitors the satellite telemetry data to
determine SV health and status.

The LCC determines the launch vehicle trajectory from
tracking and telemetry data and generates an estimate of the
parking orbit state vector. The SCS uses these parameters to
determine antenna pointing angles for contacting the satellite
after separation.

The SCS will nominally acquire the satellite using the

‘estimated parking orbit vectors received from the launch vehicle.
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A search may be required to be performed by the ground antennas
to acquire the satellite if a nominal orbit was obtained. The
SCS5 will update the parking orbit vectors based on ephemeris
information provided by the satellite.

In the parking orbit, the satellite will deploy the
satellite subsystems on ground command. The SCS will monitor the
deployment sequence via telemetry when in line of sight of the
SCS or Gateway earth terminals. The solar panels will then start
to provide the power to allow use of the Ka-band uplink/downlink
and crosslink antennas normally used for SCS/Gateway
communications. The SCS determines the command sequences
necessary to accomplish the transfer from the parking orbit to
the mission orbit. The final sequence is actually a series of
small burns which places the satellite into the right orbital
"siot" relative to the other satellite in the same orbit. The
satellite will execute the orbit maneuvers at the commanded
times. The SCS will monitor the orbit maneuvers and continue to

monitor satellite health, status and state vectors.

VI. ED WAIVERS OF CO. SION ES

IRIDIUM's state-of-the-art design and business plan
requires certain nonconforming use and technical waivers of the
Commission's rules. As demonstrated throughout this application,
there are substantial public interest benefits supporting this

global personal communications systems. These considerations and
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others clearly demonstrate good cause for granting the requested
waivers.®¥
A. Request For Waiver Of Fregquency Allocation

To Permit Co-Primary Voice And Data Bervices
A8 A Nonconforming Use Of The RDSS Band

Motorola requests that the Commission waive Sections
2.106 and 25.392(d) of its rules tc permit the IRIDIUM system to
offer co-primary voice and data services as a nonconforming use
of the RDSS band.®®¥ A nonconforming use waiver will open up to
the public the full range of advanced and innovative services the
IRIDIUM system can offer, enhance the safety of lives and
property worldwide, foster the international competitiveness ofm
the United States, and significantly advance the efficient use of
the 1610-1626.5 band, without interference to existing users.
Additionally, use of the RDSS band for the provision of generic
mobile satellite services comports with the Commission's own
publicly espoused policy goal of reallocating the RDSS band for
co-primary RDSS and generic MSS use.

1. Nonconforming Uses of the Freguency
Bpectrum Are Permitted in Appropriate

8ituatjons

Both the Commission's rules and the international Radio

Regulations provide for nonconforming uses of frequencies

2/ 47 C.F.R. § 1.3 (1983). See also WAIT Radjo v. F.C.C., 418
F.2d 1153 (D.C. Cir. 1969).

a8/ 47 C.F.R. §§ 2.106, 25.392(d) (1989).
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provided that no harmful interference is caused to existing

allocated services.

When evaluating a request for a waiver of
its frequency allocations, the Commission typically considers
four factors:

(1) whether the frequencies requested are
underutilized;

(2) whether the proposed use of the frequencies will
be detrimental to their assigned users;

(3) whether any existing frequency allocation is not
suited to or is insufficient to accommodate the
applicant's requirements; and

(4) whether the public interest will be served by a
grant of the waiver.

No single factor, however, is determinative in this analysis.*
2. The Proposed Nonconforming Use of the

RD8S Band Batisfies the Commission's
Waiver standard

a. The 1610-1626.5 Band Is Underutilized

As discussed in the RDSS Licensing Order,*’ the

Commission's original intent when it allocated the RDSS band was
to license multiple RDSS systems so as to foster competition in

the provision of radiolocation and radionavigation services. The

Lo/ 47 C.F.R. § 2.102 (1989); International Radioc Regulation No.
342; DBS Systems, 92 F.C.C.2d 64, 68 (1982) (Commission generally
allows nonconforming uses in appropriate situations).

4/ see Bangor and Aroostook R.R. Co., 5 F.C.C. Rcd 1199 (1990);
Big Bend Telephone Co., 2 F.C.C. Rcd 3068 (1986), and cases cited
therein.

g/ 104 F.C.C.2d at 653.
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Commission perceived sufficient market demand for dedicated RDSS
services to support several licensees.? It concluded that
competition among those licensees would bring such services to
the public quickly, without the delays attendant to comparative
hearings or the establishment of a consortium.®’

None of these predictions has come to pass. Although
the Commission initially entertained three technically compatible
applications, only one licensee remains. To date, however, that
licensee ~~ Geostar -- has had very little success in bringing
its radio-determination services to the public.*¥

Given Geostar's currently limited services, the
decreasing likelihood of any significant increase in its capacity
td serve new subscribers in the future, and the total absence of
any additional proposals for the provision of dedicated RDSS
services waiting in the wings, the 1610 to 1626.5 band is
practically unused for its assigned purpose. In these
circumstances, "the public interest would be better served by
allowing [others] to use the frequencies . . . than by allowing

the frequencies to lie fallow."¥

87 14, at 662-63.

8%/ 14. at 653.

8/ gee WARC-92 Second Inquiry Notice, F.C.C. 90-316, at § 70;
GTE Spacenet Corp., 1 F.C.C. Red at 1163; GTE Satellijte Corp.,
Mimeo Nos. 5175 & 1181 (released June 16, 1986, and December 2,
1985, respectively): GTE Spacenet Corp., 4 F.C.C. Rcd 4538
(1989).

%/  Bangor and Aroostook R.R. Co., 5 F.C.C. Rcd at 1200.
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b. Operation of IRIDIUM in the RDSE Band
Will Not Interfere With the Operations
L ) uthe ed 8 ce oviders

In its RDSS Licensing Order, the Commission indicated
that nonconforming uses of the RDSS band could be permitted if
there is no prospect of causing harmful interference.’ As
demonstrated in Appendix B, the IRIDIUM system has been carefully
designed to share the 1610-1626.5 band with all currently
licensed users. With this proposed system design, the chances of
harmful interference to Geostar and other RDSS band users are
virtually nonexistent.

c. The Existing Allocation for Generic
MBS Is Clearly Insufficient

The Commission itself has already recognized that
additional bandwidth must be allocated to the generic mobile
satellite service and that the RDSS band is the most appropriate
source of additional scarce bandwidth. In its WARC-92 Second
Inggizx_ng;igg, the Commission explicitly noted that the demand
for generiec MSS is growing at an accelerating pace and is already
beginning to create "increasing pressure to accommodate more and
more systems within the limited spectrum available for these
services."® (Consequently, the Commission has endorsed proposals

for RDSS to share the 1610-~1626.5 MHz band with compatible

Az 104 F.C.C.2d at 660.

A8/ F.C.C. 90-316, at 9§ 65.
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generic MSS systems on a co-primary basis and is planning to
advocate such a reallocation at WARC-$2.¥ 1In the past, the
Commission has not hesitated to grant a waiver for a
nonconforming use when, as here, the process for reallocation of
the relevant band to that use is already underway.®’

4. Granting a Waiver for Primary Voice
and Data Bervices Will Berve the

Publjc Interest

Granting a waiver to permit the IRIDIUM system to offer
voice and data services on a co-primary basis with RDSS will
serve both the policies adopted by the Commission for the 1610-
1626.5 band and the public interest for several reasons. <First,
the requested waiver will foster the Commission's multiple entry
policies. The ability to offer voice and data services on a co-
primary basis will permit multiple new entrants to use capacity
on IRIDIUM to make RDSS and MSS widely available in competiticn
with Geostar and possibly other MSS service providers. Second,
as demonstrated in this application, IRIDIUM's extensive reuse of
the L-band and lack of need for the paired RDSS bandwidth at
2483.5-2500 MHz, is an extremely efficient use of the frequency
spectrum. Third, IRIDIUM can provide both supplemental RDSS
service and meet the market's growing demand for generic MSS

without causing interference to other operators in the L-band.

2/ 14. at § 70.

0/ See, e.d9., Communjications Satellite Corp., 5 F.C.C. Red
4117, 4118 (1990).
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Fourth, the regquested waiver will promote "the
Commission's policy ... to encourage advancements in
communication system design and to foster commuhications that
promote the safety of life and property."®’ Finally, permitting
IRIDIUM to develop to its full potential will advance U.S.
competitiveness in international telecommunications generally and
place the United States at the forefront of developments in low
earth satellite technologies.

B. Request for Waiver of RDS8S Technical Rules to

Allow for Up and Downlinks in RD88 L-band and
for Non-S8pread Spectrum Compatibility

Technigques

Motorola also requésts waivers of two technical
requirements contained in the RDSS rules. First, Motorola seeks
a waiver of Section 25.202(a)(2) of the rules®' to permit the
IRIDIUM system to use both uplinks and downlinks in the 1610-
1626.5 MHz band. Second, Motorola requests a waiver of Section
25.392(f) of the rules®’ to allow the use of non-spread spectrum
techniques for ensuring IRIDIUM's compatibility with other

licensed RDSS systems.2

4/ aeronautical Radjo Inc., 5 F.C.C. Rcd 3038 (1990).

22/ 47 C.F.R. § 25.202(a)(2) (1989) (allocating the 1610-1626.5
MHz band for RDSS user~to-satellite communications and the
2483.5=2500 MHz band for satellite-to-user communications).

231 47 C.F.R. § 25.392(f) (1989).
24/ In addition, to the extent required, a wavier is requested

of Section 25.392(f) of the rules, to allow for compatibility
(continued...)
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The Commission has consistently held that it is
appropriate to waive its technical requirements whenever the
requested waiver forwards the public interest and serves the
policies underlying the rules.®’ Permitting IRIDIUM to use the
1610-1626.5 MHz band for both uplinks and downlinks will benefit
the public and advance the Commission's policy of multiple entry
into RDSS. The Commission has traditionally advocated the
efficient use of the freguency spectrum, including the bands
allocated to RDSS, so as to bring the maximum level of service to
the public. 1In addition, the Commission's policy is to foster
multiple entry into RDSS .3/ By using both uplinks and downlinks
in the L-~band, IRIDIUM conserves scarce spectrum, freeing the
2483.5~2500 MHz band for other users,éy and, as demonstrated inr
Appendix B, the IRIDIUM system's use of the 1610-1626.5 MHz band
for the satellite-to-user link will not cause harmful
interference to other operators in the L-band.

Similarly, endorsing IRIDIUM's non-spread spectrum
compatibility technology would both satisfy the rationale
underlying the RDSS compatibility requirements and serve the

Commission's policy favoring multiple entry. The Commission

2/ (...continued)
techniques for radic astronomy other than those specified in

Appendlx D to the RDSS Licensing Order, such as those set forth
in Appendix B hereto.

2/  see Aeronautical Radio, Inc., 5 F.C.C. Red at 3039.

#/  RDSS Licensing Order, 104 F.C.C.2d at 653-54.

i/ RDSS Allocation Order, 58 Rad. Reg. 2d (P&F) at 1420-21.
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elected to reguire RDSS licensees to use spread spectrum
techniques for avoiding interference with other RDSS licensees
because it was the only technology proposed at the time which
appeared to permit multiple entry.iy As demonstrated in Appendix
B, Motorola‘'s IRIDIUM system is equally as, if not more,
effective as spread spectrum techniques at ensuring compatibility
with other compliant systems.

| Under such circumstances, Motorola should not be
prevented from utilizing this technology simply because it had
not been developed at the time the technical standards for RDSS
were established. 1Indeed, the Commission is required to adjust-h
its rules and policies in the face of changed circumstances,

including new and innovative technologies.Z¥

VII. INTERNATIONAL APPLICATION

One of the significant benefits of IRIDIUM is its
ability to service the entire world with the same number of
satellites required to provide U.S. domestic service. Each of
its 77 satellites circles the earth in approximately 100 minutes,
with the entire network of satellites providing continuous,
interconnected global service via a revolutionary set of

intersatellite crosslinks.

2/ - RDSS Licensing Order, 104 F.C.C.2d at 661.

2? WWHT, Inc, v, F.C.C., 656 F.2d 807, 819 {D.C. .Cir. 1981);
Geller v. F.C.C., 610 F.24 973, 980 n.59 (D.C, Cir. 1979).
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With this comprehensive system application, IRIDIUM is
seeking from the Commission both domestic and international
licensing authority for connections within the U.S. and between
the United States and abroad. With respect to the requested
international authorizations, Motorola recognizes that separate
approvals will be needed from foreign administrations before
IRIDIUM can operate within and between those countries and the
United States. An authorization ffom the Commission, however,
will be extremely helpful in obtaining such foreign government
approvals. Accordingly, Motorola requests that in addition to
domestic autheorizations, the Commission issue it conditional
international authorizations subject only tc further
consultations and coordination with appropriate international
bodies and foreign administrators. If such an international
authorization would delay significantly the approval of a
domestic license, Motorola respectfully requests the Commission
first grant it a domestic license and then continue to process
this request for conditional international approval. Such
authorizations would be consistent with Commission policies for
processing international satellite and undersea cable
applications.®/

Motorola understands that it will have to coordinate

IRIDIUM with INTELSAT and INMARSAT pursuant to international

2/ separate Systems, 101 F.C.C.2d4 at 1062;: Tel=-Optik Ltd., 100

F.C.C.2d 1033, 1042-46 (1985):; Pacific Telecom Cable, Inc., 2
F.C.C. Red 2686, 2688-89 (1987).
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agreements. Motorola firmly believes that these processes will
not be an impediment to the provision of international RDSS and
MSS services over IRIDIUM. 1In this regard, at the most recent
INTELSAT Assembly of Parties meeting in Lisbon, certain truncated
procedures were approved for the processing of non-technical
aspects of the Article XIV(d) consultation process. The INTELSAT
Board of Governors now has the authority to issue findings with
respect to separate systems intended to carry other than fixed
satellite services. See BG 86-98, dated September 18, 1990. And
in a recent internal progress report to the Board of Governors,
which was endorsed by the Board, it was recommended that "since
INTELSAT has no present intention to provide mobile services,
separate systems . . . offering such services, should not be
subjected to significant economic harm assessment." See BG 84-
81 (Rev. 1), dated March 13, 1990.

In any event, it is imperative that the Commission
immediately begin the process of advance publication with the

IFRB and authorize IRIDIUM well in advance of the upcoming WARC.

A. The U.8. Must Immediately Advance
Publish IRIDIUM to the IFRB
Advance publication of the IRIDIUM system, and
subsequent international frequency coordination in accordance

with the international rules and regulations, must be an
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important immediate undertaking for the United States.®’ such

advance publication will enable the IFRB to circulate worldwide
the IRIDIUM system characteristics, including global footprint

patterns, and will further U.S. interests in obtaining primary

allocation protection at WARC.

The IRIDIUM system should be advance published without
delay in connection with satellite uplinks for the aeronautical
radionavigation class of stations and recognition that the
downlink would operate under RR 342. This class of IRIDIUM
subscriber terminals enjoys worldwide primary allocation status
today under ITU Footnote 732. In early 1986, prior to
authorization of Geostar and other RDSS satellite systems, the
Commission advance published a generic RDSS satellite system for
U.S5. coverage in the 1610-1626.5 MHz band using similar
strategies. This early advance publication, and subsequent
coordination, had the advantage of protecting under ITU rules all
other classes of RDSS subscriber terminals.

B. It Is Imperative That The Commission Approve IRIDIUM
Advance O 992 WARC

Perhaps the most important international aspect of this
application is its nexus with the World Administrative Radio
Conference in Spain scheduled for February 1992. The

expeditious processing of Motorola's application will provide the

&if Appendix D sets forth all of the information required for
IFRB advance publication of IRIDIUM.
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Commission with a rare opportunity to support a global mobile
satellite allocation at the 1992 Conference with a concrete
proposal and authorization for using that allocation to the
benefit of all nations,

1. Global Primary Allocations for IRIDIUM Are

v o d ajor U.8. Goal

A global primary allocation to RDSS and MSS in the
1610-1626.5 MHz bands, as proposed by the FCC in its recent WARC-
32 Second Notijce of Inguiry, can be achieved much more easily if
IRIDIUM is available as a reference system approved in the Uniﬁed
States. Similar strategies have proved successful in the past
for international recognition of satellite systems =-- such as the
fixed satellite service and the direct broadcast satellite
service.

At the 1987 WARC, several countries refused to agree to
a primary RDSS allocation in the 1610-1626.5 MHz band. Most of
these countries saw little need for a pure position location
service. The many other benefits of the IRIDIUM system
architecture ~-~ mobile telephony, digital technology, worldwide
coverage, and personal telecommunications -- should be
instrumental in upgrading the 1610-1626.5 MHz international
allocation to primary MSS/RDSS status.

Motorcla is prepared to make a major effort to assist
the United States in achieving worldwide primary status for RDSS

and MSS in the 1610-1626.5 MHz band. However, for this effort to
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achieve credibility overseas, it is extremely important for the
IRIDIUM system to have already been licensed by the FCC.
Otherwise, other countries will look at IRIDIUM as just a
possible proposal that does not yet enjoy the backing of the U.S.
government.

2. International Authorization of IRIDIUM in

the RDSS Band Can Be Made Sudbject to the
c come

As a global satellite system, it is important for
IRIDIUM to be consistent with the international table of
frequency allocations. It is precisely for this reason that
IRIDIUM has been designed to operate in different portions of the
L-band in different ﬁarts of the world.

Motorola is willing to accept international license
authority subject to the outcome of the 1992 WARC. Much work
then could be done on the IRIDIUM system that would be consistent
with various WARC outcomes. For example, it is likely that the
1992 WARC will adopt certain sharing constraints as a concomitant
of a global allocation for the IRIDIUM system. Motorcola is
confident that it can engineer the IRIDIUM system to comply with

any reasonable set of sharing constraints.

3. Authorization of IRIDIUM Before the WARC Will

Hasten the Availability of Service to the Public

Another extremely important reason to authorize IRIDIUM

prior to the 1992 WARC is to hasten the availability of life-
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saving IRIDIUM services to the public. Motorocla will be able to
initiate satellite construction activity promptly, subject to any
necessary modifications based on the WARC outcome. Motorola is
separately filing a request for a Section 319(d) waiver to begin
certain construction activities for long-lead items prior to
obtaining a license from the Commission. However, Motorola will
need a U.S. license before it can proceed with final system

design and construction of this project.

VIII. c AND F c IFICATIONS

A. Legal Cualifications

Motorola Satellite Communications, Inc. is a Delaware
corporation wholly owned by Motorola, Inc., which is also a
Delaware corporation. Motorola is a leading manufacturer of
space, cellular and terrestrial communications equipment,
including mobile and portable telephones, cellular telephones,
and pagers. In addition, Motorocla, Inc. provides a number of
communications services, including private microwave, common
carrier paging and general mobile radio.

Motorola Satellite Communications, Inc.'s legal
qualifications are demonstrated in FCC Form 430, "Common Carrier
and Satellite Radio License Qualification Report," attached to

this application as Appendix F.
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B. FPipancial Qualifications
1. onstruction and h Schedu

Motorola has already issued a Request for Proposals
("RFP") for satellite construction, and has met with a number of
potential major satellite manufacturers. The manufacturers that
have studied Motorola's IRIDIUM operational plans confirm that
there are no engineering or technical impediments with Motorecla's
proposed satellite system.

Motorola requests permission to begin preliminary
construction activities prior to Commission approval of this
application. A Section 319(d) waiver request is being filed
concurrently with this application. Authorization to begin
satellite development would enable Motorola to continue to
implement its IRIDIUM program during Commission consideration of
this application, and to insure that IRIDIUM is prepared to
proceed expeditiously following Commission approval.

The combination of relatively light weight, small size,
and low target altitude gives Motorola significant flexibility in
selecting launch alternatives. For example, each satellite is
sized to fit on an Orbital Sciences modified Pegasus type launch
vehicle to replace single space vehicles, if required. Although
this single launch option could place all 77 space vehicles into
orbit, Motorola is actively reviewing several multiple launch
options to populate the constellation initially. These multiple

launch options include several based on modified Peacekeeper
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missiles, the McDonnell Douglas Delta II, and the General
Dynamics Atlas II. These negotiations are currently underway
with a selection of a launch supplier estimated for mid 1991.

The IRIDIUM program is off to an excellent start.
Table VIII-1 shows the IRIDIUM Program Milestones. This schedule
assumes FCC authorization of IRIDIUM in early 19%1. As mentiocned
above, Motorola has already issued the RFP for satellite
construction. Motorola expects to select the satellite
contractor and execute a contract in 1991. Financing for the

entire system is expected to be complete by 1992.

TAELE VIII-1
IRIDIUM Program Milestones Year
Spacecraft RFP Issued 1990
Spacecraft Contractor Selected 1991
Spacecraft Contract Executed 1991
Launch Services Contract Executed 1991
Financing Completed 1992

Motorola intends to construct the initial constellaticn
of 77 satellites plus 10 spares on an assembly line basis.
Table VIII-2 shéws the IRIDIUM Construction and Launch
Milestones. Satellite construction will begin in 1992. The
first satellites will be completed and launched in 1994.
Construction and launch of the final group of satellites will be

completed by 1996. The first satellite will be placed into
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service in 1995, and the last one in 1996. The final testing of
the system will be completed in 1996, and IRIDIUM will provide

communications service in 1997.

TABLE VIII-2
Construction and Launch Milestones Year
Satellite Construction Begins 1992
First Satellite Constructed 1994
First Satellite Launched 1994
First Satellite in Service 1995
Last Satellite Constructed 1996
Last Satellite Launched 1996
IRIDIUM Begins Operations 1996
IRIDIUM Provides Services 1997

2. ojected stem Costs

The total costs for IRIDIUM to the system operator for
the period through 1997, the first full year of operation, are
itemized in Table VIII-3 below. The pre-operating expenses
include marketing, finance and administrative services.

The research and development costs will be heaviest in
the 1992-1994 period. Motorola intends to sub-contract some of
the research and development work.

The satellite construction and launch service costs

cover 77 satellites, 10 ground spares and launch insurance.
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Satellite construction will begin in 1992. Construction of the
System Control Facility ("SCF") will begin in 1992 and be
completed by 1994.

The interest expenses are for loans to construct and
launch the system. These estimates are based on an eleven
percent interest rate.

Spacecraft depreciation will start in 1995 as the
satellites are placed into orbit. Depreciation estimates are
calculated byla straight line method over six years.

The gateways will be owned and operated by independeﬁt
gateway operators. These gateway operators will be the
telecommunications carriers using IRIDIUM to provide service.
The construction costs for the gateways, estimated as $16 million
apiece, are not included in Table VIII-3 because they will be

borne by the independent gateway operators.
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TABLE VIiII-3
PROJECTED TOTAL BYSTEM COBTS8 ($ MILLIONS)
1990 1951 1992 1993 1994 1995 1996 19%7

Pre-Operating

Expenses 3 10 20 23 52 61 83 42
Research and

Development 8 43 130 133 97 46 46 46
Satellite

Construction 83 273 352 257 141
Launch Services

and Insurance 51 260 260
System Control

Facility 25 41 15
Interest 4 5 34 63 102 136 154
Depreciation 47 216 385
Total Costs 11 57 263 504 630 773 882 627

P oure ds

Motorola, Inc.

is firmly committed to meeting all

IRIDIUM construction and operating expenses with internal

resources. Motorola, Inc. has adeguate internal resources to

finance the entire IRIDIUM system.

earnings exceeded $2.5 billjon.

The company's 1989 retained

Sales revenues for 1989 were

$9.6 billion. At the end of the 1990 third quarter, Motorola's

assets exceeded $8.4 billion.
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Donald R. Jones, Motorcla, Inc.'s Executive Vice
President and Chief Financial Officer, confirms that Metorola,
Inc. "is fully committed to'meet[ing] the construction and
operating expenses" of the IRIDIUM project. Mr. Jones' statement
and excerpts from Motorola, Inc.'s most recent cquarterly and
annual reports are contained in Appendix E to this application.

Motoreola, Inc. is firmly committed to financing 100% of
the total cost of the IRIDIUM system out of internal funds if
necessary. However, Motorola, Inc. intends to seek additicnal
equity and debt placements. Motorola is confident that debt

financing for IRIDIUM can be cbtained.

4. Revenue Regquirements

As a non-common carrier, Motorola need not address
revenue requirements. Motorola does not expect any financing of
the construction or launch of IRIDIUM to be generated by

operating revenues.

C. Technjcal Qualifjcatjons

Motorola is a werld-wide leader in space
communications, telecommunications, semiconductors, global
positioning, computer systems, electronics, and related
technologies. Motorola's IRIDIUM team consists of management and
profeésional staff taken from its corporate-wide resources.

There are more than 75 managers and engineers dedicated to the
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IRIDIUM project. These engineers specialize in communications
and space technologies and systems.

Motoreola has provided vital space communications
technology for the Department of Defense, NASA and other
goevernment agencies. For example, Motorola supplied
technologically advanced space equipment to NASA for the Ranger,
Mariner, Viking, Voyager, Mercury, Gemini, Apcllo and Magellan
programs.

The IRIDIUM team can draw on Motorola Inc.'s corporate
.resources as necessary. Motorola, Inc. has more than 20,000

engineers corporate-wide.
D. Wajiv of Use of Spectrum

Pursuant to Section 304 at the Communications Act of
1934, as amended, Motorola hereby waives any claim to the use of
any particular frequency or of the ether against the regulatory
power of the United States because of the previous use of the

same, whether by license or otherwise.

E. Certificate

Motorola certifies that all of the statements contained
herein are true, complete and accurate to the best of its

information, belief and knowledge.
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IX. N NS

For all of the above reasons, Motorola respectfully
requests that the Commission expeditiously grant this

comprehensive IRIDIUM aystem application.

Respectfully submitted,

MOTOROLA SATELLITE
COMMUNICATIONS, INC.

By:

Title: President, Motorgla
Satellite Communications, Inc.

Philip L. Malet

Alfred M, Mamlet

Steptoe & Johnson

1330 Connecticut Avenue, N.W.
Washington, D.C. 20036

(202) 429-6239

Counsel to
Motorola Satellite
Communications, Inc.

December 3, 19%0
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ENGINEERING CERTIFICATE

| hereby certify that | am the technically qualified person responsible
for preparation of the engineering information contained in this
application, that | am familiar with Part 25 of the Commission’s Rules,
that | have either prepared or reviewed the engineering information
submitted in the application, and, that it is complete and accurate to
the best of my knowledge and belief.

Title: Spectrum Utllization Manager

Motaoroia Satellite Communications

Date: December 3, 1980




APPENDIX A
IRIDIUM TRANSMISSION CHARACTERISTICS
1.0 RF PLAN AND LINK BUDGETS

Tables A-1 through A-8 summarize the key RF parameters of the communication links.
Transmitter RF output electronic power control will be utilized on the subscriber and
gateway finks to compensate for vegetative shadowing and inclement weather. Tables
A-2, A-3 & A-6 are with minimum transmitter power levels, representing clear sky, line
of sight operation. Tables A-4, A-5 & A-7 reflect maximum transmitter power levels
with the highest tolerable amount of shadowing and rain.

Table A-B shows two conditions of operation: "normal® and "into sun”. The latter
occurs when two linked-satellite's orbital positions are such that the receiving antenna
of one must point directly into the sun, resufting in an increase in received thermal
noise.

