@ hups://nurs.nasa.gov/searcn.)Jsp7R=1985002 /U1Z 2020-U3-201 1/:15:28+00:00L

JPL PUBLICATION 85-58

~ Second-Generation
Mobile Satellite System

A Conceptual Design and Trade-Off Study

M.K. Sue
" Y.H. Park

(112&5&-(:3-176195} SPCOND-GRNERATION ¥OBILE NB5-35325
SATELLITE SYSTEM. A COHCEPT?AL DESIGN AND

TRADE=-OFF STUDY (Jet Propulsion Lab.ésciﬁ%_lg dnclas
BC h22/HF 201 33/32 27480

" June 1, 1985. -

-NNSN

National Aeronautics and
Space Administration

Jet Prbpulsion Laboratory
California Institute of Technology
Pasadena, California



Jet Propulsion Laboratory !
Calforria ins*tute of Tecnnolagy

4800 Oak Grove Dnve

Pasadena Calfgrnia 91109

{818) 354-4321

September 27, 1985

NASA Scientific and Technical
Information Facility
P.0. Box 8757

ﬁaltimore—Washington'International Airport
Maryland 21240

Attn: NASA Representative (S8—-AK-RKT)

Gentlemen:

-

Enclosed is a list of JPL Publications released during August 1985. For

each listed publication we are also enc1051ng a COSATI Standard Title Page
and two copies of the document.

Very truly yours,

\j. C iy :

Linda Worrel
Document Review Group
Documentation Section

LWidk

Enclosures

cc: P. French
Acquisitions Branch
{with copy of list)



JPL PUBLICATION 85-58

Second-Generation
Mobile Satellite System

A Conceptuél Design and Trade-Off Study

M.K. Sue
Y.H. Park

June 1, 1985

NASA

National Aeronautics and
Space Administration

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California



CONTRIBUTORS

The following individuals made significant contributions in the noted areas:
R, G.'Chamberlain - Uge; Cost Model
R. E. Freeland —— Deployable Antenna Study
V. Jammejad —-— Antenna/Feed Design and Trade-offs

-— Satellite Mapping, Multibeam Coverage, and Interbeam
Isolation Study

E. K. Smith ~— Propagation in the Mobile-Satellite Communications
Environment

C. Wang -- Second-Generation Mobile-Satellite Networking Concept

T. ¥. Yan ~— Second-Generation Mobile-Satellite Networking Concept

PRECEDING PAGE BLANK NOT FILMED



ACKNOWLEDGMENTS

This. study would not have been completed withogé the help of many individuals
at various aerospace companies. The inforﬁation on the high—pow;r—éommunicg—
tions satellites, upon which our study i; based, is in part derived f%p@ data
provided to us by the Huéhes Aircraft Cogpany, Ford Aerospace and Communica-
tions Corp., and RCA Astro—Electrénics. The.sﬁaqecraft design is based on
studies performed by Ford Aerospace‘and Communications Corp. and RCA Astro-
Electronics, under contracts to JPL. The information on the deployable

antenna;is derivéd from data provided by Lockheed Missiles and Space'Coﬁpany,

Inc. and the Harris Corporation, also under contracts to JPL.

At JPL, we owe our thanks to many colleagues., In particular, we would like to
- thank Mr. D. J. Bell, Drs. J. Huang, Y. H. Lin, F. Naderi, and W. J. Weber, III
for their useful input and suggestions. We would also like to express appre-
ciation to Mr. R. A. Harrington and Mr. C. T. Westfall for running the com-
puter program to generate the cost estimates used in the report. Last, but
not least, we thank Mrs. Barbara Vaughn for her patience and diligence in

typing this document.

iv



PREFACE

In recent years, interest has grown in the mobile satellite (MSAT) system, a
satellite-based communications system capable of providing integrated voice and
data services to a large number of users. The FCC has issued a Notice of Pro-
posed Rulemaking (NPRM) for a frequency allocation for the Mobile Satellite
Service and 12 companies have filed applications for a license to launch the

so-called first-generation MSAT within the next 5 years,

To maintain the U.S. leadership in space, NASA is interested in accelerating

the development of a commercial mobile satellite system (MSS) and technologi-
cally enhancing tﬂe future MSAT generations. To accomplish these goals, NASA
has structured a three-phase Mobile Satellite Program to develop ground and space
segment techmologies. The first phase, called the Mobile Satellite Experiment or
‘HSAT—X, is developing advanced ground segment technologies and will demonstrate
these technologies using the first commercial MSS. Phase 2 of the NASA program
will develop and flight test on the Shuttle the large multi-beam spacecraft
antenna technology needed to obtain substantial frequency reuse for second-
generation commercial systems. Phase 3 is similar to Phase 2 except that NASA

will develop an even larger antemna and test it in conjunction with the Space

Station.

To explore the potential of the MSS beyond the horizon of the first generation,
using technologies of the 1990's, and to direct the technological objectives of the
NASA MSS Program, a conceptual design has been performed for a second-generation
system to be launched ;round the mid-1990's. The design é6a1 is to maximize the

number of satellite channels and/or mimimize the overall life-cycle cost, subject to



the constraint of utilizing a commercial satellite bus with minimum modifica-
tions. To provide an optimal design, a series of trade-offs was performed,
ingluding”antenﬁa sizing, feed configurations, and interference analysisf In
addition, a costing model was developed to assist in assessing the fimancial

merits of various technological approaches.

While the study presented in this report is based on a hypothetical frequency
allocation in the UHF band, a system that operates at L-band, an alternative
frequency band that is being considered by some for possible future MSAT

applications, is also presented.
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PART ONE
EXECUTIVE SUMMARY



1.0 INTRODUCTION

4 mobile satellite (MSAT) system consists of a space segment and a ground seg-
ment. _The space segment contains one or more satellites in the geostationary
orbit. The ground segment primarily is made up of gateway statiomns, network
management centers (NMC), and mobile terminals. Figure 1 illustrates a typical
mobile satellite network and its elements. The space segment and the ground
segment together- form a communications network that allows mobile users any-
where in the coverage area té communicate. A mobile satellite system can per-
form many functions, such as mobile telephone, radio dispatch, position loca-
tion and surveillance, and emergency communication for disaster relief. Its

usage is limited only by one's imagination.

The operation of the mobile satellite network is very similar to the terres-
trial mobile phone system. The geostationary satellites function as relay ,
towers, and the NMC is the bgain of the network, controlling the operation of
the network by monitoring thg traffic and assigning channels. The gateway
station provides an interface between the mobile satellite network and other
networks, such as the Public Switched Telephone Network (PSIN), endbling the
mobile satellite system users to communicate with users in other networks.
Much interest has been geéerated in recent years in the mobile satellite ser-
vice. A Notice of Proposed Rulemaking (NfRM) has been issued by the Federal
Communications Commission (FCC) for a frequency allocation for this service,
;ﬁd 12 -companies have applied for a license to launch a first-generation
mobile satellite system. In a few years, there will be a system provid-

ing mobile services to thousands of users.
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Because of the start-up cost, the first-generation system, which is expected

to be in operation in the late 1980's to the early 1990's, will probably have a
ver& limited capacity. In anticipation of future growth, a system with greater
capacity will be needed and is expected to begiﬂ operations around the mid- V

1990's, This system is referred to as the second-generation mobile satellite

system (MSAT-2) and was the subject of this study.

The objectives and the ground rules of this study are described in Sectioms 1.1
and 1.2. The results of the study are summarized in Sections 2 through 3.

Section 4 identifies future studies needed to ensure the timely development of

MSAT-2.

1.1 STpDY OBJEC&IVES
The pri;ary objectives of this study were as follows: .
(1) To perform a conceptual design of a gecond—generation mobiie satel-
lite system operating at‘tge UHF frequencies in the late 1990's ;o
‘the early 2000's.
(2) To examine véribus‘parametric trade-offs to produce a cbsk-effective
design an&tto‘aid MSAT-X and other NASA MSS technolog? programs

setting development priorities.

(3) fo examine an alternative system operating at the L-band frequen-
cles. ‘
(MSAT-X is 'a NASA-funded program. It; objectives are to develop advanced
ground-segment technologies and tééhniqdes'for use in future mobile satellite
systems, and to verify these technologies usiné the first-generation mobile

satellite system.)



The secondary objectives of the study were to analyze the sensitivity of the
system's capacity and user cost to different variables including, but not
limited to, the following:

1) Bandwidth allocation, i.e., 4-MHz versus 10-MHz allocations

2) Mobile antenna design, i.e., low-gain antenna (LGA) versus medium-

gain antenna (MGA).

1.2 GROUND RULES

To limit the scope of the study and to efficiently userthe available resources,
a number of assumptions, ranging from the system level to the subsystem level,
were made in the study. These assumptions are based on the work performed by
MSAT-X, the best available information, or the best estimates. The specific

assumptions are given in the following sections.

1.2.1 Service Area

It was assumed that MSAT—é will be required to provide services to the contigu~-

ous United States (CONUS), Alaska, and Canada.
1.2.2 Operating Time~Frame and Technology

It was assumed that MSAT-2 will be launched around the mid-1990's and the sat-
ellites will be designed using 1990 technology, thus benefitting from future
technology improvements. The satellite bus will be a modified commercial bus.

One of the design goals was to minimize the extent of modifications.



1.2.3 Multiple Access Scheme

The system will employ a single channel per carrier (SCPC), frequency divi-
siﬁn'multipléxing-(FDM); and  demand assignment multiple access scheme (DAMA),

or simply SCPC-FDM-DAMA.
1.2.4 Baseband Modulation, Data Rate, and Channel Spacing

The modulation/demodulation methods suitable for MSAT must meet several strin-
gent requirements. They must be (1) bandwidth efficient, (2) power efficient,
and (3) robust in the mobile environment. Various baséband modulation/demodu-
lation schemes have .been investigated by MSAT-X for MSAT applications. At pre-
sent, digital modulation using Gaussian baseband filter minimum-shift-keying
{GMSK} 1is cons;dered to have the poténtial to meet the requirements and is being
studied extensively by MSAT-X. The baseband modulation for MSAT-2 was assumed ]

to be GMSK with either a coherent or differential detection.

MSAT-2 will be designed to provide both voice and data services. The analog
voice will be digitized using a linear predictive coding (LPC). With a band-
width-efficient ‘modulation, 2400 bps will be supported using a 5-kHz channel.

*

1.2.5 Operating Frequencies

Two systems were examined: a baseline system and an alternative system, Each
system requires two frequency assignments, one for the service links and one
for the backhaul links. The service links are between the satellite and the

mobile terminals, and the backhaul links are those between the satellites and



the gateway stations, the base stations, or the NMC (Figure 1), For the base-
line system, the service links were assumed to be operating in the high UHf,
and the backhaul links in the Ku-band. The available UHF bandwidth was assumed
to be a pair of bands of 10-MHz each, with 10-MHz for uplink and 10-MHz for
downlink, as shown in Figure 2. The assumed backhaul frequency is 13.2 GHz and
11.65 GHz for uplink and downlink, respectively. The assumed bandwidth is

50 MHz for uplink and 50 MHz for downlink.

The backhaul frequency for the altervpative system (L-band) was assumed to be
the same as for the UHF system. The service link frequency was assumed to con-
sist of a pair of 10-MHz bands in the band currently allocated for the Aero-
nautical Mobile Service, which is 1646.5 to 1666 MHz for uplink and 1545 to

1559 MHz for downlink.
1.2.6 Mobile Antenna

Similar to the modulation/demodulation scheme, the design requirements for the
mobile antenna are very stringent. In addition to providing the needed gain to
ease the burden on the satellite, a mobile antenna must be low cost and low

profile and must provide adequate discrimination against multipath and adjacent

satellite interference.

Various antennas have been investigated for mobile applications: LGA, MGA, and
high-gain antenna (HGA). Three MGA concepts have been extensively investigated
by MSAT-X: 1) the non-conformal mechanically steered .antenna, 2) the conformal
mechanically steered antenna, and 3) the electronicaily scanned conformal
array. For MSAT-2, the non-conformal mechanically steered antenna, which is
also referred as the 1 x 4 tilted array, was selected as the baseline antenna.

7
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2.0 UHF SYSTEM

The baseline system is designed to provide services to CONUS, Alaska, and
Canada. Two gecstationary satellites at 90 and 130 degrees west longitude
will accommodate hundreds of thousands of users at a reasonable cost. MSAT-2
will provide a capacity of about 9000 channels, which is far greater than that
of the first-generation system. The large capacity is obtained by employing a
moderately large deployable antenna with a 20-m diameter, by using a high-
power bus, and by relaxing the north-south station-keeping requirement to +2
degrees and the eclipse capability to 50%. The large capacity necessitates an
efficient frequency utilization. A frequency reuse of up to 4 times is
achieved by employing multibeam technology and a frequency reuse scheme with a
reuse factor of 7. (The frequency reuse factor is simply the number of
frequency subbands into which the available frequency band is divided. The
subbands are then assigned to different spot beams with some or all of the

subbands being assigned to more than one beam to achieve frequency reuse.)

Interbeam interference is generally a serious problem in an environment using
multibeam and frequency reuse. In the mobile satellite environment, the inter-
ference problem is further exacerbated by the presence of multipath fading. To
abate interference, an overlapping feed is often suggested because the result-
ing beam's sidelobe level is generally lower than that for a non-overlapping
feed. The overlapping feed and the associated'beam-forming network (BFN),
however, are heavy and complex. Based on results of a series of trade-off
studies and a detailed interference analysis, a non-overlapping feed is pro-

posed for MSAT-2. Avoiding the need for a heavy and complicated BFN results

in an increase in satellite channels.



The relatively simple technology employed by MSAT-2, and the system's large

capacity, make the system economically viable. Although a large amount of

_gqygtal would pgwrequired,.qhe-systgm-gppearS"tg‘bé“éﬁ'attractive ihﬁé%tméni'
due to a low user monthly cost. The cost of the space segment is estimated to
be $500ﬁ in 1985 éollars, incl;ding $276M for the three satellites (é active
and 1‘ hot spare), .$l65M for launch, and $60M for insure;nce. Because of ﬁh;e‘
large capacity, the estimatéd use; cost ds about $0.26 per call-minute. For a
user having a low-cost mobile terminal'equigped with a non~-conformal mechanical
MGA, the monthly cost is about $65 for 100 c;il-minutes. For users having a
conformal mechnical'agtenna or an electronically pﬁased array, thé monthly
cost would be $10 to $20 higher, respectively. (The above charge rate is for
one~-way (simplex) communications. For two-waf 1links (duplex) the cﬁarge fate
shouyld be doubled. For convenlence, all fu;qre éiscussions on charge rates and
monthly usage (in call-minutes) will be based on one-way links unless explicitly

stated otherwise.)

The salient features of the UHF system are summarized in Table 1. 'The mass
budget is shown in Table 2. The.b}ock diagram.of the transponder is giveg:in-
Figure 3. The MSAT-2 design represents the result of a series of trade-off
studies. The kéy trade—offs and the éharacteristics and design of gajor

components are summarized_in the following sections.

2.1 THE MSAT-2 BUS

The design goals are to maximize the number of satellite‘channels_and.to min-
imize the .user cost, subject to the constraint of the capabllity of commercial
satellite buses. A survey of satellite manufacturers indicates thap‘the class

of high-power communications satellites cﬁrrently being developed or already in
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Table 1. Salient Features of the Baseline Design

Number of Satellites
Service Link Frequency
Backhaul Frequency

Number of Multiple Beams (UHF)

Number of Beams (Ku)

Antenna Size (Service Links)
Spacecraft Weight at GTO

Total Number of Satellite Channels
Number of Users(i)

Eclipse Capability

North-South Station-Keeping Capability
Frequency Utilization

Estimated Charge Rate

Estimated User Monthly cost(2)

UHF
Ku

24 (East Sat.)
21 (West Sat.)’

1

20 m

2800 kg (6;00 1bs)
9000 |
900,000

50%

+2 degrees

Up. to &4 times

$0.20 per call-minute

$65.00

Notes:
{1) Based on a voice-to-data user mixture of 1 to 5.