TABLE A-1
SPACE VEHICLE RF SUMMARY

SV-USER USER-SV GATEWAY GATEWAY CROSS
DOWNLINK UPLINK DOWNLINK  UPLINK LINK

CENTER FREQ (GHz) 1618 1618 20.00 30.00 23.05
CHANNEL SPACING (MH:z) 03s 0.16 15.00 15.00 25.00
MAX # CARRIERS 46 64 2 2 4

RF PWR TO ANTENNA 1.5 min 1.2 min 1.0 min 055 min  2.5nom.
(Peak Watts Per Carrier) 115 max 7.0 max 200 max 217 max ——
MODULATION QPSK QPSK QPSK QPSK QPSK
CODING RATE 34 34 172 12 12
CODED DATA RATE (Mbps)040 0.18 1250 12.50 25.00
MULTIPLEXING T/FDMA T/FDMA T/FDMA T/FDMA T/FDMA

USER CALL CAPACITY
PER SATELLITE 4070 4070 2000 2000 3000




TABLE

A-2

SV-USER DOGWNLINK, LINE OF SIGHT

AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT
(Per Carrier)
PEAK ANT GAIN
EDGE LOSS
SCAN LOSS
TAPER LOSS
XMTR NET ANT GAIN
XMT FEED/CKT LOSS
EIRP
PATH LOSS
POLARIZATION LOSS
GASEQUS LOSS
MEAN VEGETATION LOSS
TOT PROPAGATION LOSS
RCVR NET ANT GAIN

ANT NOISE TEMP
RCV FEED/CKT LOSS
LNA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANN'S, k
c/

RCV'D C/No
REQUIRED Ebd/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS

REQUIRED C/No
LINK MARGIN

FLUX DENSITY per 4KHz BW

UNITS CELL1 CELLS

Deg
NMi
Deg
Deg
NMi

Watts

dBm

dBi

dB

dB

dB

dBi

dB

dBmi

dB

dB

dB

dB

dB

dBi

ok

dB

dB

ok

dBi/°K
dBm/Hz°K

dB

dBHz

dB

dBH:z

d¢B

dBHz

dB

dBWIm2

5.39
1108.0

61.56
10.00
12384

1.55
31.89
24.99
0.50
0.95
1.00
22,54
1.30
53.13
163.84
0.50
0.30.
0.00
164.64
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
62.87
3.10
54.77
2.00
59.87
3.00

-132.1

2&3

19.75
1026.9

60.82

12.09
1157.8

1.51
31.719
24.99
0.50
1.43
1.00
22.06
1.30
§2.55
163.25
0.50
0.30
0.00
164,05
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
62.87
3.10
54.717
2.00
59.87
3.00

-132.1

CELL4 CELL § CELL$

6.59

810.7
57.69
18.82
949.9

1.73
32.38
23.87
1.70
1.42
1.00
i9.75
1.30
$6.83
16153
0.50
0.30
0.00
162.33
1.00

150.0
1.00
0.80

298.93
-23.76

-198.60
18.00
62.87
3.10
54.17
2.00
59.87
3.00

-132.1

30.00
744.0
56.26
21.36
887.3

2.42
33.83
23.02
1.50
3.00
1.00
17.52
1.30
50.05
160.94
0.50
0.30
0.00
161.74
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
62.87
3.10
54.77
2.00
59.37
3.00

-1323

10.89
492.1
47.58
34.23
664.2

313
34,95
20.00
2.60
3.61
1.00
12.79
1.30
46.44
158.43
0.50.-
0.30
0.00
159.23
2.18

150.00
1.00
0.80

298.93
-22.57

-198.60
18.00
62.87
3.10
54.7M7
2.00
59.87
3.00

-133.4

CELL 7

30.00
186.0
23.98
62.93
451.5

3.56
35.51
12.04
3.80
0.00
0.00
8.24
£.30
42.45
155.19
0.50
0.30
0.00
155.99
3.01

150.00
1.00
0.80

298.93
-21.74

-188.60
18.00
62.87
3.10
54.77
2.00
59.87
3.00

-134.1



TABLE

A-3

USER-SV UPLINK, LINE OF SIGHT

AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT

XMTR NET ANT GAIN
XMT FEED/CKT LOSS
EIRP

PATH LOSS

POLARIZATION LOSS

GASEQUS LOS3

MEAN VEGETATION LOSS
TOT PROPAGATION LOSS

PEAK ANT GAIN

EDGE LOSS

SCAN LOSS

TAPER LOSS

XMTR NET ANT GAIN

ANT NOISE TEMP
RCY FEED/CKT LOSS
1NA NOISE FIGURE

SYST NOISE TEMP, Ts
GITs

BOLTZMANN'S, k
Cc/
RCY'D C/No
REQUIRED Eb/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/No
LINK MARGIN
FLUX DENSITY per 4KHz BW

UNITS CELL 1 CELLS

Deg
NMi
Deg
Deg
NMi

Watts
dBm
dBi
dB
dBmi
dB

dB

dB

dB
dB
dBi
dB

dB

dB
dBi:

%
dB
dB
oK
4Bi/°K
dBmMz°K
dB
dBHz
dB
dBHz
dB
dBHz
dB
dBW/ 2

5.39
110890

61.56
10.00
12384

1.27
31.05
1.00
0.70
31.35
163.84
0.50
0.30
0.00
164.64
24.99
0.50
0.95
1.00
22.54

250.00
1.30
1.00

552.58
-5.52

-198.60
18.00
59.90
3.60
51.30
2.00
56.90
3.00

-150.4

2&3

19.75
1026.9

60.82

12.09
1157.8

1.24
30.95
1.¢0
0.70
31.25
163.25
0.50
0.30
0.00
164.05
24.99
0.50
1.43
1.00
22.06

290.00
1.80
1.00

£52.58
5.26

-158.60
18.00
59.90
3.60
51.30
2.00
56.90
3.00
-149.9

CELL 4 CELL § CELL 6CELL 7

6.59 30.00 10.89 30.00
- 810.7 74400 492.1 186.0
57.69 56.26 47.58 23.98
18.82 21.36 34.23 62.93
949.9 887.3 664.2 457.5
1.43 1.99 2.58 2.93
31.54 32.99 34.11 34.67
1.00 1.00 2.18 3.01
0.70 0.70 0.70 0.70
31.84 33.438 15.69 37.00
161.53 160.94 158.43 155.19
0.50 0.50 0.50 0.50
©.30 0.30 0.30 0.30
0.00 0.00 0.00 0.00
182.33 161.74 159.23 155.99
23.87 23.02 20.00 12.04
1.70 1.50 2.60 31.80
1.42 3.00 3.61 0.00
1.60 1.00 1.00 0.00
i9.7s 17.52 12.79 8.24
250.00 290.00 290.00  250.00
1.30 1.80 1.80 1.80
1.00 1.00 1.00 1.00
55258 55258 55258  552.58
-1.59 -9.64 -14.48 -19.58
-198.60 -198.60 -198.60 -198.60
18.00 18.00 18.00 18.00
59.90 59.90 59.90 59.90
3.60 3.60 3.60 3.60
51.30 51,30 51.30 51.30
2.00 2.00 2.00 2.00
56.90 56.90 56.90 56.90
3.00 3.00 3.00 3.00
-1476 1454 -140.7 -136.1



TABLE

A-4

SV-.USER DOWNLINK, WITH MODERATE SHADOWING

AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT
(Per Carrier)
PEAK ANT GAIN
EDGE LOSS
SCANLOSS
TAPER LOSS
XMTR NET ANT GAIN
XMT FEED/CKT LOSS
EIRP

PATH LOSS
POLARIZATION LOSS
GASEOUS LOSS
MEAN VEGETATION LOSS

TOT PROPAGATION LOSS
RCVR NET ANT GAIN

ANT NOISE TEMP
RCV FEED/CKT LOSS
LNA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANN'S, k
c/1
RCV'D C/No
REQUIRED Eb/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/No
LINK MARGIN

FLUX DENSITY per 4KH:z BW

UNITS CELL 1 CELLS CELL 4 CELL 5 CELL 6 CELL 7

Deg
NMi
Deg
Deg
NMi

Watts
dBm
dBi
dB

dB

dB
dBi
dB
dBmi
dB

ds

dB

dB
dB
dBi

b 4
B
dB

°k

dBi/°K
dBm/MH2°K

dB

dBH:

4B

dBHz

dB

dBHz

dB

dBW/m>

5.39

1108.0
61.56
10.00
1238.4

11.51
40.61
24.99
0.50
0.95
1.00
22.54
1.30
61.21
163.84
0.50
0.30
12.00
176.64
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
59.87
3.10
54.77
2.00
59.87
0.00

-123.3

2&3

19.75
1026.9
60.82
12.09
1157.8

9.59
39.82
24.99
0.50
1.43
1.00
22.06
1.30
60.68
163.25
0.50
0.30
11.62
174.81
1.00

150.00
1.00
0.80

298.93
-23.76

-198.80
18.00
£9.87
3.10
54.717
2.00
59.87
0.00

-124.6

6.59
810.7
57.69
18.82
949.9

6.00
37.78
23.87
1.70
1.42
1.00
19.75
1.30
56.31
161.53
0.50
0.30
9.00
170.98
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
5§9.87
3.i0
54.77
2.00
59%.87
0.00

-126.7

30.00
744.0
56.26
21.36
887.3

7.43
38.71
23.02
1.50
3.00
1.00
17.52
1.30
5§5.19
160.94
0.50
0.30
8.48
169.94
1.00

150.00
1.00
0.80

298.93
-23.76

-198.60
18.00
59.87
3.10
54.77
2.00
§9.87
0.00

-127.3

10.89
4921
47.58
34.23
864.2

6.90
38.39

20.00

2.60
361
1.00
12.79
1.30
50.02
158.43
0.50.
0.30
7.09
166.21
2.18

150.00
1.00
0.30

298.93
-22.57

-198.60
18.00
59.87
3.10
54.77
2.00
5%.87
0.00

-129.6

30.00
186.0
23.98
62.93
4575
6.73
38.28
12.04
3.80
0.00
0.00
8.24
1.30
44.82
155.19
0.50
0.30
6.17
162.14
3.0t

150.00
1.00
0.80

298.93
-21.74

-198.60
18.00
59.87
310
54.77
2.00
59.87
0.00

-131.2



TABLE A-§

USER-SV UPLINK, WITH MODERATE SHADOWING

AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT

XMTR NET ANT GAIN

XMT FEED/CKT LOSS
EIRP

PATH LOSS

POLARIZATION LOSS

GASEOUS LOSS

MEAN VEGETATION LOSS

TOT PROPAGATION LOSS

PEAK ANT GAIN

EDGE LOSS

SCAN LOSS

TAPER LOSS

XMTR NET ANT GAIN

ANT NOISE TEMP
RCYV FEED/CKT LOSS
INA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANN'S, k
Cc/1
RCV'D C/No
REQUIRED EbNo
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/Ne
LINK MARGIN
FLUX DENSITY per 4KHz BW

UNITS CELL 1 CELLS

Deg
NMi
Deg
Deg
NMi

Watts
dBm
dBi
dB
dBmi
dB

dB

dB

dB
dB
dBi
dB

dB

dB
dBi

o
dB
dB
oK
dBi/°K
dBm/Hz°K
dB
dBHz
dB
dBHz
dB
dBH:z
dB
dBW/ 2

5.9

1108.0
61.56
10.00
1238.4

7.00
38.45
1.00
.70
38.75
163.54
0.50
0.30
12.00
176.64
24.99
0.50
0.95
1.00
22.54

290.00
1.80
1.00

§52.58
-5.52

-198.60
18.00
55.64
3.60
51.30
2.00
$6.90
-1.26
-143.0

2&3

19.75
1026.9
60.82
12.09
1157.8

7.00
33.45
1.00
0.70
38.75
163.26
0.50
0.30
11.62
174.81
24.99
0.50
1.43
1.00
22.06

290.00
1.80
1.00

652.58
-5.26

-198.60
18.00
56.90
3.60
51.30
2.00
56.90
0.00
-142.4

CELL 4 CELL § CELL 6 CELL 7

6.59 30.00 10.89 10.00
810.7 7440 492.1 186.0
57.69 56.26 47.58 23.98
18.82 21.36 34.23 62.93
9499 8873 864.2 4575 _
§52 6.82 6.35 6.19
37.42 38.34 3803 31.92
1.00 1.00 2.18 3.01
0.70  0.70 0.70 0.70
37.72 38.64 39.51 40.23
16153 160.94 15843  155.19
0.50 0.50 0.50 ©  0.50
0.30 0.30 0.30 0.30
9.00 8.48 7.09 6.17
170.98 169.94 166.21 162.14
23.87 23.02 20.00 12.04
1.70  1.50 2.60 3.80
1.42  3.00 3.61 0.00
1.00 1.00 1.00 0.00
19.75 17.52 12.79  B8.24
290,00 290.00 290.00 290.00
1.80 1.80 1.80 1.80
1.00 1.00 1.00 1.00
55258 55258 55258  552.58
-7.59 -9.64 -14.49 -19.58
-198.60 -198.60 -198.60 -198.80
18.00 18.00 18.00  18.00
56.90 56.90 56.90 56.90
3.60 3.60 3.60 3.60
51.30 51.30 51.30 51.30
2.00 2.00 2.00 2.00
56.90 56.90 56.90 56.90
0.00 0.00 0.00 0.00
-142.2 «140.4 -136.9 -133.2



TABLE A-6
GATEWAY LINKS, CLEAR WEATHER
(MAXIMUM RANGE)

UNITS DOWNLINK UPLINK
GROUND RANGE FROM NADIR NMi 1108.0 1108.0
NADIR ANGLE Deg 61.56 61.56
GRAZING ANGLE Deg 10.00 10.00
SLANT RANGE NMi 1238.4 1238.4
CENTER FREQUENCY . GHz 20.00 30.00
XMTR BURST PWR INTO ANT Watts 1.00 0.55
(Per Carrier) dBm 30.00 27.37
PEAK ANT GAIN dBi 20.00 57.50
OFF-PEAK LOSSES dB 2.00 0.00
XMTR NET ANT GAIN dBi 18.00 57.50
XMT FEED/CKT LOSS dB 3.50 3.50
EIRP dBmi 44.50 81.37
PATH LOSS dB 185.67 189.19
POLARIZATION LOSS dB 0.50 0.50
GASEOUS LOSS dB 3.30 3.30
RAIN LOSS dB 0.00 0.00
TOT PROPAGATION LOSS dB 189.47 192.99
PEAK ANT GAIN dBi 54.00 23.50
OFF-PEAK LOSSES dB 0.00 2.00
RCVR NET ANT GAIN dBi 54.00 21.50
ANT NOISE TEMP %% 30.00 290.00
RCV FEED/CKT LOSS dB 4.00 . 4.00
LNA NOISE FIGURE dB 3.00 3.00
SYST NOISE TEMP, Ts °x 1193.44 1453.44
GITs dBi/°K 23.23 .10.12
BOLTZMANN'S, k dBm/H2°K -198.60 -198.60
RCV'D C/No dBHz 76.86 76.86
REQUIRED Eb/No dB 6.90 6.90
CHANNEIL DATA RATE dBHz 67.96 67.96
IMPLEMENTATION LOSS dB 2.00 2.00
REQUIRED C/No dBHz 76.86 76.86
LINK MARGIN dB 0.00 0.00

FLUX DENSITY per 4KHz BW dBW/z -155.7 -118.8




TABLE A.7
GATEWAY LINKS, WiTH{ MODERATELY HEAVY RAIN®
(MAXIMUM RANGE)

UNITS DOWNLINK UPLINK
GROUND RANGE FROM NADIR NMi 1108.0 1108.0
NADIR ANGLE Deg 61.56 61.56
GRAZING ANGLE Deg 10.00 10.00
SLANT RANGE NMi 1238.4 1238.4
CENTER FREQUENCY GHz 20.00 30.00
XMTR BURST PWR INTO ANT Watts 20.00 217.27
(Per Carrier) dBm 42.99 53.37
PEAK ANT GAIN _ dBi 20.00 $7.50
OFF-PEAK LOSSES dB 2.00 0.00
XMTR NET ANT GAIN dBi 18.00 57.50
XMT FEED/CKT LOSS dB 3.50 3.50
EIRP dBmi 5§7.50 107.37
PATH LOSS dB 185.67 189.19
POLARIZATION LOSS dB 0.50 0.50
GASEOUS LOSS dB 3.30 3.30
RAIN LOSS* dB 13.00 26.00
TOT PROPAGATION LOSS dB 202.47 218.99
PEAK ANT GAIN dBi 54.00 23.50
OFF-PEAK LOSSES dB 0.00 2.00
RCVR NET ANT GAIN dBi 54.00 21.50
ANT NOISE TEMP % 30.00 290.00
RCV FEED/CKT LOSS dB 4.00 4.00
LNA NOISE FIGURE dB 3.00 31.00
SYST NOISE TEMP, Ts o 1193.44 1453.44
G/Ts dBi/°K 23.23 -10.12
BOLTZMANN'S, k dBm/Hz%K -198.60 -198.60
RCV'D C/No dBHz 76.86 76.86
REQUIRED Eb/No dB 6.90 6.90
CHANNEL DATA RATE dBHz 67.96 67.96
IMPLEMENTATION LOSS dB 2.00 2.00
REQUIRED C/No dBHz 76.86 76.86
LINK MARGIN dB 0.00 0.00
FLUX DENSITY per 4KH:z BW dBW/ 2 .1587 1188

¢ CRANE RAIN MODEL, REGION °G", 0.5% OUTAGE




TABLE A-8

CROSSLINKS

(@ MAXIMUM RANGE)

RANGE
CENTER FREQUENCY

XMTR BURST PWR INTO ANT
(Per Carrier)
PEAK ANT GAIN
OFF-PEAK LOSSES
XMTR NET ANT GAIN
XMT FEED/CKT LOSS
EIRP

PATH LOSS
POLARIZATION LOSS

TOT PROPAGATION LOSS
PEAK ANT GAIN
OFF-PEAK LOSSES
RCVR NET ANT GAIN

ANT NOISE TEMP
RCV FEED/CKT LOSS
LNA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANNS, k
RCV'D C/No
REQUIRED Eb/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/No
LINK MARGIN
FLUX DENSITY per 4KHz BW

UNITS NORMAL
NMi 2200
GHz 23.05
Watts 2.46
dBm 33.91
dBi 36.00
dB 0.00
dBi 36.00
dB 2.00
dBmi 67.91
dB 191.47
dB 0.50

dB 191.97
dBi 36.00
dB 0.00
dBi 36.00
ok 50.00
dB 2.50

dB 3.00

°k 788.96
dBi/°K 7.03
dBm/Hz°K -198.60
dBHz $1.57
dB 6.90
dBHz 70.97
¢B 2.00
dBHz 79.87
dB 1.70
dBW/ 2 -140.2

INTO SUN

2200
23.05

2.46
33.91
36.00
0.00
36.00
2.00
67.91
191.47
0.50
191.97
316.00
0.00
36.00

428.11
2.50
3.00

1167.07
5.33

-198.60
79.87
6.90
70.97
2.00
79.87
0.00
-140.2



APPENDIX B
SPECTRUM UTILIZATION AND SHARING ANALYSIS
1. INTRODUCTION

This paper evaluates the potential for a personal communication low earth orbit mobile
satellite system (IRIDIUM) to share the 1610 to 1626.5 MHz frequency band with other
services, including the Radio Determination Satellite Service (RDSS), GLONASS,
Aeronautical Public Correspondence (APC) and Radio Astronomy (RA). An example
of sharing with RDSS services is given for the IRIDIUM system to share the spectrum
with the GEOSTAR system in the contiguous United States (CONUS). The IRIDIUM
system is designed for bi-directional, i.e. single band, operation. This means that the
satellite transmits and receives in the same frequency band.

2. CONCLUSIONS

This analysis establishes that the IRIDIUM system:rnay share this bang with each of
these systems without harmiul interference to their operations.

In sharing with RDSS systems, the IRIDIUM system will not interfere with the operation
of the GEOSTAR system. As presently icensed, the GEOSTAR system will not
interfere with the IRIDIUM system. An extension of this conclusion is that the system
can share this spectrum with RDSS systems on a woridwide basis.

IRIDIUM will share the GLONASS, Radio Astronomy and APC bands by band
segmentation. That is IRIDIUM will not use frequencies that would interfere with
GLONASS, Radio Astronomy or APC operations..

The spectral efficiency and frequency reuse of the IRIDIUM system is such that it can
provide for a theoretical maximum capacity of approximately 4400 full duplex voice
channels across the CONUS using 10.5 MHz of the 16.5 MHz frequency band. The
remaining 6.0 MHz is assumed to be not used due to sharing with GLONASS and RA.
The GLONASS system is not yet fully operational. IRIDIUM may use these frequencies
until the GLONASS satellites are operational in these frequency bands.




3. RF PLAN
The following describes the RF plan for the up and down links.
3.1 Uplink

The uplink would contain up to 102 cariers. These are 180 KBPS QPSK modulated
carriers that are spaced at 160 KHz and occupy a 126 KHz bandwidth. Each carrier is
based on TDMA carriers with one channel per burst and 14 bursts per TDMA frame.
Due to sharing with GLONASS and RA, it is expected that only a maximum of 64 of the
carriers may be used when the GLONASS system is in full operation. Of these 64
carriers, 9 are control and 55 are traffic channels.

3.2 Downlink

The downlink consists of up 10 46 carriers. These are 400 KBPS offset keyed QPSK
carriers that are spaced at 350 KHz and each occupies a 280 KHz bandwidth. These
are also TDMA carriers, with one channe! per burst and 14 bursts per TDMA frame.
Due to sharing with GLONASS, it is expected that only a maximum of 29 carriers may
be used. Of these 29 carriers, 4 are control and 25 are traffic channels. Voice activity
compression techniques are used to reduce the number of carmiers required in the
downlink. Using 2.2:1 digita! speech interpolation (DS!) compression, 55 voice
channels can use the 25 downlink traffic channels.

4.0 TRAFFIC CAPACITY

The multiple access format for the IRIDIUM system uses both time and frequency
division. This is described in Annex A. A 14 slot TDMA format is used. Since a 7 cel!
reuse pattem is used, each cell may be assigned 2 time slots. The traffic capacity of
the IRIDIUM system using 10.5 MHz of the 16.5 MHz from 1610 to 1626.5 MHz is
therefore 2 X 55 or 110 full duplex voice channels per cell. The voice and data
capacity is developed in Section 4.1. The RDSS capacity is developed in Section 4.2.




4.1 Volice and Data Capacity

The IRIDIUM system places 40 cells over the CONUS and its coastal waters. The
traffic capacity for the CONUS would then be 40 X 110 or 4400 full duplex voice
channels (theoretical maximum). This is a very efficient use of spectrum. This
corresponds to an equivalent 1.2 kHz per channel for the up and down link. A 2400
bits/s data channel may be used in place of a voice channel.

The worldwide capacity of the system may be calculated as follows. Approximately
1628 cells are active over the world. At 110 full duplex voice channels per cell, the
theoretical maximum worldwide capacity would be 110 X 1628 or 179,080 full duplex
voice channels. An estimate of the capacity for Land Mobile operations would be
approximately 30% of this or 53,724 full duplex channels.

4.2 RDSS Capacity

The traffic capacity of the IRIDIUM system operating as an RDSS system is very large.
Each cell exchanges two bursts in every carrier s!ot every 60 ms. Maximum traffic
woukd be 33.33 bursts per second/carrier. There are 40 cells that cover the CONUS
and 29 carriers/cell. Assuming the average RDSS data exchange may be transmitted
in ten bursts, the theoretical maximum capacity of the system is:

Capacity = 40 X 33.33 X 29 X 0.1 X 3600 = 13.9 million/hour



5. SYSTEM CHARACTERISTICS

The system characteristics of the IRIDIUM and GEOSTAR systems are listed in Tables
1 and 2. These characteristics are used in the sharing analysis of the following
sections.

TABLE 1
IRIDIUM SYSTEM CHARACTERISTICS

DOWNLINK UPLINK
CHANNEL SPACING {KHz) 350 160
CHANNEL BANDWIDTH (KHZ) 280 126
MAX # CARRIERS (10.5 MH2) 29 64
MODULATION QPSK QPSK
CODING RATE a/4 3/4
CODED DATA RATE (kbits/s) 400 180
MULTIPLE ACCESS T/FDMA T/FDMA
POLARIZATION RCP RCP
EIRP/CARRIER (dBw) ANNEX C ANNEX C
TABLE 2

GEOSTAR SUBSCRIBER TERMINAL CHARACTERISTICS

EIRP = 17 to 18 dBw

Burst time = 20 to 80 ms
Transmit polarization: LCP
Muttiple access: CDMA
Chip Rate: 8 Mcps
Modulation: BPSK
Spread ratio: 512

@ ~oapoPp




6. SHARING

This section analyses the sharing of IRIDIUM with RDSS (GEOSTAR), GLONASS,
Aeronautical Public Correspondence and Radio Astronomy.

6.1 SHARING WITH THE GEOSTAR SYSTEM

Since the IRIDIUM satellites and subscriber terminals transmit in the receive band of
the GEOSTAR system satellites, each of these is a potential source of harmful
interference. The basis of this sharing analysis is the CCIR Document US IWP-8/15-
USA-6. Annex 1 of that paper is included as Annex B of this paper. The referenced
sharing analysis defines the procedure for determining the effect of a mobile satellite
system sharing with the GEOSTAR satellites.

Table 1 is a summary of the sharing between RDSS (as represented by GEOSTAR)
and IRIDIUM. The interference of IRIDIUM into GEOSTAR is represented as the
percent loss of GEOSTAR satellite capacity. This is consistent with the CCIR analysis
of Annex B. The interference of GEOSTAR into IRIDIUM is represented by the Carrier-
to-Interference ratio (C/1) in the IRIDIUM satellite. This calcuiation is performed in
Annex D.

A calculation has been included for both the peak and average transmitler powers of
the IRIDIUM satellite constellation and the subscriber terminals. The average power
calculations are considered to be the more accurate estimate of the interference. The
peak bursts arrive at the GEOSTAR satellite with variable time delay which has a
tendency to average the bursts.

Table 3 shows that the IRIDIUM satellite constellation and subscriber terminals will
cause a maximum of 2.4 % and 3.0 % loss of capacity to the GEOSTAR satellite
system. The CCIR report in Annex B indicates that up to 20 % loss of capacity would
be acceptable for sharing so the loss is well within the acceptable range.

Table 3 also shows that the GEOSTAR system would result in a 14.0 dB C/I ratio in the
IRIDIUM satellite. This is considered to be acceptable.




The conclusion can be drawn that the systems are mutually compatibie and can share

the spactrum.

TABLE 3

SHARING ANALYSIS

SOURCE

IRIDIUM sateliite constellation

a. Average burst power
b. Peak burst power

IRIDIUM subscriber terminals

a. Average burst power
b. Peak burst power

GEOSTAR subscriber terminals

% LOSS OF GEOSTAR
SATELLITE CAPACITY

1.0
2.4

2.5
3.0

CN IN IRIDIUM
SATELLITE (DB)

-

14.0

The following sections are a more detailed description of the analysis and the results.

6.1.1 IRIDIUM Satellites Sharing with the GEOSTAR Satellites

A potential source of interference is the IRIDIUM satellite constellation transmitting its
downlink carriers. Because of their orbits, the main beam of the IRIDIUM satellites will
not transmit directly into the main beam of the GEOSTAR satellites. The side and back
lobes of the IRIDIUM satellite constellation would transmit energy up into the
GEOSTAR satellite. An estimate of the energy from a global IRIDIUM system that
would be transmitted up to the GEOSTAR satellite is calculated in Tables 3 and 4 of

Annex C.




The equations of Annex B are evaluated for 29 carriers, each with a power of 5.1 dBw
for the average burst power.and 10.2 dBW for the peak burst power. A channel
spacing of 350 KHz and a channel bandwidth of 280 KHz is used.. The results show
that a 1.0 % and 2.4 % loss of capacity for the GEOSTAR sateliite would result from
this. This is negligible since, as indicated in Annex B, 20 % would be considered
acceptable. Since GEOSTAR uses a spot beam rather than a global beam antenna,
the results are probably conservative since the assumption is that all of the interfering
carriers are in the 3 dB beamwidth of the GEOSTAR satellite, which they are not.

6.1.2 IRIDIUM Subscriber Terminals Sharing with the
GEOSTAR Satellite

A second potentiai source of interference is the IRIDIUM subscriber terminal upfink
carriers. An estimate of the interference energy, from the subscriber terminals of a
global IRIDIUM system, is calculated in Table 5 and 6 of Annex C again for average
and peak burst power. The equations of Annex B are evaluated for 64 carriers, each
with a power of 5.7 and 6.5 dBW, a channel spacing of 160 KHz and a channel
bandwidth of 126 KHz. The results show a 2.5 % and 3.0 % loss of GEOSTAR satellite
capacity would result, which should be acceptable. Again, the results are probably
conservative since only a portion of the subscriber terminals wouid be in the 3 dB
beamwidth of the GEOSTAR satellites.

6.1.3 GEOSTAR Subscriber Terminals Sharing with the IRIDIUM
Satellite

The derivation of the uplink C/I in the IRIDIUM satellite due to the GEOSTAR
subscriber terminals is contained in Annex D. The spread spectrum modulation and
short pulse duration, used on the GEOSTAR transmissions, allow the IRIDIUM
satellites to share the spectrum with GEOSTAR transmissions. A GEOSTAR subscriber
terminal transmits a 17 to 18 dBw burst that has an approximate duration of 20 to 80
ms and is spread over a 16 MHz frequency band. The resuilting 14 dB C/l is
considered to be acceptable to the IRIDIUM system.




6.1.4 GEOSTAR Subscitiber Terminal Sharing with the IRIDIUM
Subscriber Terminais

The GEOSTAR subscriber terminals transmit into the receive band of the IRIDIUM
system subscriber terminal. The probability of interference is low due to the short burst
length and geographical dispersion of the GEOSTAR subscriber terminals.

The IRIDIUM subscriber terminal combats this interference in the following ways:

1. Pulse blankers: The GEOSTAR burst has a duration of 20 to 80
milliseconds. The subscriber terminal will blank this pulse if it is strong enough
to exceed a threshoid signal level. This prevents puise stretching and damage
to the receiver.

2. Error detection and correction: The packet format contains error
correction and detection coding. Missing packets are detected. The voice
vocoder will interpolate across missing packets. The vocoder uses the same
technology as the U.S. digital cellular system and can interpolate across 6
missing voice frames. Automatic repeat request is used to request
retransmission of missing data packets.

6.2 Sharing with GLONASS

GLONASS is the Soviet satellite navigation system. The satellite constellation may
have up to 24 satellites in subsynchronous polar orbit. . Each of these satellites has a
separate frequency. The satellite frequencies are spaced 562.5 KHz and extend up to
1615.5 MHz. The bandwidth occupancy of each satellite is approximately 1 MHz.
IRIDIUM will not use the frequency bands from 1610 to 1616 MHz that are actually
being used by GLONASS.

6.3 Sharing with Radio Astronomy
The Radio Astronomy band extends from 1610.5to 1613.5 MHz. The Radio Astronomy

sites are fixed. Sharing would be accomplished by not using the frequencies in the
cells that include the Radio Astronomy sites.




6.4 Sharing with Aeronautical Public Correspondence

There is an Aeronautical Public Correspondence band from 1625.5 to 1626.5 MHz,
which is not widely used. The IRIDIUM system would share this band by not using
these frequencies in the cells that would interfere with the operation of the service.



ANNEX A
Muitiple Access Format

IRIDIUM uses a combination of time and frequency division multiple access to
efficiently use spectrum, maintain subscriber equipment that is both affordable and
simple, and to provide a network which is flexible and responsive to changing
environments and applications. The time division multiple access is evident in a 60
ms repetitive frame which is established for the system and repeats ad infinitum. The
time waveform at the space station is shown in Figure 1. The shonter intervals, each
1.3 milliseconds, are the transmit times for the space craft, while the longer 2.9
millisecond intervals are the receive intervals aboard the space craft . Each tframe
begins with a transmit time for the first time slot, iabeled 1, which is followed by the
receive time slot which corresponds to the transmit time slot 8. Downlink burst
transmissions occur during the space craft transmit interval while uplink
communication bursts occurs during the space craft receive bursts. Thirtéen
additional pairs of transmit and receive time slots compiete the frame, each of which is
a couplet of a transmit time and a receive time corresponding to a transmit time slot a
half frame away. This half frame separation eases the processing burden in the
ground subscriber units by providing time between the receipt of a down link message
and the initiation of an uplink transmission. The interleaving of the transmit and
receive pairs provides the full guard interval both in front of and behind the receive
bursts. The guard is the means by which range change accumulations are buffered
until a handshaking exchange between the subscriber units and the satellite recenters
the uplink burst in the receive window. The time slots alsoc provide time separation
which implements frequency reuse. The downlink carriers may all be in use in each of
the time slots as all of the uplink carrier frequencies may be occupied during the uplink
intervals.

10
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A = TRANSMIT BURST TIME = 1.3 MILLISECOND

B « RECEIVE BURST TIME = 2.0 MILLISECONDS
© » TIME BETWELN BUDSTS = 42857 MILLISBECONDS
D = GUARD TIME = 42457 MICROSECONDS

1L B

| — 60ms FRAMR -

T » TRANSMIT TIME
A = RECEIVE TIME

FIGURE 1 - SATELLITE TDMA FORMAT
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ANNEX B
This Annex consists of an extract from Document No. US IWP 8/15-USA-6
Document Title

Possibilities for Frequency Sharing Between Mobile-Satellite Services Using
Geostationary Satellites and Other Services in Approximate Range 1-3 GHz

The Authors are:
Tom Sullivan: AMSC

Jeff Binkes: COMSAT
Ron Lepkowski: GEOSTAR

The part that has been extracted is Annex I, MSS/RDSS sharing in the
1610-1626.5 MHz Band.




A~nex I
MSS/ADSS Shazing in the J1€10-1€2€6. % MEx Rand

The capacity of an RDSS inbound (mobile terminal to
central earth station) transponder is limited by external
interference and by the code noise caused by other spread
spectrum signals passing through the transponder at the same
time. The effect of a number (K) of such simultaneous spread
spectrum transmissions carried over the transponder can be
estimated from the following formula presented in Section
3.6.1 of CCIR Report 1050:

[Ep/No) Vreq = [EbNo) 1single + (K-1) [Ep/No) 1eode noise

and, assuring the the effects of code noise are about 2/3 the
effects of thermal noise,

[EpMNolcode noise = 1.5° Rg

where:
[E/No) req™ Ip/No required to achieve desired BEIR;
[Ep/Ng) single™ predicted link Ep/No in absence of code
noise;
Rge= spread ratio, i.e. ratio of chip rate to
data rate.

for the Geostar RDSS systam, typical values are 4.%
(6.9 dB), 11.7 {10.7 dB} (unfaded condition), and 512 (27.1 dB)
for {Ey/N,lreq, (Ey/N lsingle, and R,, respectively. This
results in ah upper lgmit oh RDSS transponder capacity of
approximately 92 simultanecus RDSS signals passing through the
inbound transponder at any instant.

The effects of interference from an external MSS system
can be estimated by calcvlating the equivalent number of
simultaneocus RDSS transmissions that would be displaced by
the aggregate noise produced by the MSS transmitters in the
RDSS bandwidth using the following formula adapted from
equation (5) of Section 1.4.1 of Annex Il to CCIR Report

1050:
10 10910 [Nrdss) = EIRPmss + 10 10910 [Nmss} - EIRP(dss - DGsat + FBW

12a
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where:

Nrdss = eguivalent number of simultaneous RDSS users
suppressed by the aggregate MSS interference

EIRPmss = EIRP of an MSS channel (dBW)

Nmss = number of MSS channels within the RDSS
satellite receiver bandwidth

EIRPrdss = EIRP of a typical RDSS transmitter (dBW)

DGgatr = RDSS space station antenna discrimination
towards the MSS service area (dB) (assumed to
be 0 dB for the co-coverags case considered
here)

FBW = effective attenvation of the MSS signals by
the RDSS demodulation (dB).

For the case of a narrowband interfering MSS carrier, the
correlation process used in the spresd spectrum RDSS
receiving process results in a spreading of the MSS carrier
into a sinZ(x)/x2 spectrum, reducing the amount of
interfering power falling within the passband of the
demodulator in the RDSS ssystem. For multiple interfering
MSS carriers evenly spaced scross the RDSS transponder
pvandwideh, this interference reducticn effect is reflected in
the value of the FBW factor, which can be calculated from the
following formula derived as an extension of formula (6} in
Section 1.4.1 of Annex II to CCIR Report 1050:

r an,'i -
; = B.25+ BuWay /2 + K-ABW 2
FBW = 1010910 | | sin (1-; ~ B ..'h. k-4
ans ('rr ’B.ASvB.\Jﬁ“/z,R,A B )
"o T |

where:

BWpgs = Dbanwidth of MSS channel (MHz)

ABRWN = frequency separation between MSS channels (MHz)

and 8 mcps is the transmission rate of the direct sequence
pseudorandom noise code of the Geostar RDSS system,

The following figure plots the loss of RDSS capacity as
a function of the number of MSS channels with an EIRF of 22

-2 -




d3w (corresponding to an Inmarsat-M land mobile earth staticn
channel) using the formulas given above.

3
o

- N g n 8 i "
' . R | [ ] D L v

5 0 1§ 20 285 3 38
No. mMsS C.hnm\clj

In satellite sharing studies, it is generally acceptes
that no moze than 20% 02 the noise in a channel should be
produced by other satellite systems. In the case of
interfererce from an MSS system intoc a spread spectrum ROSS
system, this can be approximated by a 208 loss cf RDSS
capacity using the formulas given above. For the assumptions
used in this analysis, a narrowband MSS system wculd have to
be limited to about 17 or 18 channels to satisfy this
criterien.

12¢
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ANNEX C

Derivation of Up and Downlink Power for
Sharing Analysis

The purpose of this Annex is to derive average and peak burst power for
sharing calculations. Tables 1 and 2 show the link calculations for the up
and down link. Tables 3 and 4 derive the average and peak burst satellite
downlink sidelobe power. Tables 5 and 6 derive the average and peak
burst uplink power for the subscriber terminals.




AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT
(Per Carrier)

PEAK ANT GAIN

EDGE LOSS

SCAN LOSS

TAPER LOSS

XMTR NET ANT GAIN

XMT FEED/CKT LOSS

EIRP

PATH LOSS

POLARIZATION LOSS
GASEOUS LOSS

MEAN VEGETATION LOSS
TOT PROPAGATION LOSS
RCVR NET ANT GAIN

ANT NOISE TEMP
RCV FEED/CKT LOSS
LNA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANN'S, k

c/

RCV'D C/No
REQUIRED Eb/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/No
LINK MARGIN

FLUX DENSITY per 4KHz BW

TABLE 1
DOWNLINK CALCULATIONS

UNITS CELL ICELLS
2&3

Deg 5.39 19.75
NMi 1108.01026.9
Deg 61.56 60.82
Deg 10.00 12.09
NMi 1238.41157.8
Watts 1.55 1.51

dBm 31.89 31.79
dBi 24.99 24,99
dB 0.50 0.50
dB 0.95 1.43
dB 1.00 1.00
dBi 22.54 22.06
dB 1.30 1.30
dBm  53.13 $52.55§
dB 163.84163.25
dB 0.50 0.50
dB 0.30 0.30
dB 0.00 0.00
é8 164.64 164.05
dBi 1.00 1.00
oK 150.00 150.00
dB 1.00 1.00
dB 0.80 0.80
%K 208.93 298.93
dBi/°K -237¢ -23.76
dBm/Hz°KdB -198.60 -198.60
18.00 18.00
dBHz 62.87 62.87
dB 3.10  3.10
dBHz  54.77 54.77
dB 2.00 2.00
dBHz $§9.87 59.87
dB 3.00 3.00
dBW/m2132.1  -132.1

CELL4 CELL §
6.59 30.00
810.7 7440
57.69 56.26
18.82 21.36
949.9 887.3
1.73 2.42
32.38 33.83
23.87 23.02
1.70 1.50
1.42 3.00
1.00 §.00
19.75 17.52
1.30 1.30
50.83 50.05
161.53 160.94
0.50 0.50
0.30 0.30
¢.00 0.00
16233 161.74
1.00 1.00
150.0 150.00
1.00 [.60
0.80 0.80
298.93 298.93
-23.76 -23.76
-198.60 -198.60
18.00 18.00
62.87 62.87
3.10 110
54.77 54.77
2.00 2.00
59.87 59.37
3.00 3.00
1321 1323

14

CELLé6 CELL ?

10.89
492.1
47.58
34.23
664.2
3.13

34.95
20.00

2.60

3.61
1.00
12.79
1.30
46.44
158.43
0.50..
0.30
0.00
155.23
2.18

150.00
1.00
0.80

298.93
-22.57

-1988.60
18.00
61.87
3.0
54.77
2.00
59.87
3.00

-133.4

30.00
186.0
23.98
62.93
457.5
3.56
35.51
12.04
3.80
0.00
0.00
8.24
1.30
42.45
155.19
0.50
0.30
0.00
155.99
3.01

150.00
1.00
0.80

298.93
-21.74

-198.60
18.00
62.87
3.10
54.77
2.00
59.37
3.00

-134.9



AZIMUTH ANGLE

GROUND RANGE FROM NADIR
NADIR ANGLE

GRAZING ANGLE

SLANT RANGE

XMTR BURST PWR INTO ANT

XMTR NET ANT GAIN
XMT FEED/CKT LOSS
EIR?

PATH LOSS
POLARIZATION LOSS
GASEOUS LOSS

MEAN VEGETATION LOSS
TOT PROPAGATION LOSS
PEAK ANT GAIN

EDGE LOSS

SCAN LOSS

TAPER LOSS

XMTR NET ANT GAIN

ANT NOISE TEMP
RCYV FEED/CKT LOSS
LNA NOISE FIGURE

SYST NOISE TEMP, Ts
G/Ts

BOLTZMANN'S, k

C/l

RCV'D C/No
REQUIRED Eb/No
CHANNEL DATA RATE
IMPLEMENTATION LOSS
REQUIRED C/No
LINK MARGIN

FLUX DENSITY per 4KH:z BW

TABLE 2

UPLINK CALCULATIONS

UNITS CELL 1CELLS

Deg
NMi
Deg
Deg
NMi
Watis
dBm
dBi
dB
dBm
dB
dB
dB
dB
dB
dBi
dB
dB
dB
dBi

K
dB
dB

g
dBi/°k
dBm/Hz°KdB

dBHz
dB
dBH:z
dB
dBHz
dB

2&3
5.39 19.75
1108.01026.9
61.56 60.82
10.00 12.09
1238.41157.8
1.27 1.24
31.05 30.95
1.00 1.00
0.70 0.70
31.35 31.2%
163.84163.25
0.50 0.50
0.30 0.30
0.00 0.00
164.64 164.05
2499 24.99
0.50 0.50
0.95 1.43
1.00 1.00
22.54 22.06
290.00 290.00
1.80 1.80
1.00 1.00
552.58 552.58
-5.52 -5.26
-198.60 -188.60
18.00 18.00
59.90 59.90
3.60 3.60
51.30 51.30
2.00 2.00
§6.90 56.90
3. 00 3.00

-149.9

dBW/m2-150.4
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CELL4 CELL § CELL6 CELL 7

6.59 30.00
810.7 744.0
57.69 56.26
18.82 21.36
949.9 887.3
1.43 1.99
31.54 32,99
1.00 1.00
0.70 0.70
31.84 33.43
161.53160.94
0.50 0.50
0.30 0.30
0.00 0.00
16233  161.74
23.87 23.02
1.70 1.50
1.42 3.00
1.00 1.00
19.75 17.52
250.00 290.00
1.80 1.80
1.00 1.00
§52.58 552.58
-7.59 -9.64
-198.60 -198.60
18.00 18.00
5§9.90 59.90
.60 .60
51.30 51.30
2.00 2.00
§6.90 56.90
3. 00 3.00
-147.6 1454

10.89
492.1
47.58
34.23
664.2
2.58
34.11
2.18
0.70
35.69
158.43
0.50
0.30--
0.00
159.23
20.00
2.60
3.61
1.00
12.79

290.00
1.80
1.00

552.58
14,49

-198.60
18.00
59.90
3.60
51.30
2.00
56.90
3.00
-140.7

30.00
186.0-
23.98
62.93
457.5
2.93
34.67
3.01
0.70
37.00
155.19
0.50
0.30
0.00
155.99
12.04
3.80
0.00
0.00
8.24

290.00
1.80
1.00

552.58
-19.58

-198.60
18.00
59.90
3.60
51.30
2.00
56.90
3.00
-136.1



TABLE 3
RDSS SHARING ANALYSIS
DERIVATION OF AVERAGE DOWNLINK SIDELOBE POWER

Units Cell 1 Cells Cel 4 Cell 5 Cellé Cell 7

2&3
Peak EIRP dBm 53.1 52.8 50.8 50.1 46.4 42.5
Avg lo Peak Ratio daB -13.6 -13.6 -13.6 -13.6 -13.6 -13.6
Avg EIRP on Axis dBm 39.5 39.0 37.2 36.5 32.8 28.9
Sidelobe Reduction dB8 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0
Avg EIRP Off-Axis dBm 19.5 19.0 17.2 16.5 12.8 8.9
Avg EIRP Off-Axis watts  0.089 0.079 0.052 0.045 0.019 0.009
Weighting 6 12 6 6 6 1
EIRP X Wag 0.535 0.953 0.315 0.268 0.114 0.009

Avg EIRP/spot beam/carrier = (summation of EIRP X WTG) / 37
= 0.059 watts/carrier = - 12.3 dBw/carrier
Nt = Total number of cells (spot beams) worldwide = 1628
LM % = Land Mobile spot beamns (% of total) = 30 %
LOS % = Number of IRIDIUM satellites in line of sight 1o GEOSTAR satellite = 57 % (44 of 77)
L % = Average cell loading (% of peak) = 50 %
N = Number of active Land Mobile spot beams in view of the GEOSTAR satellite
aNtXIM%SX1LOS®EXL% =1628X03X 57X 5=139

Pl = Polarization loss = 4 dB
EIRP(sat) = Average sidelobe/backlobe EIRP/carrier

= EIRP(sat) + 10 Log (N) - P}

= <123 + 214 - 40 = 5.1 dBW/carrier




17

TABLE 4
RDSS SHARING ANALYSIS
DERIVATION OF PEAK DOWNLINK SIDELOBE POWER

Units Cell 1 Cells Cell 4 Cell5 Cell 6 Cell 7

243

Peak EiRP dBm  53.1 526  50.8 50.1 464 425

Sidelobe Reduction  dB -20.0 200  -20.0 -20.0 200  -20.0 )
Peak EIRP Off-Axis dBm  33.1 326 308 30.1 264 225

Peak EIRP Off-Axis watls  2.04 182  1.20 1.02 0.44  0.18

Weighting 6 12 6 6 6 1

EIRP X Wig 12.25  21.84 7.21 6.14 262  0.18

Peak EIRP/spot beam/carrier = (summation of EIRP X WTG) / 37
= 1.36 watis/carrier = 1.3 dBw/carrier
Nt = Total number of cells (spot beams) worldwide = 1628
LM % = Land Mobile spot beams (% of total) = 30 %
LOS % = Number of IRIDIUM satellites in line of sight to GEOSTAR satellite = 57 % (44 of 77)
RU % = % of cells active due 10 the 7 cell reuse pattern = 1/7 = 14 %
L % = Average cell loading (% of peak) = 50 %
N = Number of active Land Mobile spot beams in view of the GEOSTAR satellite
sNIXIM%XLOS & XRUS XL % =1628X03X 57X.14X 5=19

Pl = Polarization loss = 4 dB
Peak EIRP({sat) = Peak sidelobe/backlobe EIRP/carrier

= Pesk EIRP/spot beam + 10 Log (N) - PI

=13+ 129 - 4.0 = 10.2 dBW/carrier
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TABLE §
DERIVATION OF AVERAGE UPLINK POWER

Units Celt 1 Cells Cell 4 Cell5 Cell6 Cell 7

283

Peak EIRP dBm  31.4 313 318 33.5 35.7 37.0

Avg to Psak Ratio dB -10.1 101 10.1 10.1 10.1 10.1

Avg EIRP d8m 213 21.2 21.7 23.4 25.6 26.9 )
Avg EIRP mw 0.135  0.132 0148  0.219  0.363  0.490
Weighting 6 12 6 6 6 1

EIRP X Wig 0.809  1.582 0.887  1.313  2.178  0.490

Avg subscriber EIRP = (summation of EIRP X WTG) / 37
= 0..196 wats/carrier = - 7.1 dBW/ subscriber unit
Nt = Tota! number of cells worldwide = 1628
LM % = Land Mobile spot beams (% of total) = 30 %
LOS % = Number of Land Mobile cells visable to RDSS satellite (% of total) = 50 %
L % = Average cell loading (% of peak) = 50 %
VA % = Voice activity of each carrier = 40 %
N = Number of active Land Mobile subscriber terminal transmitters visable to the RDSS
satellite/carrier slot
=sNIXIMEXLOSHXL%® XVA%=1628X03X05X05X04 =48
Pl = Polarization loss = 4 dB
Avg EIRP(sub) = Average EIRP for the subscriber umits/carrier slot
= Avg EIRP(sub) + 10 Log (N) + Pl
=-71+ 168 - 40 =57 dBW/ carrier slot




TABLE 6
DERIVATION OF PEAK UPLINK POWER

Units Cell 1 Cells Celi4 Cell§ Ceite Celi 7

283

Peak EIRP dém 314 31.3 318 33.5 35.7 370
Peak EIRP walls  1.38 1.35  1.51 2.24 3.72 5.0
Waighting 6 12 6 6 6 1
EIRP X Wi 8.28 1619 9.08 13.43 2223 50

Peak EIRP/spot beam = (summation of EIRP X WTG) / 37
= 2.0 wausfcarrier = 3.0 dBW/ spot beam
Nt = Toua! number of cells worldwide = 1628
LM % = Land Mobile spot beams (% of total) = 30 %
LOS % = Number of Land Mobile cells visable to RDSS satellite (% of total) = 50 %
RU % = & of cells active due to the 7 cell reuse factor = 1/7 = 14 %
L % = Average cell loading (% of peak) = 50 %
VA % = Voice activity of each carrier = 40 %
N = Number of active Land Mobile subscriber terminai transmitters visable 1o the RDSS
satellite/carrier slot
aNIXIMEXLOSEXRUERXLS X VAR =162 X03X05X.14X05X04=7
Pl = Polarization loss = 4 dB
Peak EIRP(sub) = Peak EIRP for the subscriber units/carrier slot
= Peak EIRP/spot beam + 10 Log (N) + Pl
=20+85.40 = 65 dBW/ carrier slot

19
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ANNEX D

DERIVATION OF THE UPLINK C/1 RATIO IN THE IRIDIUM SATELLITE
DUE TO THE RDSS SUBSCRIBER TERMINALS

The RDSS subscriber terminals transmit a 20 to 80 ms spread spectrum burst at a
power between 17 and 18 dBW. This power is spread over a 16 MHz bandwidth. The
IRIDIUM subscriber terminal transmits a 2.9 ms burst with an occupied bandwidth of
126 KHZ.

The carrier-to-interference (C/l) ratio in the 1RIDIUM satellite may be estimated as
follows:

CA = EIRP(irid) - BW(irid) - EIRP(rdss) + BW(rdss)} + P! (allin dB)
where:

EIRP(irid) = Peak burst power of the IRIDIUM subscriber terminal (dBW)
= 6.5dBW
BW(irid) = Occupied bandwidth of the uplink IRIDIUM transmission
= 126 kHz = 51 dB
EIRP(rdss) = Peak burst power of the RDSS subscriber terminal
=17.5 dBW
BW(rdss) = Occupied bandwidth of the uplink RDSS transmission
=16 MHz = 72 dB
Pl = Polarization loss = 4 dB

solving:

CN=65-51-175+72+4
=140dB
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Circular Polar Constellations Providing

Continuous Single or Multiple Coverage
Above a Specified Latitude'

W. S. Adams’ and L. Rider’

Abstract

Arbitrarily and optimally phased polar orbit constellations using minimum tofal numbers of
sateilites 10 achieve continuous single or multiple coverage above a specified latitude are derived
using a street-of-coverage technique. The first fifty members of families of munsmai constei-
lations are provided for single. double, ple, and quadruple coverage above 0, 30. 45, and 60
degrees. Approximations are derived which relate the total number of sateilites in a constellation
1o the size of the Earth coverage cap associated with each satellite in the constellation.

Introduction

A primary activity of systems planners in designing potential navigation, commu-
nication, surveillance, and defense systems is to perform those conceptual trade studies
which lead to the identification of minimal-cost, low-risk preliminary system architec-
tures that satisfy a given performance requirement while utilizing a projected tech-
nological capability. In many cases when such systems employ a space-based segment,
0 meet this goal requires the identification of families of satellite constellations which
exemplify the trade-off between total number of satellites and the Earth coverage
required from each satellite of the constellation such that a specified continuous Earth
coverage criterion is met. Consequently, the identification of “minimal™ constellations
is an important aspect of system architecture sclection deliberations.

This article addresses the problem of synthesizing circular polar orbit constellations
with the fewest number of satellites at a common altitude that provide continuous single
or multiple coverage above an arbitrary geocentric latitude. Prior analyses [1—4] have

This research was supponed by Air Force Contract FO4701-34-C-0085.

Enguneering Analysis Programmung Depertment, Information Processing Division, The Aerospace Corpora-
tion, £1 Segunda. CA 90245

*Astrodynamics Depanment, Systems and Computer Engineering Division. The Aerospace Corporauon, E!
Segundo, CA 90245,
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already addressed some aspects of this probiem: In (1] minimal constellations were
determined which provide single global and ronal coverage using arbitrary phasing
between sarellites in different orbital planes; the “star patterns” discussed in (2] utilize
optimal inter-plane satetlite phasing to find minimal constellations which provide single
of double global coverage; optimal inter-plane satellite phasing was also used in [3] to
determine constellations providing single and triple global and polar cap coverage: and
the analysis [4] compares arbitrarily phased and optimally phased polar constellations
for muitiple globai coverage. provides arbitrarily phased polar constellation data for
multiple polar cap coverage, but does not provide optimally phased polar constellation
data for rnultiple polar cap coverage.

The present study augments the analysis of polar orbit constellations by character-
izing the compiete families of minimal poiar orbit consiellations that provide con.
tinuous single or multiple coverage above an arbirary geocentric latitude using either
arbitrary’ or optimal inter-plane satellite phasing. As is the case with 1), {3), {4], and
{5]. this study utilizes a “street-of-coverage™ technique and assumes that ail orbial
planes have the same number of satellites with the satellites symmetrically distributed
in each orbital plane. Unlike [3] and [4], certain simplifications are avoided. so the
results achieved herein are more precise than those found in [3] and [4].

Streets-of-Coverage

The “street-of-coverage™ technique was first used in [1] and generalized in j4). The
latter formulation. also used herein, requires that the coverage circles for the sym-
metrically distributed satellites in each orbital plane overlap to provide a continyous
band. or "street,” of coverage along the orbital projection. This condition is illustrated
in Fig. 1. As shown, the half-street width of coverage c, is a function of the satellite
radius of coverage -— identified bv an Earth-ceatral anele 8 —and j, an integer which
indicates the multiple level of coverage to be provided by satellites from the same
orbital plane. The magnitude of ¢, is given by

¢, = arccos(cos @/cos( jm/s)] tnh

where s is the aumber of satellites in each orbitali plane. For finite constellation
altitudes, no satellite is abie to cover a complete hemisphere. and thus, the minimum
value of s considered will be 3.

Multiple coverage can be provided not only by redundant coverage ensured by satei-
lites from the same orbital plane but also by overlapping streets-of-coverage from
different orbital planes. If » is the desired level of multiple coverage, a can be factored
intoj x k, where ; is defined as above, and £ is the level of multiple coverage provided
by overlapping streets-of-coverage.

Arbitrarily Phased Constellations

If inter-plane satellite phasing is not to be exploited, ensuring continuous n-fold
coverage above the lower latitude bound ¢ of a polar cap region by satellites from inter-

“As far as this anicle is concerned, “arbitrary” phasing means that no single imer-plane saiellite phasing angle
needs (o be mauntaned among the saeilites ia the vanous ordnal planes which compnse the constellanion
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FIG. 1. Sueets of Covernge.

facing orbital planes requires that the worst case coverage interface be determined by
the half-street widths ¢, and ¢,, as pictured in Fig. 2.

In {4] the constraint relation identified for n-fold global coverage using arbitrary
inter-planc satellite phasing was found to be

ple, + )z krm (2)

where p is the number of orbital planes in the constellation. From Fig. 2 and an
application of the law of sines for spherical tnangies, the generalization to n-fold
coverage above an arbitrary latitude ¢ is seen to be

plarcsin(sin ¢,/cos &) + arcsin(sin ¢, /cos @)) = k= (3




158 Adamw and Rider

orbital
projections

. instancanecus
9 = lower latitude R VA - circles of
limic of continuous S, & i satellite
n-fold coverage region P o coverage

half strear widths: f——el._i - :j.-i

(3= in this {lluszration}
FIG. 2. Coverage Interface for Arbitrary Phasing

The inequality (3) holds for all values of j. k. and p such that p > &. Whenp = &, cach
orbital plane is required to provide continuous j-foid coverage independent of the other
planes in the constellation, and therefore. the distance ¢, must equal the co-latitude
m/2 - &. The constraint relation which reflects this condition is given by

6 Z arccos{sin & cos(jn/s)) KN

and follows directly from equation (1).

For arbitrary phasing the interfaces between adjacent orbital planes are independent
of both the inter-plane satellite phasing and the relative sense of travel of the satellites
in these planes. Conseouently, the ascending nodes of the orbital planes can be equally

spaced along half the equator using a separation angle of @ = m/p radians.

Phased Coverage Interfaces

Suppose the streets-of-coverage from two orbital planes interface to provide con-
tinuous coverage above the latitude @ for the region that lies between the two planes,
When the satellites in the two planes are moving in the same relative direction along
the coverage interface, the interface is called 8 co-rotating interface. and when the
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satellites move in opposite directions along the interface. the interface 15 called a
counter-rotating interface. Constraints which must be satisfizd 1o ensure continuous
coverage along an interface depend upon whether the interface is co-rotating or counter-
rotating. Constraints for each type of interface are discussed below.

Co-rotating Interface

Since satellites move in the same relative direction along a common co-rotating
interface. it is enough 10 determine constraints which will ensure coverage at the lower
latitude {imit of coverage &. Let w denote the inter-olane satellite ohasing angle
between satellites in two orbital planes A and B, and let § = j(mod 2). The narrowest
width ot a -told street-ot-coverage occurs at the cusp which is associated with the
half-street width ¢,. As illustrated in Fig. 3, when such a cusp from plane A is at the
lower latitude limit ¢, there is a satellite in plane A at latitude [, where

¢ = arcsin(sin @ /cos c,} + bm/s (5




o Adorma and Pickor

Consequernitly, the latitude of satellites in plane B can be determined from the angular
distances { + w + m{2w/s) measured from their ascending node. where the integer
m ranges from 0 t0 5 — [. One of these satelites, having latitude £, will be closest
to the plane A cusp at latitude &. For continuous coversge along the interface. then,
the angular separation a between the ascending nodes of planes A and B must sansfy
the following constraint

a S arcsin(sin ¢, /cos ¢) + arccos[(cos & =~ sin §” sin &)/(cos £ cos b))
(61

Similarly, when a cusp from plane B is at the lower [atitude imit &, the Jautude of
sateilites in plane A can be determined from the angular distances { = w + m(2w/5)
measured from their ascending node, where again the integer m ranges fromQtos = |,
and { is defined by equation (5). If the satellite in plane A that is closest to the plane
B cusp has latitude §7, then o must also salisfy

a S arcsinisin ¢,/cos &) + arccos{(cos & — sin § sin d}/lcos £ cos &)
A

The determination of the latitude £ (or £ 7) can be made by evaluating the expression
arccos[{cos @ ~ sin £ sin &)/{cos £ cos )] for all satellites in plane B tor A) where
the satellite latitude £ satisfies |§ — (| = 8: £ (or £7) will correspond to the value of
£ which maximizes this expression.

Counzer-rotating Interface

To provide continuous coverage along » counter-rofating interface. it 1s necessary o
satisfy constraints which will ensure coverage at the lower iatitude bound &. As was
the case for co-rotating interfaces. the critical situation occurs when a cusp from one
plane’s street-of-coverage lies ot the latitude . Suppose such a cusp from plane A s
at latitude ¢ and a satellite in plane A is at an angular distance of { from its ascending
node. where { is again given by equation (1). If, as before. w denotes the inter-plane
satellite phasing angle at which satellites in plane B lead sateilites in plane A, then the
angular disances 7 - [{ + o + m(2n/5)] measured from plane B's descending
node, m ranging from 0 to s = 1. characterize the positions of the satellites in plane
B. One of these satellites, having latitude £, will be ciosest to the plane A cusp at
iatitude ¢. If a’ denotes the anguiar separation between the ascending node of one
orbital plane and the descending node of the other. thena’ = 7 — a. and a necessary
constraint that must be satisfied for continuous coverage at latitude ¢ along the counter-
rowting interface is the following

a’ % arcsin(sin ¢, /cos @) + arccos[(cos & = sin " sin &)/(cos §° cosd))
(8)

Likewise, an analogous constraint must be satisfied when the roles of planes A and B
are reversed. When a cusp from plane B is at iatitude ¢. the positions of satellites in
plane A are determined from the angular distances w = [{ — w + m{2Zw/5)] mea-
sured from plane A's descending node, m again ranging from 0to s — 1. One of these
satellites, having latitude §°. will be closest to the plane B cusp at latitude &. The other
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constraint on a’ can then be expressed as follows

a’ S arcsin(sin ¢,/cos &) + arccos[(cos & — sin £ “sin @)/(cos § ~cos &)]
(9)

The determination of the latitudes £ and §~ can be accomplished in a manner
completely analogous 1o that used in the case of a co-rotating interface discussed
previously.

The constraints (8) and (9) given above. which when satisfied, ensure that continuous
coverage will always exist ar latitude &. However, those constraints alone are not
sufficient to ensure continuous coverage everywhere above latitude ¢ along a counter-
rotating interface. Since satellites move in opposite directions along such an interface.
it 15 possible for a hole in coverage to open up above {atitude ¢ even though coverage
at latitude & is continuous. This situation is depicted in Fig. 4. A necessary and
sufficient condition for no such hoie 10 occur along # counter-rotating interface is that
a' be small enough so that whenever a ¢, cusp from one piane’s street-of -coverage 1s

FIG. 4. Counmer-Rotating Interface.
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at the same latitude as a ¢, cusp from the other, the streets-of-coverage intersect. If &
is the lowest latitude greater than or equal to & at which this situation occurs. the
constraint on a’ can be given as

, a’ = arcsin(sin ¢, /cos &) + arcsin(sin ¢,/cos &) (10}
An explicit determination of & is given in Appendix A.
Phased Constellation Orientations

The orientarion of a polar orbit constellation is determined by the inter-plane satellite
phasing angle w and the angular separation a between ascending nodes of successive
orbital planes whose satellites possess this phasing. Ascending nodes can be placed so
that the numbers of co-rotating and counter-rotating interfaces vary. Since the goal of
this analysis is to arrive at minimal constellations, for a given choice of &. 8. and w.
it is prudent to maximize the number of one type of interface over the other. depending
upon which type 15 less consiraining to the coverage problem. Consteliations with a
maximal number of co-rotating interfaces will be called co-oriented. and those with a
maximal number of counter-rotating interfaces will be called counte: -oriented. If p 15
the number of orbital planes in a constellation, there will be p coverage interfaces. It
witl be shown that at Jeast p — 1 of these interfaces can be made either all co-rotating
or all counter-rotating. The exceptional interface is the one between the pth and first
planes. It should be noted that the inter-plane satellite phasing angle along thus interface
istp = lw {mod 21 /s). Since this phasing angle possibly differs from w. it is likely
that the angular separation between the ascending nodes for the pth and first orbital
planes may differ from a: for this reason this angular separation wiil be denoted 8. and
B’ will be defined as = — B. The coverage constraints for @ and a’ previously
discussed also apply to 8 and 8’ with (p — Dw (mod 27 /5) taking the role of w.

Co-oriented Constellations

Recail that in the factorization j X & of the level of coverage n. k is the minimum
number of streets-of-coverage which must overlap every point in the covered region.
When & equals |, ascending nodes can be distributed over 7 radians with an approxi-
mate value for a being w/p. From the exampie iilustrated in Fig. SA. note that all
coverage interaces wiil be co-rotating except the last one between the pth and first
orbital planes. There is no manner of distributing ascending nodes in order to have all
co-rotating interfaces when k equals 1. When k equals 2. ascending nodes can be
distributed over 27 radians with an approximate value for a being 27 /p. An example
of this situstion is depicted in Fig. 5B. In this case all interfaces will be co-rotating:
however, the exceptional interface between the pth and first orbital planes has a
potentizlly different inter-plane satellite phasing angle than the other interfaces. In
general, to maximize the number of co-rotating interfaces characterized by the angle a .
ascending nodes shouid be distributed over k radians with an approximate value for
a being kw/p. When k is odd, the exceptional interface is counter-rotating and is
characterized by the angle B°; when & is even, the exceptional interface is co-rotating
and is characterized by the angle 8. It should be noted that when £ and p are not
relatively prime, there is a possibility of co-incidence of orbital planes. this situation
will not be considered for viable constellstions.
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For a co-oriented constellation. a constraint which must be satisfied 1o ensure con-
tinuous coverage above latitude & is given by

(p~-lla+ B =kn (11)
when k is odd, or
(p~la + 8 =in (12

when k is even. Naturally, a must satisfy the inequalities given in (6) and (7). and when
k is even, B must satisfy the appropriate analogs of these same inequalities. If & is odd,
8’ must satisfy the analogs of (8), {9}, and (10).
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Counter-oniented Constellations

Generalizing from the examples in Figs. 5C and 5D, the number of counter-rotating
interfaces characterized by the angle a’ can be maximized by distnibunng ascending
nodes over (p — k)m radians with an approximate value for a being (p — k)m/p.
When both p and & are odd, al! interfaces will be counter-rotating with the exceptional
interface between the pth and first orbital pianes being characterized by the angie 8°.
When either p or k is even, the exceptional interface will be co-rotating and wiil be
characterized by the angle 8. When p and p = & are not relatively pnme, there is a
possibility of co-incidence of orbital planes. and again, this situation will not be
allowed in determining potential consteliations.