(2) Based on 100 call-minutes per month (one-way).
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Table 2. Mass Summary

<

Communication Payload
TT & C

ACS

Propulsion

Power

Strﬁcture

Thermal

Electrical Integration
Mechanicﬁl Integration

Margin

Dry weight

Station—Keeping Fuel

BOL Weight

Apogee Propellant

GTO Mass

Cargo Mass

East Satellite

kg

490

24
70
141
221
156
36
51
15
135

1339

]
W
+~

sk
W
~J
w

1269
2842

8600

(West)

(458)

(167)

(1339)

(1573)

(2842)

(8600)
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existence would be applicable for MSAT-2. This class of satellite is SIS com-
patible and weighs up to 2800 kg in the geostationary transfer orbit (GTO).
This class of bus is capable of supporting an approximate payload weight of up
to 500 kg or a payload‘power of up to 4 ¥W. The advertized or projecte& capa- "
bility of this class of satellite varies over a range due to different designs,
possible deviations, or future improvements. The range of the capabilities in
terms of the weight and power of the communications payload is shoﬁn in Fig-
ure 4. The nominal éaﬁability will be selected for MSAT-2 and will form the

basis for subsequent design/trade-offs.
2.2 NUMBER OF SATELLITES AND THEIR LOCATIONS

MSAT-2 employs two satellites at 90 and 130 degrees west longitude. In
selecting the number of satellites, consideration.has given to the projected
market demands, the estimated capacity of the satellites, and the advantages
of a two-satellite system over a one-satellite system. Those advantages
include the added reliability of overlapping coverage, an additional service,

(i.e., position location), and the larger total capacity of the system.

The selection of the satellite location was primarily influenced by the cover-
age requirement, the required elevation angle, and the ability of the mobile
antenna to discriminate between adjacent satellites. The chosen locations pro-—
vide 40 degrees of separation, sufficient for most_mobile antennas. A map
showing the contour of the 10-degree elevation angle for the east and west sat-
ellites is given in Figs. 5 and 6. As evideﬁced in these figures, good cover-
age is provided for the entire éONUS, and most of Alaska and Canada. Reliable

service for a lower elevation angle is difficult to maintain due to the loss or
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bléckage of the line of sight and multipath fading, but reasonably good service
can be obtained for elevation angles above 10 degrees.

-

"9.3  SPACECRAFT CONFIGURATIONS

Perhaps the most prominent feature of the satellite is the 20-m deployable
antenna. The configuration of 'the spacecraft in both the stowed and deployed
positions is primarily determined by the antenna configuration. Various space-
craft and antenna configuratioﬁs were examined. Maintaining a low sidelobe
level and minimizing the gaiﬁ loss dictate an unblocked aperture, which in turn
call for an offset-fed antenna configuration. Im light of tﬁese requirements
and their impact on the attitude control subsystem, two spacecraft configur—'
ations have been identified as possible candidates. Tﬁe spacecraft is shown in
the deployed and stowed positions, respectively, in Figs. 7, 8, and 9 for con-

figuration 1, and in Figs. 10 and 11 for -configuration 2.

The appfoximaté dimensions of the deployed spacecraft are 25 m (82 ft) in the
east/west direction, 20 m (6§ ft) in the north/south direction, and 25 m

(82 ft) in the earth/anti-earth direction. Because of the large reflector,
the spacecraft will have to be launched in the horizontal position. The

stowed dimensious are roughly 4.6 m (15 ft) in diameter and 7.2 to 8.8 m (24

to 29 ft) in length.

The large dimensions of the deployed spacecraft present a challenge to the
des}gnvof the attitude control subsystem. Recent preliéinary studies performed
in connection with the MSAT-2 study have found no major technical design prob-
lems and gxtensive modifications of existing designs are not antigiéated.

3
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2.4 ANTENNA CONCEPT, ANTENNA SIZE, AND DESIGN

The antenna has a significant impact on MSAT-2 in terms of the weight, cost,

aﬁd"Eaﬁééié§ Ef.th;'sfstem. A lot of effort.has been devoted to the selection

of the antenna concept, size, and design.

2.4.1 Antenna Concept

MSAT—é calls for a fairly large ;qtenna to allgviate the burden on the mobile
terminals and the ;atellite power subsystem, ta‘provide a large number of
channeis, and to generate a reasonable number of -spot beams for efficient util-
ization of the spectrum. Flying a large antenna requires a selﬁ—deployaﬂle

" space structure and an efficient mechanical package. An examination of deploy-
able antenna concepts has identified the Lockheed wrap-rib dépioyable antenna
as a candidate. Limited resources for this study precluded detailed -examin-
ation of other concepts. The selection of the wrap-rib antenna is solely for
the purpose.of'this study and does mot exclude others for possible MSAT-2 app-

lications. Figure 12 shows the wrap-rib deployment scheme.
2.4.2 Antenna Sizing

The size of the antenna is driveﬁ, on one hand, by the deﬁire to maximize the
number of satellite qhannels and frequency reuse; and is consprained; on the
other hand, by the STS stowage requirement and by the controllability-of the
resulting spacecraft. Thre; sizes (25-, 20-, and 1576) have been examined and
the results can be summarized as follows:
1) A 25-m antenna would result in a payload exceeding the capability
of tﬁé bageliﬁg bus ’
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2) A 15-m antenna would offer substantialiy fewer channels and would
have a higher user cost than a 20-m antenna. In addition, the
capacity of a 15-m antenna could become severely frequency limited
if the available frequency band is less than 10 MHQ.

Based on the above conclusions, a 20-m antenna was deemed appropriate.
2.4.3 Design of the 20-m Antenna

The antenna reflector is an offset—fed deployable parabolic-shaped reflector
with a deployed diameter of 20 meters. Thé wrap-rib reflector consists of a
central hub and deployment mechanism, 20 lenticular-cross-section parabolic

ribs, and a gold-plated, light-weight-molybdenum-wire mesh (Figure 12). The
estimated surface accuracy of‘this reflector exceeds the requirement of 1/50

of a wavelength.

The antenna or feed supporting mast is a deployable structure consisting of a
20-m (65-ft) parallel segment and a 10-m (33-ft) offset segment. The mast is
designed to provide a focal-length-to-antenna diameter ratio (F/D) of 1.0. The

mast design, although not optimized, enables the spacecraft to be stowed in the

STS cargo bay.
2.4.4 Feed Design and Beam Layout

The feed configuration trade-off is complicated because it affects the inter-
beam isolation and the payload weight, both of which in turn affect the number
of satellite channels. To further complicate the trade-off, the interbeam

isolation varies as a function of the frequency reuse factor and the antenna
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size. Various combinations of antenna size, frequency reuse, and feed
designs, including 1l:-, 4-, and 6-e1qgent feeds, have been studied and the
resulting interbeam isolation, payload weight; and the number of channels have
been estimated. Based on the criterion of maximizing the satellite .channels,
the single-feed design and the 7-frequency reuse scheme are proposed. The use
of a non-overlapping feed a?oids the need for a ﬁeavy and complicated BFN and

consequently increases the system capacity.

A beam layout and the frequency subband assignments for a 7-frequency reuse
scheme are shown in Figures 13 and 14 for the east and west satellites,
respectively. As indicated, some of the subbands are being reused as many as

four times in order to obtain the large number of chanmnels.

3.0 L-BAND SYSTEM

To anticipate a possible future frequency allocation in the L-band and to
recognize the congestion in the UHF spectrum, an alternative system, operating
at the L-band frequencies, has been studied. The goal of the L-band study is

to assess its capacity and its cost relative to the UHF system (under the same

general ground rules).

The design and opération of the L-band system are generally the same as ‘the UHF
system with the exceptions of fhelgntenna size (for the service links) and the
resulting system qapacit}. The UHF system calls for a fairly large deployable
antenna kZO m). Using-the same "baseline bus, it is estiqated tgqt the proper

size for an L-band system is roughly between 10 and 15 m. A system using an
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antenna much smaller than 10 m would result in a smaller capacity, and a system
having an antenna much larger than 15 m would exceed the payload weight limit
of thé bus. Since the assumed L-band frequency is approximately twice the UHF
frequency, the 10-m antenna is seleéted for the L-band system. Because the
L-band antenna is a frequenpy—spaled vergion of the UHF antenna, the antenna
gain, number of beams, interbeam isolation, and frequency reuse plan are

approximately the same for both the UHF and L-band systems.

In the UHF design, the assumed mobile antenna is-a mechanical MGA having an
approximate gain of 10 dB. Instead of fixing the mobile antenna gain, three
values (i.e., 10, 13, and 16 dB) are examined for the L-band system and the
corresponding system capacity is estimated. Based‘on the estimated capaci-

ties, one mobile antenna is selected for the L-band system.

Following the same procedures as in the UHF design, the capacity of the L-band
system, which consists of two satellites, has been estimated to be\3,800,
7,600, and 14,800 channels for the 10~, 13-, and 16-dB antennas, respectively.
The capacity of the 13-dB case is twice that of the 10-dB case. The capacity

of the 16-dB antenna is frequency limited and, therefore, is less than twice

that of the 13-dB antenna.

Depending on the mobile antenna configuration, the capacity of the L~band sys-
tem varies over a wide range. The 10-dB antenna is the simplest and smallest
of the three antennas gonsidereé and its corresponding capacity is also the
smallest. The 16-dB antenna offers the greatest capacity; however, this
antenna may not be practical due to its size and cost. On the other hand, a

13-dB mechanical antenna, which yields a capacity comparable to that of the
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UHF system, is very similar to the UHF mobile antenna in terms of its size and

cost and, therefore, is considered more suitable for mobile applications.

Although the capacity of the L-band system using a 13-dB antenna is slightly
less than that of the UHF system (7,600 channels versus 8,688 channels),
because of the smaller antenna, the L-band satellite would have a smaller
dimension in both the deployed and stowed positions, hence, lowering the
launch cost and reducing the constraints on the attitude control subsystem on
board the spacecraft. The net effect is a simpler spacecraft and the esti-

mated monthly user cost is about the same as the UHF system.
4.0 USER COST ESTIMATES AND SENSITIVITY ANALYSIS

MSAT-2 is a commercial system. As such, it must be economically viable. To
assess the financial health of the system, a user cost model has been devel-
oped using an electronic spreadsheet program. (A detailed description of this
program is presented in Appendix C.) The estimated user costs for the UBF and
the L-band systems previcusly mentioned are generated by this model. Addi-
tionally, this program has been used to analyze the impact of the available

frequency bandwidth and mobile antennas 6n the user cost.

4.1 A 4-MHZ BAND VERSUS A 10-MHZ BAND

The MSAT-2 design assumes that a pair of bands of 10-MHz each will be avail-
able. The effects of only a 4-MHz availability are a concern. With a 4-MHz
bandwidth, MSAT-2 would become frequency-limited to about 6,000 channels, com-—

pared to 8,688 channels for a 10-MHz band. The reduced capacity would
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increase the charge rate from an estimated $0.20 to $0.25 per call-minute, or
an increase of 25%. The loss of 6 MHz of bandwidth would cost the user a
total of $40M annually, or $7M annually for each MHz of bandwidth lost.

4,2 TRADE-QFF BETWEEN MGA AND LGA

The cost model has also been used to analyze the ‘impact of using an LGA
instead of an MGA. The baseline design utilizes a mechanical MGA to alleviate
the burden on the satellite. The electronically phased array is not consid-
ered because its estimated cost is substantially higher than the mechanical
MGA. A few problems are associated with the mechanical MGA. The first is the
size of the antenna. The estimated size of a mechanical antenna is 7.7 to 18
cm (3 to 7 inches) in height and 92 cm (36 inches) in diameter. Although this
size is not prohibitive and it may be poséible to reduce the size through fur-
ther research and development, the LGA is much more compact. Physical size is
not the only problem witﬁ the mechanical MGA., A mechanical MGA aléo requires
a tracking system in the azimuthal direction due to its relatively narrow azi-
muthal beamwidth. Because of the dynamics éf the environment in which the
mobile vehicles operate, including the presence of mﬁltipath fading and the
motions of the mobile wvehicle, the requirement on the tracking system is ver
stringent and, therefore, complicates the design of the_ antenna. This is the
second problem with the MGA that the LGA does not have, The third advantage
an LGA has over an MGA is the cost. For the MGA assumed in the baseline
design, which is a non-conformal mechanical antenna, the estimated cost is
about $800 on a mass production basis. The éstimated cost for an LGA is only

$50.
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Although the baseline design assumes an MGA, MSAT-2, with a 10-MHz bandwidth,
can operate with all MGA terminals replaced by LGA terminals. The only effects
are a capacity reduction by a factor of 4, and there would be no orbit reuse,
due to the inability of the LGA to discriminate‘adjacent satellites. (It is
noted that the assumed gain for the LGA is 4 dB.) The substantia} difference
in estimated antenna costs makes one‘wondér if the LGA would produce a lower

user cost despite the reduction in satellite channels.

Esiimated user cost indicates that the answer depends on the amount of usage
and the actual cost of the antennas. Using the same satellite system, the
estimated charge rate would be increased from $0.20 to $0.60 if all the MGA
terminals were replaced by the LGA terminals. The terminal cost, in the form
of a monthly installment, would be approgimately $30 per month for the LGA
based on an antenna cost of $50 per unit, and $45 for the MCA based on an
antenna cost of $800 per unit. Therefore, for 37.5 call-minutes or less, the
system using the LGA would result in a lower monthly cost. For a usage of 100
call-minutes per month, the estimated cost using LGA would be about $90

compared to $60 using the baseline MGA.

In addition to the dependence on the amount of usage, the trade-off between the
MGA and LGA terminals is also contingent on the actual cost of the antennas.
Although the estimated antenna costs represent the best available data, they
are only estimates and there is some uncert;intyf The range of uncertainty for
the LGA is relatively narrow and thus will not have appreciable effects on the
trade—~off. The cost of the MGA, on the other‘hand; could vary over a much
wider range and may have significgnt effects on the result of the trade-off.

Figure 15 shows the threshold cost of the MGA as a function of the monthly
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usage and‘summarizes the cost trade between the LGA and the MGA. The threshold
MGA cost represénts the upper limit beyond which the use of the MGA would no
longer produce a user moanthly cost that is lower than that of the LGA. For a
usagé of 190 call;minutes per month, the cost of the MGA can be as high as
$210b and still would have a lower monthly cost than the LGA. In other words,
the cost—érade would still favor an MGA even if the actual cost is twice as
much as the estimated cost. Implicit in the figure are the costs of the LGA
and the mobile tranmsceiver, which are assumed to be $50 and $1500, respec—

tively. The threshold cost for the MGA is insensitive to the variation in the

transceiver cost.

5.0 FURTHER STUDIES

The design of MSAT-2 is based on relatively simple satellite technologies.
Complicated technologies such as BFN and on-board switching are not required.
To ensure a timely implementation and to further improve the system, however,

further studies are recommended ‘in the following areas.

Although MSAT-2 offers a very large capacity, there is still room for further
improvement, such as in the efficiency of the power amplifiers or in the
design of the transponder to minimize the effects of the skewed user popula—
tion that substantially reduces the effective capacity of MSAT-2, An;ther
enhancement involves on-board signal processing, or on-board switching, which
improves the link performance and enables the users to achieve mobile-to-

mobile communications with a single hop. (The current désign requires two

hops.)
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Due to limited resources, a detailed analysis of the structural characteristics
of the antenna and its impact on attitude control has not been performed.
Consequently, there is a degree of uncertainty associated with the adequacy‘of
the attitude control subsystem. -Further resedarch to chafacterize the structural
characteristics of the antenna and to assess the requirements on the control
subsystem are’recommended. The present antenna mast design concept is not
optimal. The STS launch—charge factor, by the occupied length, is substantially
higher than that by weight for the present design. To reduce the launch cost,
other antenna mast designs with more efficient mechanical packaging should be

explored.

The present design is based on a hypothetical 10-MHz allocation in the UHF band.
Noting the possibility that only 4~MHz may become available in the UHF band, a
future MSS may employ a hybrid UHF/L-band satellite in order to alleviate the
UHF congestion. Such a hybrid -system may be quite different'from the UHF system
in the payload design, antenna sizg, and the resulting capacity. An in-depth

study is warranted.

The UHF system has also been designed for one type of mobile antenna. It is
possible that future MSS's may, at times, operate in the presence of different

types of mobile antennas. The compatibility of these antennas, the LGA and MGA

in particular, must be examined.

International cooperation is essential to the success of future MSS's. Both the
U.5. and Canada Are seriously considering launching an MSS. It is prudent for the
prémoters onhboth sides of the porder to secure an agreement to ghare the available
frequency band and/or the satellite capacity. Investigations to determine an
appropriate sharing scheﬁe, which may dictate the number of satellites required by

the system, are recommended in the immediate future in order to benefit the first-—

generation system.
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DESIGN AND TRADE-OFF



CHAPTER 1

INTRODUCTION

1.0 INTRODUCTION

Recently, there has been a lot of interest in the Mobile Satellite System
(MSS). The Federal Communications Commission (FCC) issued a Notice of
Proposed Rulemaking (NPRM) in January 1985 for a frequency allocation for

the Mobile Satellite System. Within a few short years, there will be a

mobile satellite system, providing mobile services to hundreds of thousands

of users across the United States and Canada. This report presents results

of a study on a second-generation mobile satellite system. The primary ob-
jective of this study is to perform a conceptual design of a second-generation
mobile satellite to be launched around the mid-1990's. The secondary objective
is to examine various issues related to the mobile satellite system in general,

and the second generation in particular.

The tradeoff studies are presented in Chapter 2. Results of the tradeoff
studies lead to a baseline design of a second—generation mobile satellite,
employing a large deployable antenna, operating at UHF, and capable of pro-
viding services to almost one miilion users. The detailed design of this

satellite is presented in Chapter 3.

The key to support a large number of users is an efficient networking scheme.
éhapter 4 discusses the networking concept for the second—generation mobile

satelTite system.
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While the baseline system operates at UHF, an alternative system operating
in-the- l=band- s examined in Chaptér 5, The relative a&vaniages ahd’d%s-"

advantages between a UHF system and an L-band system are also discussed.

- Chapter 6 analyzes the sensitivity of the cost to the users of the mobile
satellite system. 'The effects of the available frequency band, the design

of the mobile antenna, and the channel spacing are addressed.

The-areas of further research and development required to enable the
implementation of a second-generation satellite system are identified in

Chapter 7.

The rest of this chapter is to provide background information on the mobile
satellite system concept, and to state the specific objectives and ground

rules of the study.
1.1 BACKGROUND ON THE MOBILE SATELLITE SYSTEM CONCEPT

Communication plays a very important role in the advances of human civ%li—_
zation. Ip~ancient times, communication was very limited due to physical..
barriers such as distance and terrain. Communigating over a long distance -
was slow, if possible at all. Due to advances in technology, physicél
barriérs are no longer the major obstacles. The telephone system

aliows conversation over a long distance across mountains, oceans, and

continents: The telephone's usefulness, however, is limited to exchange

between fixed points.



Although fixed-point communication probably accounts for a major portion of
today's communications, there exists a need for a special kind of system to
provide mobility. The term "mobile communication” refers to communication
which involves at least one mobile party. A study performed by the General
Electric Company (GE) has indicated the existence of such needs [1]. Similar

conclusions can also be drawn from other studies, including a survey‘performed
by JPL [2].

The need and desire for a mobile system arises from many situations. It may
be of financial importance in some cases, such as the need of an employer to
contact his employee traveling in a vehicle hundreds of miles away. In other
cases, the necessity may be more than just financial, such as in an emergency
in the wilderness or a sparsely populated area where conventional telephones
are not available, In these situations, whether one can summon help hundreds
of miles away could mean the difference between 1ife and death. \Regardless of
what the situation is, often it is necessary and desirable to be able to
communicate when and where it is needed, This cannot be fulfilled by a

conventional telephone system.

Although, the development of terrestrial mobile telephone systems, such as

the cellular system, have satisfied many, it too has limitations. The existing
cellular system operates mainly in major metropolitan areas. Even with a
possible future expansion to cover major highways, there is still a log of

area not covered by the cellular system. A system that can provide mobile

communication service to a wide geographical area, such as the entire contiguous

1-3



United States (CONUS) is thus needed. A mobile satellite system,

which is a satellite-based communication network, would fulfill this need.

The concept of a mobile 'satellite system is a Aaturdl ‘extension of, and is
not much different from, the terrestrial mobile telephone systems, which are
)fami]iar to many. A typjcal terrestrial mobile telephone system consists of
many mobi}e terminals, a number of repeaters, and.one or 'more base stations.

A typical terrestrial mobile telephone system operates as foliows:

To place a call from a mobile vehicle to a fixed receiver, such as the tele-
phone in one’s office or residence, the call is first generated and trans-
mitted by the mobile terminal and subsequently picked up by a nearby repeater,
which ;n turn retransmits the call to a base station via a radio frequency
(RF) Tink at a different frequency. The base station completes the rest of
the communication path by connecting the ca]i to its destiny via a regular
telephone network. To call a mobile user from a fixed telephone, the proce-

dure is reversed.

The interface between the terrestrial mobile phone system and the regular
telephone network allows the mobile users to ﬁave access to and be accessed
by any telephone in the country. To avoid interference, the transmitted fre-
quenéies of the mobile terminal, the repeater, and ;he'gatewayfare generally
different from each other and are remotely separate; ;rom the recéivgd

frequencies: In a duplex operation which involves signals to be transmitted
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and received in both directions, a pair of frequency channels are needed for
each RF link. Because of the limited spectrum allocated for mobile service,
efficient utilization is a must., The cellular system achieves this goal tﬁrough
the use of a cell topology. In this systeﬁ, the service area is divided into

a number of small regions called "cells." Similarly, the allocated spectrum

is also divided into a number of small bands called "frequency subbands."

Each cell is assigned to operate in one of these frequency subbands, with some
or all of these subbands being assigned to more than one cell, To avoid inter-
ference, the assignment is such that adjacent cells do not operate in the same

subband. Through this scheme, the cellular system achieves frequency reuse and

accommodates a large number of users.

A mobile satellite system is very similar to the terrestrial system, with its
geostationary satellite serving the function of the repeaters in a terrestrial
system. To achieve frequency reuse, a mobile satellite system employs multiple
spot beams to cover the service area. The footprints of the beams are analogous

to the cells in the cellular system. A brief description of a mobile satellite

is given in Section 1.2.

1.2 DESCRIPTION OF THE MOBILE SATELLITE NETWORK

There has been a 1ot pf interest in the mobile satellite system in recent years
in both Canaqa and the United States., Many conceptual studies have been per-
formed by the government and the private sector [1, 3, and 7]. Some of these
studies [4, 5,and 7] are géneral]y based on current technology and are geared
toward immediate'operation. Some other studies, such as the 55-meter system

studied by JPL [3], requires improvements over the current state-of-the-art



technology and is aimed at operating in the year 2000 and beyond. Despite-
the difference in the system capacity, complexity and operation time frame,
the network operation and.its basic ingredients are essentially the same and
they-all are capable of providing voice and'data services to a vast geographic

area such as the entire CONUS.

A mobile satellite network, es cenceived today, consists of these elements:
mob1le terminals one or more satellites at the geostatzonary orb1t, gateway
statzons, base stat1ons and one or more Network Management Centers (NMC)}.

A typ1ca1 mobile satel¥1te network is shown in F1gure 1-1. Two types of base
stations are depicted in the figure: one operat1ng at the backhau] frequency
and one at the service link frequency. The communication modes, types of
service, 'service area, and the e}ements of a mobile sateilite system are

-~ discussed in general terms in the following paragraphs. Specific detailed
discussions applicable to the first, second, and.third generation mobile -

satellite systems are provided in Section 1.3.
1.2.1 Modes of Communications

Similar to the terrestrial system, a monile satellite system as conceived
wou]d provide three types of communications: mobile to mobile, mobile to
f1xed station and Fixed station to mob1le. szferent types of commun1ca-'.
t1ons are prov1ded us1ng a comb1nat1on of the serv1ce 11nks and the backhau]
Tinks. (The term “serv1ce llnks" refers to the RF }1nks between the mob1le

term1nal and the satel]ite and "backhaul 11nks" are those between the i

sate111te and the gateway station, NMC and some base stat1ons ) Although
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there is no formal frequency allocation for mobile satellite services to
daie, it is generally assumed that the service link frequency will be dif-
ferent from the backhaul frequency. More discussion about the possible

operating frequencies is provided in Section 1.5.

The fixed-station-to-mobile and the mobile-to-fixed-station communications
involve a mobile user, the satellite, the gateway station, and a fixed
station, which may be part of another communication network. The mobile-
to-fixed~station communications start when the mobile user transmits his
or her message using the service link. The transmitted signal is received
and transponded to the gateway station by the satellite via the backhaul
link., The gateway, upon reception of the signal, connects the signai to
its destiny via another network such as a conventional telephone network.
A mobile-to-fixed-station communication is thus established. The fixed-
station-to-mobile communication works exactly the same way but in the re-
versed order. The fixed-station-to-mobile and the mobile-to-fixed-station
communications together offer a duplex communication between a mobile user
and a fixed station. Figure 1-2 depicts these communication links. As
indicated in the figure, only one hop is required to route the message from

one end of the link to the other.

Unlike the fixed-station-to-mobile and the mobile-to-fixed-station communica-
tions, mobile-to-mobile communication requires two hops and it involves two
mobile users, the satellite, and the gateway. The first hop brings the
signal from one mobile user to the gateway and the second hop brings the
signal from the gateway to the other user. The gateway serves as a mid-

point for this mode of operation (Figure 1-3).
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1.2.2 Types of Services

A mobile satellite system can provide many types of services. Its usage is

limited only to one's imagination. Some oftep-mentioned services include the

following [8]1:

o ‘Mobile telephone

o Radio dispatch

0 Rural telephone

0 Aeronautical service

o Position location and surveillance

o Electronic messaging or mail to and from mobile units, and

o Emergency communication for disaster relief,

Many of these services can be in the form of analog voice or a digital data
stream. Although a mobile satellite system can provide both analog voice and
digital data channels, and voice communications probably constitute a major
portion of today's commdnications, analog voice is not an efficient way of
transferring information because of its iow information rate. It is‘expected
that more services will be provided using digital data st}eams, inciudiqg the

mobile telephone service,
1.2.3 Service Area

Various mobile satellite systems studied in {1, 3, 4, 5, 6, and 7] are all
capable of providing services to a vast geographical area, such as the entire
CONUS. The large service area is a characteristic of a mobile satellite

system which is difficul@ to achieve for a terrestrial system. A large area
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encompasses a larger number of users. Because of the economics of scale, this
lowers the cost per user and makes the mobile satellite system financially

sound.
1.2.4 Network Access Scheme

Various schemes have been employed by communication systems to provide multiple
access to users, Some often used schemes are Time Division Multiple Access
(TDMA), Code Division Multiple Access (CDMA), and Frequency Division Multiple
Access (FDMA)}. Each scheme has its advantages and disadvantages and its ap-
plicability to a particular system depends on the operating environment of

that system. The mobile satellite systems in [3, 4, and 5] employ Frequency
Division Multiplexing (FDM) with a single channel per carrier {SCPC) and a

demand assignment multiple access (DAMA} scheme, or SCPC-FDM-DAMA,
1.2.5 Elements of a Mobile Satellite System

A mobile satellite system consists of, as previousiy mentioned, mobile termi-
nals, gateway stations, base stations, NMC's, and, of course, one or more
geostationary satellites, The term "mobile satellite system" is synonymous

to “mobile satellite network" in this report and the term “satellite system"
refers only to the space segment. - Although the characteristics of the elements
of the mobile satellite system may vary slightly from one system to another,
their primary functions are essentially the same. A brief description of the
general characteristics of these elements and their functions in the network
are provided in the following paraqrdphs. with the understanding of possible

deviations from systems studied in [1, 3, 4, 5, 6, and 7].
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The mobile terminals are the vehicle-mounted or portable equipment. Their
function is to enable the mobile user to transmit and receive signals to and
from the satellite y%a the service links. The basic components of a mobile
terminal include the transceiver, antenna, and user interface. The éctua]
implementation of a mobile terminél depends on the type of service it prov{des.
For example, a mobile telephone terminal will ﬁave & telephone handset and a-
tauch-tone pad in addition to the basic transceiver and antenmna. If digital
voice is employed, a vocoder will also be requiéed. If the terminal is used

for alphanumeric digital service, an alphanumeric digital display will be

needed,

The function of the satellite in a mobile satellite system js similar to the
repeaters in a terrestrial mobile té]ebhone system: By using the service and
the backhaul radio links, the ;atellfpes connect the mobile terﬁinals,tp the
gateways and basg stations, and vice versa. The service links, as mentioneq'
before, are the links between the satellites and the mobile terminals, and
the backhaul links are between the satelfites and the gateways or base
stations. The design of the satellite is the heart of the study and will be
addressed in deta11 in Chapters 2, 3, and 4,
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The purpose of the gateway stations is to provide an interface between the
mobile satellite network and other networks such as the Public Switched
Telephone Network (PSTN). This allows the user in the mobile satellite
system to be able to communicate with users of other networks such as the

telephone network. In addition, the gateway also serves as a mid-point in

the mobile-to-mobile communication.

A base station is similar to a gateway station with the exception that it may

not necessarily be.connected to the PSTN or other networks. The base stations -

are normally used for dispatch operation and, "hence, require less channels and
less capabilities than the gateway stations. A base station may be privately
owned, whereas the gateway stations will probably be owned by Fhe system
operators, For example, the base station may be owned by a cross-country
trucking company and used as a dispatch center. Using this base-station, a
company dispatcher can, through the satellite, coﬁmunicate with his or her
fleet of trucks anywhere in thércovered area. Two types of base stations
have been mentioned in the existing literature: one operates at thé service.-
link frequency and the other operates at the backhaul frequency. Mope oﬁ

the base station operating frequency will be given later.

The MMC is the heart of the mobile satellite network and has the responsi-
bility of controlling the operations of the network., Its primary functions
are to assign frequency channels, monitor the network traffic, plan the best
call routes, and collect billing information. Depending on the system design,
there may be more than one NMC. Under this situation, the NMC's are also re-

sponsible for coordinating their activities with each other.
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1.3 CLASSIFICATIONS OF MOBILE SATELLITE SYSTEMS AND THEIR CHARACTERISTICS

A brief description of a mobile satellite system in general terms has been
provided in Section 1.2. A more specific description and classification
of mobile satellite systems are being addressed in this section. Recent
interest in mobile satellite systems has resulted in many conceptué1 studies
and a few proposed systems. .The capacity and complexity of these systems
vary over a wide range. For example, the size of the satellite antenna
considered ranges from a‘few meters to 55 ﬁ, and the number of spot beams
varies from a few to about 100. For the purpose of this study, mobile
satellite systems are conveniently classified into three categories ac-
cording to their system capacity, technology, and operation time frame.
Specifically, the three classifications are the first, second, and third

generation systems.

" Interests in a commercial mobile satellite system have spurred several com-
panies to file applications to the FCC_fo; a license to build and launch such

a system. ﬁost of the proposed systems are essentially based on current satel-
lite technology and are designed to operate in the immediate future, roughly

from 1986 to 1995. This type of system is classified as the first generation.

‘On the other hand, the'system studied by JPL [3] which utilizes a 55-m‘antenna
is very complex and requires technology improvement. This type of system is
classified as the third generation and is not expected to be implemented prior
to the year 2000. The gap between the first and the third generation systems
is filled by the second generation which falls in the time frame of the mid-

1990's to the early 2000's and is the subject of this study.
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1.3.1 First-Generation System

The éystems such as those proposed by gurrént applicants are considered as
the first—generation m&biﬂe-satet1ite‘sy§téms. Such a system consists of

two satellites employing antennas of about 5 to 8 meters, provides servfces

to CONUS, Canada, and Alaska, and has less than 10 muitiple beams. The satel-
lite bus may be a PAM-D class, off-the-shelf communications satellite bus,
which is capable of generating about 1 kw of spacecraft power and weighs about
1500 1bs at the beginning of life (BOL). The satellite probably can support

a few hundred channels, Because of. the system's small antennas and limited
spacecraft power, extensive frequency reuse is not anticipated. §eme possible
features of a first-generation system are tabulated in Table 1-1. The beam
contours of a typical first-generation system are shown in Figures 1-4 to 1-6

for a 2-, 3-, and 4-beam system with antenna size ranging from 5 to 8 meters [81.
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Table 1-1,

Possible Features of the First-Generation

Mobile Satellite System

No. of Satellites

Antenna Size, m

No. of Beams Per Sateliite
Spacecraft Weight @ BOL, 1bs
Launch Vehicle

Coverage
Spectrum Requirement
Service Link Freq. Band
Service Link Freq. Bandwidth, MHz
Backhaul Freq. Band
Backhaul Freq. Bandwidth, MHz

User Access Scheme

2
5-8
10 or less
1500
STS~-PAM-D
Class
CONUS, ‘Alaska
and. Canada

UHF
4
Ku
4

SCPC-FDM-DAMA
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1.3.2 Third-Generation System

Unlike the systems first generation, the 55-m system studied by JPL [3]
requirés a much more advanced satellite tephno]égy. This system is charac-
terized by its huge space structure, complex satellite designs, enormous
spacecraft power, and very heavy customized spacecraft. It is used as a
representative of the thfrd-generation systems 6perating in the year 2000
and beyond. Because of the large antenna and its supporting structure, a
special attitude‘contro] subsystem that is much different from those on
current commercial satellites is needed. The satellite weighs about 9000

1bs at BOL and occupies a full STS cargo bay at launch, It generates 10 kW
of spacecraft power at BOL .and radiates about 1 kW of RF power--- enough to
power up thousands of channels. It is designed to operate in the UHF for the
service links and in the S-band for the backhaul Tinks. It has 87 UHF beams
and 25 S-band beams, and can provide services to the ehtjre CONUS., The system
s designed to operate in a 20-MHz allocation in the UHF band with 10 MHz for
uplink and 10 MHz for downlink, and 70 MHz in the S-band.