For a counter-oriented constellation, a constraint which must be satisfied to ensure
continuous coverage above latitude & is given by

{(p=~la" + B 2kn (£3)

when k and p are both odd, or
{p=1lla"+pB 2in ey

when either & or p is even. The angle a’ must satisfy the inequalities given in (8), (9),
and (10). and when k and p are both odd, B’ must satisfy the appropriate anaiogs
of these same inequalities. If either & or p is even, B must satisfy the analogs of (6)
and (7).

Minimal Constellations

The determination of polar orbit constellations with the fewest number of satellites
that provide continuous n-fold coverage above latitude & has been facilitated by
developing iterative computational procedures thal calculate minimum 6-values which
satisfy the appropriate coverage constraint. For arbitranly phased constellations this
implies solving (3) when equality holds: such a solution is obtained by emploving
Newton's method of spproximating roots to differentiable functions. When inter-plane
satellite phasing is to be exploited, the iterative procedure i5 more complicated since
it must determine a minimum @ for which a phasing angle w exists such that equality
will hold in the applicable coverage constraint given by (11), (12), (13). or (14). These
computational procedures are incorporated into the minimal constellation selection
process in the following manner: ¢ and a are given. Potential values of 7. the total
number of satellites in a constellation, are examined in increasing order. For a selected
value of T, all factorizations of both T = p x sand a = j X & are considered. When
optimal phasing is to be considered, both co-oriented and counter-otiented constel-
lations are examined. A minimum value for # is determined using the applicable
iterative computational! procedure so that equality will hold in the appropriate coverage
constraint; for optimally phased constellations an associated phasing w is also found.
If the value of 8 so determined is larger than a previous value of 8 computed either for
a smaller value of T or for a different factorization of either the current T or a. then the
constellation cannot be minimal and is discarded. If, on the other hand, the value of 8
is smalier than that determined for a previous constellation consisting of T sateilites,
then the previous constellation cannot be minimal and is discarded. The constellations
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which remain afier this discarding process are precisely the minimal constetlations as
a function of the satellite radius of coverage 4.

The first fifty members of families of arbitrarily phased and opumally phased
minimal constellations are given in Tables 1 -4 and Tables 5-8. respectively. for values
of n ranging from 1 to 4, and for values of & equal 10 0, 30, 45. and 60 degrees. It
should be noted that when @ is greater than zero, continuous j-fold coverage 1s possible
using sateilites in a single orbital plane. Since inter-plane sateilite phasing need not be
a concern in these cases, minimal constellations providing continuous a-fold coverage,
where each plane provides continuous j-fold coverage, have been included only in the
tables pertaining to arbitrary phasing. The j X k factorizations of n are given n
Tables 14 for arbitranily phased constellations; however, due to space restrictions,
such factorizations are not given for the optimally phased constellations. Nevertheless,
it is possible 1o easily determine the integers j and k: the j-value for a constellation 15
the greatest factor of a jess than 56/ (80°, where @ is given in degrees. and the integer
& must equal n/j. Inspection will reveal that all factorizations of n appear in the tables;
however, the factorization with j = n is the predominant one.

It is interesting to note that for optimally phased constellations and the values of n
considered. counter-onented constellations are never mimmal for global coverage,
unless one considers two plane constellations as being counter-orienied. (Two plane
constetlations are both co-oriented and counter-oriented.) However, for higher values
of ¢, some minimal constellations are counter-oriented (e.g.. ¢ = 30°, n = 2, and
T = 12). A determination of the integers j and k as indicated above will reveal whether
a constellation is co-oriented or counter-oriented: using a constellation’s a-value given
in degrees, if & = pa /180", the constellation will be co-oriented. and if k ~ p - pa/
180°, the consteliation will be counter-oriented.

Comparison with Prior Results

As was noted in the inooduction, prior studies have addressed various special cases
of the general problem treated herein. A comparison of those previous results with the
cnes that have been presented here is in order.

In [1] Liiders showed that an arbitrarily phased minimal constellation supplying
continuous single coverage above a specified latitude & must have a satellite radius of
coverage which in the terminology of the present study is charscterized by the following

0 = arccos(cos(w/s)V1 - cos’ & sin’(w/2p}] (1%5)

It can easily be shown that equation (15) follows immediately from (3) by setting
jmk=m |,

The polar orbit “star patterns”™ used by Walker in [2] yiekd essentially the same results
as those obtained herein for continuous singlie global coverage using optimal inter-plane
satellite phasing. The results for continuous double global coverage in {2}, however,
can be improved upon; this is apparent by noting that the p = 3, 5 = 3 constellation
given there required a satellite radius of coverage equal to 74.0 degrees, whereas the
value in Table 5 here indicates that by using a differemt distribution of satellites, a 8
equal 10 71.253 degrees is sufficient.

In [3) Beste was the first in external publications to consider optimal inter-plane
satellite phasing using both polar orbits and a street-of coverage technique. His analysis
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TABLE 1. Arbltrarily Fhased Pular Constcliations Providing Contioveus Coverage Above 30 Degrees Gescentric Latiude

Single Coverage Duuble Coverage Triple Coverage Quadruplc Coverage
J 0k p 3 T thets oipha J Lk p 3 T theta slpha ) k p 5 T hea alpha j k p 5 T  tixta sipha
b3 YA w28 S UM Wk )L T T BAM2 M 4% 9 B0 ma
11 1 4 4 A9 v 122 ) 6 75522 900 3} I 1 3 3 TR 9% ma 2 22 35 10 3.112 90.000
tr 1 3 3 66140 a 2 07 T 7.8 wa 1 )3 ) 9 75522 60000 4 1 ) 1) 11 Te0I2 ®o
14 4 & & ) ws 1 22 4 § 69293 90000 3 | 1 10 0 72909 wa 1 4 4 3 12 753522 45000
[ I TR | T 61225 ws 211 9 9 67419 aa 3 0L 1 1111 70887 s 4 1 1 13 13 73499 an
11 2 4 8 5012 90000 | 2 2 S5 10 66140 90000 & ) ) 4 12 69295 60000 2 2 2 7 14 71836 90.000
L1 2 5 40 3029 9000 2 0 ) 11 H 6512 mMa 3 0 1 1) 1Y} 68022 was 4 1 1 13 15 10454 (3]
11 2 6 12 4792 %000 2 | 2 6 12 61043 9000 3 1 | i4 4 o699 wa I 4 4 4 16 9295 45000
1 2 7 14 44579 90000 2 1 2 7 14 3502% 9000 1 3 3 5 1% 66140 6O000 4 1 & 17 17 &2 213 wa
EE 3 5 13 40177 60000 2 1 2 8 46 31012 90000 | 3 4 4 |6 64902 45000 2 2 2 9 I8 67479 90000
I 2 8 16 43081 90000 2 1 2 9 13 43407 90000 3} ¥V I N7 17 H4.842 na 4t 1 19 19 66761 n'a
Ll 3 6 I8 Y682 60000 2 ¢ 2 10 20 46452 90000 3 | 2 9 18 60429 U0 1 4 4 3 20 66140 45000
L3 7 21 35696 60000 2 # 2 11 22 #4991 90000 3 | 2 10 20 56012 90000 2 2 ) T 21 6D44) 60000
F1 3 8 24 33615 GDO00 2 § 2 12 24 43870 90000 3 | 2 11 22 5279 90000 2 2 3 8 4 3780} 60000
F ot 3 9 27 NIW 0000 2 1 2 13 26 4290 90000 3 | 2 2 24 504 W00 4 | 2 1} 26 36757 w000
L 4 7T 28 3783 45000 2 4 3 9 27 41786 SOOU0 3 1 2 1) 26 AN4BE 9000 2 2 3 9 27 55944 M0N0
[ | J 10 30 30988 60000 2 1 3} W0 X0 I8Y00 GO0 3 1 2 K4 28 47006 %WON0 4 1 2 14 28 34037 90000
F L 4 B 32 2937 45000 2 1 3 01 33 a4l 6000 ) 1 2 15 M 45K1) 0000 4 1 2 13 3O 51.B&% 90000
11 4 9 36 27553 45000 2 0 ) 12 36 35070 60000 3 1 2 16 32 448)9 9000 4 1 2 16 32 3014} 2000
1L 4 10 40 26194 45000 2 1 3 1) 39 31751 AOOOD 3 | 2 (7 3 44032 %0000 4 ) 2 (7 34 45668 90000
Pl 4 11 &4 25041 45000 2 1 3 14 42 324691 60000 3 1 2 I8 36 41350 SUOO 4 | 2 I8 16 47486 90000
13 % 45 25120 36000 2 0 3 15 43 31626 60000 3} 1 2 19 M A2T7HS Y000 & F 2 19 I8 46454 00O
) 4 12 48 24309 45000 2 0 ) 46 48 31000 60000 3 1 3 1Y 3 4247) 6DOO0 4 1 2 20 40 45594 Y0O0D

”»

pny U suspy



PFY K- X E R BN ENN JCHREVECCIESE- SN N N - N L ]

228RIIIASELS

1).59%
2248
21.437
20.087

L Bl
19.329
18.07}
18.472
17.387
17.09)
16.931
16.672
16.294
15.761
15.302
14.906
14,83
14.563
14.340
14.263
13.916
£).546
2.222
13.193
12937
12.004

T g N R g N N N N T RN XN N N NN N N

Y- X X N Y 'R Y "RV F RV F Oy S A A N N N A S S S

7
13
4
15

17
1]
9

2
7
n

9

21
22
n
24
23
2t

2
bx
24
2

TRECEEFEIEZERSE

30 811
29914
28 563
21.437
26.539
25.76%
.16
24 558
24.076
PAN b ]
23 Mo
23293
12 565
25.995
2.7
20813
2.372
19984
19.64)
19333
19.157
19.062
18 048
18.19%
17.002
17.447
17.130

60.000
43 000
45000
45.000
45.000
45.000
45.000
45.000
43 000
43.000
3o 000
45 000
36.000
36 000
36.000
36.000
36.000

36.000
36.000
30 000
36.000
30.000
30.000
3}0.000
30 000
30 000

ol e e e b G e Ll e b e bt b e by M B A L G e b e e L e

e E Ee N A R BA W e W Es s e MR Em YR e G En G mn A A AR A W

O R R R N N S N R R

4
15
16
1
1]
19

]|
22
23
24
13
134
26

n

2}
24
25
26
7
b1}

1}

112
31
120
124

42.29
.17
»
Jo.B1)
13557
34303
Vo
12 845
12187
365
34
Mrete
X288

29.94)
28.961
28.091
17.318
26.67)
26 091
15573
25.147
24707
24.340
24 000
23710
2349

90 000
60.000
&) 0l
&0.000

60000
60,000
40.000
60 000
60.000
60.000
60.000
60 000
43.000
60.000
45 000
45000
45.000
435.000
43.000
45.000
43.000
45.000
45.000
435.000
45.000
45.000

DY SN S S N O N R I W N R A R R R L

B e oy wr By e En mm e e mh hE M R W e TR B B by B ) W we by W W

e b e v e W e ) o e W el W Wt Wl et e W WA e LA B B W B

gs2rxgasitn

6)

n
13
™
a

[ 1)
9
100
102

104
0os

44 857
“.219
44133
4).683
LINY,
4] 683
41.100
LR L]
39.501
B4
36 972
33 962
Is.on
M2
J3eN2
030
12.494
31.014
3 584
36198
30 844
X 326
30 226
30 i00
2971
29 295
9.2)5

90000
90 0y
36.000
90.000
90.000
36 000
60.000

60.000
60.000
&0.000
60.000
0.000
&0).000
60000
60.000
ol OU0

60.000
o0 X
60 )
60.000
25 T4
45.000
60.000
45 000
25.714

M0y MmraRd

"l



TABLE 3. Arbltracily Phased Polar Consteliotions Providing Contlusus Coverage Abeve 435 Degrees Genceniric |atiinde

Single Coverage Double Coverage Triple Coverage " Quadruple Coverage
Job p 5 T theta apha j kp s T thoa  alpha ;U s T dwin alpha s T theia  alpha

=

[

»

|

] 995 wa 5 11N nia 7 T ME947 ~a 9 9 1297 wa
4 60.000 wa 6 0195 Y0.000 ] 8 74 MO na 5 10 AN %o
3 353106 wa T )840 na 3 9 4295 HLIND "o 2N na
6 5229 (] B 60 000 90 oK} 16 10 65441 na ] 12 19 45000
7 04235 wn 9 5122 na " i 6245 wa Y1y ee MY wa
1 A wa 1055006 90 000 4 12 ik 6000 14 AVS40 90000

9 48339 wn

10 43.322 90.000
41.410 %0000
14 JRTIS 90000
6 36.860 90.000
18 3558 S0 000
20 4549 90.000
21 32.56% o0 ODD
4 3207 000
27 28478 D000

11 53.4% (]

12 521% 90.000
1y 5.2 wa

4 50425 0.0
15 49 7ol n'a

16 46 551 900
I8 43 M8 .0
40999 96K
22 W2 v o
M7 R4 Y000

1V 1} SR wa

14 14 564N ws

545 SM0e s o
16 16 Siuwy na

17 17 SViMS na

6 I8 S22W  aliKe
S1S40 wa

N MW7 na

T 21 A28 s
2 2} MWW aa

\

1515 6b7e0 na
4 16 MO0 45K
17 17 Sud49 na
9570 Y
W 560R2 wa
0 S5 450w
H N MMM wa
22 5149 i
3V S2EM wa
4 A22W 4500

MR DA D A

=

O WO OE A E e W
~

-
i~

10 30 27173 &DOO0 13 2 W M7 s 2V 49 Shh na 15 2% s na
1 3 26166 60000 14 2% W E6S 9 h 24 O AN 1V 2% SE2M 9o
9 3 1522 4500 15 M 25 145 0.0 S5 SNAM Wi 3727 MIRMY e

-
(™
]
-

4.7 60.000
2372 45000
12 327 45(um)
20542 45.000

-3

12 MY Wi
RARNNC R TR
WO S
1’17 s

1V 2 43445 Yomm
14 2 4l 66K N
IS W J0 22 b ien
(L R VTR Y

7T M 50425 S
N M Sorr na

(11} M A% HG2 KN
1 AV 44 5% AOUD

=
)

t

3
z

L I R T I T v N N N R R I
-
LI R P LT I S S SOy Ry S SR R VR R N ]
- e e W En e e e owr me owr by = B o b e b ms R
P N N N N N T N N N L
-
- e e s e o  aw e el e e e
e R e W AR el R VR um m AR el W Em e e owe e e
Tt b 1 Td o i S0 e 'yt W W g R L W YR ) e e W e
-
=
-
-
T bod ol om s by s v Bt e e ey e o B ryg s g
[ R R N N e I N N
T o s B TR S R R R W
Y

-
-
=
-
4

13}

WPy P BuepyY



Py NSRS SN SN E RN N NTE TR BTN VRN R I

13
n
4
12
16
1
4
13
1
16
14
”
(3]
9
16
17
"
16
"

7

18
2
9

ia
i

T3eus

63

)]

gnced

102
108
"2
(1)
"ne
120
126
132
m
140
id4
147

2087

2.1%
19 510
19.2%
18.8352
17.942
17. 348
17.342
16.846
16 572
15419
13.924
15.738
13.373
14.901
14 404
14.401
14.140
13.397
1380
13.458
13.319
13.07%
1119
i1.737
12 442

O R A R N N R I e N N TN SRR RN

P SRR SVIR TR IR A

[F VRV T I RV Y B A B B

3]
14
1
16
7
1]
9
X0
2)
16
17
L ]
iv

21
n
4}

42
43
41
$

57
o)

Esszceyzged

14
HS
1o
(1}
120
123

Ry

i
133

3 S
M 4
w262
T Al
26687
26427
2% 556
15 106
24716
pE D 1]
a4
11 643
i v85
{1}
YN
20488
2.1
19.764
19 461
19.1%4
16 948
1432
17976
175N
17.244

aa uww

Ih 599

L IRTY L
[ (K] L]
othon
[
Ak INXY
i) 1NN
&l K
LR
LRI
45 ()
45400
4%
45 (ki
45 iy
45.0m
45 .00
45 )
45 00
44400
45 000
Ml
16 00
L XL
3 ()
36 (R

......

T T

T e b e et W e el e e e

£

L

e MR e MR WP T EE M W W S WP A N T SR W o e W TR ML W S Wy e e

e e e e e e b et e e e et et et el e e wm Tl Bt Pl b e b G P

25

M

k1
4
42
+H

L L]
S
bl
4
b))
[
L]

12
75
™
1]
L1}
87
w
9?2
93

M
N
16 1w
san
A5 M
LR
REN ) )
M
LXR 1}
AR P
LI ]
M) S

e
AT

mm
20000
naam
26918
26 460
26.047
15 o6kl
233
1o
4740
24.017
a9
Ii9is

L B

WK
P ANK)
W
b L]
LN
WK
BEn
YN
Wi AkN)
SN
[LEL] 2]
[LLEL L
hib.inip
[LiEE L1
[ () 1))
SO
6l iy
G0
A0
600
) (MK
[ {XF 1 1]
6l .cne)
450

45000

e odr B b B ol b M P ode e e B B e e he e e de e A b e b e

fnd S e dnd W0 wm ww mh wn e G dn e W W W

- e mr w= o we R o

o Nl e e et s e Yt R e R bl i WA T Bk Pl Dk N B T B It B B b B

1
"
L]
. ]
b |
2
n
b2}
25
6
n

™

iy
1’2
1]
12
LA
b
(L)
|
3
6
n
2
N
k]
M

M

n
L]
42
44

W W R de
&Iﬂsl

fzRdoFEILTERR

s7

L U
L1

41 old
42212
41012
Y57
MOS0
272
17 5o
3oum?
Mo 4K
»In
35 S48
15 167
Mz
ML25)
20
LAR 22
2912
ALY ]
M2
A2
.7
Fo B 20
L AL
.00}
K074

.- g

LR LD
WARN}
U X1
UTR G 1]
Wt
PR
90 i
MLINN
) $UMP
94 )
0,000
117 L1
LT 1 1]
kXt
90K
90 00

ol O
[ AR
[ (RL L]
0.0
). 000
o0 000
pirinm
[LUAL L)

FUORINRIVODD Mliy IMED

[ Y1)



TABLE 4.  Arbiirarily Phased Polar Consteliations Previding Coniinweus Coverage Abeve 60 Degrees Geoceniric Latitude
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TABLE 5. Optimalty Fhascd Polar Consicliations Providing Continuous Coverage Abave § Degrees Gesceniric Latiiunde
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TABLE §&. Optimally Phased Polar Constclintions Providing Continwous Coverage Above 30 Degrees Geoventric Lathiude
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TABLE 7. Optimally Phnsed Polar Consttliations Providiag Continueus Cuverage Above 45 Degrees Geaceniric Latitude

i

Siagie Coversge Duuble Cuverage Tripke Cuverage Quadrapie Cuverage
P 3 T theta nlpha omegs p 5 T thetn alpha onwega p 5 T thetn aipha wmegs p 3 T thwin  siphs  oecgs
2 4 § A7T820 98434 45000 3 5 15 4TI 120000 24000 4 5 20 455 137229 GON0 3 9 27 46340 124,480 20 000
2 3 D0 0093 37757 JON0 2 B 16 46965 91761 0000 4 B X4 46049 13554) OO0 Y 10 M 44820 120000 |2 000
2 6 1237057 89506 30000 2 9 B 41901 BOTH6 20000 5 S X% 44457 T2000 JMM00 3 11 1) 4303 sS04 124070
2 7 1436419 %4966 25714 4 3 20 WY BEE61 MOU0 2 I3 26 41043 BOLTS 0000 7 S IS 4299 T7.043 028
2 8 16 )49 93 22300 2 HE 22 M3 MAOTS D00 2 14 2K J0H6) BP0 000 4 9 3o 41884 3936 20000
3 6 18 32403 65440 XO0U0 2 12 24 36822 YOI ISG0G 2 1% M 39762 RYYM 0000 2 1Y M AT iy Do
307 2 24 6105 25744 2 1) 26 35T MUMOT 1IM46 D 00 32 WV O NO2NY 11280 2 20 M) Mo wr4BE 00
J OB 24 17000 62051 22500 2 04 28 33060 YO ONY 12R37 2 4T M O ATAM 0MY 000D 2 20 42 MM SDO4 GO0
Y9 27T 260112 SR 440 0147 35 6 3 MW T2000 24000 2 B M MT7i6 K9 Dano 2 2T 44 3TYTS G0N 00
Y10 30 24908 61.647 12000 2 (6 32 WISIO RYGIZ OO0 2 v M WMOW YNOsl OO0 2 21 46 VT.MA BYT6) THe
4 8 32 24770 48675 22300 3 11 3V M4 61420 16w 2 20 40 MM Y O 2 M 48 W4T w7 7NN
JIL D D00 0000 5 T 35 V465 USTT O TMOT 7T 6 42 MWL O THAIT MMK 2 25 M I62IW WeTT G0
4 % 36 22387 46719 20000 3 17 3 I0LM O MIVI26 ISGOG D 27 44 M S4S YOEMT 0000 4 1} $52 157 RYY0) (3 Hed
4 10 40 2128 4TO0T 1B 3 13 W JNHET 120000 G000 2 2V 46 MM KU G0 2 2T 54 A5 W66 9O HIT 6667
400 4 204W 45226 10909 N J4 42 206432 120000 DK X 6 40 DT9NT 6 TIT MDD S IF 35 M9 72 ATS 16 W
4 12 48 194U6 46 WY 5000 X 1S 4% 2TA06 LIV AL 124000 7 7 49 V2GHY RUI RS Odem 2 2 S6 MVIL MY ess 44N
S 10 50 1949t WG OO 3 (6 IN 26745 IV 127 1125 3 I8 M MW 005 14 2 W S8 MOIT RNy 2D
4 1) 52 IR A21 43 30K 134406 3 17 S0 25986 (200N QM K 7 % WWe 6T 1Y 22 S 12 6D M 2eD 107.3%0 15 o0
3O0F 35 1M2M 7SN 16 M4} NS4 25 MY 120000 GO0 Y 19 ST WG HEdMA Qa9 T 6d 2912 wWam )24
S 02 o0 1743 37660 15000 7 B 36 351N S1429 96 N 20 A0 N0 MDY 0N S 13 685 3074 7T 1LE
S 1) 65 losod 36876 10850 3 19 57 25007 62 G Y Y 63 MMM Mihs O S B4 70 WY HI7 S e
S 4 TO L6LTE 7479 L2 85T % M1 60 24545 PZ0000 6k 3 22 o6 T IRE O LMOANME S ASE S 1% TS MI2M T 9T Jdam
515 75 15614 Y66 120000 7 9 &) 23605 51429 47 04Y X 2% a0 27067 AT G000 L1 7 77 299M 65 455 1177

MOry PUB SSpY



FEE-EEEIREREE R N RSN BTN B TE- NEI - -  J - B )

15.35%0

1534 M.

14752
14.204
1313
13383
13.243
13101
12.7%0
12.:2
12043
1.675
itedd
11.45)
.27
11.25¢
10.936
10.649
10.373
10.182
10.080
10.007

9.519

9.566

9239

%40

29117

13846
11.250
12.837
10.518
1.2%0

= -
o -
nal
S -
T P P PR P Y S S G e I S

LU
n

gggsEreE

W4
ws
s
110
"s
"
120
123
130
135
140
143
143
150
154
136

127
22.511
n.us
3 3%
203872
07
1v.9%
19520
19.001
19 29
(13 43
.
.39
mwon
17.9%
1747
17.472
17.09
16 673
16428
16 140
15914
15.706
15680
15.453
15120
502

1M 858
4
45 Uo7

114 0
45218

134 936
45.041
4.000

(LK.
43 04
L L
45 ULe

144 000
40.000
3o 150
143 T86
L ITILY
Jo. 7
144600
3o. 100

143 474
3. 140
R

144 000
Jo.a0l
nm
30 156

LLEL) 4]
i5429
[IX1 1)
v 414
(XL ]
0 (%)
[IX1 1]
16.000
7820
(LA 1 1)
14 540
(X111
0 000
13333
0 00
6 487
12. 08
0.000
0000
0.000
b
0.000
12.507
[IX11)
0 000
LR 4]
.

—

- - -
- b ah A A h e b h e hD e D

4
3
4

23

iy
0
n

3
n
»n

35
It
n
L]
I

12
LA
]

L}

N

[LL1)
L]
11 ]
no
h2
116
0
124
128
12

0
143
148
150
132

2n 547
20129
25T
5 6W
25 400
FARE
24 Tie
24.670
Hom
PAN A
23097
23 .04
2247
21978
20943
24 324
2.5
0.1
413
20 157
19915
19.644
19.46)
19.19%
19.05%
19.017
18 8%

120000
120 000
1 1™
5508
YW
1 20 o060
120 ;00
50 263
54.241
1M 907
49 468
4 80
1M
199
49 745
1M 430
1M 943
134,925
134 962
134 924
144 e
134 949
45033
449w
45043
143 4922
114 Yo%

o mw
0 %0
642y
2.5
6 6h?
o.t0n
(12111}
22.5m
20 0N
XL
18 O
7. 00
4923
0 %)
1% O
O )
6.207
6.0
4.000
[1X11))
5453
5204
5143
16 364
4 863
6 00
477

-

A ) Bl B R e B ) ) e e e e e b el e e e e e e WA

2o
16
1

W
2
AL}

M

n
16

17
1
N
)

"7

2t

L1
0

n
b
L))

LY
"
43

(i 14
1
s
e
"t
] P
K7
119
126
112
13
133
1
14
144
147
148
150

1658
M4
MY
m )
17 390
2,407
26958
26 580
26.253
54927
5.3M
5 .60m
3
A
24 870
LKL
FAR L
3.3
23134
n M
b Al AL ]
nm
22323
21947
LR L)
62}
21582

o) 4Ny
107 962
12 om0

i (Y

68 000

LR

ol 10}

60142

s}

ol 119

35,304

60 007

XTI

60 %
126 .54)

55 a4
128500
128 353

45 042
128 534

4% oo
134927
11 587
1M .99}
128 55}
45022

<4 M)

h Y21
1250
00
a4
4113
(Y]]
L% 13
5628
lo2s
ks ]
20
S 14}
S 000
4 465
1425
[LE 1
Q.
14000
5.453
9474
18 o487
(131 { 1]
4.000
3 K
0 o
4 K63
16 Bi%)

Mg MRRD

-71)
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did, however, take a conservative approach 10 the comstrai dealing with counter-
rotating interfaces by sssuming that the latitude & discussed in the present snalysis was
equal to the lower latitude limit of coverage . The coastraint relstion used in |3| for
opumﬂlyphudpohmnmommwn.mmkpommcmp
and expressed in the terminology of this paper, is

P10 +c)+ 2%, =xcos d 16)

Using cos & as a multiplier of  im (16) is equivalest 10 trying to solve a spherical
riangle with one side being 3 minor circle are. Consequently. solutions obuained from
equation ( 16) will be sufficiently accursse. when compered with those obtained herein.
oaly if the quantity (sis #/cos &) is small. & should also be noted that [3] did not
recognize tham different j X k factorizations of » could be beneficial in determining
minimal constellations.

In (4] Rider examined arbitrarily phased polar conseliations ptondm;nfold polar
cap coverage. However, the results obtained in this regard used an “average™ half-street
width ¢ = (¢, + ¢,)/2 10 smive &t the (ollowing comstraint equation

2p arcsinisin c/cos &) = ix an

Comparing equation (17) with the coastraint in (3) will reveal for # > | that
equation (17) produces slightly conservative results for large @ and essentially equiva-
lent results for small #. The teastment in [4) of optimally phased constellations that
provide global coverage also takes the same conservative approach to counter-rotating
interfaces as done ia [3].

There are other types of consieliations which can satisfy different portions of the
general Earth coverage problem with fewer satellites thas those reponted here. In (6]
Wailker was the first 10 show that continuous coverage of the Earth couid be achieved
with five sateilites in inclined circular orbits. [n {7) Ballard exeended the results of [6).
and his inclined orbit constellations as reported there with twenty four or fewer satellites
are more efficient than the polar consteilations discwssed in this paper for the total
sumber of sssellites he has considered. For some lower latitades and some redundancies
of coverage, arbitrarily phased inclined orbit constellations providing polar cap cov-
erage as reported by Rider is [3] provide more efficient comstelfations than those given
here. The resuits of [5) aleo show thet mixed consiellations employing two orthogonal
polar planes and one oquaorial plane provide more efficient comstellations for double
and guadruple global coverage whes § & 55.1] degrees shan the purely polar orbit
constellations that have beea wied in this analysis.

Collision Aveidance

The approach 10 the coverage problem preseated here has aot as yet addressed the
practical aspects of ssselliee collision svoidance. Siace this amalysis has been solely
concerned with ciecular polar orbit conselistions. sad siace cvincidence of orbital
implies that if the satelliees were all ja perfectly circular orbits at the same altitude. 2
collision would occur if and only if sasellites in two or more planes crossed their
ascending nodes sinwltaseously. This is equivalent to ie (mod 2w/5) equaling zero for
some imeger { ranging from 1 10 p = |. For arbitrarily phased consteliations. an
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inter-plane phasing o can always be selected so that i (m0d 2% /5) never equals zero.
For optimaily phased constellations. bowever, s examination of Tables 5-8 will reveal
that iw(mod 2w /s) does equal 2e10 for some inseger i between 1 and p = | for many
of the conmellations listed there, most notably those with & = 0, and those with w =
w/swherep > 2

Asother means of svoiding collisions for arbitrarily phased cumicliations is by
placiag the satellises is each orbital plane at 8 common aktitude which differs from the
comemon alktitude used for sateflites in any other plane but which still ensures the same
radius of coverage # for all smeilites. However, for optimally phased constellations this
method is not applicable since the orbital period (and heace the semi-major axis) of
each satellite in the constellation must be s commoa value 10 mainiain the opumal
phasing. Smal! adjustments 1o other orbital parameters including the inclination. eccen-
tricity. and argument of perigee could result in constellation designs that were free of
powential collisions. Arriving at such designs. bowever. would not be 2 trivial task. and
the consieilations obtained could not be both circular sad polar. which are coastraints
that have been addressed herein.

As approach 10 the collision avoidance problem, which preserves orbits that are both
circular and polar, is to deviste slightly from the optimal phasing 50 that a0 two
satellises are ot their ascending nodes simultanvously. Aa spparest concern that arises
whea approsching the problem in this masner is bow much 2 deviation in phasing will
affect the minimum sateilite radius of coverage applicable for a consieliation. if the
same angular distances between successive ascending Aodes are maintained. Lot o
denote the deviation from the optimal inter-plane saellite phasing angle. It will be
shown that A & — the necessary increase in 3 constellation’s minimum applicable su-
ellite radius of coverage —is bounded from sbove. a3 indicssed in the following

inequality
A0 s max[lAw.(p - IHAw|(mod 22 /5)) (18

Typically. the asalyst will wish to determine the minimwm coastelistion for a specific
value of 8. By using dats like those given in Tables 5-8, a determination can be made
of both that constellation and the minimum #-value which is spplicable for the constel-
lation. By comparing the two #-values and by using (18), the analyst can determine the
freedom he has in perturbing the phasing from its optimal value in order © svoid

isice.