Frequency reuse is necessary in both the UHF and S-band. The .UHF spectrum
is reused as ﬁany as 12 times on the average, The high reuse factor would
result in a severe cochannel interference. To abate cochannel interference,
a stringent requirement on the sidelobe level of 27 dB is imposed on the UHF
antenna. This dictates the use of an over]app1ng antenna feed which is very
complex and heavy and represents one of the technological challenges posed
by the system. The salient features of the 55-m system are shown in Table
1-2, A conceﬁtual drawing of the 55-m satellite is shown in Figure 1-7,

and a polar pen§pect1ve map showing the footprints of the 87 beams is given

in Figure 1-8. Both Figure 1-7 and Figure 1-8 are obtained from-[3].

1-21



Table 1-2.

Satient Featurés "of the 55-m System

Location

Coverage Area
Frequencies
- Mobile Vehicle - Satellite
- Base Station - Satellite
Number of Voice Channels
EIRP-Per-Channel (UHF)
Number of UHF Beams
Number of S-band Beams
Beginning-of-Life DC Power
Lifetime
Launch

Weight @ BOL

110° W Longitude
(Geostationary Orbit)

CONUS

UHF

S-Band

8,265

46.8 dBMW

87

25

10 kW

10 years
Single Shuttle
4,000 kg
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Figure 1-g. The UHF Beam Layout of the 55-m System (A Polar Perspective Map)



1.3.3 Second-Generation' System

The trans%tion from a system émploying a2 5- to 10-meter antenna to a system
using a 55-meter antenna rebresents'a huge jump in both antenna technology

-and satel1ité technology. A smooth transition would require the introduction
of a satellite system that utilizes a 20-‘to 30-meter antenna, and is somewhere
in between the first-generation and thé thjrd-generation systems in terms of
satellite size, power, and capacity. This is the so-called second-generation
mdbiie satellite system, or MSAT-2 for short, which is the subject of this
study, The second-generation system is expected to have 20 to 30 beams and a
moderate capacity. It would have some of the features of the first-generation
system, -such as utilizing commercial satellite buses, and some of the features
of the third-generation system, such as frequency reuse. More detailed descrip-

tions and designs of the second-generation mobile satellite system are provided

in Cﬁapters 2, 3, 4, and 5. The objectives and or requirements of the study are

discussed in the following section.
1.4 STUDY OBJECTIVES

The primary objectives of the study are: to perform a conceptual design of a
second-generation mobile satellite operating at the UHF ‘frequency in the time
frame of the years 1990 to 2000; to perform various paraﬁetric tradeoffs to
produce & cost-effective design; and to aid MSAT-X and other NASA MSS technology
programs setting development priorities. (MSAT-X is a NASA-funded hrogram. Its
primary objectives are to develop advapced ground segment technologies and
techniques for use in the future mobile satellite systems, and to experiment-’

ally verify these technologies using the first-generation commercial mobile

satellite system.)
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Secondary objectives are:

. To identify technology devglqpmgnt_rqguireg

"

for the second-generation mobile satellites,

. To perform an alternative satellite design

using L-band instead of UHF, and

. To analyze various issues associated with a
mobile satellite system in general and the

second generation in particular.

1]

The issués to be addressed include the following:

« The impact of ffeqpency allocations, i.e.,

10 MHz versus 4 MHz, and

. The type of mobile antenna, i.e., medium-gain

antenna (MGA) versus low=gain antenna (LGA),

1.5 GROUND RULES

The design o%,a mobile satellite: system involves many tradeoffs. To limit

the scope of the study, a number 6f assumptioﬁs will be used, ranging. from

the system level down to the subsystem level. In order to efficiently utilize
the avaflab]e resources, many aséumptioﬁs will be basgd upon theAworﬁ performéﬁ
under the MSAT;X program: Particularly, assumptions on the mobile terminal,

network operations, and modulation schemes will be derived from MSAT-X,
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Some of the system-level assumptions are actually requirements -- an example
is the service area and the operation time frame. Requirements will be

given ‘in the following paragraphs without justifications. Some. assumptions
may be the result of a simple trade-off. In this case, they will be described
and their justifications will be given. For those that are based on MSAT-X

work, they may be given with or without justifications. .

1.5.1. Service Area

The seécond-generation mobile satellite system is required to provide reliable
services to CONUS, Alaska, and Canada. Because of the vast geograpﬁica] area,
the Earth-station-to-satellite elevation angle will vary over a wide range. To
maintain an acceptable performance, a different requirement may be imposed on
the mobile terminal operating in areas with a low elevation angle, such as
Canada and Alaska. Because it is very difficult to provide reliable services
at extremely low elevation angles, it is understood as part of the coverage
requirement that parts of Alaska and Canada will not be covered. In addition,
it should be noted that the mobile satellite is to complement, not compete
against, the terrestrial mobile phone system, It therefore is not required

to provide-services to the urban area where services can be obtained from

existing cellular systems.
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1.5.2 Operation Time Frame and Technology

The second genération is to be launched around the mid-1990's. Consequently
the satellijte should be designed using 1990 technology. This allows some
improvement in a number of areas over the current technology upon which the

" first=generation systems are based. The areas of possible improvement include

transponder efficiency, satellite power, and weight capability.
1.5.3 Operating Frequencies, Bandwidth, and Channel Spacing

The links between the satellite and the mobile terminals are classified as the
Mobile Satellite Service according to CCIR (International Radio Consultative
Committee) regulations, and the backhaul links i.e., the links between the
satellite and the gateway stations, are the Fixed Satellite Service. Various
mobile satellite systems in [1, 3, 4, 5, 6, and 7] have assumed_either UHF or
L-band for the service Tinks and Ku-or S-band for the backhaul links. To date,
there is no formal frequency allocation in the Y. S. for the Mobile Satellite
Service in either the UHF or L-band. '(It is noted that the Radio Regulations
contains an allocation for mobile satellite service for Region 2 in the 806 to
890 MHz band.) The choice of the UHF band originally was to take advantage of
the technology of the cellular system which operates in the UHF band. For the
second-generation systém, both the UHF and the L-band frequencies will be treated
as a possible operating frequency for the se}vice 1ink§. The UHF frequency will
bé used in the baseline system, and the L-band frequency in the alternative

system.
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Figure 1-9 shows the current FCC allocation in the high UHF (806 to 902-

MHz) band. As depicted in the figure there are four reserve bands. The
assumption for this study is that portions of the reserved bands will be
allocated for the mobile satellite service. The assumed allocation consists
of a pair of 10-MHz bands for uplink and downlink purposes. Each band con-
sists of a 4-MHz segment and a 6-MHz segment, giving a total of 10 MHz. A
10-MHz band is assumed to be needed to satisfy the channel requirement for
the second-generation system. (In an NPRM released in January 1985, the FCC has
pfoposed to allocate a 4-MHz band pair in the UHF for MSS. The impact of a
smaller allocation, say 4 MHz, will be studied in Chapter 6,) Specifically

the assumed uplink allocation is 821 to 825 MHz and 845 to 851 MHz,
The downlink band is 866 to 870 MHz and 890 to 896 MHz,

The above allocation is shown pictorially in Figure 1-10 and will be used
for the design of a baseline system, or UHF system.

- 14
The alternative system is assumed to be operating in the L-band and is re-

ferred to as the L-band system, as opposed to ihe UHF system. The suitable
L-band frequency is assumed to be a 10-MHz segment in the band currently
allocated for the Aeronautical Mobile Service, which is 1646.5 to 1666 MHz
for uplink and 1545 to 1559 MHz for downlink.

Various frequency -bands have been proposed for the backhaul links by the
first~and the third-generation systems. Some first-generation systems have
proposed to use the UHF band for both the service links and the backhaul

links , while others have advocated the use of the Ku-band for the backhaul
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Tinks. In the 55-m system design, yet another frequency has been assumed,
i.e., the S-band. There may be advantages or disadvantages for choosing one
frequency band over another. For the second-generation system, the backhaul
frequency band is assumed to be the Ku-band. In specific, the uplink and

downlink frequencies are 13.2 GHz and 11,65 GHz, respectively.

The required bandwidth is assumed to be 50 MHz, centered at the above fre-
quencies. The 50-MHz band is required to avoid the necessity of employing

multiple backhaul beams.

Although a 10-MHz band is assumed to be available for the service links and
the frequency reuse scheme is anticipated, there will still not be enough
satellite channels to accommodate all the projected users (see Chapter 2 for
market projection). To pack as many channels as possible into the 10-MHz
band, a combination of narrowing the channel spacing and the use of a spectral
efficient modulation is needed. A channel spacing of & kHz is assuméd.
Comparing to the 30 kHz used in the cellular system, this will result in a
six-fold increase in cﬁanne]s for the same amount of allocation. The required

modulation scheme is discussed in the next paragraph.
1.5.4 Modulation Scheme and Data Rate

" The 5-kHz channel spacing dictates the use of a spectral-efficient modulation
method. There are many such schemes but Gaussian baseband filter minimum--
shift-keying (GMSK) is considered as the one with the potential and is
being studied extensively by MSAT-X.
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Using a 5-kHz channel and GMSK modulation, recent studies (Appendix A) have
shown that satisfactory adjacent channel interference can be obtained at a
data rate of 2400 bps. Without exploring the sensitivity of the system
capacity (i.e., the amount of traffic) to the data rate and channel spacing,
it is assumed that 2400 bps will be sufficient for ali services to be pro-
vided by the system, possibly excluding digital voice. Although both analog
channels and digital channels can be supported by the satellite, it is as-
sumed that all services will be in digital form for the second generation.

A vocoder will therefore be needed in the mobile terminal that provides mobile
phone service. At present, toll quality digital voice at 2400 bps is not
achievable. It is assumed however that the quality will be improved by the
year 1990, or that a higher data rate will be used to improve the quality

of digital voice, and some means to support the higher data rate using the

same 5~kHz channel spacing will be found.
1.5.5 Channel Multiplexing and Muitiple Access Scheme

The second-generation system is assumed to employ SCPC-FDM-DAMA schemes, as

mentioned in Section 1,2.4.
1.5.6 Mobile Antenna

Various types of mobile antennas have been mentioned in ri, 3, 4, 5, 6, and
7], with nominal gain ranging from 4 dBi ;o as high as 16 dBi. The proper
design of the mobile antenna is important to the success of a mobile satellite
system. A high-gain mobile antenna would ease the burden on the spacecraft,

but such an antenna is very likely to be extremely expensive to implement on
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mobile vehicles. A low-gain antenna such as a 4-dBi antenna will be much
Tess costly to.implement, but the use of this type of antenna would place a
tremendous burden on the satellite.to provide the needed EIRP to satisfy
the Tink requirement. Consideration should therefore be given to both the

cost and performance in selecting a particular type of mobile antenna.

For application to the second-generation mobile satellite system, a medium-
gain antenna {MGA) is chosen for the mobile terminal with a gain of 10 to

12 dBi. The Tow-gain antenna (LGA) with a gain of 4 to 6 dBi is excluded
because it would place an unrealistic requirement on the satellite EIRP.

The impact of employing é lGﬁ w;ll be examined in Chapter 6. The high-gain
antenna (HGA) with a gain of 16 to 20 dBi is not consi&ered for two ;easons.
First, the HGA is transportable but not suitable for mobile vehicles because
of its size. Secondly, even if the HGA can be implemented on mobile vehicles,

it would probably be too expensive to be practical.

The characteristics of the MGA to be used in the study are based on the an-
tenna work performed by JPL under the MSAT-X program. A lot of work has
been performed by MSAT-X on both the LGA and MGA. The current work on the
MGA focuses on reducing the antenna cost and on the design of a tracking
system. The available results on MGA are summarized in Appendix B. Based
on work performed to date, a typical mechanical MGA will provide a broad
pattern in the elevation direction and a relatively narrow pattern in the
azimuth direction. A mechanical MGA will require some kind of tracking

mechanism for tracking in the azimuthal direction.
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A minimum gain of 10 dBi can be expected for elevation angles ranging from
20 to 60 degrees. This antenna will be capable of -switching between right-
‘hénd circular polarization (RCP) and left-hand circular polarization (LcP),
an important feature that allows the antenna to be operated in a multiple
satellite envirdnment using polarization diversity. A typical elevation

pattern for the MGA is shown in Figure 1-11 [9].

1.56.7 Mobile Terminal

The mobile terminal is assumed to have the same general characteristics as
described in Section 1.2.,5. In specific, the mobile terminal is assumed to
have a noise figure of 1.5 dB or better, a minimum transmitted power of 10

to 20 watts and a G/T of -17 dB.

‘1-34



Figare 1-11. A Typical Elevation Pattern for a Medium-Gain Antenna (MGA)
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CHAPTER 2

SYSTEM DESIGN AND TRADE-OFF
2.0 INTRODUCTION

A mobile satellite system or network contains a space segment, which has
one or more geostationary satellites, and a ground segment, which includes
the mobile terminals, gateways, base station, etc. The design of the
system consists of a series of trade-offsof various parameters at both the
system and subsystem Tevels. The parameters being traded may be entirely -
within one segment of the system, such as the satellite system, or between -
the two segmeﬁts; j.e., both the satellites and the mobile terminals. The
normal earth-station EIRP vs. satellite G/T, and satellite EIRP vs. earth-
station G/T trade-offs are not straightforward for the mobile satellite
s&stem because of its unique characteristics, including the multipie beams
and frequency reuse features. The interrelationshipsbetween various param-
eters are complex and their impact on the system in terms of its cost and
performance are sometimes not obvious; however, they often directly or in-
directly affect the system. Consequently, it often is not possible to
trade one parameter with another without considering the indirect effects
on other parameters, which may ultimately determine the outcome of the
trade-off. For example, one may not simply trade the mobile terminal EIRP
with the satellite G/T without considering the effects on the rest of the
system. A different antenna size changes the number of multiple beams and,
hence, the frequency reuse factor and the number of required transponders.
The frequency reuse factor may in turn affect the required antenna sidelobe
level, which may eventually dictate the design of the antenna feed. The
number of transponders affects the payload weight, and subsequently may

impact the spacecfaft power and the capacity of the system. All of these

items may drastically alter the system's performance and cost. Thus,
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many trade-offs necessarily involve more parameters than expected. The
primary objective of the study, as mentioned in Chapter'l, is to produce

a viable second-generation -mobile satellite system conéept, with emphas{s on
the satellite design. The design of the ground segment will be derived from
the MSAT-X work. With this ground rule in mind, ail trade-offs and designs
will be focused on the spacecraft. The ground éegment will be considered
only when it directly and significantly affects the design of the satellite
or the total system performance, or when it is explicitly stated in the
secondary objectives. The various parametric trade-offsand designs will be
addressed following a brief description of the trade-off criteria. The re~
sults of the trade-offswill lead to a baseline system design (i.e., the UHF‘

system}, which will be presented in Chapter 3.
2.1 TRADE-OFF CRITERIA

One of the reasons for NASA's involvement in the mobile satellite service is
to promote the development of a commercial system through the brivate sector.
NASA does not intend to build,'launch! or operate a mobile satellite system.
Any system, if and when deployed, will be commercially oriented. A commer-
cial system must be economically viable. Consequently, cost should be a
major factor to be considered in the ﬁesign of the system, in addition to

other factors such as technology maturity and reliability.