Exampile: An ssalyst desermines a sasellise’s cadins of coverage w0 be 12.3°. He
wishes © find the minima) polar conssellation that will provide continuous single
coverage shove 45° Iatitude. Looking in Table 7. be finds that the appropriate
comstellation has 7 = 126, p = 7, 5 = [§, and a mimizoum applicable 8-value of
12.013° if the optimal phasing & of 10° were used. Since the spacing between
smellises in the same orbital plane is 360°/18 = X0°, sad since 20 = 20", the
optimal phasiag i judged impractical from collision avoidance coasiderations.
The analyst’s §-value exceeds the minimuom spplicable 8-value for the comstel-
Iation by 0.287". Therefore, this same consellation will be sppropriate for the
analyst’s needs as long as the devistion o from the optimal phasing is such that
max{|Aw], 6lAw] (mod 207 S 0.287", which implies that [Aw| = 0.047°.
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To verify (18), begin by re-examining the coastraint given in (6). Consider a spher-
ical triangle ABS’ whose vertices are A — 8 ¢, cusp M latitude @ from plane A's
street-of-coverage, B — s saseilite's position in plase B at latirade £ when the optimal
phasing is used, and B’ —a saseilise’s position in plane B at Iatitude §° + da when
the perturbed imter-plane phasing is used. The distance from A w0 8’ is & + A6 and
must be less then or equal 1o # + |Aw|, which is the sum of the distances from A 10
8 and from B 10 8°. Thersfore. 10 ensure coverage siong an interface governed by
constraint (6), the necessary increase in 2 saellite’s radius of coverage is no greater than
|Aw|. This same argument works for interfaces governed by constraints (7). (8). and
(9) as well. Also, the same argument applies 10 the counterpasts of these constraings
which involve the angles 5 and £°; in this case, however. (p = ldw] (mod 27 /1)
represents the displacement in pbasing. Consequently, for coverage interfaces governed
by constraimes of the types given in (6) through (9). the necessary increase in a satellite’s
radivs of coverage is bounded from above, as mdicated in (18).

K is also necessary to consider the effects s deviation from the optimal phasing has
o6 consirains of the type given in (10). A change Aw will cause both a change A i
the lstitude & appearing in such a constraint sad a change in the corresponding
displacement A{ of & saellite in the plane on the ¢, side of the co-rotating intesface
implied by the constraint. By differentiating equations {A6). (A8), and (A9) given
in Appendix A, an upper bound on both Aé and A{ is found o be [Awi/2. Consider
the spherical quadrilateral ABB°A°’, where A and A’ are the ¢, cusp’s positions a1
iatitudes & and & + Ad. and B and B’ are points in the orbital projection closest to
the cutps when at those Iatitudes. The distance from A’ 10 B’ comesponds (o the
incressed half-street width ¢, + Ac,. The distances from A0 8. AtwA , andB 108’
have values of c,, Ad, and A{, respectively. Therefore. ¢, + Ac, < dé + ¢, + A{.
or A, s Av + A(. ByMM(I).iBWmAOS.\q.
Combining afl these inequalities yieids

Af S Ac, S A% + Al = |Aw}/2 + |Awi/2 = || (9

Consequently, for s counter-rotating coverage interface characwerized by the angle o',
the necessary increase in # is bounded from above by [Aw|. Similarly. for a counter-
routing interface characterized by the angle 8. A# is bounded from above by
- 1)jAw|(mod 2#/s). Therefore, (18) holds for interfaces governed by constraints
of type (10) as well.
Approximste Relstions for Large Constelistions

For those missions requiring large wtal sumbers of saseilites, simple approximate
equations relating the major constellation peramesers—=a, ¢. 2. 5. 7. and §—can
provide both insight ineo the fuadamental characier of mimimal comsieiiations as weil
as expedite the accomplishment of preliminary sysiem trade studies. The purpose of this
section is 0 determine such approximate reistions for large comstellations that wilize
either optimal or arbicary inser-plane sseellite phasing. Of primary interest is to observe
the behavior of T as # wnds © zero.

A starting point for desermining this behavior for optimally phased constellations is
an examination of the inter-plane coverage constraints given by (6) through ( 10). Begin
with the constraint given in (6). Let a; and @, demote the arcsin and arccos terms.
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respectively. on the right-hand side of (6). For s fixed 8. upper and lower bounds on
a;can easily be determined by allowing the phasing angle w 10 vary. Clearly. a,; wouid
be greatest if the phasing were such that the sasellite latitude §° shown in Fig. 3
correspoaded 10 the point slong plane B's orbisal projection closest to the ¢, cusp at
latitude & of plane A's street-of-coverage. Likewise, o, would be smallest if the
phasing were such that & midpoint between sateflises was the point in plane B's orbital
projection closest to this cusp. From the law of sines for spherical triangles, these facts
can be expressed as follows

arcsin{sin ¢,/cos &) £ a, S srcsin{sin 0/cos é) (20)

The differeace between the bounds on a; goes 10 zero as @ kends 10 zero. Consequendy.
arcsintsin 8/cos @) will be a good approximation for a; for small values of #. Since
@ = sin # for small #(and thus, £ ~ arcsin x for small x), it follows that #/cos @ is
also 3 good approximation for o, when #/cos & is small. Likewise, ¢, /cos & will be
a good approximatioa for a; when #/cos ¢ is small. This same argument will work
* for constraings (7). (8). snd (9) as well, where agaia o, and &, correspond to the arcsin
and arccos werms. respectively, oa the right-hand side of these inequalities.

For constraint (10) the situation is somewhat different. In this case, let the parameter
a, = arcsin(sia ¢,/cos &) and let a; = arcsin(sin ¢,/cos ¥). The definition of the
latitude & implies that @ % ¥ S é + w/5. Consequently.

arcsinisin c,/cos &) S a, S arcsin(sin ¢, /cos(é + =/35)] Qn

The difference between the bounds on a, given in (21) goes 10 zero as s increases.
Therefore. arcsin(sin ¢,/cos &) will be & good approximation for a, for smail values
of #. since 5 must increase if # decreases. Siemilarty, arcsin(sin ¢ /cos &) will be a
good approximation for ay as 8 wends w zero. Since the difference on the bounds of o.
given in (20) tends 1o zero, arcsin(sin #/cos &) will also be a good approximation for
a; 83 # wends w0 2ero. Therefore, employing the same reasoning used for (6) through
(9) sbove, it follows that ¢,/cos & and @/cos ¢ are good approximations for a, and
ay, respectively, when #/cos & is small.

Equality in the coverage constraints (11} thwough (i4) is considered when deter-
mining misimal conssellations. From the preceding arguments. the a. a’. . and 8°
parameters that appeer ia these constraints can all be approximated by ¢, /cos & + #/
cos & for small values of 9/cos é. Comsequently, an approximate constraist that
characeerizes minimal optimally phased consteflations for small values of #/cos & is

pi®+ )= kwcot @ )

The sl angle approximations that have been used i the sbove analysis for
optimally phesed consaellations can also be spplied 1 (3) © wrive &t the following
constraint for arbitrarily phased constellations when #/cos ¢ is small:

pla+¢)=kwcosd 23)

Two other small angle spproximations which will be useful in determining the
approximate behavior of T for small values of ¢ are

0~ (x/sP +c} (24)
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and
8 =~ (juw/sP + ¢} (25)
A Lagrangisn undetermined multiplier sechnique can be used 10 find a minimum
valueof T = p x 5 subject to the constraints (22) through (25) given above. Appendix
B outlines how this determination is made. The desired approximations for T sre found
w0 be
T = (4V3/9n(w/0F cos & (26)
for optimally phased coastellations, and
T=[2/VI(1+at+d)/(VIa'- 1+ 24
+ V2 -al+ 2)](n/0F cos & (27

for arbitrarily phased consteliations, where d = VI = a° + n.

The accuracy of the approximations (26) aad (27) has been verified by comparing
actual T-values for minimal constellations with approximate values derived from these
equations. Like the data given in Tables 1-8, the levels of coverage a tested ranged
from 1 w0 4, and the values of ¢ considered were equal 10 0. 30, 45, and 60 degrees.
For each minimal constellation with a total number of satellites between 100 and 1000,
an spproximate value of T, denoted 7,,. was cakulated using (26) or (27) and then
rounded 10 the nearest integer. A percent deviation in 7 was then determined by
computing ([T, — T|/T) x 100%. Average and maximum values of this deviation are
indicated in Table 9. The approximate values of T as a function of @ are seen to be

TABLE 9. Accurscy of Appreximations for M0 = T = 09

% deviation for % devisnon far
& ] average [ T ] sverage A
0 .36 6429 0.643 33

0.600 .87 0.325 1818
0.711 3. 704 0.448 857
0.344 1.754 0-5» m

2,081 L 3] 0.31 149
0.2 4613 0.454 2308
0.&09 . 2419 0.55) L
0.484 2.400 0.611 s

0.5% 1.667 0.9 3128
0.9% 2941 0.7 L

2.5% 49 0. 2000
0458 2.506 0.624 iTn
o 4.902 o a2
Lm 6.000 1.296 .69
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seasonably precise for large constetlations; in a large majority of instances the spproxi-
mate values of 7 underestimate the actual values by just a small amount.

When #/cos & is small enough for the approximations gives ia equations (26) and
(27 © be valid, it is inseresting 10 nome that as the level of coverage a incresses. the
number of satellites ia 3 constellation which is % provide continucus n-fold coverage
using arbitrary phasing asympiotically spproaches the number required if optimal
phasing were 10 be utilized. This can be seen analytically by wsing a simpie ratio test
to show that as » tends (o infinity, the “normalized coefficieat.” defined by
T/i(=/8Y cos &, for arbitrarily phased constellations approaches (43 /9% — which
is the corresponding normalized coefficient for optimally phased constellations. This
asymprotic behavior is depicted graphically in Fig. G.vhichplotsf/l(wllr’cos é)
as a function of a. Solid lines have been used 10 connect dary points in the same
“family™ for arbitrarily phased constetlations. where a family is characienized by a
common k-value in the j X & (actorizations of the different values of ». From the figure,
it is spparent that the factorization of # with j = s and £ = | is associmed with
misimum constelistions using arbittary phasing. Duta poists reisted to optimally
phased constellations have been connected by the dotted line shown. Fora & Sand 3
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fixed small &-value. the appronimations (26) and (27) predict that the difference
between the required number of satellites in constellations using arbitrary or optimal
phasing is less than or equal 10 1.01%. Conversely, for » & S and a fized total number
of satellites. equations (26) and (27) predict the difference in the required # detween
the best arbitrarily phased sad optimelly phased consietlations 1o de less than 0.51%.

There is » fundamental difference in the charscter of the approximate solutions for
optimally versus arbitrarily phased minimal consietistions. This can be made evident
by eliminating (w/#) from equations (B18) and (B19) while using the optimal j = a,
k = ] factorization of » 1o obuin the approximate relation

(3/P)e = (VIAT = | + 2d + VI - a' + 2}/(V3 cos é) 128)

for large arbitrarily phased minimal consteliations. In & similar manner, equations (B7)
and (B8) can be utilized w0 obuain the approximation

(5/p)g = VIj/k)/cos & 129)

for large optimaily phased minimal constellations. For given values of » and &.
equation (28) indicates that generally there is a unique approximate (s/p) ratio associ-
ated with minimal constellations employing arbitrary phasing. However. equations (26)
and (29) indicate that minimal consteliations using optimal phasing may be associated
with several different approximate (s/p) ratios — one for each possibie factorization of
n. Both these cases can be verified by examining the minima! constellations listed in
Tables |-8. For small @ it should be noted that for given values of 7 and (s/p),.. an
approxirmation to the aumber of orbital planes can be obuained from the closest integer
wp = VT/(s/p)e. The approximate number of satellites in each orbital plane is then
obtained by choosing s such that p X sisclosest 0 T.

Summary

This article has addressed the problem of determining minimal circular polar orbit
constellations which provide contimeous a-fold coverage sbove a specified latitude @
when subject to the constraints of the street-of -coverage technique. Both arbitrary and
optima! imer-plane sateilise phasing have been considered. Inequality constraints have
been derived which must be satisfied if a constellation is 1o provide such coverage.
When solving for equality i these comstraints, minimal constellations can be deter-
mined by an iterative computational procedure. The first fifty members of families of
minimal constellations heve beea tabulasted using this procedure for values of » ranging
from 1 10 4, and for values of ¢ equal © 0, 30, 45, and 60 degrees. The wility of
counter-oriented optimefly phased consteilations, which have heretofore act been con-
sidered, is apperest upon examinstion of these families for values of é greater than
mro. A comparison of the tabulssed deta with prior results has beea made, and
instances of where these prior resulls are conservative have been noted. The probiem
of collision avoidance has been trested by deriving inequalities which reiate the devia-
tion in phasing from optiral 10 the required increase in the satellite radius of coverage
#. Also, small angle approximations have been used in conjunction with a Lagrangian
undetermined multiplier wechnique 10 derive approximate relations between the 'otal
ournber of satellites in large consellations and the required 8-value necessary for
supplying the desired level of covenage.
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Appendix A
Determination of the Latitude

In the discussion of a counter-rolating interface. it was noted that 3 hole in coverage
could result above the lower iatitude limit & even though coverage at latitude & was
continuous. By examining Fig. 3. it is apparent that such a hole would not occur f the
angular separation between the ascending node of one orbilal plane and the descending
node of the ather was sufficiently small so that the streets-of-coverage always intersect.
It is enough for intersection to occur whenever a ¢, cusp from one street is at the same
Iatitude as the ¢, cusp from the other sireet, where the only latitudes that need 10 be
considered are those greater than &. This appendix is concerned with determining what
those latitudes are. Once the determination has been made. it is an easy matter to
determine the latitude & involved in (7). which is the constraint that places an upper
bound on a’. A similar constraint with (p — 1) (mod 2 /s} taking the role of w
applies to the angle 8°.

Suppose w is the inter-plane satellite phasing angle between satellites in two planes
A and B that form a counter-rotating interface. Then satellites in B lead their counter.
pans in A by the angle w. In general. four latitudes need 10 be determined: these are
V.. when a ¢, cusp on the ascending side of A is at the same latitude as a ¢, cusp on
the descending side of B. ér,. when a ¢, cusp on the ascending side of A is at the same
latitude as a ¢, cusp on the descending side of B; 4., when 2 ¢, cusp on the ascending
side of B is at the same latitude as a ¢, cusp on the descending side of A: and . when
ac, cusp on the ascending side of B is at the same latitude as a ¢, cusp on the descending
side of A. Note that when j = |, Uy is the same as o,. and ¢, is the same as &, . l1 can
also be seen that if w equals 7/s. then &, equals &,. and ¥, equals &,

Latitude &, shall be determined first. Suppose a ¢, cusp from plane A's street-of-
coverage is al latitude & on the ascending side. Then there is a satellite in plane A at
latitude ¢. as given by equation (5). Consequently, there is a satellite in plane B at an
angular distance of w = ({ + w) from its descending node: angular distances of the
other satellites in B from their descending node can be determined by adding integer
muitiples of 2 /s to this quantity. A ¢, cusp from plane B would be at latitude ¢ on
the descending side if there were a satellite in B at latitude §*, where

£* = arcsini(sin d/cos ¢;) + m/s (AD)

Usually. a satellite in plane B will not be at iatitude §* at the same time a satellite in
plane A is at latitude . There will, however, be a satellite in plane B having latitude
£ such that § = §* and such that § — £* is minimal. [t is known that for some integer
m,

E=7m~({+ w+m2n/s) (A2)
Since 0 5 § - £* < 27 /s, it follows that
m=-1D2w/5)<§* +{+ w0~ 75 mn/s (A
and therefore. the integer m is completely determined by the inequalities

m=-1<(*+{+w=—19ws/2w)Sm (Ad)
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Along the counter-rotating interface, as satellites in plane A move up in latitude.
those in plane B decrease in latitude by the same amount. If {* and §' represent the lati-
tudes of satellites in planes A and B, respectively, when a ¢, cusp from plane A is al
the same latitude ¥, a3 & ¢, cusp from plane B, then there must be a constant « such
that

== {AS)

Since at some points in time a satellite in plane B will have latitude £ on its descending
side, the constant x must equal £ + {. or

k=g =+ m2n/s) (AB)
From the law of cosines for spherical triangles, it follows that
sin{{’ — ém/skcos ¢, = sin &, = sin(§’ — w/s) cos ¢, (A7)

Let x' = x = (1 — 8)w/s. Solving equations (AS) and (A7) for {’ yields
{’ = arctan{{(sin ' cos jw/5)/(cos ®/5 + cos x' cos jm/5)} +~ Em/s  (ASB)
The latitude &, can then be determined from (A7) as
¥, = arcsin[sin{{’ — &= /) cos ¢ {A9)

The latitude ¢, is determined in a similar manner by reversing the roles of ¢, and ¢,
everywhere. When this is done, the roles of { snd £* (and thus 57 /s and 7 /3) are aiso
reversed. The latitude {" of 3 satellite in plane A when its ¢, cusp is at the same latitude
¥, as a ¢, cusp from plane B is given as

{" = arctan((sin x” cos w/5)/(cos jw/5 + cos x” cos w/s}) + 7/
(A10)

where x” = x — (§ — )7 /5. The latitude 4, is then found to be
& = arcsin[sin({" ~ w/s) cos c,] (A1)

The latitudes &, and &, are determined in the same manner as dy and . respectively.
by interchanging the roles of A and B and by noting that this is equivalent to replacing
w everywhere with ~w,

The latitude & can then be determined as & = min{4,, &, &. &,). and the constraint
{7) follows by appiying the law of sines for spherical triangles.

Appendix B
Approximate Solutions for Large Constellations

This appendix details how the approximations given by equations (26) and (27) have
been determined.
Approximarion for T for Large Optimalily Phased Constellations

Using equations (22) and (25) given in the text, the optimization problem can be
formulated as follows: Minimize T = p X s subject 10 the constraints

gi=pl@+c)—kmcosd =0 (Bl
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=& =(jn/sf ~ci=0 (B2)

Employing a Lagrangian undetermined muitiplier technique and considening p. s.
and ¢, as the independent variables, the solution can be obtained by the simultaneous
solution of (B1), (B2), and the three {ollowing equations

aT/dp + A, dg,/op + A dg./op = 0 (B%)
aT/ds + A,88,/05 + A 0g/ds = 0 (B4)
aT/dc, + A ag,/3c, + A38:/3c, = 0 (BS)

where the five variables are p. 5, ¢,. A1. and A;. After the partial derivatives are obained
and the Lagrangian multipliers A, and A; are eliminated, the three equations in the three
variables p. s, and ¢, that result are given by (Bl), (B2}, and

8 +c = (jm/sV/e, (B6}
Solving (B}, (B2), and (B6) for p and s yields
p = (2/3)k(mw/8) cos & (B7)
s = (2/V3)j(n/8) (BB)
Using n = j x k, equations (B7) and (B8) can be muluplied to obtain
T = (4V3/9)n(n/8) cos & (B9)

Approximation for T for Large Arbitrarily Phased Constellations

Using equations (23). (24) and (25) as given in the text. the optimization probiem
can be formulated as follows: Minimize T = p X s subject to the constraints

gr=ple;+c)—kmeosd =0 (B10)
g =8 =-(w/s)=ci=0 (B1L)
=0 -(m/sP~cl=0 (B12)

Again employing 2 Lagrangian undetermined multiplier technique and considering
p. 5. c,. and ¢, as the independent variables, the solution can be obtained by the
simuitancous solution of (B10), (B11}, (B12). and the four following equations

8T/dp + A,38./3p + A;88:/3p + A,38,/dp = 0 (B13)
aT/as + A dg,/3s + A1d3g:/d5 + A 3g,/35 = 0 (Bl4)
aT/dc, + A, 8g./d¢c, + Ajdg /e, + Ay agfoc, =0 (B1S)
aT/dc, + A\ 881/, + A138,/8c, + A,3p/dc, = 0 (B16)

where the seven variables are p, 5. ¢\, ¢,, Ay, A3, and A,. After the partial derivatives
are obuined and the Lagrangian muitipliers A,, A;, and A, are eliminated, the four
equations in the four varisbies p. 5, ¢,, and ¢, that result are given by (B10), (B11),
{B12), and

o+, = (m/s)} /e, + ji/e) (B17)
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Lete = VI —j’ + j‘. The equations (B11), (Bi2). (B13), and (B17) can be solved
for p and 5 to yield

PE=VU[VI + T+ ¢/(VGT = L + 26 + V2 = T + 2¢)](n/8) cos &
(BI8)
s = VAL + )+ )/3(n/8) (B19)
Equations (B18) and B(19) can be multiplied to obtain
T=(2/VIKL +j3+ &)/(VYT= | + 26 + V2= T+ 26)}(n/8 cos &
(B20)

As depicted graphically in Fig. 6. it can be shown that T is minimized when the j = n,
k = | factorization of n is utilized.
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APPENLIX D

ADVANCE PUBLICATION INFORMATION FOR THE IRIDIUN BYBTEM

Section A - General Information

The Administration of the United States of America informs the
members of the ITU of its intention to authorize the operation of
the IRIDIUM Satellite Network. The RDSS system will operate in
the RDSS band 1610-1626.5 MHz, in both the Earth-to-Space and
Space-to-Earth directions. The last will operate in accordance
with RR 342.

S8ection B - General Characteristics
1. Identity of the Batellite Network

The Iridium Satellite Network is the same as the System.- It
consists of 77 identical interconnected satellites
positioned in non-geostationary orbit, in seven equally
spaced planes.

2. Date of Bringing into Use
1994 Initial launches
3. Administration or Group Submitting

United States of America

Federal Communications Commission
wWashington, DC 20554

Fed COMCOM

Washington, DC

4. Orbital Information Relating to Bpace Station(s)

There are seven polar, co-rotating planes, separated by
slightly more than 27 degrees. Each plane has 11
gsatellites. The 11 satellites in each plane are equally
spaced around their planar orbit. Satellites in planes 1,
3, 5 and 7 are in phase with each other, while those in
planes 2, 4 and 6 are in phase with each other and halfway
out of phase with those in planes 1, 3, 5 and 7. The earth
center angel is 18.45 degrees. The system (network)
satellites are at a constant altitude of 413 nautical miles.
The total number of satellites having these characteristics
is 77.




Section C = Characteristics of the Satellite Network in the Barth

1.

to Space Direction
Barth-to-8pace Bervice Area(s)
Initially Earth Stations will be used in the territory of
the United States; two Gateway Stations are anticipated.
The system has the capability of providing service to entire
surfaces of the Earth from Pole to Pole and everywhere in
between. Earth stations will be used in accordance with
individual administration authorization. See Figure 1.
Class of Station and NMature of Service
TF, TC, TL, TR
Frequency Range

1610.0-1626.5 MHz - Subscriber Terminal
27.5-30 GHz - Gateway link (Feederlink)

Power Characteristics of Transmitter Use
a. Subscriber Terminal
1) Peak EIRP (per burst):
Total = 1.25 to 10.23 d4BW
Spectral Density = -48.3 to -40.8 dBW/Hz
2) Average EIRP (per 60 ms frame):
: Total = 11.91 to -4.41 dBW
Spectral Density = -61.5 to -53.9 dBW/Hz
b. Gateway Link (Feederlink)
EIRP:
Total = 51.4 to 77.4 4ABW
Spectral Density = -16.6 to +9.4 dBW/Hz
Characteristics of Space Station Receiving Antenna
a. Subscriber Link

Gain: 22.5 dBi at 61.6 deg angle from nadir
(max range)

See Figures 2a-2g
b. Gateway Link (Feeder)
Gain: 21.5 dBi

See Figure 3



Noise Temperature of Space Station Receiving System
a. Subscriber Link
553 degrees K
b. Gatewvay Link (Feeder)
1454 degrees K
NMecessary Bandwidth
a. Subscriber Link

Total = 16.5 MH2
Per Channel = 126 KHz

b. Gateway Link (Feeder)
15 MHz

Modulation Characteristics

a. Subscriber Link

Digital voice and data, QPSK with TDMA/FDMA
multiplexing

b. Gateway Link (Feeder)

Digital voice and data, QPSK with TDMA multiplexing

Section D ~ Characteristics of satellite Network in the Space to

1.

Barth Direction
Space-to-Earth Service Areas
The receiving earth stations, both subscriber units
(portable, mobile, and transportable} and Gateways, may be
located in the U.S. initially. The service areas will be
expanded in accordance with agreements with other countries.
See Figure 1.
Class of Stations and Nature of Service
ES, EC, EF
Fregquency Rangs

1610-1626.5 MHz Subscriber Terminal
18.8-20.2 GHz Gateway Link (Feederlink)



Peuwer Characteristics of Transmitter Use
a. Subscriber Link
1) Peak EIRP (per burst per carrier):
Total = 12.45 to 31.21 dBW
Spectral Density = -40.6 to -21.8 dBW/Hz
2) Average EIRP (per carrier per 60 ms frame):
Total = -4.2 to +14.6 ABW
Spectral Density = -57.2 to -38.4 dBW/Hz
b. Gateway Link (Feederlink)
EIRP:
‘Total = 14.5 to 27.5 dBW
Spectral Density = -53.5 to -40.5 dBW/Hz
Space Station Transmitting Antenna
a. Subscriber Link

Gain: 22.5 dBi at 61.6 deg angle from nadir (max
range)

See Figures 2a-2g
b. Gateway Link (Feederlink)
Gain: 18.0 dBi
See Figures 4a-4j
gysten Noise Temperature of Space Btation Receiver
a. Subscriber Link
553 degrees K
b. Gateway Link (Feederlink)
1193 degrees K
Necessary Bandwidth
a. Subscriber Link

Total = 16.5 MHz
Per Channel = 280 KHz

b. Gatewvay Link (Feederlink)
15 MHz



L

8. Modulation Charscieristics
a. Subscriber Link

Digital voice and data, QPSK with TDMA/FDMA
multiplexing

b. Gateway Link (Feederlink)

Digital voice and data, QPSK with TDMA
multiplexing

Section E ~ Characteristics to be Purnished for Bpace~-to~8pace
Relays

a) The 77 IRIDIUM satellites in seven planes, with 11
identical satellites each are all interconnected to
each other.

b) 22.55-23.55 GHz

c) Emission: QPSK, FDMA/TDMA

d) Burst EIRP: 37.9 dBW (-33.1 dBW/Hz)

e) Crosslink antenna pattern: See Figure 5

S8ection ¥ - Supplementary Information

Refer to Appendix A for power flux densities.
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FIGURE 1 POTENTIAL IRIDIUM SERVICE AREAS



FIGURE 2a

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2¢

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2e

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2f
CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2g

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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MOTOROLA INC.
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EINANCIAL QUALIFICATION SHOWING
ROSS Application,
Motorola Satellite Communications Inc,

To Whom ]t May Concern:

This will confirm that Mctorola Satellite Communications
Inc. ¥s a 100 percent-owned subsidiary of Motorola, Inc. and
that the parent corporation is fully committed to meet the
construction and operating expenses of the subsidiary. The
parent corporation’s assets are more than adequate to meet
these expenses, as evidenced by the attached Annual Report
and Quarterly Report updates.

Ly 0-31-90
ona . Jome
Executive Hiizf;res!dent and

Chief Financ Officer

Corporate Otices
1303 E. Algonquin Road. Schaumburg. IL 50196-1065 » (708} 576-5000
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Exhibit 1
Form 430

in March 1988, the filer's corporate owner entered guilty pleas to
three counts of making false statements to the U.S. Government. The pleas
involved the Government Electronics Group (GEG) of Motorola, Inc. A
penalty of $10,000 per count was imposed. In addition, Motorola paid
approximately $17 million to the government in final settlement of this
matter. Motorola was not suspended or debarred from business with the
U.S. Government because of these guilty pleas. At the time of the guilty
pleas, Motorola entered into an Administrative Settiement Agreement
with the Defense Logistics Agency ("DLA"). DLA specifically determined
that the terms of the Administrative Settiement Agreement “provide
adequate assurance that future dealing with Motarola and GEG will be
conducted with the high degree of integrity that the Government expects
of its business partners and that suspension or debarment is not
necessary at this time to protect the Government's interests.” (Preambie,
paragraph 7)




Exhibit IV
Form 430

Matorola, inc. v, Howard B, Chagman and Robert Cole v, Hal Brock v,
Mason MeCloud, Civil Action No. H-89-2706, U. S. District Court for the
Souther District, Houston. The case includes a general allegation

involving a claim of an illegal tying arrangement and is currently in the
discovery stage.




Exhibit Vv
Form 430

The filer's corporate owner, Motorola, Inc., holds numerous licenses
throughout the United States for repeater operations and/or base-mobile
operations under Part 90 of the Rules.

Motorola owns and holds licenses for numerous trunked SMR systems
(Rules Part 90) throughout the United States and has applications pending
for new SMR systems in additional markets.

Motorola holds numerous private muitiple address microwave
liceanses nationwide licensed under Part 94. The company also hoids a few
private microwave licenses to link its manufacturing plants in Phoenix,
Arizona.

Motorola holds various GMRS radio systems licensed under Rules
Part 95.

Motargla holds developmental and experimental licenses in a number
of frequency bands associated with equipment development.

Motorola holds a number of common carrier Digital Termination
System licenses in various markets throughout the country. The company
also holds common catrrier paging licenses on the island of Guam and in
Puerto Rico. Additionally, the company has received a construction permit
tor a rural cellular system for the Kossuth, lowa, RSA.




Exhibit Vi
Form 430

The filer is wholly owned by Motorola, Inc., which is a publicly
traded corporation. To the best of its knowledge, no individual or entty
owns 10 per cent or more of the filer company's stock.



Exhibit VI
Form 430

The names of the officers and directors of the filer corporation are
set forth below. Each may be contacted in care of the filer's principal
place of business, given below:

Durrell Hillis President

Donald R. Jones Vice President

Carl Koenemann Vice President
Garth L. Milne Treasurer

Victor R. Kopidiansky Secretary

Kevin Gilbert Assistant Secretary
Ray A. Dybala Assistant Secretary

Directors:

Carl Koenemann
Durrell Hillis
John F. Mitchell

Principal Place of Business:
2501 S. Price Road
Chandler, Arizona 85248-2899



Exhibit Vil
Form 430

The filer corporation is a whoily-owned subsgidiary of Motorola, Inc.,
which is a publicly traded corparation. The parent company is a leading
manufacturer of electronic and telecommunications equipment, particy-
larly tand mobile RF equipment. See exhibit V for a listing of
telecommunications systems operated by the company. To the best of its
knowledge, no individual or entity owns 10 per cent or more of Motorola,
Inc's., stock. The names of the president and directors of Motorala, inc.._
are set forth below. Each individual may be contacted at Motorola's
corporate headquarters, 1303 East Aigonquin Road, Schaumburg, Hlinois
60196.