The cost consideration poses several questions that need to be addressed. A
mobile satellite system consists of many elements and not all .of them are
owned by a siﬁg1e entity. One possible example is as follows: The system
operator, after obtaining a license from the FCC, builds, launches, and oper-

ates the satellite. He has to build the NMC's and TT&C {Tracking, Telemetry,

and Command) stations, but he probably will not sell the service directly to
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the end users. Instead, he may sell the service to independent, third-party
operators, who in turn sell the service to the end users for a profit. " The
thfrd—party operators have to build their own gateways and the end users

will either purchase or lease the mobile equipment. In this scenario, whose
cost should be used as a figure of merit? Should it be the total system cost,
the user cost, or the cost of a particular element such as the satellite? And
more importantly, can the cost factor be considered independent of the per-
formance of the system or its capacity? (The system cost is the cost of the
entire mobile satellite system, including necessary maintenance and operation,

but excluding the cost of the mobile terminal. A more detailed discussioh is

provided in Chapter 6.)

Minimizing the total system cost does not necessarily fmply a8 minimum user
expense because each element in the network contributes.differently toward
the user cost due to different equipment lifetimes and replacement and
operation costs. Since all expenses must eventually be paid for by the end
users, it is reasonable to utilize the user cost as a measure of the effi-
ciency of the design. However, user cost is highly dependent on.the system
capacity, due to the eéonomics of scale, as demonstrated in [1]. User cost
alone would not be a sufficient criterion for identifying a good design.

Instead, both user cost and system capacity should be considered.

The series of trade-offsin the following sections use the above criteria
with the goal of satisfying the system requirements set forth in Chapter 1.
To facilitate the trade-off study,a computer program has been developed to
calculate the user cost. A description of the program is provided in

Appendix C. The computation of the user cost involves the estimation of

the price of various elements in the network, the inflation rate, the
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investment return, etc. Because there is a degree of uncertainty in estimat-
ing these parameters, the cost data should therefore be applied subject to

Jjudgment.
2.2 NUMBER OF SATELLITES

The number of satellites and their locations are important system parameters
that need to be determined. Most of the first-generation systems are plann-
ing to employ two satellites to provide service. On the other hand, the 55-m
system studied by JPL calls for only one satellite. How many satellites will
the second-generation system need? The decision is not arbitrary; instead, it
is influenced by a number of factors including market demand, user cost, and

mobile antenna characteristics.
2.2.1 Market Demands

A market demand study by General Electric indicates that the total service
demand by the year 1990 will range from a conservative 8,217 erlangs to an
optimistic 43,437 erlangs, with a likely estimate of 30,104 erlangs (Table
2-1) [2]1. The total service demand in the GE study includes the demand of
the radio telephone service, which was assumed to be analog voice requiring
a bandwidth of 15 kHz. The demand for mobile telephone service was -estimated
and converted to an equivalent demand for 4-kHz channels. The total service
demand is shown in Table 2-2 for the 1ikely case. As indicated in the table,
a demand of 12,210, 17,676, and 25,860 erlangs is expected for the years 1990,
1995, and 2000, respectively. Canada was not included in the GE survey; if it
had been included, the projected demand would be increased by about 400 by mid-
1990's [3]. Assuming a market penetration, which is very conservative, and a
channel loading of 1.0 erlang per channel, the required capacit& ofAthe satel-

lite system would then be 3,663,.5,302, and 7,759 channels for the three periods.
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TABLE 2-1. Total Service Demand, Erlangs {(Obtained from [2] )

NEW SERVICES (0,01 ERLANGS PER TRUCK) 1990 1995 2000
TRUCK TRACTORS (1) . 869 959 1059

OIL & GAS 430 . 498 584

1299 1457 1643

COMMERCIAL & PUBLIC RADIO (0.01 ERLANGS PER MOBILE)

CONSERVATIVE 1113 1562 2190
LIKELY 4404 7093 11423
OPTIMISTIC _ 8760 15718 25314

RADIO TELEPHONE (0.03 ERLANGS PER -MOBILE)

CONSERVATIVE (2) 1548 1975 2521
LIKELY (2) 6507 9126 12800
OPTIMISTIC (2) 8634 13906 19503
CONSERVATIVE 5805 7406 9454
LIKELY 24401 34223 48000
OPTIMISTIC 32378 52148 73136
TOTAL
CONSERVATIVE 8217 10425 13287
LIKELY 30104 42773 61066

OPTIMISTIC . 43437 69323 100093

(1) INTERACTIVE DATA DEMAND FOR TRUCK TRAILERS IS NEGLIGIBLE COMPARED TO VOICE
TRAFFIC .

(2) CONVERTED TO 4-kHz CHANNELS BY RATIO OF 15/4 = 3.75



Table 2-2. Total Service Demand, Erlangs
Based on the Likely Estimate. -

1990 1995 2000
New Service, Erlangs 1,299 1,457 1,643
Commercial & Public Radio, © 4,404 7,093 11,423
Erlangs (Likely) ' i
Radio Telephone, Erlangs - 6,507 9,126 12,800
(Likely) '
Total Service Demand, Erlangs 12,210 17,676 25,866
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In order for a satellite system to provide these capabilities, the actual
number of channels in the system must be higher. This is because the user
distribution is not uniform over the entire coverage area. The user density,
j.e., the number of users per beam, varies from one beam to another for a
system utilizing constant or néap»constant beam size. A system with variable
beam sizes, that adjusts its beam size according to the user density, would
alleviate this problem. Such a system, however, would be very complex and,
hence, is nof considered in the baseline design. A study performed by TRW
indicates that most of the user population is concent;ated in the eastern
part of CONUS (see Fig. 2-1) [4]. A sate]liie system with constant beam size
may find the demand of service to be very high for the eastern beams and very
low for the mﬁduwesp beams, thus reducing the effective capacity of the satel-
lite system. To recognize this fact, the'required capacity will be assumed
to be twice the service demand, resulting in a channel requirement of 7,326,

10,605, and 15,519 channels for 1990, 1995, and 2000.

In order to determine the number of sateliites required to meet the projected
-channel demand, it is necessary to estimate the number of channels each second-
generation mobile satellite would have. From the spectrum point-of-view, a
10-MHz allocation (i.e., 10 MHz up and 10 MHz down), in theory, could accommo-
date a very 1argé number of channels depending on the frequency reuse and the
number of multiple beams, For example, a 24-beam satellite would be able to
provide about 7,000 channels of 5 kHz each for a frequency reuse factor of 7,
and about 12,000 channels for a frequency reuse factor of 4. (The frequency
reuse factor is simply the number of frequency subbands that the allocated
band (10 MHz) is divided into in order to reuse the frequency. See Section
3.11 for more information.} The number of channels can be calculated accord-
ing to the following formula:
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(No. of channels) = (No. of Beams)+{10 MHz)/((5 kHz)+(Freq. Reuse Factor)})

From the aboﬁe calculation, it would seem one satellite would be adequate.
However, practical Timitations such as satellite size, weight, and power
prevent this from happening. The number of channels is expected to be far
less than 7,000 for a practical second-generation mobile satellite. To
satisfy this channel requirement with a single satellite would need a third-
generation satellite with a customized bus, not the second-generation bus,
Based on a survey of three commercial satellite manufacturers, the
number of channels that can be expected from the next-generation high-power -
communications satellites is roughly in the neighborhood of 2,000.5,000
channels. Although this is far less than the capacity of the third-genera-
tion system, it représents a big.increase over the first-generation system

" which has a capacity of only a few hundred channels.

Assuming 4,000 channels per sate]litg, the number of satellites required to
meet the projectéd demand would be bhetween one and two for 1990, slightly
more than two for 1995, and more than three for 2000. Since the second-
generation system will be operating in the 1990 to 2000 time frame, the
number of satellites required would range from one, in the beginning, to
three, at the end. The projected service deﬁand and number of satellites
.are tabulated in Table 2-3 for the time frame‘assumed for MSAT-2. The
number of satellites is based on 4,000 channels per satellite. From the
tgb]e, a one-satellite system with 4,000 channels would provide only about
55% (4,000/7,326 = 0.55) of the needed service in 1990, 38% in 1995, and
only 26% by the year 2000. In other words, there would be 45%, 62%, and
74% of the users needing but not getting the service. A two-sateilite

system would have adequate capacity for the early part of the mission but
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Table 2-3. The Number of Satellites Required to

‘Meet the Projected Service Demand.

1990 1995 . 2000
Total Service Demand, Erlangs 12,210 17,676 25,866
Req'd MSAT Capacity, Erlangs 3,663 5,302 7,759
(Assuming an average 30% market
Penetration) _
Reqg'd MSAT Capacity, Channels 3,663 5,302 7,759
(Assuming 1.0 Erlang/Channel)
Actual Satellite Channels Req'd to 7,326 10,605 15,519
Provide the above capacity, channels(l)
Number of Satellites required(2) 2- 2+ 3+

Notes:

(1) The number of actual satellite channels is twice the required MSAT capacity.
The factor of 2 accounts for the skewed user distribution.

(2) The number of satellites required is based on the assumption that each
satel lite provides 4000 channels.
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would not have enough capacity during the later part of its Tife. On the
other hand, a 3-satellite system would ‘have excess capac{ty for more than
half of the‘operat}on'pgriod.- Although Table 2-3 probably provides enough
information in determining the number of satellites, other factors should

be examined before the final choice is made.
2.2.2 Cost Consideration

Market demand is not the only factor that determines the number of satel-
Tites required for MSAT-2. The gygtem cost, as mentioned before, is also

a factor. According to a TRW study, the user monthly service charge (MSC)
can be reduced by increasing the number of satellites and reducing the
spacedraft antenna size, while maintaining the same total system capacity
[4]. For example, a system capable of supporting 180,000 usérs and using

a 31-meter antenna and 1 satellite would have an MSCof $241 for a 10% rate
of return, while another system having the same capacity but using 2 satel-
lites and a smaller antenna (22 m) would réduce the MSC to $2}0. One of the
fagtors that contributes to a lower user cost in a muitiple satellite system
is that its sﬁare satellite accqunts for a smaller percentage of total cost.
For example, in a system with one active satellite and one in ofbit spare,
the redundancy is 100%. For a sysﬁem with two active satellites and one

spare, the redundancy is only 50%.

In the TRW study, various-casgs were examined u§ing a different combination
of frequency allocation (4, 10, or 20 MHz), antenna size, rate of return,
and number of satél}ites (1, 2, or 3). For all those cases examiqed, the
MSC is Tower for systems using more satellites and simultaneousty reducing

the antenna size by a proper factor, while holding constant all other

-variables. Table 2-4 summarizes these results. The MSC is pravided in
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(1)

(2)

(3)
(4)

Table 2-4. Comparison of Relative Monthly Service Charge

a) 10-MHz Allocation(1)

Case No. 5 7 38{2) 3a(2) -
Antenna Size, m 31 22 37 30
No. of Satellites i 2 2 3
MSC, Relative Ranks 3 1 7 4-6(3)

b) 20-MHz Allocation (shared)(l)

Case No. 9 10
Ant,Size, m 35 24

. No. .of Satellites 1 2 .
MSC, Relative Ranks q 2

c) 4-MHz Allocation{l)

Case No. 6 8
-Ant. Size, m 51 36
No. of Satellites 1 2
MSG, Relative Ranks g8 . 5-6(4)

The 4-MHz allocation consists of a pair of bands of 4 MHz each,
with 4 MHz for uplink and 4 MHz for downlink, giving a total of
8 MHz. Similarly the 10-MHz and 20 MHz a1}ocat10ns refer to an
) aliocat1on of 20 MHz and 40 MHz, respectively. -

Cases 3A and 3B are cellular compatible while all others are not..

Cases 3A and 3B shou1d not be compared w1th Cases 5 and 7.

The ranking ranges from 4 to 6 depend1ng on the rate of return.

The rank1ng ranges from 5 to 6 dependTng on. the rate of return.

2-12



Table 2-4 in terms of the relative ranking, with 1 being the Towest and 10
veing the highest. The case numbers in the table are exactly those used in
[4]. A total of 10 cases were examined by TRW, only eight cases are included
in the Table. Cases 2 and 4 are not included because a different requirement
had been used. As previously mentioned, if one satellite were to provide
the needed capacity, a satellite similar to the third-generation system would

be necessary. Such a system would be technically impractical in the second-

generation time frame.
2.2.3 Mobile Antenna Isolation

The number of satellites that can be simultaneously operating in the same fre-
quency depends to a large extent on the spatial discrimination and cross-
polarization isolation of the mobile antenna. For a low-gain antenna, mul-
tiple satellite operation is generally not feasible because of the poor spatial
isolation. 1In a two-satellite operation, a typical medium-gain antenna can be
expected to provide 15- to 20-dB of isolation including polarization diversity.
For a three-satellite operation, the isolation can be as low as 10 to 12 dB,
depending on the locations of the satellites and the design of the antenna.
This level of isolation is inadequate because the interference environment is
very severe for a mobile satellite system. From an interference point-of-view,
a three-satellite system is less desirable. (It is noted that additional
isolation can be obtained by staggering the channels, i.e., offsetting the
channels of one satellite with respect to the other. For a 2-satellite
operation, an improvement of about 5 dB is estimated. For a 3-satellite case,
the %mprovement is expected to be insignificant. The only way to further in-
crease the isolation is to increase thg channel spacing or the guard-band,

which reduces the utility of the spectrum and hence is not considered.)
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Considering all of the above factors, a two-satellite system should be employed.
‘One additional advantage of a two-satellite system over a one-satellite system
is that it can provide position location service. The locations of the satel-

lites will be determined in the following section.
2.3 SATELLITE LOCATIONS

The primary factors that determine the satellite locations are the service )
area, the satellite-mobile elevation angle, and the intersatellite interfereﬁce.
The service area is part of the system's requirements. The elevation anglé

and intersatellite interference are derived from other system or subsystem
requirements., In a multiple satellite system, it is desirable to haye as

much service area as possible simultaneously covereq by twq or more satelljﬁes,
while maintaining a high elevation angle. The high elevation angle is ta »
ensure quality service without p]#cing unrealistic restriéfions on the mobile
anteqna'design, or overburdening the power system of the satellite. The
desirability for overlapping service is to achieve reliability, so that in_

case of a failure of one satellite, its service can be reqdi]y assumed by tﬁe‘-
othe;. For a two-satellite system, this means eéch of the satel]ites should

be able to serv%ce the entire area. The service area considered for MSAT-2
includes‘CONUS, Alaska, ‘and Canad;. This is a widespread area coyering.ébout
110 degrees longitude. To have a satellite covering this'Qide areavﬁhiie
maintaining ; high elevation angie is not possible; some comproﬁise must be .
made. Since most users are in CONUS, the sglection is expegﬁgd to favﬁp CONU%,
In selecting orbital locations, consideration must"dlso‘beléiven to the poten-

tial intersatellite interference, Although the required orbital separation
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between two adjacent satellites is a function of the amount of acceptable
intgrfergqbe, the ﬁobi]e antenna characteristics, etc., a separation of 30 to
40 degrees is general ly adéquate to reduce the interference to an- acceptable
level, based on a medium-gain mobile antenna having a gain of 10 to 12 dBi.

The acceptable interference level will be discussed in Section 2.8.

Considering all the above factors and assuming an orbital separation of

40 degrees,.the locations of the two satellites are selected at 90 degrees
and 130 degrees west. A contour of a constant 10-degree elevation angle

is shown in Figure 2-2 for the satellite at 90 degrees and in Figure 2-3
for 130 degrees, It can be seen from these Figures that the satellite at
130 degrees west will provide good coveraée for CONUS, with a minimum ele-

~ vation angle of 10 dégrees in Maine, and for most of Alaska. The satellite
at 90 degrees will provide good coverage for CONUS and Canada, but very poor

coverage for Alaska.
2.4  SELECTION OF CANDIDATE BUSES

The projected m&rket demand for MSAT-2 ranges from 7000 to 15000 channels.
Providing such a capacity by using two satellites implies that the satellite
bus must be high power and capable of supporting4ﬁ faiﬁ]y heavy payload. A
cqstomized bus undoubtedly could provide the needed capability; however, it
will probably not be cost effective. Recent developments in satellite com-
muniéations have prompted gate]1ite manufacturers to develop a more powerful
class of buses. This class of buses would probably be more economical if
they could be applied to MSAT-2 with miniﬁallmoqifications. A survey of

satellite manufacturers, including Hughes, Ford, and RCA, has indicated that
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the next-generation, high-power, communications satellite bus being developed
by these companies would roughly have. the range of capability needed for MSAT-2
and would become commercially available in time for MSAT-2 application. Brief
descriptions of three of these buses are given below, (Satellites being devel-
oped by other companies may also be applicable to MSAT-2, The fact that only
three satellites are described does not preclude others from future

considerations.)