Gearge M. C. Fisher Lawrence Howe, Director
Chairman of the Board and CEO
Anne P. Jones, Director

Gary L. Tooker
President and COQ Donald R. Jones, Director

Christopher B. Galvin Stephen L. Levy, Director
Director, Sr. Exec. VP, Asst. COO
Walter £E. Massey, Director

Robert W. Galvin
Director, Chairman of Exec. Committee William G. Salatich, Director

John F. Mitchelt Gardiner L. Tucker, Director

Director, Vice Chairman of the Board
B. Kenneth West, Director

William J. Weisz

Director, Vice Chairman of the Board
David R. Clare, Director

Wallace C. Doud, Director

John T. Hickey, Director



Exhibit IX
Form 430

The filer's corporate parent, Motorola, Inc., is a global corporation
with operations in a number of other countries. In some of these
countries, business operations are managed by corporate officers which
are aliens. For example, Wilhelm Braxmeier, a German citizen, is
Corporate Vice President and Director of Eastern Europe Operations.
Toshiaki lrie, a Japaneze citizen, is Corporate Vice President and
Chairman, Nippon Motorola Limited. None of these latter officers has any
relationship with the filer or is involved with the business operations of
the filer. None of these officers holds or votes stock of the filer, and none
hoids 10 per cent or more of the stock of the parent corporation.




: Before tha
FEDERAL COMNUMICATIONS COMMISBION
Washington, D.C. 20554

In re Application of:

MOTOROLA BATELLITE
COMMUNICATIONS, INC. File No.

For Authority to Comstruct, Launch

and Operate a Lov Barth Orbit

Satellite as Part of the

IRIDIUK System (IRIDIUM 1)

e N e S’ et St et e Wt W

APPLICATION

Motorola Satellite Communications, Inc. ("Motorcla" or
“Applicant®) hereby applies for authority to construct, launch
and operate a low earth orbit satellite designated as IRIDIUM 1.

I.
EURPOSE OF APPLICATION

A. ho t d

Motorola requests authority from the Commission to
construct, launch and operate its IRIDIUM global personal
communications system comprised of a constellation of 77 low
earth orbit satellites. Each satellite will operate in the 1610-
1626.5 MHz band and the Ka-band, in a polar orbit some 413
nautical miles above the earth's surface. This application

covers all pertinent technical and operational information for




authority to construct, launch and operate one of the IRIDIUM
satellites. Separate applications for the other in orbit and
spare satellites are being filed concurrently herewith. Much of
the information about this satellite and the IRIDIUM systen is
provided in the comprehensive system application also filed
contemporaneocusly with this application, which is incorporated

herein by reference.

B. Bummary of Proposed Service

The applicant will offer bulk air time over IRIDIUM io
others on a non-common carrier basis. Service that can be
provided to the public include RDSS, paging, voice and data.
IRIDIUM provides continuous coverage to virtually all points on
the surface of the earth and within 100,000 feet above mean sea

level, including all U.S. domestic locations.

C. Applicant Information

The applicant's name and address is:

Motorola Satellite Communications, Inc.
2501 South Price Road
Chandler, AZ 85248

Correspondence and communications concerning this
application should be addressed to:

Leonard Kolsky

Vice President and Director
Regulatory Affairs

Motorola, Inc.

1350 I Street, N.W.

Washington, D.C. 20005

(202) 371-6932



with copies directed to:
Philip L. Malet, Esquire
Alfred M. Mamlet, Esquire
Steptoe & Johnson
1330 Connecticut Avenue, N.W.

Washington, D.C. 20036
(202) 429-6239

II.
TECHNICAL INFORMATION

Technical and other information about this satellite is
provided in Exhibit I hereto. It is anticipated that
construction, launch and operation of this satellite will be in
accordance with the milestones set forth in Table VIII-2 in the
comprehensive system application, which is incorporated herein by

reference.

III.

WAIVERS AND CERTIFICATIONS

Pursuant to Section 304 of the Communications Act of
1934, as amended, Motorola hereby waives any claim to the use of
any particular frequency or of the ether against the regulatory
power of the United States because of the previous use of the
same, whether by license or otherwise.

This application reflects a good faith effort to
address all of the Commission's filing requirements as fully and
completely as possible. While the applicant believes that it has
fully complied with all pertinent rules and policies, and has




supplied all the information required by the Commission, it
hereby requests that, to the extent it has not satisfied the
applicable requirements, appropriate waivers be granted.

The applicant certifies that all of the statements
made in this application are true, complete and accurate to the

best of its belief and knowledge, and are made in good faith.

Iv.
SONCLUSION

Wherefore, Motorola requests that the Commission grant
this application expeditiously and in conjunction with the other-
IRIDIUM satellite applications.

Respectfully submitted,

MOTOROLA SATELLITE
COMMUNICATIONS, INC,

By:

Title: President, Motorola
114 n n Inc.

Philip L. Malet

Alfzred Mamlet

Steptoe & Johnson

1330 Connecticut Avenue, N.W.
Washington, D.C. 20036

(202) 429-6239

Counsel to Motorcla Satellite
Communications, Inc.

December 3, 1990




Gain of Each L-Band Channel (Not a transponder)?

orbital Locations?®

Altitude 413 Nautical Miles
Number of Planes 7 Polar Planes
Spacing of Planes 27 Degrees (except
planes 1 & 7
spaced 17
Degrees}
Number of Satellites Per Plane 11 Satellites
Spacing of Satellites In Plane 32.7 Degrees

Predicted Satellite Coverage Contours y

Functional Block Diagram of
Satellite Communications System
and Switching Capabilities al

Physical Characteristics of Satellite

Attitude Accuracy +/- 0.5 Degrees
Position Accuracy +/- 20 kilometers
Antenna Axis Attitude &/

Antenna Pointing Accuracy Toward
Earth +/- 0.5 Degrees

¥  see Appendix A of IRIDIUM system application.

Yy See Section IV to the IRIDIUM system application for the
factors which support these orbital assignments.

y L-band cell (1 - 7) contours and Ka-band gateway and
intersatellite link contours are provided in the IRIDIUM system
application at Section V. See Appendix A of the IRIDIUM system
application for receiving antenna gain, transmitting antenna
gain, receiving system sensitivity (G/T), saturation power flux
density, and effective isotropically radiated power.

¥  sgee Section V of the IRIDIUM system application.

¥  gee Section V of the IRIDIUM system application.




Estimated Lifetime of In-Orbit Satellite? 5 Years

Attitude Stabilization and Station-
keeping Systenms &

Electrical Energy Systenm ¥
Emission Limitations (L-Band)

Channel Bandwidth 280 KHz

Spurious Emissions Attenuated

30 4B @ 100% x Channel Bandwidth from carrier
60 dB @ 200% x Channel Bandwidth from carrier

Y  7The basis for this lifetime estimate is contained in Section

v of the IRIDIUM system application.

& A description of these systems is contained in Section V of
the IRIDIUM system application.

¥ A description of this system, including provision for
operation during eclipse conditions, is set forth in Section V of
the IRIDIUM system application.



EXHIBIT I
ZECHNICAL INFORMMTION

Radio Frequency and Polarization Plan
L-Band (Uplink and Downlink) 1610-1626.5 MHz (16.5 MHz)

Polarization Right Hand Circular
Center Frequency FDMA Cross Band
Channel Bandwidth 280 KHz Downlink
126 KHz Uplink
Gateway and TT&C (Uplink) 27.5-30.0 GHz (100 MHz)
(Downlink) 18.8~20.2 GHz (100 MHz)
Polarization Right Hand Circular
Center Frequency 6 Channels (single channel per
link)
Channel Bandwidth 15 MHz
Intersatellite Link 22.55-23.55 GHz (200 MHz)
Polarization Vertical
Center Frequency 8 Channels (single channel per
1link)
Channel Bandwidth 25 MHz

Final Amplifier Output Power?d

L-Band
(Cells 1 - 37) 1.5 to 11.5 Burst Watts per
carrier
Ka-Band
Gateway 1.0 to 20.0 Watts per
channel

Intersatellite 2.5 Burst Watts per carrier!
Receiving System Noise Temperature®

L-Band 553 °*K
Ka-Band
Gatevay 1454 ‘K
Intersatellite 789 = 1167 *K

i/ see Appendix A of IRIDIUM system application.




The individual satellite applications for IRIDIUM 1
through IRIDIUM 87 are enclosed in separately bound appendices

G-1 and G-2.




RECEIVED
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MOTOROLA SATELLITE COMMUNICATIONS, INC.
FOR

A LOW EARTH ORBIT MOBILE SATELLITE SYSTEM

BEFORE THE
FEDERAL COMMUNICATIONS COMMISSION
WASHINGTON, D.C.

DECEMBER 1990




. Before the
FEDERAL COMMUNICATIONB COMMISSION
Washington, D.C. 20554

In re Application of:

MOTOROLA SATELLITE
COMMUNICATIONS, INC. File No.

For Authority to Construct, Launch

and Operate a Low Earth Orbit

Satellite as Part of the

IRIDIUM System (IRIDIUM 1)

Tl gl Nl N g St S Nl el et

APPLICATION

Motorola Satellite Communications, Inc. ("Motorola" or
"Applicant™) hereby applies for authority to construct, launch

and operate a low earth orbiﬁ satellite designated as IRIDIUM 1.

Motorola requests authority from the Commission to
construct, launch and operate its IRIDIUM global personal
communications system comprised of a constellation of i; low
earth orbit satellites. Each satellite will operate in the 1610-
1626.5 MHz band and the Ka-band, in a polar orbit some 413
nautical miles above the earth's surface. This application

covers all pertinent technical and operational information for




authority to construct, launch and operate one of. the IRIDIUM
satellites. Separate applications for the other in orbit and
spare satellites are being filed concurrently herewith. Much of
the information about this satellite and the IRIDIUM system is
provided in the comprehensive system application also filed
contemporaneocusly with this application, which is incorporated

herein by reference.

B. Summpary of Proposed Service

The applicant will offer bulk air time over IRIDIUM to
others on a non-common carrier basis. Service that can be
provided to the public include RDSS, paging, voice and data.
IRIDIUM provides continuous coverage to virtually all points on
the surface of the earth and within 100,000 feet above mean sea

. level, including all U.S. domestic locations.

Cc. aApplicant Information

The applicant's name and address is:

Motorola Satellite Communications, Inc.
2501 South Price Road :
Chandler, AZ 85248

Correspondence and communitations concerning this
application should be addressed to: .

Leonard Kolsky

Vice President and Director
Regulatory Affairs

Motorola, Inc.

1350 I Street, N.W.

Washington, D.C. 20005

(202) 371-6932




with copies directed to:
Philip L. Malet, Esquire
Alfred M. Mamlet, Esquire
Steptoe & Johnson
1330 Connecticut Avenue, N.W,

Washington, D.C. 20036
(202) 429-6239

1I.
IRCHNICAL INFORMATION

Technical and other information about this satellite is
provided in Exhibit I hereto. It is anticipated that
consfruction, launch and operation of this satellite will be in
accordance with the milestones set forth in Table VIII-2 in the
comprehensive system application, which is incorporated herein by

reference.

II1I.
WAIVERS AND CERTIFICATIONS

Pursuant to Section 304 of the Communications Act of
1934, as amended, Motorola hereby waives any claim to the use of
any particular frequency or of the ether against the regulatory
power of the United States because of the previous use of the
same, whether by license or otherwise.

This application reflects a good faith effort to
address all of the Commission's filing requirements as fully and
completely as possiﬁle. ~While the applicant believes that it has
fully complied with all pertinent rules and policies, and has




supplied all the information required by the Commission, it
hereby requests that, to the extent it has not satisfied the
applicable requirements, appropriate waivers be granted.

The applicant certifies that all of the statements
made in this application'are true, complete and accurate tc the

best of its belief and knowledge, and are made in good faith.

IV.
CONCLUSION

Wherefore, Motorola requests that the Commission grant
this application expeditiously and in conjunction with the other
IRIDIUM satellite applications.

Respectfully submitted,

MOTOROLA SATELLITE
COMMUNICATIONS, INC.

By:
Title: President, Motorola

atellite Communications, Inc.

Philip L, Malet

Alfred Mamlet °

Steptoe & Johnapn

1330 Connecticut Avenue, N.W.
Washington, D.C. 20036

(202) 429-6239

Counsel to Motorola Satellite
Communications, Inc.

December 3, 1990




ENGINEERING CERTIFICATE

| hereby certify that | am the technically qualified person responsible
for preparatlbn of the engineering Information contained in this
application, that | am familiar with Part 25 of the Commission’s Rules,
that | have either prepared or reviewed the engineering information
submitted In the application, and, that it is complete and accurate to
the best of my knowledge and belief.

Title: Spectrum Utllization Manager
Motorola Satellite Communications

Date: December 3, 1990




EXHIBIT 1
IECHNICAL INFORMATION

Radio Frequency and Polarization Plan

1L-Band (Uplink and Downlink) 1610-1626.5 MHz (16.5 MH2)

Polarization Right Hand Circular
Center Frequency FDMA Cross Band
Channel Bandwidth 280 KHz Downlink
126 KKz Uplink
Gateway and TT&C (Uplink) 27.5-30.0 GHz (100 MHz)
(Downlink) 18.8-20.2 GHz (100 MHz)
Polarization Right Hand Circular
Center Frequency 6 Channels (single channel per
link) '
Channel Bandwidth 15 MHz2
Intersatellite Link 22.55-23.55 GHz (200 MHzZ)
Polarization Vertical
Center Fregquency 8 Channels (single channel per
' link)
Channel Bandwidth 25 MHz

Final Amplifier Output Powerd

L-Band
(Cells 1 - 37) 1.5 to 11.5 Burst Watts per
carrier
Ka-Band
Gateway 1.0 to 20.0 Watts per
channel

Intersatellite 2.5 Burst Watts per carrierd
Receiving System Noise Temperatured

L-Band 553 °K
Ka-Band
Gateway . 1454 °K
Intersatellite 789 - 1167 °*K

i see Appendix A of IRIDIUM system application.




Gain of Each L-Band Channel (Not a transponder) &

Orbital Locations®

Altitude 413 Nautical Miles

Number of Planes 7 Polar Planes

Spacing of Planes 27 Degrees (except
planes 1 & 7
spaced 17
Degrees)

Number of Satellites Per Plane 11 Satellitesv

Spacing of Satellites In Plane 32.7 Degrees

Predicted Satellite Coverage Contours ey

Functional Block Diagram of
Satellite Communications System
and Switching Capabilities o

Physical Characteristics of Satellite

Attitude Accuracy +/~ 0.5 Degrees
Position Accuracy +/= 20 kilometers
Antenna Axis Attitude &

Antenna Pointing Accuracy Toward
Earth +/- 0.5 Degrees

¥  gee Appendix A of IRIDIUM system application.

¥  gsee Section IV to the IRIDIUM system application for the
factors which support these orbital assignments.

&  L-band cell (1 -~ 7) contours and Ka-band gateway and
intersatelilite link contours are provided in the IRIDIUM system
application at Section V. See Appendix A of the IRIDIUM system
application for receiving antenna gain, transmitting antenna
gain, receiving system sensitivity (G/T), saturation power flux
density, and effective isotropically radiated power.

i/ gee Section V of the IRIDIUM system application.

8  gee Section V of the IRIDIUM system application.




Estimated Lifetime of In-Orbit Satellite’ 5 Years

Attitude Stabilization and Station-
keeping Systems y

Electrical Energy System &/
Emission Limitations (L-Band)
Channel Bandwidth 280 KHz
Spurious Emissions Attenuated

30 dB € 100% X Channel Bandwidth from carrier
60 dB € 200% x Channel Bandwidth from carrier

Y The basis for this lifetime estimate is contained in Section
V of the IRIDIUM system application.

¥  p description of these systems is contained in Section V of
the IRIDIUM system application.

v A description of this system, including provision for
operation during eclipse conditions, is set forth in Section V of
the IRIDIUM system application.
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o Dthce of the Secretary
BEFORE THE

FEDERAL COMMUNICATIONS COMMISSION
WASHINGTON, D.C. 20554

In re Application of:

MOTOROLA SATELLITE .
File No.

)
)
|
COMMUNICATIONS, INC. ; (
For Authority to Construct, Launch ) Q"DSS' o] 87)
and Operate a Low Earth Orbit )
Satellite System in the )
1610-1626.5 MHz Band. )
)
SUPPLEMENTAL INFORMATION
to
[RIDIUM SYSTEM APPLICATION
Leonard S. Kolsky Philip L. Malet
Vice President and Alfred M. Mamlet
Director of Regulatory Affairs Steptoe & Johnson
Motorola, Inc. 1330 Connecticut Ave., N.W,
1350 | Street, N.W. Washington, D.C. 20036

Washington, D.C. 20005 (202) 429-6239
(202) 371-6932 ,
Attorneys for
Motorola Satellite
Communications, Inc.



The undersigned officer of the applicant hereby certifies that alt of
the attached information submitted in support of Motorola Satellite
Communications' application for a low earth orbit satellite system is true,
complete and accurate to the best of my belief and knowledge, and is

made in good faith.

Respectfully submitted,

MOTOROLA SATELLITE
COMMUNICATIONS, INC.

Ddrrell Hiilis
President



CERTIFICATION OF PERSON RESPONSIBLE
FOR PREPARING ENGINEERING INFORMATION

| hereby certify that | am the technically qualified person
responsible for preparation of the attached engineering information
submitted in support of Motorola Satellite Communications’ application for
a low earth orbit satellite system, that | am familiar with Part 25 of the
Commission’s Rules and Regulations, that | have either prepared or
reviewed the attached engineering information, and that it is complete

and accurate to the best of my knowledge.

M%M

Gerald M. Munson
Spectrum Utilization Manager
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+he criteria established for the provision of non-common carrier
cfferings.®’

IRIDIUM's offerings should similarly be classified as
non-common carrier services. Motorola will negotiate individual
long-term arrangements with major domestic and international
carriers for wholesale bulk transmission services. These
carriers will, in turn, provide telecommunications services to
members of the public.

A description of the proposed markets and services that
can be offered by IRIDIUM is contained elsewhere in this
application. The market response to IRIDIUM's satellite system
has been strong. Motorola further believes that prospective
carriers will demand long-term relationships in order to ensure
adequate capacity at stable prices.

4. Names of Any Purchasing Customers for Which Sales
Contracts Have Been Executed

Although Motorola has not entered into definitive
agreements for the sale of communications capacity, it has
engaged in detailed discussions with a number of prospective
customers. Market response to IRIDIUM has been very pesitive.
Motorola has entered into Memoranda of Intent with several major

international telecommunications carriers.

291

See Satellite Business Svstems, 95 F.C.C.2d 866, 86%-70
(1983); Establishment of Satellite Systems Providing
International Communications, 101 F.C.C.2d 1046, 1104-06 (1985)
("Separate Systems"), reconsjderation, 61 Rad. Reg. 2d (P&F) 649
(1986), further reconsideration, 1 F.C.C. Rcd 439 (1986).
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TABLE V-1

MAJOR IRIDIUX SATELLITE CHARACTERISTICS

Stabilizaticon
Migsion Life

Station Keeping

Frequency Bands

Earth Coverage
Max. Number of Uplink
Channels per Satellite

Max. Number of Downlink
Channels per Satellite

Number Intersatellite
Channels per Satellite

Number Gateway Channels
per Satellite

Total Occupied Bandwidth

Polarization

Transmit EIRP

Satellite G/T

Wet Mass with Reserve

Orbit

1
f
i

'
1
1

I-AXis
5 Years

+/- 0.5 Degrees Attitude Accuracy
+/=- 20 Kilometers Positicn Accuracy

1610-1626.5 MHz B
18.8~-20.2 GHz

27.5«30.0 GHz

22.55-23.55 GHz2

5 Million Square Miles Per
Satellite

110 per cell averaged over 37 cell

)

110 per cell averaged over 37 cells

3,000 Maximum

2,000 Maximum

16.5 MHz € L-~band
200 MHz @ Ka-band (crosslinks)
100 MHz @ Ka~band {(gateway uplink;

Right Circular 100 MHz @ Xa-band
(gateway downlink) @ L-band &
Ka-band (Gateway and TT&C links)

Vertical € Ka-band (Intersatellite

links)

12.3 to 31.7 dBw 8 L-band

15.1 to 28.1 dBw € Ka-band
(Gateway)

39.6 dBw max @ Ka-band

(Intersatellice;
-5.1 to -19.2 4dBi/K € L-band
-10.1 dBi/K @ Ka-band (Gateway)
4.0 to 6.2 dBi/K € Ka-band
(Inter-satellite)

386.2 kg.

Polar (7 planes)
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pattern of each phased array (beam types 1-6) is repeated for

each of the six panels. The nadir ce

by the cupped dipole located con the nadir face of the satellite.

11 (beam type 7) is served

Each of the phased array antenna beams have been optimized to

provide the desired cell coverage.

{on-boresight)

listed in Table V-2.

band antenna gain contours.

The antenna aperture gains

and beamwidths for each ¢f the beam types are

Figures V-4 to V-10 depict the satellite L

Tables A-2 to A-5 in Appendix A

provide the peak antenna gains and specific link analyses.

TABLE V=2

ANTENNA APERTURE GAINS AND BEAMWIDTHS

—
hperture 3 dB Beamwidth (deq)
" Beam Type Gain (dBi) Azimuth Elevation
1 25.0 19.0 5.4
2 25.0 1.0 5.4
3 25.0 19.0 5.4
4 23.9 19.0 7.0
5 23.0 19.0 8.5
6 20.0 26.0 11.5
l 7 12.0 45.0 45.0

b.

Formation of the Cellular Pattern

-

IRIDIUM operates with a 7-cell freguency reuse pattern,

as shown in Figure V-11,

The cells denoted as A through G are

scanned by the satellite antenna arrays in accordance with the

timing pattern and sequence shown in Figures V-3 and V-12.

During the time slect that the antenna is pointing at a cell,

satellite transmissions may be made and receptions of
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The spacecraft mass budget is as shown in Table V-7.

TABLE V-7
SPACECRAFT MASS BUDGET
Subsystenm Mass (kg)
Structure 24.9
Thermal Control Subsystem 12.1
Propulsion (Dry) 8.6
GN&C Subsystem 9.8
Electrical Power Subsystem 78.9
Antenna Subsystem 83.3
Communication Electronics Subsystem 81.8
Spacecraft Mass (Dry) 299.4
Consumables 41.3
Spacecraft Mass (Wet) 340.7
Spacecraft Reserve Mass 45.5
Spacecraft Wet Mass with Reserve 386.2

11, Operational Lifetime and Space Segment Reljability

The operational lifetime of each satellite is
determined by a number of factors, including solar array
degradation, stationkeeping fuel consumption, and random parts
fajilure. The fcllowing indicates the estimated minimum lifetime
of the satellites for each of these factors:

Solar array degradation - 5 years

Stationkeeping fuel - 8 years (3 sigma orbital,
insertion accuracy assumed)

Random parts failure - 5 years
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TABLE V-8

GATEWAY EARTH TERMINAL SUMMARY

Data Rate
Error Correction Coding
Modulation

Frequency Bands: Transmit
Receive

Ground Tracking Antenna
Diameter

Gain

Sidelche Level

3 dB Beamwidth

Pointing Angle Range

Ground Acquisition Antenna

Transmitter EIRP
Clear Weather
Heavy Rain

Receiver G/T

Reguired Eb/No

12.5 Mbps

Convolutional, Rate=l1l/2, K=7
QPSK

27.5-30.0 GHz (Uplink)
18.8~20.2 GHz (Downlink)

3.5 Meters

53.7 dB € 20 GHz
57.6 dB @ 30 GHz

Will meet the criterion of
47 CFR § 25.209(a) (2)

0.36 Degrees @ 20 GHz

0.24 Degrees € 30 GHz

360 Degrees Azimuth
+5 to 90 Degrees Elevation

Passive Array, Configuration
TBA

51.6 dBW (+/- 3 dB)

to 77.6 dBW Max. (+/- 3dB)
22.9 dB/K

6.7 dB @ BER 10°

Since the orbiting satellites are in motion relative to
the gateways, both primary antennas follow the track of the
nearest two satellites. The communication paylocad being conveyed
across the "active" link must be handed off periodically, from

the current satellite tec the next one as the active link
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vegetation. Several competing modulation formats were considered
but were not chosen because they offered no improvement and
generally were more complex to implement. Raised cosine
filtering of the digital signal reduces the spectral occupancy
and thus permits multiple carriers to be placed close together

with acceptable levels of intermodulation.

c. Performance Objectives

The IRIDIUM system is designed to provide service to
virtually 100% of the earth, 99.5% of the time. However, it
should be receognized that it will be economically, and at timgs,
physically impossible to provide service to every single point on
the earth. There are practical limitations to the total number
of locations which will physically be within line of sight to the
satellites. The end-to-end bit error rate will be better than
0.01 for voice transmissions. More typical minimum bit error

rates will be between .001 and .0001.

d. Link Performance Calculations

The L-band link budgets presented in Appendix A include
the use of QPSK modulation format and sufficient bits to provide

the equivalent of Rate 3/4 forward error correction.

6. Telemetry, Tracking and Control Subsystem

The Telemetry, Tracking, and Control ("TT&C") subsysten

provides the functional hardware required for the reception,
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TABLE V-3

TT&C SATELLITE TRANSMISSION CHARACTERISTICS

On-Station
Transfer Orbit Communications
(Omni Antenna) Network
Frequency/ 18.8-20.2 GHz/ 18.8-20.2 GHz/
Polarization Linear RHC (Gateway/SCS)
EIRP 9.5 dBW max. {Uses Gateway
link or Crosslink)
Modes of Operations Sequential data, Sequential data,
Selected data Selected data
Modulation FSK QPSK
Data Rate 1 kbps 12.5/25 mbps
(total Gateway
link/Crosslink
data rate)

The command subsystem is designed to maintain positive
control of the spacecraft during all mission phases. It provides
reliable control during launching maneuvers and for all satellite
operating attitudes. It also maintains the orbital velocity of
the satellite and controls housekeeping functirns and
communications subsystem configurations. The command messages
are encrypted and authenticated to provide security, protecting
the satellite control subsystem against unauthorized access.

The command transmissions received from the ground are

demodulated inte a digital bit stream. When the satellites



APPENDIX A
IRIDIUM TRANSMISSION CHARACTERISTICS
1. RF PLAN AND LINK BUDGETS

Tables A-1 through A-7 summarize the key RF parameters of the communication
links. Transmitter RF output electronic power control will be utilized on the
subscriber and gateway links to compensate for vegetative shadowing and
inclement weather. Tables A-2, A-3 & the identified portion of table A-6 reflect
maximum transmitter power levels with the highest tolerable amount of shadowing
and rain. Tables A-4, A-5 & the identified portion of A-6 are with minimum
transmitter power levels, representing clear sky, line of sight operation.

Table A-7 shows two conditions of operation: "normal” and "in-plane link into the
sun". The latter occurs when two linked-sateilite's orbital positions are such that the

receiving antenna of ane must point directly into the sun, resulting in an increase in
received thermal noise.

TABLE A-1

SYSTEM PARAMETER SUMMARY

SV-USER SV-GWwW

DOWN up DOWN ye SV-SV

MULTIPLEXING  *****""=="" TDMA & FDMA habhhhhh

mDULATIm SR E TR R BT RTEY QPSK wEURFPTRTESTRET RPN
BASEBAND FILTERING *"*""*~ **  40% RAISED COSINE "7 e

FECRATE 3/4 3/4 1/2 1/2 1/2

CODED DATA RATE (Mbps)  0.40 0.20 12.50 12.50 25.00
OCCUPIED BW PER CHAN (KHz2) 280 126 8750 8750 17500
CENTER FREQUENCY (GHz) 1.61825 1.61825 19.850 29.750 23.275
TOTAL BANDWIDTH (MH2}  16.5 16.5 100.0 100.0 200.0

CARRIER SPACING (MHz) 0.350 0.160 15.0 15.0 25.0



TABLE A-2
SV-ISU DOWNLINK, WITH SHADOWING
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CELL CELL CELL CELL CELL
1 2/3 4 5 ]

AZIMUTH ANGLE (DEG) 5.4 211 6.6 30.0 10.9
GROUND RANGE (Km) 2052.0 1917.9 15014 1377.9 811.4
NADIR ANGLE (DEG) 61.6 60.9 57.7 56.3 47.8
GRAZING ANGLE (DEG) 10.0 11.9 18.8 21.4 34.2
SLANT RANGE (Km) 2283.5 21860.2 1759.2 1843.3 122¢.9
HPA Burst Power (Watts) 11.8 8.6 5.7 7.2 7.1
{dBW) 10.7 9.4 7.6 8.6 8.5
XMTR Peak Ant Gain (dBi) 25.0 25.0 23.9 23.0 20.0
Edge Loss (dB) 0.8 0.6 1.7 1.5 2.6
Scan Loss (dB) 1.0 1.4 1.4 3.0 3.6
Taper Loss (dB) 1.0 1.0 1.0 1.0 1.0
NET XMTR ANT GAIN (dBi} 22.3 22.0 19.8 17.5 12.8
XMTR Feed/Ckt Loss (dB) 1.3 1.3 1.3 1.3 1.3
EIRP (dBWi) 31.7 301 26.0 24.8 20.0
Path Loss {dB) 163.8 163.3 161.5 160.9 158.4
Polarization Loss (dB) 0.5 0.5 0.5 0.5 0.5
Atmos Absorption Loss (dB) 0.3 0.3 0.3 0.3 0.3
Mean Vegetation Loss {dB) 12.0 10.9 8.7 8.2 7.0
TOT PROPAGATION LCSS (dB) 176.6 175.0 171.0 169.9 166.2
RCVR Ant Net Gain (dBi) 1.0 1.0 1.0 1.2 2.3
RCV'D SIG LEVEL, C (dBW) -143.9 143.9 143.9 143.9  -143.9
RCVR Antenna N-Temp (K) 150.0 150.0 150.0 150.0 150.0
RCVR Feed/Ckt Loss {dB) 1.0 1.0 1.0 1.0 1.0
LNA Noise Figure (dB) 0.8 0.8 0.8 0.8 0.8
RCV 8SYS NOISE TEMP, Ts (K) 298.9 298.9 298.9 288.9 298.¢
G/Ts (dBi/K} -23.8 23.8 -23.8 -23.6 -22.5
RCVR NOISE BW, B (KHz) 280.0 280.0 280.0 280.0 280.0
Sensitivity = kTsB (dBW) -149.4 149.4 146.4 149.4 148 .4
RCV'D C/N (dB) 5.4 5.4 5.4 5.4 5.4
C/l (dB) 18.0 18.0 18.0 18.0 18.0
RCV'D C/{N+I) (dB) 5.2 5.2 5.2 5.2 5.2
RCV'D C/(lo+io) (dB) 58.7 59.7 59.7 58.7 58.7
Required Eb/No (dB) 3.2 3.2 3.2 3.2 3.2
Modem Impl Loss (dB) 2.0 2.0 2.0 2.0 2.0
REQUIRED C/N+I1) (d8) 5.2 52 5.2 5.2 5.2
LINK MARGIN (dB) 0.0 0.0 0.0 0.0 0.0
-123.5 -124.6 -126.9 127.5 -12%8.8

FLUX DENS (dBW/sq-m, 4KHz)
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CCIR JIWP DOC: JIWP USA-6A (REV 1)
Geneva, Switzerland Date: Feb 4, 1991
4 - 15 March 1990 Original: English

UNITED STATES OF AMERICA

Proposed Modification tc Section H.....4...3 Lo =he
JIZWZ2 Repor:

Concerning proposed LEO mobile-satellize systems which would
use spectrum above about 1 GH2, new aspects of spectrum sharing
must be addressed. The potential of such a system to share with
geostationary orbit mobile-satellite systems is now under study.
The characteristics of the LEO ear<th stations along with the low
orbit of the LEO satellites and cellular nature of the systems
provides a potential for frequency sharing.thet—hacs—not—yet-—been

explored An analvsis hags been performed ¢f the potenzial for

sraring between LEQ systems and RDSS systems in the GSO in the
vicini*v of 1.6 GHz,. LED svstem elements will not cause
unaccep-able interference to uplink carriers operating with RDSS

single beam or multi-beam G50 sateliites. LEQ svstem elements are
amle <o accommodate portentially harmful interference from RDSS
unlink burst packets by means of error detection and packet
interpolation technigues. Mutual harmful interference between LEO
svstems and RAS, APC and RNSS will net ogcur because the LEQ
svstems will avoid co-frequency use on the basis of dynamic time
and ceographical channel assignment technigues. hnalyses are
required *o consider sharing with other services that use this
Hand.,

The technical basis for <his modification is 1in Annex 1,

attached.
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ANNEX 1 TO JIWP-USA-6A

SHLRING BETWIEIN LZ0O AND GSO SYSTEMS IN TEE

RADIQ DETERMINATION SATELLITI, RADIO LSTRONOMY ,RADID
NAVIGATION SATELLITE AND AERONAUTICEL CORRISPONDENCE SERYVICES
in zhe Vicinistv of L.6 GHz

(QUESTIONS 82-1/8)

l. INTRODUCTION

One of <the considerations at WARC '92 will be to provide
additional spectrum for Mobile Satellite applications in the 1.-3
GHz part of the spectrum. This contribution provides the technica:
bases that show how a Personal Communication Low Earth Orbit Mobile
Satellite System (PCLEQ) can share the uplink frequency band
allocation of the Radioc Determination Satellite Service (RDSS) in
the 1-2 GHz part of the spectrum. It also establishes the basis
for sharing of this spectrum with other services, i.e., Radio
Navigation Satellite Services (RNSSY, Aeronautical Public
Correspondence (APC), and Radlo Astronomy (RA).