The satellite tﬂat is beiﬁg developed by Hughes and is of interest to MSAT-2
js the HS-394, This satellite utilizes a new concept that is different from
conventional sate]11tes built: by Hughes -= it emp]oys both spin and 3-axis
stabilization techniques. It has a cylindrical array which is attached to
the main bodytand a rigid solar array that spans aboug 35 meters. "The cy-
lindrical array produces about 400 watts of power for housekeeping., The
rigid solar array can produce about 4000 watts. The bus is designed to be
STS compatib]é aﬁd will occupy 1/4 of the shuttle bay. Figure 2-4 shows a
conventional Hughes satellite H3-393 and the high-power HS-394.

The one being developed by Ford i$ 3-axis stabilized. The design of this
satellite is based on a modular concept, which allows a customized communi-
cations module to be added on easily. The satellite is also shuttle

compatible. Figure 2-5 shows the satellite and its STS launch sequence.

The RCA series-4000 high-power satellite shown in Figure 2-6 employs & special
design for the propulsion subsystem: shuttle-compatible orbital transfer sub-
system (SCOTS), SCOTS is capable of delivering a payload of 4000 to 6000 1bs
to the geostationary transfer orb1t (GTO) The first SCOTS is expected to

become available in 1986 [5}. Ser1es 4000 is also shuttle _compatible and its
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design has been optimized for a wmaximum payload weight~to-cargo bay volume

4000 spacecraft.
A1l satellite buses surveyed are considered as potential candidates.

For the purpose of this study and in order to facilitate subsequent trade-off
studies, it is useful to develop a .tool to characterize the general capabil-
ity of the potential candidate buses without being specifically tieq.to a
particular'méng?acturer. Toward this end, a set of curves has been developed
to charactenize'the pay]oad:power and weight of a typical second-generation
ﬁobile saté]iite bus. These curves are shown in Figure 2-7 and are baséd on
currently available data. For a given payload weight, the projected payload .
bower varies‘omer‘a wide range. The variaiion-arises from: a} the difference
between the manufacturers and b) possible future improvements and/or deviation.
The nominal capabidity represented by the center curve will be used ;s the
capability of the baseline satellite bus and will be utilized in antenna sizing.
Roughly, the baseline bus is capable of supporting up‘to about 500 kg of pay-
load or of generating up to 4 kW of payload power.

Impticit in Figure 2-7 are a full ec]ipse_and a full station-keeping capability.
A higher payload power or a heavier payload would be possible at a reduced

eclipse and/or station-keeping requirement.
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2.5 SATELLITE ANTENNA CONCEPTS AND PERFORMANCEJTRADE-OFFS

Perhaps the most prominent feature of the mobile saﬁe]lite is its communication
antenna operating at the high UHF or L-band frequenciés. The relatively large
size of this antenna is due to the following factors: )

1) Relatively Tow frequency (targe wavelength)

2) Requ}}ed high gain to reduce the power requirements onboard the

satellite as well as reducing the size and compliexity of the

ground mobile antenna ;
3)v Small antenna beam size for the purpose of‘md1tip1e beam coverageé

) of the given area in order to reuse the limited frequency baﬁd by

spatial diversity. . - ,

te

e
.

Apbendix'G shows the increase in phe size of the antenna can be used for
reducing:;he power requirements o% the spacecraft and/or intéeasing the reiée of
the freguéncy band. For the purpose of this study antennas 1n.fhe 5~ to 30-meter
diameter range are considered. Due to the complexity of such Targe antennas from
the viewpoint of fabrication, launch, deployment, and electrical performance charac
“teristics, the selection of an optiﬁa1 antenna from both mechanical and eleﬁtrica]
performance viewpoints is a ﬁajoé task. There are many areas of concern in the
design of large,simultaneously operating;multibeam antennas. Since many of these
concerns and sélection criteria have been addressed in previous studies (see e.g.
[6]) here we shall only briefly touch upon those concerns and will concentrate

instead on areas which have not been previously addressed in sufficient detail. -
2,5,1 Reflector Versus Planar ‘Arrays and Lenses < - R

‘From electrical (RF) considerations,:a wide variety-of antennas including re-

flectors, phased arrays, and lenses can be made to meet the system requirements.
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The advantages of a lens or a phased array over a parabolic reflector are the
absence of aperture blockage and superior scan perfbrmance; The blockage problem
in reflector antennas, of course, can be overcome by selecting an offset configu-
ration which leads to structural asymﬁetry and associated complications. The scan
performance of the reflectors can'be improved moderately by increasing the focal
Tength, which directly increases the length of the feed support boom and the feed

size as shall be‘exp1ained later.

The major disadvantages of the lens are its weight and the complexity of providing
the lens medium. Typically, in lens systems some medium such as dielectrics,
artificial dielectrics, waveguides, etc., is needed to focus the rays. Since the
extent of the Tens medium is- the same as the required aperture size in'a reflector
system, it will weigh considerablyAmore than a Tightweight reflecting mesh or
membrane which is typicé]1y proposed in large spaceborne reflector antennas. A
rather Tightweight but still fairly complex "bootlace" space-fed lens has been
proposed by Grumman [7]. Since no detailed investigation of this system has been
performed and no full or scale model exists, it cannot as yet be considered a
mature concept. However, it has definite possibilities for applications in the

distant future.

Phased arrays offer large and rapid beam scanning, higher (than lens and reflector)
aperture efficiency, no spillover loss, coma lobes, or aperture blockage. Théy
also have a higher reliability factor 1nsofar as the failure of a few elements

does not affect the overall performance appreciably. On the other hand, due to
the complexity of providing multibeam operation with a phased array, requiring an
extremely complex beam-forming network, full coveragé can be providedlby beam
steering only (sweeping over the coverage area); simultaneous coverage over the -

entire area is not feasible. Futhermore, the gain requirements would dictate an
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array aperture composed of perhaps thousands of individual radiating elements
together wit; the neceﬁséry feeding network. The weight gnd complexity o% such
a system is,in any case considerable. No mature concepts for cgnfiguration, |
stowage, and‘dép1§yment of large phased arrays for épace applications presentiy
exist. There are, however, severa]rre1ative1& mature, large, single reflector
antenna concepts for space applications reviewed in the next section. Multiple
reflector antennas (e.g., cassegrainian dual reflector) are not very viable
candidates due to additional structural, deployment, and control compliexities
introduced in.exchange for lTimited electrical performance improvements [6].
Based on the above considerations, a single reflector with an array-of feed "
elements to produce the multiplicity of beams seems to be the most desirable

choice, but the question of feed and reflector symmetry must also be considered.
2.5.2 Cénter-Fed Versus Offset-Fed Reflectors

In'multibeam axisymmetric (center-fed) reflector systems, the high-blockage due
to the 1arge feed array, feed support trusses, transmission lines, etc., can
cause considerable :gain Toss and sidelobe deterioration. Gain Tosses of 1.0 to
1.5 dB can be expected in an actual axisymmetric system, while the increase in
sidelobe levels -is dependent on the initial nonblocked values and could vary
from 2 to 10 dB or h1gher depending on reflector aperture 111um1nat1on, feed
array size and shape, etc. In an actual system with a specific array shape

and feed support boom the evaluation of blockage effects is fairly comp}1cated
and requires a detailed study. Figure 2-8 shows the offset and ax1symmetr1c
refiector configurations where the pros and cons of the two systems are also
summar1zed In the land mobile sate]11te system both gain loss {which 1ncreases
the power requ1rements of the satellite) and s1de1obe increase (which decreases
the 1nterbeam 1solat1on) shou]d be m1n1m1zed.' This fact points toward the

se]ect1on of the offset-fed reflector over the ax1symmetr1c as the base11ne

configuration.
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2.5.3 Accuracy Requirements of the Large Reflector Antennas

One of the major drivers of the reflector antenna design is the accuracy re-
quirement on the RF reflective surface, Deviations from a perfect paraboloid
introduce gain loss and sidelobe increase in the far-field patterns. Basically,
these errors are of two different kinds: random and deterministic. Both may be
caused by structural tolerances and temperature variations across the aperture

in an earth-orbital environment. Deterministic errors, if accurately known, can
be exactly computed by reflector scattering programs. Random errors are, in
genera1; more difficult to calculate -exactly. Both types of errors can be reduced
by high-precision surface design and use of materials with very low thermal ex-
pansion coefficients, which, naturally, add to the weight and cost of the antenna.
Random errors can be estimated by two statistical parameters. The first one,

the RMS surface error, is sufficient to calculate the gain loss. This parameter,
together with the correlation length of surface erro}s, can be used to obtain the
average sidelobe level increase. In addition, for a given reflector diameter, the
illumination taper on the reflector tempers the effects of the surface errors.
Table 2-5 shows the calculated values for some typical cases. According to this
table a surface error of less fhan 1/50 causes a gain loss of less than 0.3 dB and
is selected as the surface accuracy requirement. (It is noted that the designed
accuracy of the baseline reflector is 1/60, which exceeds fhe required accuracy

s1ightly.)

The axial defocusing, that is the movement of the feed array towards or awéy from
the reflector creates a phase error in the reflector aperture which results in

beam broadening, gain loss, and sidelobe increase. However, our studies have shown
that by 1imiting this movement to plus-or minus one wavelength (approximately + 0.3

meters at high UHF frequencies) the effect would be negligible.
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Table 2-5. Effects of Random Surface Errors on Reflector Gain

and Sidelobes.

D: Reflector Diameter

C: Correlation Length of Errors

Initial RMS Surface Roughness in Wavelengths
2 ¢/D [sidelobe
dB )
1/20 | 1/30 | 1/40 | 1/50 | 1/60 | -1/70
20 19.9 | 19.9 | 20.0 | 20.0 | 20,0 | 20.0
25 24.6 | 24.8 | 24.9 | 24.9 | 25.0 | 25.0
.
io 30 28,7 | 29.5 | 29.7 | 29.8 | 30.0 | 29.9
35 31.9 | 33.5 | 34.1 | 34.4 | 34.6 | 34.7
40 33.6 | 36.3 | 37.6 | 38.4 | 38.8 | 39.1
20 19.5 | 19.8 | 19.9 | 19.9 | 19.9 | 20.0
25 23.5 | 24.3 | 24.6 | 24.8 | 24.8 | 24.9
Sidelobe| 1 30 26,3 | 28,2 | 28,9 | 29.3 | 29.5 | 29.6
a8 | 20

35 | 27.8 | 30.7 | 32.2 | 33.0 | 33.6 | 33.9
40 28.4 | 32,0 | 34.1 | 35.5 | 36.5 | 37.2
20 18.2 | 19.2 | 19.5 | 19.7 | 19.8 | 19.8
25 20,7 | 22.8 | 23.7 | 26.1 | 2404 | 2405
1 30 22,0 | 25.1 | 26.7 { 27.7 | 28.3 | 28.7
0 35 | 22,5 | 26,2 | 28.4 | 29.9 | 30.9 | 31.7
40 22,7 | 26.6 | 29.1 | 30.9 | 32.3 | 33.4
20 15.2 | 17.4 | 18.4 | 18.9 19,2 | 19.4
25 16,3 | 19.5 | 21.2 | 22.3 | 23.0 | 23.4
1 30 16.7 | 20.4.] 22.7 | 24.2 | 25.3 | 26.2
’ 35 16.9 | 20.7 | 23.3 | 25.1 | 26.5 | 27.7
40 16.9 | 20.9 [ 23.3 | 25.4 | 27.0 | 28.2
Gain 1.71 | 0.76 0.43' 0.27 | 0.19 | 0.14

Loss dB -
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The lateral feed array panel movement in the focal plane (lateral defocusing)
causes a shift of ‘the aggregate of multiple beams over the coverage area. There-
- fore, feed array transTation and rotation in the focal plane is Timited by the

pointing and stability requirements levied on the antenna.

The tilting of thp feed array with respect to the reflector has several effects.
It causés an imbalance in the i1lumination of the reflector with the consequent
decrease in aperture and spillover efficiency and a commensurate gain Toss.
Furthermore, the movement of all the feed elements (save the focal-point one) can
be decdﬁposed’iﬁtb an axial defocusiﬁg and a slight lateral movement. A limit

of :2°;qnmtﬁe feed array tilt angle with Fespect to its nominal location is deemed

quite acceptable.

In pointing the antenna system towards the earth, an initial error in pointing the-
central axis of the antenna will cause a corresponding shift in location of alil
the beams over the Eoverage area. Thus, if the antenna beam footprints (4-dB
beamwidph) completely cover the given area, with no coverage outside the given
boundaries, then an initial pointing error towards the north could leave some
southern border areas uncovered. However, if fhe beams are arranged in a manner
that a certain amount of extra coverage beyond the boundaries is provided, then

a pointing error less than this amount will not result in-inferior performance.
The upper Timit on the initial pointing error, therefore, has to be made on the
basis of fradjng off'the control difficulties in achieving the pointing tolerance
against the pﬁssible extra beams - and associated feeds, electronics and power re-
quirements - needed to provide the extra initial coverage. According]y, an initial
pointing error requirement of roughly 1/6 of the 4-dB beamwidth is suggested. (It

is noted that the achievable pointing accuracy exceeds the requirement, Chapter 3.)
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Pointing stability sets a limit on'the errors occu}ing during the operation of
the system, due to dynamic disturbances. Again the only problem area foreseen
for the system is the boundary of the coverage area where the beam edge shifts
and the EIRP-ié reduced by a certain amount depending on the shift angle, It
can be shown that the gain loss is relatéd to the ratio of the shift angle to

=}

the 3-dB beamwidth by the approximate formula,
dG = -6.4 (d(BW)/BW) (2-1)

Thus, for example, a 1-dB power margin can accommodate d(BW) = BW/6.4 of pointing

stability error.
2.5.4 Characteristics of Baseline Configuration: Offset-Fed Single Reflector

Based on the precediﬁg considerations concerning the relative simplicity of the
structure, acceptable electrical performancgi and a body of infﬁrmation established
in the course of previous studies, an offset-fed single reflector configuration

will be considered for the baseline design. Thg geometric parameters of the antenna
are summarized in Fig? 2-9. The main parameters are the diameter, D, the edge off-
set, hg, and the focal length, F. A1l three depend directly or indirectly on the

required beamwidth and the total number of beams. Inversely, given the reflector

diameter, the beam size, thenumber of beams, and subsequently the focal length and

edge offset height can be determined.

In [6] important design considerations in offset reflector systems have been
summarized. In the actual design procedure both simple but approximate formulas

as well as rigorous scattering programs are utiiized. Here the following general

comments are made:
- The beam size decides the reflector diameter (and vice versa). Aperture

illumination has a secondary effect on the beam size,
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The number of beams decides the focal length. As the total number of
beams increases, so does the number of beams scanned from the focus.
For maintaining a given performance level in terms of gain and side-
lobes, the focal length must be increased as well. As a simple rule
the number of scannable beams with a constant performance level in-

creases in proportion to the square of the F/D ratio.

The amount of offset and specifically the edge offset height are dependent
on the ‘feed array size, and should be sufficient to allow for the lowest -
rays reflected from tﬁe lower edge of the reflector to clear past the
upper edge of the feed array. The feed array size itself, as we shall

see in the discussion of the feed array, is a fﬁnction of the focal

length and the angular extent (spatial angle) of the coverage region.
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2.6 DEPLOYABLE REFLECTOR ANTENNA STUDY
2.6.1 -- ~Introduction. .-

The obJect1ve of this study was to obtain design, performance, and cost data
for depioyable antennas to help assess the techn1ca1 fea51b111ty, system per-
formance, and cost of MSAT—Z. The approach used for obtaining the necessary
technical-and cost information was to implement study contracts with one or
more commercial organizations capable of supplying qualified antenna subsystems
that meet the-MSAT-2 functional requirements.. The contractors selected included
Lockheed. Missles and Space Co., Inc. for the offset wrap-rib deployable antenna
and Harris Government Systems Division for the hoop/column deployable antenna.
Limited resources -for the MSAT-2 study precluded the acquisition of -additional
antenna study contracts covering other structural concepts. Since the system
level, functional configuration development activity was limited to a single

model, both antenna concepts were evaluated, and one was selected as the base-

1ine for the system study.
2.6.2 Antenna Functional Requirements

The antenna aperture size range of 8 to 30 meters dictates the need for self-
deployable space structures with mechanical packaging efficiencies, i.e., a
ratio of deployed-to-stowed diameter commensurate with the STS. The requirement
for an unblocked aperture means that radial-rib ana truss-type structures will
utilize an offset-feed support structure, while maypole-type configurations will
be dependent on using a number of discrete sections of the reflector that are

offset from the central column. The antisymmetric reflector surfaces must be

capable of highly efficient RF reflectivity up to L-band while maintaining an
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on-orbit total surface error of no more than A/60. The antenna's structural
configurations must be commensurate with the reflector curvature based on
F/D from 1.0 to 1.5. The demonstration of technology readiness such as
dep]oyment reliability; surface precision, feed support structure alignment,

thermal stability, etc., needs to be accomplished by the late 1980's to ac-

commodate a mid-1990's launch.
2.6.3  Deployable Antenna State-of-the-Art

A number of unique mechanical concepts have been conceived for a variety of
different types of deployable antennas. The level of maturity of these con-
cepfs varies from the disclosure of extremely innovative designs to flight-
proven hardware systems. Collectively, these concepts have the potential for
accoﬁmodating applications involving apertures from qné to one thousand meters
in diameter for operating frequencies ranging from GHz for small structures to

MHz for large apertures.

The potential value of any concept is a function of how well it satisfies a
specific application. Typically, deployable antennas are often divided into
several categories: mesh and membrane deployable, and precision deployable
structures. Mesh depioyable-antenna concepts would include maypole, radial-
rib, and truss-type structures. Mémbrane antenna concepis include rotating
membrane or rotating cable supported mesh, electrostatic membranes, and in-
flatables. Mesh deployable-antenna concepts are based on using a variety of
techniques to shape their flexible surfaces into approximations of the desired

apertures. Precision deplioyable-antenna concepts are characterized by apertures

comprised of rigid, curved, segmented reflector elements that are kinematically
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connected to each other and/or to a primary supporting structure. The mesh
deployable structures, with their good mechanical packaging efficiency, are
intended for qpp}ications requiring apertpres up to several hundred meters in
diameter and operating frequencies of Ku-band and above for the smailer sizes
and UHF and above for the larger sizes. This class of antenna is the most
mature an& has flight experience with the Lockheed wrap-rib antenna on  the
ATS-6 Satellite, the Harris radial-rib antenna on the TDRSS, and the TRW radial-
rib antenna on the FLTSATCOM. This class of antenna is well suited for applica-
tion to NSAT-Q. Precision deployable antennas, with their near continuous re-
f]ectpr’sﬁrfaces, which can acc0mmodate RF operation up to 60 GHz, are Timited
by their mechanical pgckaging efficiencies to functional diameters o% 10 to 20
Fméters, depending on the specific concept. Because of their lower packagipg
efficieches as compared to mesh antennas, thjs class of structure, for a given
deployed diameter, would require considerably more stowed' volume. Additionally,
for a given diameter, prec{sion deployable antennas weigh on the order of twice

as much as mesh antennas.

Consequently, this class of antennas was not considered for MSAT-2. At this
time the technology for membrane antenna concepts is too immature for their

consideration for MSAT-2.

2.6.4  Antenna Descriptions

r

2.6.4.1 Wrap-Rib Antennq

The wrap-rib antenna reflector configuratiod is based on a variabie number of
radial ribs or beams which are cantilevered from a central hub structure.

Each of the ribs is attached to the hub structure through a hinge at the root
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of the cantilever. This radial spoke provides the mounting for the antenna
reflector surface. For parabolic or other curved ape}tures, the ribs are
manufactured to the required shape and reflective pie-shaped gores of
membrane material, which is usually knitted or woven fabric, are attached

between the ribs.

The rib cross-section and material are chosen to permit the elastic buckling

of the ribs in the stowed configuration, Figure 2-10, This allows the ribs to
be compactly wrapped around the hub st}ucfure. In phe antenna 'stowing process,
the ribs with the mesh gores folded hetween them are rotated about the rib's

root hinges until the ribs are tangent to the hub. After this initial rotation,
the ribs are elastically buckled and wrapped completely around the hub strqcture.

The RF-reflective mesh gores form a package between the rib structures.

Antenna deployment is accomplished for small systems (less than 5 m in diameter)
by releasing the strain energy in the stowed ribs. Fér antennas of this size,
the stowed package is contained by a series of hinged doors, held in place by

a restraining cable. Deployment occurs whén the cable is severed. For antennas
10 meters and 1$rger, where the deployment reaction is large, the deplioyment
restraint system uses a tape and pully systeﬁ. With this system, a tape i;
placed between the second or third rib, such that the tape under tension keeps
each rib loaded around the hub, Figure 2-10. For deployment, & motor drives a
gear, which in turn rotates the tape také-up reels, The ribs deploy as the

tépe is reeted up. A constantly slipping clutch is located‘in each tape reel

drive to limit the tape tension and allow positional and speed variations Trom

rib to rib during deployment. -

The feed support structure, for the offset antenna configuration, is a deplo&ablg

boom that originates at the reflector hub structure, Figure 2-11, (See Chapter
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3 for the possibte MSAT-2 configurations-) It is a cantilever which extends
radially past the deployed ribs before making a 90° direction change so that

its Tongest leg is colinear with the antenna axis and terminates at the focus

of the reflector, A baseline &esign for this configuration was developed for
large structures, i.e., 50 meters and larger. This baseline is a tetrahedral
truss-type boom that utilizes tapered, folding longerons and tensioned diagonals,
Figure 2-12. However, this design is probably not optimum in terms of weight
and mechanical packaging eff1c1ency for smaller antennas. Therefore, a modifi-
cation of this baseline or the application of other boom configurations .is

requinéd to optimize this structure for MSAT-2.
2.6.4:2 Hoop/Column Antenna

The major elements of the maypole support structure (hoop/column) concept in-
clude the hoop, upper, lower, and center control stringers; and the telescop-
ing mast, Figure 2-13. The reflector aperture consists of the mesh, mesh-
shaping ties, secondary drawing surface, and the mesh-tensioning stringers.
The basic antenna confiquration is a type of maypole with a unique technique

for contouring the RF-reflective mesh surface, Figure 2-14,

The hoop's function is to provide a rigid; accurately located structure to
which the RF-reflective surface can attach. It is comprised of rigid sections
* which articulate at hinges joining adjacen£ segments. These segments consist
of two tubular, graphite~fiber members, parailel to each other, and attached
to a long hinge member at each end. Torsion spr1ngs and actuators Jocated in

the hinge suﬁp]y the total energy required to deploy the hoop.
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The central column, or mast, is deployable and contains the microwave
components and control mechanisms. It consists of tubular graphite/epoxy
members that, for a series of cages, nest inside each other when stowed.
Aside from housing various components, the mast provides attachment locations

for the reflective surface and the stringers.

Five sets of stringers are used on the maypole {hoop/column) concept. Three

of these sets are used for hoop deployment and control, while the other two
sets are used for mesh shaping. The hoop-control stringers are located at the
upper end, the center, and the lower end of the mast; they extend radially out-
ward to their attachment positions at the hinges of the hoop. The upper and
Tower control stringers accurately position the hoop throughout its deployment,
relative to the mast. The center control stringers are used for rate control
during deployment and for moving the hoop joints toward the mast, against their
spring forces, during the automated antenna stowing sequence. The remaining two
sets of str%ngers (mesh-tensioning stringers) are located just above the lower
control stringers and are used to shape the reflective surface into the proper
contour. All of these stringers are made of quartz cords for high stiffness and

thermal stability.

The mechanism that permits shaping of the gold-plated molybdenum wire mesh con-
sists of numerous radial quartz stringers, to wh?éh the mesh is directly attached
(mesh surface stringers), along with a similar set of stringers (secondary drawing
surface stringers) positioned beneath them. Short ties (mesh~shaping ties), made
of fine wire, connect the RF mesh surface stringers to the secondary drawing
surface stringers. When the mesh-tensioning stringers are positioned, they in
turn apply tension to both the secoqdany drawing surface stringers and the mesh-
shaping ties to produce an essentially uniform presure distribution on the mesh

which results in an approximétion of the desired curvature,
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2.6.5 Antenna Concept Evaluation Criteria

The potential value of any antenna concept is a function of how well it satisfies
the requirements for a specific application. There are a number of factors that
must be considered when determining a concept's value, including deployment re-
1iability, surface precision, feed alignment, hardware cost, mechanical packaging
efficiency, weight, long-term dimensional stability, and applicability to ground
evaluation. One of the most important aspects of this class of structures is the
reliability associated with the mechanical deployment of the antenna. The con-
fidence associated with the deployment of a specific antenna structure is pro-

portional to the complexity of the structure and the maturity of the concept.

The RF performance is dependent on the on-orbit reflector precision and reflect-
ivity and the alignment of the feed support structure relative to the best-fit
aperture. Estimates can be made for these tolerances based on the results of
analytical models and ground tests. However, flight experience will be required
to characterize these tolerances and validate the analytical models well enough

to accurately predict on-orbit RF performance.

The flight hardware cost is important, especially for Targe structures, because
it can be the determining factor as to whether specific applications are affordable

since the antenna can represent the greatest subsystem expenditure.

The mechanical packaging efficiency, i.e., the ratio of stowed-to-deployed diameter,
establishes the maximum functional size of the structure that can be accommodated

by the STS payload compartmént. This characteristic varies considerably among the

different antenna concepts.
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Antenna subsystem weight is another very important consideration for applications
utilizing large structures in high orbit, since the antenna weight fraction is a

significant contributor to the requirements for upperstage boost capability.

The majority of the antenna concepts are based on graphite epoxy construction,
which is subject to dimensional changes as a consequence of exposure to the
space environment. Therefore, the potential performance reduction for very

Tong-term missions must be considered when evaluating specific concepts.

Some antenna applications are based on a series of missions that start with
proven and high—confidence technology that advances with each successive flight
system. Frequently, this approach dictates the need for successfuliy larger,
and possibly higher, performance antennas. For this class of applications, the

antenna-concept growth potential is extremely important.

The dynamic characteristics of large antenna structures in the orbital configura-
tion have a major impact on the type of control system needed to accommodate
mission requirements, These characteristics, for equivalent size structures,

vary significantly as a consequence of the differences in structural configuration.

Thermal distortion is one of the major sources of reflector surface and feed
support structure, mechanical-alignment errors. Consequently, these effects

must be carefully considered when estimating antenna orbital performance.

Ground-based test limitations represent one of the most significant problems as-
sociated with developing and evaluating concepts for large, deployable structures.
The test fixturing required to accommodate the demonstration of antenna deployment,
structural alignment, and aperture precision can complicate and/or mask the true

structure performance to the point of limited cost effectiveness. The applicabilit
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to ground testing for specific structures is a function of their configuration,

kinematic complexity, and relative structural stiffness.

2.6.6 Baseline Deployable Antenna

The two mesh deployable-antenna concepts were evaluated using the results of
the respective study contracts. From a technical point of view, either concept
has the potential for meeting the requirements of MSAT-2 and is considered
acceptable. Since a single-baseline system configuration was developed by the

MSAT-2 study, one antenna concept was selected as the baseline.

The wrap-rib antenna concept was selected as the baseline for MSAT-2. However,
this does not preclude the consideration of any other antenna concept for sub-
sequent MSAT-2 studies, technology developments, or applications. The wrap-rib
reflector was selected on the basis of its demonstrated concept maturity. Such
demonstrations included the successful ATS-6 satellite (Figure 2-15), Lockheed's
functional 15 - (Figure 2-16) and 44-meter diameter reflector models, and the
Large Space System Technology (LSST) proof-of-concept, 55-meter model (Figure
2-17). Even though the wrap-rib reflector concept was selected for the baseline,
no specific concept for the offset deployable-feed support structure was selected
as a baseline. There are a number of concepts for deployable booms that have
the potential for application with the offset wrap-rib reflector structure.
Another phase of antenna concept evaluation is required to accommodate the selec-

tion of a deployable-feed support structure whose mechanical performance is

complementary to the existing wrap-rib reflector maturity.
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can be shown that of all the circular aperture antennas illuminating a circular
region, the one with 4.34-dB fall-off at the edge of coverage from the center
produces the highest gain at that point. Secondly, it is very easy to observe
that the full coverage of a given region with a uniform two-dimensional grid of
beams, with a minimum overlap of ‘adjacent beams, is achieved with an equilateral
triangular grid éonfiguration. Based on the above two considerations, the optimum
full coverage of a given region with multiple circular beams is achieved with
overlapping beams as shown in Figure 2-18. In this arrangement adjacent beams
touch at the 3.25-dB level and intersect at the 4.34-dB level. The amount of
overlap between adjacent beams is oniy 5,77 percent of each beam (as opposed to,
e.g., 18.17 percent for a similarly arranged rectangular grid). For reasons of
simplicity and conformity with convention, we choose the crossover at the 4-dB
level (instead of 4.34) and contiguity at the 3-dB level (instead of 3.25). The
loss of gain in this modification is negligible while the required reflector dia~
meter is also siightly smaller. From this point on whenever reference is made to
the beamwidth or beam footprint size, unless otherwise indicated, the half-power

or 3-dB contiguous footprint is meant.

By projecting the boundary of coverage area into the satellite antenna coordinate
system and superimposing the grid of beams, the configuration and number of re-
quired beams are obtained. Once the number of beams is fixed the freguency reuse
scheme can be decided on the basis of a trade-off between required satellite power
and the desirable number of channels on the one hand, and the acceptable C/I
(carrier-to-interference) ratio, on the other. If the reflector diameter is not
given a priori, then again by a trade-off of the required power and total channel
capacity, the number of beahs, the beamwidth, and the'frequency reuse f;ctor can

be selected such that an acceptable C/I is maintained.
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2.7.2 Feed Elements and Feed Array Configdration

Based on the selected geometry of the antenna and the multibeam feedprint

layout on the coverage region, the geometrical configuration of the radiating
elements (which illuminate the reflector and produce the beams), i.e., their
location on the local surface and interfeed separation, can be obtained.
Theoretically, all the feed elements should be located on the nonplamar “focal
surface." But due to practical structural considerations, the feeds will be laid
out on the offset focal plane, i.e., the plane passing through the focal point

and perpendicular to the 1ine joining this point to the “center" point of the
reflector aperture as seen in Figure 2-9. Furthermore, for ease of implemen-
tation, the elements will be laid out in a uniformly spaced,_equi]atera] triangular
grid similar to the multibeam layout. Once the feed array is laid out in such a
fashion, the resulting layout of the beams over the coverage region will somewhat
deviate from a uniform grid configuration due to the beam deviation factor. For
proper illumination of the reflector all the feed elements should be directed to-
ward the center of the reflector [8]. For off-focus feeds this may be accomplished
by the proper phasing of the subelements comprising the feed. In a single-subelement
feed, however, this is not possible. In that case either the loss should be accepted

or the element mechanically tilted toward the center.

The interfeed éeparation is dictated by the interbeam separation and the F/D of the
‘reflector. Thus, the separation between the centers of any two adjacent feeds, s,
is approximateiy given as

" s/ML = {1,135/b) (F/D) (COL/3) 1/2 (2-2)
in which WL is the wavelength, b is the beam deviation factor (less than but close

to unity), and COL is the contiguous crossover level of adjacent beams whose near
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optimum level, as mentioned in 2.7.1, is 3 dB. Thus, it is interesting to note
that the interfeed separation in terms of wavelength is approximately equal to the
F/D ratio. This separation is aiso the diameter of the circular region available
to individual feeds. The required area per feed and the feed composition, however,
are functions of the desired far-field beam pattern characteristics. Thus, the
feed size and configuration shod1d be selected so as to optimize the gain and/or
sidelobe characteristics. These are dependent on the feed illumination function

at the reflector. The primary factor is the illumination taper at the edge of

the reflector, FET, as shown in Figure 2-19, 1In general, increasing the edge

taper requires a larger feed diameter, d, which is approximately given by
d/ML = 1.135 (F/D) (FET/3)1/2 (2-3)

For gain optimization, a feed edge taper of approximately 10 dB is required which
from Eq. (2-3) leads to a desired feed diameter twice F/D in terms of the wavelength.
Thus, a conflict between the required feed size and the available feed area is
created. If very low sidelobes are required, so that the interbeam isolation

in a frequency reuse scheme is kept below a certain level, then even higher values
of the feed edge taper and consequently larger féed diameters might be needed.