The PCLEC system operates in a bil-directional, single barnd

mode, i.e., the PCLEO satellite transmits and receives using the

same fregquencies on a time shared basis. In order to assist Iin
sharing of spectrum, the PCLEQC system controls the number and
location of its active cells, the <transmitter powers of <zhe

subscriber terminals, the satellite transmit er power anc zthe
frequencies used. This capability is necessary to the performance
of the system and provides assurance that the PCLEO system will noc

cause unacceptable interference to other services and systems.




.2. SYSTEM CHARACTERISTICS
The characteristics of the RDSS anc PCLEC systems, are cglvern
in <he following paragraphs.
2.1 RDSS System Characteristics
The significant characteristics oI a typical RDSS system
operating ir the GSO are given in Table L.
TABLE 1
RDSS SYSTEM CHARACTERISTICS
SUBSCRIBER TERMINAL EIRP:
BURST TIME: 20 TO 80 MS
TRANSMIT POLARIZATION: LCP
MULTIPLE ACCESS: CoMA
CEIP RATE: 8 MCPS

MODULATION: BPSK
SPREAD RATIO: 51

8.5 dBWwW

(o)

QMmmU W

2.2 PCLEO System Characteristics

The characteristics of the PCLEQO system are summarized In
Table 2. The radio frequency carciers of the PCLEC system will
operate within & maximum of 10.5 MHz of bandwidth within the RDSS
band. A more detailed description of significant characteristics
that enter into sharing consideration are given in the ZIollowi:n

sections.
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TABLE 2

PCLI0O SYSTEM CHARACTERISTICS

DOWNLINK JPLINK

MULTIPLE ACCESS F/TOMA F/TDMA
CEANNEZ SPACING (KH2) 350 160
CHANNEL BANDWIDTH (KE2) 280 126
TOTEL BANDWIDTE ASSUMED (MHz) 10.5 10.5
MRX # ACTIVE CARRIERS (10.5 MHEz) 29 29
MAX # VOICE CHANNELS (10.35 MH2)

PER CELL 110 110

PER TDMA FRAME 770 770
BURST TIMES (MS) 1.3 2.9
MODULATION QPSK QPSK
CODING RATE 3/4 3/4
CODED DATA RATE (XBPS) 400 180
POLARIZATION RCP RCP
EIRP/CARRIER (dBW) APPX A RPPX A

The following sections expand on the PCLEO system description
to aid in evaluating the sharing analysis.

2.2.1 RF Plan

This section describes the RF plan for the 2CLEO subscriber
up- and downlinks. The system uses multiple TDMA/FDMR carriers Zor
both <the up- and downlinks. Since the PCLEQO satellltes do no:
transmit and receive at the same <time, <the up- and downlink
transmissions will both be able to use the entire freguency banc
that is employed by the system.

2.2.1.1 Downlink

The downlink consists of mul-iple TDMA carriers, each of whick
is QPSK modulated at a channel rate of 400 kbps and each of whic:
occupies a bandwidth of 280 KHz.

In order to provide protection to other services and systems,
only 10.5 MHz of the 16.5 MHz allocated to RDSS uplinks will De

utilized by the PCLEO system. A total of 29 downlink carriers may



use this bandwidzh, & cf zthese ace Zor c¢ontrol and 25 are <o-

traffic charnnels. Volice ecTivity

compression technigues are uUgzed
o reduce the number ¢f carrlers reculired in the downlink.
2.2 to . digizel speech Interpo.atlon (DBI) compression, 33 volice

channels can use the 25 trtraffic downlink crannels.

¥

The TDMA Irame may contalin 14 voice channels thus providing 33
X 14 or 770 channels per Zrame in a 7-cell cluster. Wwith a 7 cell
freguency reuse pattern, each frame will service 7 cells resulting
in 110 voice channels per cell, assuming uniform distribution of
traffic among the cells in a 7-cell cluster.

2.2.1.2 Uplink

The uplink also utilizes multiple TDMA carriers. These are
QPSK modulated at & channel rate of 180 kbps and occupy a 126 KHz
bandwidth. Although & total of 64 carriers may occupy the 10.35 Mzz
of bandwidth, only 29 of these are active at any time due to the
use of voice activity control on the transmitter. Therefore, the
number ¢f active uplink carriers will be constrained o be Zhe same
as the number of downlink carriers.

2.3 Multiple Access Format

The PCLEO System uses a combination of time and freqguency
division multiple access. The time division multiple access scheme
employs a 60 millisecond (ms) repetitive frame which is established
for the system and repeats continuously. The timing diagram at the
satellite is shown in Figure 1. The shorter intervals, each 1.3

milliseconds long, are the transmit (i.e. downliink) bursts from the
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satellite, while the longer 2.9 milllsecond intervals are for
reception of the uplink oDursts. ~“Guarcdband' tTime 1s also shown.

Each frame becins with a satel>ite transmission for the firse
time slo-, labeled 1, which is follcwed Dby the receive time slot
which corresponds to the transmit time slot 8 (transmit slot number
+ 7). Thirteen additional pairs of transmit and receive time slots
complete the frame, each of which is a couplet of a transmit time
and a recelve time corresponding to a transmit time slot half a
frame away.

On the downlink, the satel.ite transmitter is active 30.3% of
the time. This corresponds o 14, 1.3 millisecond bursts in the 60
millisecond frame.

On the uplink, the subscriber unit transmitters are active
67.6% of the time. This corresponds to 14, 2.9 millisecond bursts

in the 60 millisecond frame.

SATELLITE TDMA FORMAT

A = TRANSMIT BURST TIME = 1.3 MILLISECOND
B = RECEIVE BURST TIME = 2.9 MILLISECONDS
C = TIME BETWEEN BURSTS = 42857 MILLISECONDS
D = GUARD TIME = 42 B5T MICROSECONDS
A<l |- sl |—c}-p
i|[s])2] o UEU10U§U111|§U12UEU13|_]”]_] 7]
T R T R T R T R T R T R T R

»

60ms FRAME

4

T = TRANSMIT TIME
R = RECEIVE TIME

FIGURE 1.




2.4 Earth Coverage

A PCLEOC syster, operating witl polar, .ow orbits can provice
simu.-aneous full Eartch coverage using 1628 cells. A GSC RDISS
satellite, on the other hand, provides coverage of only a portio:xn
of the Earth. In order to evaluate the potential for sharing
between these two types of systems it is necessary to deline zthe
portiorn of the Earth which they will mutually cover. It has been
useful to define the coverage of the GSO RDSS satellite in terms of
the number of cells of the PCLEQO system.

Thus, a single beam RDSS satellite covering North America is
assumed to receive interference from some 80 PCLEO cells.
Similarly, in a multi-beam RDSS satellite serving North America,
about 12 PCLEO cells are assumed to be within the coverage cof one
of the beams.

2.5 Transmitter Powers

The PCLEQ system provides dynamic control of the transmitted
power of both the subscriber terminals and the satellites. To
preserve battery power of the satellites and subscriber terminals,
the system elements are operated at the power levels necessary to
satisfy the communicationrlink bit error requirements. These power
levels are to be controllied in 1 dB steps. The "maximum”
transmitter power is needed to overcome the effect of vegetative
shadowing. This power level is also the maximum that the satellite
and subscriber terminal will be able to transmit. The “nominal”

transmitter power is based on a 3 db link margin.
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Because of the rnumber of cells in the PCLEQO system, more =han
one sazell.lte <transmitTier or subscriber terminal will Dbe
“ransrmit=ing at the same time using the same freguency but because
of a rnumber of factors, the powers are not simply addizive.

Fu

H

ther, the PCLEO and the RDSS transmission systems are
orthogonally polarized, and it is assumed in this analysis that the
PCLEO uplink transmissions that potertially interfere with RDSS
satellites can be reduced by a polarization isolation factor. This
assumption, however, may be investigated further to assess +the
effects of multipath on the available cross polarization isolation.
If the PCLEO interfering carrier powers were simply additive, the
net interfering power per carrier (Pt) of the PCLEO system may be
calculated as follows:

Pt = P + 10 log (N) - PL

where:

p

Power/carrier for a single frequency use

N

Number of freguency reuses of the PCLEO within the

coverage of the GEO RDSS satellite

PL = Polarization loss

However, the PCLEO transmitted power (EIRP) associated with
almost all of the cells in each seven-cell cluster is different,
both in the uplink and downlink. In addition, the PCLEQ system
controls both uplink and downlink transmitter power to overcome the
effects of vegerative shadowing in a variable, non-linear manner
adjusting for the amount of individual fades, the specifics of cell

geometry, and available power. Further, the duration of a transmit
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burst associated with any PCLED cell is guite short compared ¢ the
burst length of an uplink RDSS packet transmission, i.e., 1.3 and
2.9 ms compared toc 20 to 80 ms, thus the potentially interfering
power levels of PCLEC carriers change during the RDISS uplink pulse.
Moreover, each of the PCLEQO cells can accommodate 29 simultaneous
burst carriers but it is virtually impossible that all 29 carriers
in all the geographically dispersed, co-frequency cells will be
utilized at the same time --- in other words, an occupancy factor
must be considered. Finally, the transmitted packets of the PCLEQ
cells and satellites are geographically distributed, having
significantly different propagation times to the GSO --- thereby
causing the potentially interfering PCLEO burst transmissions to be
not simply additive in terms of interference power.

The above described variable factors have been considered to
arrive at a weighted peak <carrier EIRP to employ in the
interference evaluations below. One of more conservative weighting
factors was that half (50%) of all carriers were operated at
maximum power to overcome vegetative shadowing. The Maximum
Average Peak Powers per PCLEC carrier that will be used are:

Uplink 7.89 dBW
Downlink 26.46 dBW

It is assumed that the PCLEOQO system operates 1in accordance
with the parameters used in the following interference
calculations. That is, it may be necessary to control the
aggregate power level of the PCLEC carriers s¢o that the required

BER performance of the RDSS system is achieved. Moreover, it is
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assumed that the PCLEO signa.lixng and control system is capable of

ct

controlling access TO the system In a manner that ensures that tle
aggrega=ze interference power procduced at the geosynchronous ordliz
at arny instant by all transmissions within the PCLEO system will
not cause unacceptable interference £o RDSS system. It also
assumed that other operational characteristics of the PCLEO system,
such as the accuracy of satellite attitude control and the sidelobe
performance of the satellite phased array antennas are in fact
being maintained within thelir specified limits.
3. SHARING

This section analyzes the sharing of the PCLEO system with
RDSS systems and other services such as Radio Navigation Satellite,
Aeronautical Public Correspondence and Radio Astronomy.

3.1 Ssharing with RDSS

3.3.1 General

Since the PCLEO satellites and subscriber terminals both
transmit in the uplink band of the RDSS system satellites, there is
a potential for mutuval harmful interference between the networks.
The basis for this sharing analysis is the calculation of Carrier-
to-Interference Density ratios (C/Io). For the case of
interference into RDSS satellite receivers, the C/Io caused by
PCLEO system elements is evaluated versus C/Io caused by other co-
coverage RDSS systems as well as intra-RDSS system interference.
The interference levels of RDSS systems into like RDSS systems
serving North America are also represented by C/Ilo ratios

calculated in Table A-1 of Appendix A. Both single and multiple




.0
beam RDSS systems &are considered, &s well as 1nTtra-RDSS systen
interlierence.

3...2 DCLED Sexze..itec Sharimg wizh the RDSS Satellires

rh

A potentia. source of interference to the geostationary orbis

(GSO) RDSS system 1s the PCLEO satellite constellation transmizzing
its downlink carriercs. This can resul:t from the side- and
backlobes of the PCLEO satellite antennas transmitting energy into
the RDSS satellite receivers. This is the source of interference
that is used to caiculate the downlink PCLEQO interference.

A second potential source of interference from the PCLEO
satellite constellation could be from the main beam of PCLEO
satellite antennas scanning through the geosynchronous orbit and
directly illuminating RDSS satellite antennas. This potential
interference will be avoided by shutting down PCLEO cells which
graze the Earth's limb and illuminate the GSO.

The C/Io of RDSS satellites caused by the downlinks of a PCLE
sateliite constellation are calculated in Table A-2 of Appendix A.
In addition, Table A-3 Includes link budgets which incorporate the
effect of intra- and intersystem interference'. Table 3 is a
summary of Table A-2 of Appendix A which shows how the interference

from the PCLEO satellite transmissions will affect <the uplink

th

performance of the RDSS system in the presence of interference f-om

The link budgets do not include significant interference
contributions from other sources, such as terrestrial
transmissions and other satellite networks in the RDSS
feederlink Dband, and is based on the data-like
performance ‘0of the RDSS link.
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Uplink RDSS C.,No {thermal}
C/lo (in-beam RDSS)
C/Ic (adj beam RDSS)
C/lo (3 other RDSS systems)
C/le due to PCLEO downlink

RDSS Uplink C, (No+lo)

Uplink RDSS C/No (rhermal)
C/le (in-beam RDSS)

C/lo (adj beam RDSS)

C/Io (3 other RDSS systems)
C/1lo due to PCLED uplink

RDSS Uplink C. (No+lo)

Effects of PCLEQC Downlinks

dB

dB

dB

a8

d8

dB

aB

aB

dB

dB

dB

MultiBeam

PDSS
58.
59.
66
54
62.
s2.

20
s2

. G0

.91

16
08

SingleBeam
RDSS

52.70
61.82

NA

wn
oh

.75
64.12

50.69

Effects of FCLED Uplinks

MultiBeam

RDSS

66.
54.

70.

SingleBeam
RDSS

22.70
61.82

NA
£6.75
56.68

30.78



TABLE A-3
SV-ISU UPLINK, WITH SHADOWING
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CELL

CELL

AZIMUTH ANGLE (DEG)
GROUND RANGE (Km)
NADIR ANGLE (DEG)
GRAZING ANGLE (DEG)
SLANT RANGE (Km)

EEEEEEamEmERE

HPA Burst Power (Watts)
(dBW)

NET XMTR ANT GAIN (dBi)
XMTR Feed/Ckt Loss (dB)
EIRP (dBWi)

Path Loss (dB)

Polarization Loss (dB)
Atmos Absorption Loss (dB)
Mean Vegetation Loss {dB)
TOT PROPAGATION LOSS (dB)
RCVR Peak Ant Gain (dBi)
Edge Loss (dB)

Scan Loss (dB)

Taper Loss (dB)

NET RCVR ANT GAIN (dBi}
RCV'D SIG LEVEL, C {dBW)
RCVR Antenna N-Temp (K}
RCVR Feed/Ckt Loss (dB)
LNA Noise Figure (dB}

RCV SYS NOISE TEMP, Ts (K)
G/Ts (dBi/K)

RCVR NOISE BW, B (KHz)
Sensitivity = kTsB (dBW)
RCV'D C/N (dB)

CA (dB)

RCV'D C/(N+l) (dB)

RCV'D C/(No+lo) (dB)
Required Eb/No (dB)

Modem Impl Loss (dB)
REQUIRED C/{N+I) (dB)

LINK MARGIN (dB)

FLUX DENS (dBW/sq-m, 4KHz)

2283.5

7.0
8.5
1.0
0.7
8.8
163.8
0.5
0.3
12.0
176.6
25.0
0.8
1.0
1.0
22.3

-145.6

2%0.0
1.8
1.0

552.6

-5.1

126.0

-1580.2

4.6
18.0
4.4
55.4
4.3
2.0
6.3
-1.9

-143.0

CELL CELL

2/3 4 S
21.1 6.6 30.0
18917.9 1501.4 1377.8
60.9 57.7 56.3
11.9 18.8 21.4
2160.2 1758.2 1643.3
7.0 5.5 6.9
8.5 7.4 8.4
1.0 1.0 1.2
0.7 0.7 0.7
8.8 7.7 8.9
163.3 161.5 160.9
0.5 0.5 0.5
0.3 0.3 0.3
10.9 8.7 8.2
175.0 171.0 169.9
25.0 23.9 23.0
0.6 1.7 1.5
1.4 1.4 3.0
1.0 1.0 1.0
22.0 19.8 17.5
-144.2 -143.6 -143.6
290.0 290.0 280.0
1.8 1.8 1.8
1.0 1.0 1.0
552.6 552.6 552.6
-5.4 -7.7 -9.9
126.0 126.0 126.0
-150.2 -150.2 -150.2
5.9 6.6 6.6
18.0 18.0 18.0
5.7 6.3 6.3
56.7 57.3 57.3
4.3 4.3 4.3
2.0 2.0 2.0
6.3 6.3 6.3
0.0 0.0 -0.6
-143.4 -142.8 -142.5

-143.6
28C.0
1.8
1.0
552.6
-1§.2
126.0
-150.2
6.6
18.0
6.3
57.3
4.3

2.0

6.3
-0.4
-138.9

T




TABLE A4
SV-ISU DOWNLINK, NO SHADOWING

CELL CELL CELL CELL CELL CELL

1 2/3 4 S 6 7
AZIMUTH ANGLE (DEG) 5.4 21.1 6.6 30.0 10.9 30.C
GROUND RANGE (Km) 2052.0 1917.9 1501.4 1377.9 911.4 3445
NADIR ANGLE (DEG) 61.6 60.9 57.7 56.3 47.6 24.0
GRAZING ANGLE (DEG) 10.0 11.9 18.8 21.4 34.2 62.9

SLANT RANGE (Km) 2283.5 2160.2 1759.2 1643.3 1229.9 847.3

ExmoEE =TEmE == = = == R

HPA Burst Power (Watts) 1.6 1.5 1.7 2.3 3.0 3.4
{dBW) 2.0 1.7 2.2 3.7 4.8 5.3

XMTR Peak Ant Gain {dBi) 25.0 25.0 23.8 23.0 20.0 12.0
Edge Loss (dB) 0.8 0.6 1.7 1.5 2.6 3.8

Scan Loss (dB) 1.0 1.4 1.4 3.0 3.6 0.0

Taper Loss (dB) 1.0 1.0 1.0 1.0 1.0 0.2

NET XMTR ANT GAIN (dBi) 22.3 22.0 19.8 17.5 12.8 8.2
XMTR Feed/Ckt Loss (dB) 1.3 1.3 1.3 1.3 1.3 1.3
EIRP (dBWi) 23.0 22.4 20.6 19.9 16.3 12.3

Path Loss (dB) 163.8 163.3 161.5 160.9 158.4 155.2

Polarization Loss (dB) 0.5 0.5 0.5 0.5 0.5 0.5
Atmos Absorption Loss (dB) 0.3 0.3 0.3 0.3 0.3 0.3
Mean Vegetation Loss (dB) 0.0 0.0 0.0 0.0 0.0 0.0

TOT PROPAGATION LOSS (dB)  164.6  164.1  162.3  161.7  158.2  156.3
RCVR Ant Net Gain (dBi) 1.0 1.0 1.0 1.2 2.3 3.2
RCVD SIG LEVEL, C (dBW) -140.7 -140.7 -140.7 -140.7 -140.7 -140.7
RCVR Antenna N-Temp (K)  150.0  150.0  150.0  150.0  150.0  150.0
RCVR Feed/Ckt Loss (dB) 1.0 1.0 1.0 1.0 1.0 1.0
LNA Noise Figure (dB) 0.8 0.8 0.8 0.8 0.8 0.8

RCV SYSNOISE TEMP, Ts(K)  298.9  298.9  298.9  298.9  298.9 2989
G/Ts (dBi’/K)  -23.8  -23.8 -23.8 -23.6 -22.5  -21.7

RCVR NOISE BW, B (KHz)  280.0  280.0  280.0  280.0  280.0  280.5
Sensitivity = kTsB (dBW) -149.4 -149.4 -149.4 -149.4 -149.4 -149.4

RCV'D CN {dB) 8.7 8.7 8.7 8.7 8.7 8.7

C/l (dB) 18.0 18.0 18.0 18.0 18.0 18.0

RCV'D C/(N+l) (dB) 8.2 8.2 8.2 8.2 8.2 8.2
RCV'D C/(No+lo) {dB) 62.7 62.7 62.7 62.7 62.7 62.7
Required Eb/No (dB) 3.2 3.2 3.2 3.2 3.2 3.2
Modem Impl Loss (d8) 2.0 2.0 2.0 2.0 2.0 2.0
REQUIRED C/(N+l} (dB) 5.2 5.2 5.2 5.2 5.2 5.2
LINK MARGIN (dB) 3.0 3.0 3.0 3.0 3.0 3.0

FLUX DENS (dBW/sq-m, 4KHz} -132.3 -132.3 -132.3 -132.5 -133.6 -134.3
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TABLE A-5
SV-1SU UPLINK, NO SHADOWING
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CELL CELL CELL CELL CELL CELL
1 2/3 4 5 6 7

AZIMUTH ANGLE (DEG) 5.4 21.1 6.6 30.0 10.%5 330.0
GROUND RANGE (Km) 2052.0 1917.9 1501.4 1377.9 811.4 344.5
NADIR ANGLE (DEG) 61.6 60.9 57.7 56.3 47.6 24.0
GRAZING ANGLE (DEG) 10.0 11.9 18.8 21.4 342 62.9
SLANT RANGE (Km) 2293.5 2160.2 1759.2 1643.3 1229.% B47.3
HPA Burst Power (Watts) 1.5 1.4 1.6 2.2 2.9 3.3
(dBW) 1.8 1.6 2.0 3.5 4.6 5.2
NET XMTR ANT GAIN (dBi) 1.0 1.0 1.0 1.2 2.3 3.0
XMTR Feed/Ckt Loss (dB) 0.7 0.7 0.7 0.7 0.7 0.7
EIRP (dBWi}) 2.1 1.9 2.3 4.0 6.2 7.5
Path Loss (dB) 163.8 163.3 161.5 160.9 158.4 155.2
Polarization Loss (dB) 0.5 0.5 0.5 0.5 0.5 0.5
Atmos Absorption Loss (dB) 0.3 0.3 0.3 0.3 0.3 0.3
Mean Vegetation Loss (dB) 0.0 0.0 0.0 0.0 0.0 0.0
TOT PROPAGATION LOSS (dB) 164.6 164.1 162.3 161.7 1598.2 156.0
RCVR Peak Ant Gain (dBi) 25.0 25.0 23.9 23.0 20.0 12.0
Edge Loss (dB) 0.8 0.6 1.7 1.5 2.6 3.8
Scan Loss (dB) 1.0 1.4 1.4 3.0 3.6 0.0
Taper Loss (dB) 1.0 1.0 1.0 1.0 1.0 0.0
NET RCVR ANT GAIN (dBi) 22.3 22.0 19.8 17.5 12.8 8.2
RCVD SIG LEVEL, C (dBW) 140.2 -140.2 -140.2 -140.2 -140.2 -140.2
RCVR Antenna N-Temp (K) 290.0 2%0.0 280.0 290.0 290.0 290.0
RCVR Feed/Ckt Loss (dB) 1.8 1.8 1.8 1.8 1.8 1.8
LNA Noise Figure {dB) 1.0 1.0 1.0 1.0 1.0 1.0
RCV SYS NOISE TEMP, Ts (K) 552.8 552.6 552.6 552.6 552.6 552.6
G/Ts (dBi/K) -5.1 -5.4 -7.7 -8.9 -14.6 -19.2
RCVR NOISE BW, B (KHz) 128.0 126.0 126.0 126.0 126.0 126.0
Sensitivity = kTsB (dBW)} -150.2 -150.2 -150.2 -150.2 -150.2 -150.2
RCV'D C/AN (dB) 9.9 8.9 9.9 9.9 9.9 9.9
C/l {dB) t18.0 18.0 18.0 18.0 18.0 18.0
RCV'D C/{N+1) (dB) 9.3 9.3 9.3 9.3 9.3 8.3
RCV'D C/(No-10) {dB) 60.3 60.3 60.3 60.3 60.3 60.3
Required Eb/No (dB) 4.3 4.3 4.3 4.3 4.3 4.3
Modem Impl Loss (dB) 2.0 2.0 2.0 2.0 2.0 2.0
REQUIRED CAN~+I} (dB) 6.3 6.3 6.3 6.3 6.3 6.3
LINK MARGIN (dB) 3.0 3.0 3.0 3.0 3.0 3.0
FLUX DENS (dBW/sg-m, 4KHz) -148.6 -149.4 -147.19 -144.9  -140.1  -135.6




TABLE A-6
SV-GATEWAY LINKS
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CENTER FREQ {GHz) =

XMTR: HPA Output Power(dBW)
Peak Ant Gain (dBi)

Ofi-Peak Loss (dB)

Net Antenna Gain (dB)

XMIT Circuit Losses (dB)

EIRP (dBWI)

Path Loss (dB)

Polarization Loss (dB)

Atmos Loss {dB)

Rain Loss (dB)

TOT PROPAGATION LOSS (dB)

RCVR: Ant Peak Gain (dBi}
Biockage/Off-Pk Loss (dB)
NET ANT GAIN (dB)}

NOM RCV'D POWER (dBW)

Net Ant Noise Temp (K).

Diplxr/FLT/Lim Losses (dB)
LNA Noise Fig (dB)

SYST NOISE TEMP,Ts (K)
G/Ts (dBI/K)

Boitzmann's {dBW/HzK)
RCV'D C/Ne (dB)

Reguired Eb/No (dB)

RCVR Noise BW {dBHz)
Modem Imp! Loss (dB)
REQUIRED C/No (dBHz)

LINK MARGIN (dB)
FLUX DENS (dBW/sg-m, 4KHz)

2293.5 Km
DOWNLINK UPLINK
CLEAR RAIN CLEAR RAIN
20.0 20.0 29.8 29.8
0.6 13.6 -2.1 24.0
20.0 20.0 57.6 57.6
2.0 2.0 0.5 0.5
18.0 18.0 571 57.1
3.5 3.5 3.5 3.5
15.1 28.1 51.6 77.6
185.7 185.7 189.1 188.1
0.5 0.5 0.5 0.5
3.3 3.3 3.3 3.3
0.0 13.0 0.0 26.0
189.5 202.5 182.9 218.9
54.2 54.2 23.5 23.5
0.5 0.5 2.0 2.0
53.7 53.7 21.5 21.5
-120.7  -120.7 -119.9 -118.9
30.0 30.0 290.0 290.0
4.0 4.0 4.0 4.0
3.0 3.0 3.0 3.0
1193.4 1183.4 1453.4 1453.4
22.9 22.9 -10.1 -10.1
-228.6 -228.6 -228.6 -228.6
771 771 771 77 .1
5.7 5.7 5.7 5.7
68.4 69.4 69.4 69.4
2.0 2.0 2.0 2.0
771 774 77 1 77.1
0.0 0.0 0.0 0.0
-155 .1 -155.1  -118.6 -118.6
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TABLE A-7
SV-SV INTERSATELLITE LINKS

IN-PLANE LINKS

NOM
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MAX SLANT RANGE (Km)})
Center Frequency (GHz)

XMTR: Output Power(Watts)
XMTR: HPA Output Power{dBW)
Peak Ant Gain (dBi)

Off-Peak Losses (dB)

XMIT Circuit Losses (dB)

EIRP (dBWi)

Path Loss (dB)
Polarization Loss (dB)
TOT PROPAGATION LOSS (d8)

RCVR: Ant Peak Gain (dBi)
Off-Peak Loss (dB)

NET ANT GAIN {dB)

NOM RCV'D POWER (dBW)
Ant Earth Noise (K)

Ant Sun Noise (K)
Diplxs/FLT/Lim Losses (dB)
LNA Noise Fig {dB)

SYST NOISE TE'42 Ts (K)
G/Ts (dBi/K)
Bolizmann's, k (d8W/HzK)
RCV'D C'No (dBHz)
Required EZ Mo {dB)
RCVR Noise '/ {dBHz)
Modem imp! 1255 (dB)
REQUIRED C.t+2 (dBHz)

ARGIN (dB)

LINK M
BW.so- . 4KHzZ)

S (d

ADJACENT.

PLANE LINKS
Looking

into
NOM sun

3885.5 3885.5
23.05 23.05
5.1 5.1
7.1 7.1
36.0 36.0
1.5 1.5
2.0 2.0
39.6 39.6
191.6 191.6
0.5 0.5
192.1 182.1
©.0 0.0
36.0 36.0
1.5 1.5
34.5 34.5
-118.0 -118.0
~30.0 30.0
20.0 345.2
2.5 2.5
3.0 3.0
789.0 1114.1
5.5 4.0
-228.6 -228.6
81.6 80.1
5.7 5.7
72.4 72.4
2.0 2.0
80.1 80.1
1.5 0.0
138.5 -138.5

4023.8
23.05

Looking
into
sun

4023.8
23.05

Coooombs
O oo oo

[ 5]

191.9

192.4
0.0
36.0
0.8
35.2
-118.0
30.0
345.2
2.5
3.0
11141
4.7
-228.6
80.1
5.7
72.4
2.0
80.1
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PURPOSE/OBJECTIVE:

The report of IWP 8/15 to the JIWP lndicated a need for further
study or sharing a Personal Communication Low EZarth Orblt Mobile
Satzellite System (PCLEQ) with other services in the vicinity ol 1.6
GHz.

ABSTRACT:

This report describes the basis upon which a PCLEQ system can share
this frequency band with other services. Specifiically the Radlc
Determination Satellize (RDSS), Aeronautical Public Correspondence
(&PC), Radio Astronomy (RAS), and Radio Navigation Satellite
Services (RNSS) are evaluated. Ar example of active sharing ils
giver for a representative RDSS system serving the contiguous
Urnited States (CONUS). Sharing between the PCLEO ancd RAS, APC, and
RNSS wi.l occur on the basis of dynamic time and geograpical
chanrel assignment technigues. The PCLEQ system operates in a Di-
directlional single band mode.

This analysis establishes that the PCLEO system may stare this band
with each of these systems without harmful interference <o =zheir
operations.
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other cocoverage RDSS syscems as we.. &s Irom the "target" RISS

£. Ag can De seen from Tafle 3 and the linx budge: i-o

[

systeT iltse
Table -3, PCLEQO can cpera+te compatibly with RDSS. However, the
impact of interference or RDSS acguisition performance regulres
further study. Further study is also needed to optimize <the
examp.e RDSS link budget in terms of RDSS system capacity and the
several types of external interference.

3.1.3 PCLEC Subscriber Terminals Sharing with the

Satellites
The PCLEO subscriber terminals are also a potential source of
interference to the RDSS system. The C/Ic of RDSS satellites
caused by PCLEO subscriber terminal uplinks are calculated in Table
A-2 of Appendix A. Table 4 is a summary of the calculated results
of Appendix A. Table 4 and Table A-3 of Annex A show that a PCLEO
System will operate compatibly with RDSS.

3.1.4 RDSS Subscriber Terminal Sharing with the PCLEQ

Satellites and Subscriber Terminals

The RDSS subscriber terminals will transmit into the receive
band of the PCLEQC satellites and subscriber terminals. The
probability of interference is low due to the short burst length
and geographical dispersion of the RDSS subscriber terminals.
Moreover, the PCLEQ satellite and subscriber terminals compensate
for potential interference from the RDSS terminal in several ways:

1. Pulse blankers: The RDSS burst has a duration of 20 to

80 milliseconds. This will include, at most, two PCLEO

bursts associated with a single voice channel. The PCLEO




2
subscriber “erminal will 2lank out <he adversely affectec
PCLEQ burs=s 1I =ne RDSS pulse 15 STrong enough 0 exceed
a thresho.d signal _evel., This prevents RDSS pulses Irorm
causing damage o the PCLEQ recelver.

2. rror detection and correction: The PCLEQ packet format
containsg error detection and correction coding. Missing
packets are detected. The PCLEDO voice vocoder will
interpolate across missing packets. The vocoder uses the
same technology as the U.S. digital cellular system and
can interpolate across six missing voice frames.
Automatic repeat reguest is used to reguest
retransmission of missing data packets.

Because of the above factors, the PCLEO systemwill be able to
accept any interference caused to it, including to its subscriber
terminals that arise from transmissions of RDSS subscriber
terminals operating 1in conformance with their published
characteristics,

3.2 Sharing with RNSS

One typical RNSS system employs a satellite constellation with
up to 24 satellites in subsynchronous polar orbit. Each of these
satellites operates on a different frequency. The satellite center

requencies are separated by 562.5 KHz. The bandwidth occupancy of
each satellite is approximately 1 MHz.

Althoﬁgh the PCLEQ system has the capability to use the same
frequency bands as those used by the RNSS system, it can

selectively turn off transmissions in these bands and could share
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the allocation in the vicinity of 1.6 GHz by band segmentaticn oo
a dyramic time &and ceograpilcal basis.

3.3 sharing with Radio Astronomy

The Radio Astronomy Service (RAS) seeks protection in the
1610.6 to 1613.8 MHz portion ol the spectrum. The radio astroaomy
sites are fixed. Sharing can be accomplished by having the 2CLEO
system control the use of frequencies in this band so that the
power flux density does not exceed -238 dBW/square meter/Ez at
radio observatory sites during the periods of radio astronomy
observations. Since the radio astronomy need is not full <ime,
scheduling can be used to allow the use of RA frequencies by the
PCLEO system when they are not being used by the Radio Astronomy
Service.

3.4 Sharing with Aeronautical Public Correspondence

There 1s also a small Aercnautical Public Correspondence band
in this part of the spectrum which is not widely used. The PCLEOQ
system can share this band by not using the indicated frequercies
in the specific cells that would interfere with the operation of
the service.
4. CONCLUSIONS

This analysis establishes that a PCLEQC system having dyramic
control characteristics can share allocations with several other

services (including RDSS, APC, RAS and RNSS) without causing

unacceptable interference to their operations.
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In sharing with GSC RDSS systems, the PCLEO system will znos

3

on ©f <he ADSS

fhs

)

cause cnacceptable lnterierence to the operat
systems. It can accompllish this by controlling the number of i<s
active carriers and cells as well as the power levels to be similar
to those employed herein or as agreed to during coordination. As
a resul%t, no real-time cooperation between the PCLEC and RDSS
systems and services is reguired. The PCLEO system is able to
accept any interference caused to 1t by an RDSS system operating
normally.

The PCLEO system will share with RNSS, Radio Astronomy and
Aeronautical Public Correspondence by band segmentation, i.e.,
PCLEQ will not use freguencies in the vicinity of 1.6 GHz that

would interfere with their operations in the geographic areas of

interest.



APPENDIX A
PCLEC/RDSS System Interference

This appencix estad_lsnes Dbasellne lxnformatlion regarding
interference levels Into an RDSS uplink carrcier, This Dbaselire
information -elates to Two types of RDSS satellltes that are being
considered for use 1in North America, 1.e., employing satellite
antennas that cover the region with either single or muitiple (8)
beams in the 1.6 GHz band. PCLEO interference levels are also
calculated,.

Table A-1 1lists the assumptions and (for both types of
systems) shows the calculations for RDSS intra- and inter-system
interference Table A-2 shows that arising from a PCLEO system.
Table A-3 presents detalled RDSS link budgets showing the effects
of intra-system, other RDSS, and PCLEO interference. Table A-4

lists the PCLEC terminal and satellite EIRPs associated with each

cell type.
These calculations assume that the PCLEO system is providing
4,400 volce channels within North America. Weighted values are

used for the PCLEO r.f. carrier EIRP 1in these calculations which
assume that one-half of the carriers are operating at maximum power
due to heavy vegetative shadowing and the other half are operating
at their nominal wvalues. These conservative assumptions might be
relaxed in the coordination process as more detailed information on
traffic distribution statistics in the PCLEQO system becomes

available.



TABLE A

-1

INTPA- & INTERSYSTEM INTERFEREINCE FROM OTHER COCOVERAGE PDSS SYSTEMS

I T T r R T E E E - 2 2 X 2 Xk EE E E E E Y N

Assumptians: All FDSE user up
s Bl PDSS systems
Desired RDSS use
Carrier bandwidt
Gold code advant

Intra-Beam Case
Cther users per beam
Ave.relative gain interfercr

C.1
C.lo (w. Geold code)

Intra-System, Inter-Beam Case
Users per beam

No. of adjacent beams

Ave . relative gain interferor

C.1
C. Io (w. Gold code)

Tot intra-sys C,lo(w Gold code)

Single Inter-System Case
n beam,cther system users
Ave.relative gain interferor
No. of other systm,adj beams
Ave.relative gain interferor

H>
Tot inter-system C/I(one system)

Crio (w., Gold ceode)

Multiple Inter-System Case

Number other interfer RDSS sys

Toct inter-system C,/Il{one system)
C/lo (w. Gold code)

link powers equal
are copolarized
r is at EOC

h=
ages=

MultiBeam

15
~10

-7.78
66 .00

58.6

15

-15

~-14.09
59.69

16 MHz

0.67

72.04 d=
1.74 4B

SingleBeam

14

-11.96
61.82

NA
NA
NA

61.82

[
o

NA

-12.26
61.52

dae

dB
dBHz

4B

dB
dBHz

dBHz

MultiBeam i
SingleBeam

129
0.5

-21.29

52.49

-26.06
47.72

Hz

nto

dB

dB

4B
dBHz




TABLE A-¢

PCLEQ INTERFERENCE INTO RDSS

- 2 1 -t 2 i - Y]

PCLEQ Parameters: Voice channels faor North America = 4400
Time siot factor = 1714 = 0.07
Voice activity/DE!l factor = G.5
Average PCLEQ EIRF: uplink = 7.89 JdBW :downlink = 26.45 dBw
RDES System Parameters: Bandwidth = 72.0 dBHz:EIRP= 18.3 dBW{up & down}
Interfgrer --->» PCLEQ Uplink Carriers
RDSS RDSS -
MultiBeam SingleBeam
Neo. PCLEO channels in RDSS beam 1100 4400
Time slot factor 0.07 0.07
Voice activity/DSI facter .50 0.59
Active xmitters/time slot 39 157
EIRP per carrier (dBW) 7.89 7.89
CUM PCLEDO PEAK EIRP to RDSS beam 23.83 29.85
Polarization isclation {(dB) 4 4. -
FBW (29 carriers in 10.5 MHZ}(in dB) -2.69 -2.69
RDSS satellite ant relative gain(dB) 2.8 0.5
RDSS EIRP (dBW) 18.3 18.3
RDSS C/1 due to PCLEC -1.64 -5.135
RDSS C/Io due to PCLED 70.40 66.67
Interferer ---»> PCLEQ Downlink Carriers
RDSS RDSS
MultiBeam - SingleBeanm
No. PCLEQ channels in RDSS beam 4070 =* 4400
Time slot factor 0.07 0.07
Voice activity/DSI factor 0.50 0.30
Active xmitters/time slot 145 157
T1RP per carrier (dBW) 26.45 26.45
Relative gain PCLEQO satellite antenna -20 -2Q
CUM PCLEO PEAK EIRP to RDSS beam 28.07 . 28 .41
FBW (29 carriers in 12.5 MHZ) -2.69 -2.69
RDSS satellite ant relative gain 2.8 0.5
RDSS EIRP (dBW) 18.3 18.3
RDSS C/I due to FLZLEO -9.88 -7.92
FDSS C/lo due te PCLED 62.16 64.11
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TABLE A-3

RDSS LINK BUDGETS --INCLUDING INTERFERENCE EFFECTS

Mul tiBeam SingleBeam
RDSS RDSS
Units
Uplink RDSS C/No (thermal) dB 58.20 58.20 52.770 52.70
C, 1o (in-beam RD3S) dB 59.52 59.52 61.82 61.82
C, 1o (adyi beam RDSS) dB8 66 .00 66 .00 NA NA
C.'lo {(other RDSS systems) dB 54.91 54.91 56.75 56.75
C,Io due to PCLEO downlink dB NA 62.16 NA 61.12
C,Io due to PCLEO uplink dB 70.40 NA 66.68 NA
h>
RDSS Uplink C/{Notlo) dB 52.08 51.73 5¢.78 50.69
Downlink RDSS C/No(thermal) dB 76.80 76.80 71.90 71.90
Downlink RDSS C/(No+lo) dB 76 .80 76.80 71.90 71.90
Total Link C/(No+lo) dB 52.06 51.72 50.75 50.66
Info rate dBHz 41.94 4] .94 41 .94 41.94
Eb/No received dB 10.12 9.78 8.81 8.72
FEC coding gain dB 5.20 5.20 5.20 5.20
Implementation loss dB 2.50 2.50 2.50 2.50
Eb;No for 1QE-5 BER d8 9.60 9.60 9.60 9.60
Link Margin dB 3.22 2.88 1.91 .82
Required link marqin dB 3.00 1.00 2.00 2.00
Excess link margin dB 0.22 -0.12 -0.09 -0.18

Note: Small negative values of excess margin can be resolved 1n the coordination process
|
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PURPOSE/OBJECTIVE:

The report of IWP 8/15 to the JIWP indicated a need for further study on sharing
between a Personal Communication Low Earth Orbit Mobile Satellite System
(PCLEQ) with Geostationary Orbit (GSO) Mobile Satellite Service (MSS) systems in
the vicinity of 1-3 GHz.

ABSTRACT:

This repont examines the potential for interference via mainbeam coupling of
downlink emissions trom a PCLEQO satellite with a GSO sateilite and indicates how
interference from this coupling mechanism can be avoided. The potential
interference will be avoided by shutting down PCLEO cells which couid graze the
Earth’s limb and illuminate the GSO.
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Sharing Between Mgln PFeam Downlink Leo
and Uplink GSC Satelilltes
in the -3 GHz Rllocations

1.0 INTRODUCTZON

IWP 8/15 has prepared text for section 6.1.1.4...3, Sharin
Involving Low Zarth Orbit Systems which states:

" he potential of such a system (LEQO) to share with

geostationary orbit moblile-satellite systems 1s now under

study. The characteristics of the LEC Satellites and cellular

nazure o0f the systems provicdes a potential for <£requency

sharing that has not yet been explored.®

This is ©of concern with respect to fulfilling the provisions
of RR2613. Several other contributions have addressed the gquestion
of LEO and GEO sharing in the present RDSS and MMS allocations in
the 1-3 Ghz range, and 1in the FSS feederlink bands. This
contribution examines the potential for interference via mainbeam
coupliing of downlink emissions Zfrom a PCLEO satellite with a
receiving geostationary satellice, and indicates how interference
from this coupling mechanism can be avoided. The question of
cumulative level of interference that may occur teo a geostationary
satelli+<e from PCLEO downlink emissions by way of the PCLEQ
satellite antenna sidelobes has been dealt it in another

contribution.

2.0 SYSTEM/INTERFERENCE CONFIGURATION

Figure 1 shows the coverage provided by the 37 cells of a
PCLEQ satellite. Each cell has approximately an egqual area
projection on the Earth. The circle that encompasses the cells

represents a 10° horizon toward GSO. The cell pattern consists of
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a center cell, surrounded Dy three rings of cells: A, B, and C.
A has six, B has 12 and C has 18 cells, respectively. Cf the
latter there are six “key" cells which protrude beyond =nhe 10°
horizon.

Figure 2 shows <the relative geometry between a PCLEO
satellite, the Earth and a satellite in the GSO. The GSO satellite
is assumed to have a full earth coverage beam, i.e, an 8.7° degree
half angle. For the PCLEQO to have a line of sight interference
path with the GSO it must be on the backside of the Earth. This
condition exists when the angle between a vector t¢ the PCLED
satellite and a vector to the GSO is

81.3° + 1/2 . 53.52¢ = 108°

A detailed diagram of this interference geometry is shown in
Figure 3, and illustrates how energy inside the 3 3B beamwidth of
the PCLEO will “"splash over™ the horizon. Table ! below gshows the
Perimeter (C ring) Cell Boresight Angle from NADIR. The key
perimeter cells are those that extend beyond the 10° horizon. From
Figure 2, the angle from nadir to the horizon is 63.24° (one half
of angle "b"1l

TABLE 1

Perimeter Cell Boresicht Angle From Nadir

Cell Type Boresight 3 Db Beamwidth Angle from Nadir
Key Perimeter 60.7° 5.8° 63.6°
Regular Perimeter 59.9° 5.8° 62.8°

The only RF energy from a PCLEO which will go into outer space

from behind the earth are those perimeter cells where the sum of
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~heir boresight ancle and zali the 3 dB bDearmwidih are cgreater zhan
the ang.e from nadir o the 0° horizon, l.e. 63.24. Tor the Xev
cells this value s =+ 0.36; for the Regular Cells =his is -0.44,.
In ozher words the 6 Key cells o0f 37 of each PCLEQ are <he onlv
cones which will radiate into space.

3.0 INTERFERINCE ANAZYS:S

=
[e]
(o))

etermine the potential for interference it is necessary <o
determine: 1) the specific locations within the PCLEO orbit where
the above interference geometry exists; 2) the frequency with which
these occur, and 3) whether they occur for more than one PCLEQ at
a time.

Figures 4a and 4b show the beginning and end of the period
when the PCLEO horizon target can illuminate the GSO. The guestion
becomes when, and which of the six Key cells of a PCLEQ satellite
can cause interference. Figure 5 shows the six perimeter cells in
a PCLEO a+< the eguator. The cells are active (turned on) only
within specific latitude bands of the satellite nadir point. When
these are correlated with the geometric constraint that ztThe 0°
horizon circle be target to the GSO field of view, it should be
apparent that only the cells at 3 o'clock and 9 o'clock have the
potential to cause interference, and that only one of these will be
in position to interfere at a time.

A further analysis of Figure 5 shows that the coverages of <he
neighboring sateilites overlap the coverages of the perimeter
cells. e.g. the 3 o'clock cell of Pl SAT 1 is covered by the 7

o'clock cell of P2 SAT 11, and the 1l o'clock cell of P2 SAT ..
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Internal system coverage analysis indlcates that one of these three
can be turned off and still provide service.

Thus, through the operational choice of shutting off the 3
o'clock cell, (and by symmetry the 9 o'clock cell) it is assured
that no RF energy will be radiated toward the GSO.

4.0 CONCLUSION

An analysis has been performed of potential interferences
through main beam coupling of PCLED downlink emissions with
receiving GSO satellites. This potential interference will be
avoided by shutting down PCLEO cells which could graze the Earth's

limb and thereby illurminate +he G30.




Figure 1, PCLEC Cell Pottern Proiected On The Earth's Surface

PCLEQ SAT

FI2 PG

22767 n.m.

a; 123.12 deg (10 deg Horizon)

b) 126 48 deg ( C deg Horizon)
! €) 36.90 deg (Earth Cenlral Angle)
| d153.52deq {Earth Central Angte)

e) 81.30 deg (Geocentric Latitude)
J18700eg (Hll Angle)

\ GLOSYHCHNOMOUS
SATELLITE

Figure 2. Interference Geometry
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PURPOSE/OBJECTIVE:

The report of IWP 4/1 to the JIWP indicated a need for further study on sharing a Low
Earth Orbit Mobile Satellite System (LEQ) with geostationary orbit (GSO) systems in
the Fixed Satellite Service (FSS).

ABSTRACT:

This report provides the basis for LEQO systems to share the FSS allocations in the
20/30 GHz part of the spectrum with GSO systems. Several avoidance technigues
are listed for the LEQ systems to use which can achieve compatibility with GSO
systems and meet the objective of RR 2613. These technigues include the LEO
operating at non-interfering frequencies, operating at power levels which resuft in
interference below the acceptabie level determined by CCIR recommendations, and
not transmitting to LEQ satellites whenever there is insufficient angular separation
between the LEQ satellite and the GSO satellite.
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Proposed Modificar-ion +0 Sectio=

gf the JIWP Report

N

The second sentence in this paragraph should be replaced wizh

zhe fclleowing:

gateway feederlink=s of I.FQ systems anrd GSC systems using

: : P e £ ¢ ~ s o hoaanr

-

The basis for this proposed modification is in Annex I.
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The Report o<f IWP 4/1 to JIWP (WARC-92), contains propesed
rex= for section 6.1.1.4.1.3, Sharing Between LEQC Feeder Links and

GSO Systems in the FSS. This text states:

"article 29 RR 2613 specifies the inter alia relationship
between geostationary and non-geostationary satellite systems
in the FSS Further study is needed teo evaluate the potential
interference and optimum sharing arrangements which woull
provide compatible operations between the LEQO and GSO systenms
in the rSS bands."

The purpcse of this contribution 1s to provide the

inm
in

151

ormation to indicate how such compatible sharing is established

berween LEQ and GSC Systems.

2.0 Syst i o
lthough the principal use of the FSS has been fcr GSO
communicatrion satellites in the &4/5 GHz and 11-12/14 GHz part cof

the spectrum, the technology and associated systems are now Dbelng




zcnzributisn o the JIwWr conteins above LI GHEz T35 Svsters
T=rameTers Trese are InZicateZ L5 the table below
oosan . agTo=n Trar :;-E- “"'Eﬁ'ikg TRy - Zg- L= ¥ Sowe-

. (Muz) (35) {EB) IBW ‘Mz
Ceutsche Bund. 55 Germany 48 7.7 39,7 22
traly 1.¢ Izaly 47/55.5 68/18.8 38/5¢C 22

In addition, proposals have Deen made for LED systems, wihich

would use the 20/30 GHz bands, as feederlinks or gatewavs. The
gateway links are intended to interccnnect the LEZ system <o the
PCN. They would use 100 MHEz of bandwidth in each direction.

There would be six center fregquencies for the uplink and downlink.

The channels will be spaced at 15 MHz intervals. The medulaticn
rate in each direcrion is 12.5 Mbps. The link characteristics of
this system may ke found in the table in Appendix I. These links

are between earth stations and satellites which are in seven egual
spaced polar orbits which are at an altitude cf approximately 765
¥m,

It is LEQ and GSQO systems with characteristics such as those
described above which will be the subject of +fhe subseguent

sharing analysis.

3.0 1 For TE 1 e

Article 29, Secticn II, Control of Incerference

t
O

Geostationary-Satellite Systems, in RR 2613 states:




"Non-gesstationary space statlons shall cease cr redute T 2
negligitle level zheir emissions ang thelr asscoclated earin
s-atiocns s$hall nct tTransmitc to them, whenever <ther LS
irgufficient anguilar sercarsticon between NOon-CeUESTELICnEIL
sa-ellizes and gesstatiznary satelllites, ani wherever “rers
is unacceptab.e Interference tO gegstatisnary-satelllte spacle
s-avicns in the fixed satellite service :;e:a:;:g. i
ancordznce with <hese Regulations." L Jgcctnote LnZicates
-va- =ne level ¢of .nterference shou.d DbDe determined y
accordarce with CCIR Recommendations

Several methods exist which can be emploved by the LED systenm

o aveid causing harmful interference to co-freguency G3C

communicaticns satellites. These methods fall in the fellowing
categcries:
3.1 O~pararisn at fon-interferisc frequencies. The LEO satellites

will have the capability of operating at six 15 MHz channels
within the 100 MHz band. The channels may be used in such a
way that the fregquency is different for any pass where tile

LEC may point at the GSC satellite.

3.2. Dperariam at layels which =resylt in interfevence balow the

acrepranhle level devermines by CCTR Recommendations Tre

-

~ange to the GSO is 18 to 54 times the range to the LEC.

This is 25 to 34 dB additional free space path loss

-
ad

attenuation of the LEQ signal. Therefore, depending on

1)

of

O

calculation of signal level for the individual case the GS

may not be affected.




3.3, Associated TEFEN oarth ceasiong would moe ecracceie e~ oo
sgte.lites, wheoever ~reros e ingufficiene A-m=a- csmazez-i.-
netweern The TZ zave Jre znd vhe CSC saztellite., The Third
fatesory nas severzl CZIICnS!

3.3.1 Toe LZ0 eareh terminsl may simply foem ofFE Aieios o-g
reriod of possibhle interferenge, Due to the relatively
fixed position of the GSO satellite. The periczd of
possible impingement by the LEO main beam is relatively
small. These outage periods last for no meore than a few
seconds (2 to 4 depending on latitude and differen~-izl
longitude) .

3.3.2 The LEO may use a link to apother IF0D satellice in viaw.
At the moderate latitudes which are more populated,
there is a high probability (40% at 30 deg to 100% a+ 32
deg) that more than one satellite is in view.

3.3.3 Zraffic pmay be roured to coe or more gateways and

connected in the terrestrial network. This is a rmormal

back-up for gateway failure.

The LEQ earth feederlink stations c¢can be _Located such

it
'
4
w
it

the down-link beam will not interfere with the GSQO stations.




§.0 Simoary

LI systems using FSS feederlinks in
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GATEWAY LINKS, WITH MODERATELY HEAVY RAIN'
(MAXIMUM RANGE)

UNITS  DOWNLINK UPLINK
GROUND RANGE FROM NADR NMi 1108.0 1108.0
MADR ANGLE Cug 61.56 61 56
GRAZING ANGLE Oy 10.00 10.00
SUANT RANGE ' NMi 1237.0 1237 0
CENTER FRECLENGY G 20.00 30.00
XMTR BURST PWR INTO ANT Watts 20.00 217.27
(Per Carriar) aBm 42.99 £§3.37
PEAK ANT GAIN ¢Bi 20.00 57.50
OFF PEAX LOSSES -8 2.00 0.00
XMTR NET ANT GAN daBi 18.00 £7.50
T FEED/CKT LOSS 8 3.50 3.50
EiRP dBml §7.50 107.37
PATH LOSS 2] 185.87 189.19
POLARZATION LOSS 8 0.50 0.50
GASEOUS LOSS B 3.30 3.30
RAIN LOSS® 8 13.00 26.00
TOT PROPAGATION LOSS dB 202.47 218.9¢
PEAK ANT GAIN dBi 54.00 23.50
OFF PEAK LOSSES B 0.00 2.00
RCVR NET ANT GAN dBi 54.00 21.50
ANT NOISE TEMP ' 30.00 290.00
RCV FEEDVCKT LOSS B 4 00 4 00
LINA NOISE FIGURE . -] 3.00 3.00
SYST NOISE TEMP, Ts °x 1193.44 1483.44
QTs dBueK  23.23 «10.12
BOLTZMANN'S, k dBmMz°K -158.80 .198.80
RCY'D C/Ne dBHz2 76.86 76.86
REQUIRED EbNo 8 .90 6.90
CHANNEL DATA RATE dBHz 87.9¢8 67.96
MPLEMENTATION LOSS a8 2.00 2.00
REQUIRED G/Ne dBH: 78.8¢ 76.08
LINK MARGIN ds 0.00 0.00
FLUX DENSITY per 4KHz BW dBW/ 21887 1188

* CRANE RAIN MODEL, REGION *G*, 0.5% OUTAGE




APPENDIX D

ADVANCE PUBLICATION INFORMATION FOR THE IRIDIUM NETWORK

Section A - General Information

The Administration of the United States 0f America informs the
members of the ITU of its intention to authorize the operation of

tre

IRIDIUM Satellite Network. The Subscriber-to-Space Station

link of the network will operate in the RDSS band 1610-1626.5

MHz,

in both the Earth-to-Space and Space-to-Earth directions.

In *he latter directlon the network will operate in &ccordance

with

RR 342. The Feederlink and Space-to-Space relay of the

network will operaye in the appropriately allocated portions of
the band 18.8 to 30 GHz.The Space Station of the network does not
employ simple freguency changing transponders.

Section B - General Characteristics

1.

Identity of the Satellite Network
The Iridium Satellite Network is the same as the System.
The Network includes of 77 identical interconnected
sateilites positioned in non-geostationary orbit, in seven
equally spaced planes.
Date of Bringing into Use

Initial launches in 1985

Period of validity of Frequency Assignments of the Space
Stations

15 Years
Adninistration or Group Submitting the Advance Information
United States of America

Federal Communications Commission FEDCOMCOM
Washington, DC 20554 Washington,DC



4. Orbital Information Relating to Space Statiomns

There are sever po.ar, co-rotating planes, separatecd by
slightly more than 27 degrees. ELach plazne has il
sate.lites. The 11 satelllites in each p.are are equally
spaced around their planar orbit. Satel.ltes in planes 1,
3, 5 and 7 are in phase with each other, while those in
planes 2, 4 and 6 are in phase with each other and halfway
out of phase with those in planes 1, 3, 5 and 7. The

system (rnetwerk) satellites are at a constant altitude of
765 Kilometers. The total number of operaticnal satellites
having these characteristics is 77.

Section ¢ - Characteristics of the Satellite Network in the
Earth-to-Space Direction

1. Earth-to-Space Service Area(s)

Initially, Subscriber Terminals and Gateway [Earth Stgtions
will be used in the territory of the United States; two )
Gateway EarthStations are anticipated. The system has the
capability of providing service to the entire surface of the
Earth from Pole to Pole and everywhere in between. See
Figure 1. Subscriber Terminals and Gateway Earth stations
will be used in accordance with individual adrministration
authorization.

2. Class of Station and Nature of Service
TF, TC, TL, TR, TU
3. Frequency Range

1610.0-2626.5 MHz - Subscriber Terminal
27.5-30.0 GHz - Gateway Link (Feederlink)

4. Power Characteristics of the Transmitted Wave Into the
Transmit Antenna

a. Subscriber Terminal
Peak Spectral Power Density = -42.5 dBW/Hz
b. Gateway Earth Station (Feederlink)

Peak Spectral Power Density = -45.4 dBW/Hz




Characteristics of Space Station Receiving Antenna

a. Subscriber _inxk

Seak Gain: =+25.0 dBi
See Figures Z&-2g

b, Gateway Link (Teeder)

Peak Gain: +23.5 dBi
See rigure 3

Noise Temperature of Space Station Receiving System
a. Subscriber Link

553 degrees K
b. Gateway Link (Feeder)

1453 degrees K

Necessary Bandwidth

a. Subscriber Link
Total: 16.5 MH=z
Per Channel: 16C KHz

b. Gateway Link (Feeder)
i5 MH=z

Modulation Characteristics

a. Subscriber Link

Digital voice and data, QPSK with TDMA/FDMA
multiplexing

b. Gateway Link (Feeder)

Digital voice and date, QPSX with TDM2 multiplexing




Section D - Characteristics of Satellite Network in the Space-to-

Earth Direction
Space-to-Earth Service Areas
Same as the Earth-to-Space Service Area. See Figure 1.
Class of Stations and Nature of Service
ES, EC, EF, EU
Frequency Range
1610.0-1626.5 MHz Subscriber Terminal
18.8-20.2 GHz Gateway Link (Feederlink)
Power Characteristics of the Transmitted Wave Into the Space

Station Transmit Antenna

a. Subscriber Link

Peak Spectral Power Density -43.8 dBW/Hz

b. Gateway Link (Feederlink)

Peak Spectral Power Density -55.8 dBW/Hz
Characteristics of the Space Station Transmitting Antenna
a. Subscriber Link

Peak Gain: +25.0 dBi
See Figures 2a-2g

b. Gateway Link (Feederlink)

Peak Gain: +20.0 &Bi
See Figures 4a-4j

Characteristics of the Receiving Earth Stations

a, Subscriber Terminal
Noise Temperature: 553 degrees K
Peak Antenna Gain: +3 dBi

b. Gateway Zarth Station
Nolse Temperature: 1193 degrees K

Peak Antenna Gain: +54.,2 dBi




7. Necessary Bandwidth

&.

r

Suhscriner Zink
ToTal: 16.5 MEZ
Per Chanrel: 350 KHz

Gateway _ink (Feederlink)

15 MHz

8. Modulation Characteristics

a.

Section E

th

Subscriber Link

Digital voice and data, QPSK with TDMA/FDMA
multiplexing

Gateway Link (Feederlink)

Digital voice and data, QPSK with TDMA
multiplexing

- Characteristics to be Furnished for Space-to-Space
Relays

The 77 IRIDIUM satellites in seven planes, with 11

identical satellites each are all interconnected to
each other.

Fregquency of Operation: 22.55-23.55 GHz
Modulation: QPSK, FDMA/TDMA

Peak EIRP: =+39.6 dBW

Peak Spectral Power Density: -65.3 dBW/Hz

Crosslink antenna pattern: See Figure 5
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FIGURE 2a

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2b

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2¢

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2d

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS




FIGURE 2e

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 2f

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS




FIGURE 2g

CHARACTERISTIC OF SPACE STATION
RECEIVE AND TRANSMIT ANTENNAS
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FIGURE 4e GATEWAY SPACE STATION TRANSMIT PATTERN 400 NMI FROM NADIR



b 1140

@ w | : smcway Antenna \m@m\

200 g ! S

: ; :Beam S:cmmcﬂ: "~

:500.0 gmi. from nadir

Nautical Miles

200 i 10
300 350 400 450

i i i i .
S00 550 600 650 TO0
Nautical Miles
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