It should be emphasized that not only the edge taper, but- the entire shape of

the il]ﬁmination function could affect the gain and sidelobe characteristics,
Specifically, the slope of the illumination function at the edge, has a significant
effect on sidelobe characteristics. Sidelobe levels decrease as the slope decreases
for a given edge taper. This is especially important in multi-element feeds in
which by proper design of the elements, their spacing and excitation levels, the
total feed pattern can be tailored to produce both the desired edge taper and edge
slope. In single-element feeds, the edge taper and é?ope are usuaily not independent
and once a particular edge'taper is selected the edge slope cannot be arbitrarily

. specified.
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Figure 2-19, RF Performance vs. Feed Size and Configuration
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At any rate, in most cases of interest the required feed area exceeds the available
real estate. A solution to this problem can be provided by an overlapping cluster
feed arrangement as demonstrated in Fig. 2-20. In this arrangement a few elements
are shared among adjacent beams, thus providing a larger overall feed area per beam.
For exqmp1e, in Fig. 2-20, each beam uses seven elements while each element is also
shared, in general, by seven beams. This technique, however, requires an elaborate
beam-forming network, an increase in the overall feed array size, etc. A detailed

account of such a system .is given in [6], [9], and [10].

Some possible overlapping cluster feed arrangements are shown in Fig. 2-21. Notice
that in this arrangement each element itself can be composed of one, two, four, or
more subelements. In Fig. 2-21, one subelement shown is a square microstrip patch,
although many other feed element types are possible. In a cluster feed arrangement
the separation between elements (usually from haif to equal the interfeed separation,
s, as given in Eq. (2-2)) 1is decisive in determining whether or not the overall

feed pattern has high grating lobes. These lobes fall beyond the reflector edge

and cause generally high levels of gain loss (1 to 2 d8) in addition to creating
other problems (such as specious lobes in a multi-aperture reflector [111). For

this reason the interfeed separation, s, in terms of the wavelength, which is almost
equal to F/D, should be kept below 0.5 for eliminating grating lobes or below unity
for acceptable levels of these unwanted lobes. However this might not be possible in
cases with a very large number of beams in which F/D must be chosen larger than

unity in order to maintain the integrity of the scanned beams.

Finally, once the size and configuration of the cluster feed is decided, optimization
routines must be employed in order to select the appropriate excitation levels in
different elements.” There are two general methods for doing this. In one method
the element phase and amplitude areoptimized so that a desired distribution in the
aperture plane (plane phase and desired amplitude taper) is obtained. In a second

and more direct method, the problem is formulated directly in terms of a set of
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a) Two Overlapping Single Feeds (Physically Impossible)
(The Dashed Circles Represent the Largest Physically Acceptable Single Aperture Sizes)

b} Two Overl_appfng 7-Element Cluist'er Feeds {Four Common Elements)

Figure 2-20. Overlapping Cluster Feed Concept - °
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constraints on the main beam and sidelobe levels in the farfield pattern.

Then, by varying the cluster amplitude and phase, those objectives are

achieved.

As far as the selection of radiating subelements are concerned there are a

variety of elements available and suitable for various applications, such as

waveguide aperture

- simple and corrugated horns

- backfire elements

- c¢igar antennas

- multifilar spiral antennas

- microstrip patch antennas.
The most appealing choice,‘perhaps, is the microstrip patch antenna, which is
mechanically and structurally simpie and lends itself quite naturally to a large
flat panel array configuration. It is 1ightweight and can be easily implemented.
In most cases a honeycomb substrate can be used which is extremely 1ightweight
and has minimal dielectric losses. The thickness of the substrate can be easily
calculated to accommodate the less than 7% bandwidth for operation at both uplink
and downlink frequencies. In this study the square microstrip patch is chosen as
the baseline element although other shapes, such as circular, can also be gainfully
employed. Circular polarization can be achieved in a variety of ways. It can be
obtained by two-point feeding through microstrip 1ines on the array surface or
with two coaxial probes from underneath to reduce cross polarization. A simpler
single probe per patch might be possible if each feed or each element of a cluster
feed is composed of four microstrip patches. This concept is presently under

study at JPL [12].
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Using a square microstrip patch as a subelement in the feed cluster, a variety
of clusters {Fig. 2-21) were studied. Figures 2-22 through 2-25 show typical
patterns of a single element, and the clusters of four elements, seven elements
(of four patches per element), and six elements {of two patches per element},
respectively. Only copolarized components of the field have been shown. The
corresponding far-field patterns for a 15-meter reflector at f = 845.5 MHz whose
parameters are given in Fig. 2-26, are presented in Figs. 2-27 through 2-30.

(A11 the far-field qomputations in this report are made with a highly efficient
and accurate refiector scattering program recently developed at JPL [13].} From
the presented figures the following observations can be made:

1) The efficiency of the single-element (of four patches) antenna is
higher than the multi-element feeds considered. This is because the
single-element feed has relatively high spillover loss {with an edge
taper much Smallef than 1b dB)} while the multi-element feeds
underilluminate the reflector as well as causing high spiliovers due
to the grating lobes. It is also interesting to note that among the
multi-element feeds, the one with six elements (of two patches) has
the best performance,

2) The very low sidelobes of the multi-element feeds are accompanied by a
substantial beam broadening. This could have positive and negative
effects. On the positive side, if the separation between adjacent
beams is maintained at the nominal level {(for example, thaf correspond-
ing to the 3-dB level of the single-element feed), then an increase
of perhaps 1 to 1.5 dB in gain at the edge of the beams for multi-
element feeds can be achieved, which more than compensates for the
gain loss at the center. Of course if the beams in a multi-element
feed case are moved further apart so that they touch again at the

3-dB Tevel, then this advantage is lost.
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On the negative side, the beam-broadening effect also includes the
broadening of the shoulders of the main beam to the extent that it can
be at the position of the first sidelobe in a single-element feed case
(in a sense the main lobe has swallowed the first sidelobe!). Again
this means that if the separation between adjacent beams is maintained
at the original level, no advantage might be Qained {and indeed might
be lost in some cases) in terms of better isolation in a low freguency
reuse case (3 or 4), since instead of the sidelobes, the shoulders of the
main Tobe might be interfering with adjacent cochannel beams. Indeed
this could be the case even if the beéms are moved further apart to a
new position such thﬁt the adjacent beams touch at the 3-dB leveli. In
Figs. 2-27 through 2-30 the positions of tﬁe edge of the nearest

cochannel beam in the 3, 4, and 7 frequency reuse scheme are marked.

Based on the above obse}vations and in 1ight of the fact that any multi-element
overlapping cluster feed will require a fairly complicated and extensive beam-
forming network, ii can be concluded that a singTe—elgment feed (with one or more
subelements) should be looked upon as a preferred candidate, provided that the
sidelobes of the secondary far-field pattern and the resulting isolation levels
are acceptable., However, if this is not the ca;e then the 6-element configuration
seems to provide a good alternative. Both the 4- and~6-e1§ment configgrations have
the added advantage (over the 7-element cluster) that their beam-forming network
can be accomplished relatively simply.and in a single layer-of microstrip or
stripline network as shown in Figs. 2-31 and 2-32., Whereas the 7-element cluster
requires a two-Tayered network (as detailed in [6], [91, and [16]). On the

other hand, the 7-element cluster has the advantage of higher flexibility because
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of the larger number of elements and the additional degrees of freedom that

it provides in terms of phase and amplitude adjustments.

The overall area of the feed array in a multibeam system is given
approximately by

S= L F[ 1+ (h/oF)2]A (2-4)

1
b
in which F is the antenna focal length, b is the heam deviation factor (less than
but close to unity), h. is the offset height of the center of the reflector (equal
to zero for a symmetric refiector), and A is the spatial angle of the coverage
region in steradians. Since in most cases hc is much smaller than 4F and b is

close to unity, the following interesting observations can be made:

a) The feed array dimensions depend mainly on
1. The angular dimensions of the coverage region, and

2., The focal length of the reflector.

b) The feed array size is practically independent of
1. The frequency or wavelength of operation, and

2. The number of beams over the coverage region,

The size of the overall feed array is somewhat larger in the multi-element

overlapping cluster case due to the additional elements needed .on the periphery
of the array. In the actual cases considered, of course, the dimersions of the
overall array panel are calculated accurately and in a detailed fashion for each

individual case.
2.7.3 Interbeam Isolation

In a frequency—reuse muitibeam system a number of beams which are spaced apart

by a few beamwidths can operate at the. same frequency. The number of;these
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cochannel beams, theif separation, and the pattern characteristics of each

beam must be such that the interference at any beam due to the other beams remains
below a certain specified level compared to the desired signal level. A performance
index commonly employed is C/I, the ratio of the desired carrier signal to the
incoherent (power) sum of all the %nterfering signals. - However a distinction

must be made between the uplink and downlink interference.

The two situations are presented in Fig. 2-33. In the uplink case as seen in Fig.
2-33(a), the interfering signals come from ground transmitters located in the co-
channel heam footprints and enter the satellite receiver through the sidelobes of
the desired beam. Thus, only one beam pattern is involved in the process. Since
the transmitted signals come from different geographical locations on the ground,
they are subject to different multipath, tropospheric, 1onaspheric, space loss, and
other effects agsociated with their paths. Therefore, they should be included in
the isolation calculation., In general due to the fact that the desired signal might
be more severely affected by these effects than the undesired interferers, the up-
link C/I could be much worse than expected. Furthermore, since the desired and
interfering transmitters could be at various Tocations in their respective foot-
prints, the calculation of C/I for all situations could be Qeny complicated and time
consuming. Perhaps only an upper b;und on interference, when the signal contributes

the least and the interferers the most, can be realistically calculated.

The downlink interference situation is rather different. As seen in Fig. 2-33(b),

the single receiver at a point within the footprint of the desired beam receives

interference from other beams.

In this case only a single path is involved; therefore, the various path loss
mechanisms affect the signal and the interferers identically and do not affect
the C/I calculations. The interference, however, comes from different cochannel

beams, and all of them are involved in the calculation of the C/I. éince the:

2-75
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- {b) Downlink Interference

Figure 2-33. Multibeam Signal Interference
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position of beams, with respect to each other is fixed, only one set of cal-
culations needs to he performed in order to obtain the isolation at different
points within the desired footprint. In this study only the downlink C/T is
considered and it is assumed that the uplink has a more or less equivalent

value. The effects of multipath, etc., aré,considered separately.

Many multibeam cases including 10-, 15~ and 20-meter diameter reflectors at
high UHF frequencies (821 to 870 MHz) and 10- and 15-meter diameter reflectors
at L-band (1.55 to 1.65 GHz) with various frequency reuse schemes have been
" considered, Figs. 2-34 through 2-36 show the beam layouts and frequency reuse
schemes for a 15-metgr reflector at 90° and 130° west longitude geostationary
orbits operating at 823 MHz. Geometric.characteristics and typical far-field
patterns of this antenna were given in Figs, 2-26 through 2-30. An array con-
figuration for this antenna with 12 beams at 90° west longitude is given in
Fig. 2-37. Figs. 2-38 through 2-40 show the multibeam layouts as viewed from a
geostationary orbit for a 20-meter antenna operating at 823 MHz at 90° and 130°
west longitude genstationary locations with.4, 7, and 9 frequency reuse schemes.

]

The antenna and feed parameters are given in Fig. 3-11.

Summary results of the isolation studies for these 15- and 20-meter UHF antennas
are given in Table 2-6. The L-band antennas (1.55 to 1.65 GHz) with 10.6- and
15-meter diameters have.also been studied. Beam size and layout of the 10.6-meter
antenna are simitar to the 20-meter UHF case and will not be rqpeated. (Elsewhere
in this report this 10.6-meter antenna is referred to as the 10-meter antenna.)
Figs. 2-41 through ?—42 show the beam layout of tﬁe 15~meter- L-band antenna at

90° and 130b west longitude geostationary orbit positions with 7 and 9 frequency
reuse schemes, Geometric characteristics of -10.6- and 15-meter L-band antennas
are_shoﬁn in Figs. 2-43 and 2-44, respectively. ﬁesuTts of beam isolation studies
for these antennas are summarized in Table 2-7. These results are bhased on RMS

surface errors of equal to or less than 1/50th of the wavelength with typical
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FREQ. 1 2 3 4

REUSE 3 3 3 3

Figure 2-34(a). MSAT-2 Satellite Antenna Beam Layout, 4-Frequency Reuse
Antenna Diameter: 15m; f = 845.5-MHz;Crossover Beamwidth: 1.9°%;
Crossover Gain: 35 dBjSatellite Position: 90°W Longitude Geostationary Orbit
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FREQ. 1
REUSE 3 3 3 3

Figure 2-34(b). MSAT-2 Satellite Antenna Beam Layout, 4-Frequency Reuse
Antenna Diameter: 15m; f = 845,5-MHz; Crossover Beamwidth: 1.9°;
Crossover Gain: 35 dB;Satellite Position: 130°W Longitude Geostationary Orbit
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FREQ

1 2 3 4

REUSE 2 2 2 2

5 6
2 2

Figure 2-35(a). MSAT-2 Satellite Antenna Beam Layout, 6-Frequency Reuse

. Antenna Diameter:

Crossover Gain:

35 dB3Satellite Position:

L3m; £ = B45,5-MHz} Crossover Beamwidth: 1.9°;

90°W Longitude Geostationary Orbit
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FREQ. 1 2 3 4 5 6

REUSE 2 2 2 2 2 2

Figure 2-35(b). MSAT-2 Satellite Antemna Beam Layout, 6-Frequency Reuse
Antenna Diameter: 15m; £ = 845.5 MHzi;Crossover Beamwidth: 1.9°;
Crossover Gain: 35 dBj3Satellite Position: 130°W Longitude Geostationary Orbit
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FREQ. 1 2 3 4 5 6 7
REUSE 2 2 2 2 2 1 |1

Figure 2-36(a). MSAT;Z Satellite Antenni Beam Layout, 7-Frequency Reuse
Antenna Diameter: 15m; f = 845.5-MHz;Crossover Beamwidth: 1.9°;
Crossover Gain: 35 dBjSatellite Position: 90°W Longltude Geostationary Orbit
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FREQ. 1 2 3 4 5 6 7

REUSE 2 2 2 2 2 1 1

Figure 2-36(b) MSAT-2 Satellite Antenna Beam Layout, 7-Frequency Reuse

Antenna Diameter:

Crossover Gain:

35 dB;Satellite Position:

15m; £ = 845.5-MHz3Crossover Beamwidth: 1.9°;

130°W Longitude Geostationary Orbit
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FREQ. 1 2 3 4
REUSE 6 7 6 5

Figure 2-38(a). MSAT-2 Satellite Antenna Béam Layout, 4-Frequency Reuse
Antenna Diameter: 20m; f = 845.5~MHz;Crossover Beamwidth: 1.4°%;

Crossover Gain: 37.5 dBiSatellite Position: 90°W Longitude Geostatiocnmary Orbit
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_FREQ. 1 2

‘REUSE 5 5 6.

Figure 2-38(b).

MSAT-2 Satellite Antenna Beam Layout, 4-Frequency Reuse
Antenna Diameter:

Crossover Gain:

37.5 dB; Satellite Position:

20m; f = 845.5-MHz;Crossover Beamwidth: 1.4°;
130°W Longitude Geostationary Orbit
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FREQ. 1 2 3 4
REUSE 4 3 4 4

Figure 2-39(a).
Antenna Diameter:

Crossover Gain:

2

37.5 dB{Satellite Position:

MSAT-2 Satellite Antenna Beam Layout, 7-Freguency Reuse

20m; £ = 845.5-MHz;Crossover Beamwidth: 1.4°;

90°W Longitude Geostationary Orbit
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FREQ. 1 2 3

REUSE 3 2 3

<,

Figure 2-39(h).
Antenna Diameter:

Crossover Gain:

37.5 dB;Satellite Position:

MSAT-2 Satellite Antenna Beam Layout, 7-Frequency Reuse
20m; f = 845.5-MHz; Crossover Beamwidth: 1.4°;

130°W Longitude Geostationary Orbit
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Figure 2-40(a).

,FREQ. 1 2 3 4 5 6 7 8 9

REUSE 4 2 3 4 3 3 2 1 2

MSAT-2 Satellite Antenna Beam Layout, 9-Frequency Reuse
Antenna Dlameter:

Crossover Gain:

20m; £ = 845.5-MHz ;Crossover Beamwidth:
37.5 dB;Satellite Position:

1.4°;
90°W Longitude Geostationary Orbit
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FREQ. 1 2 3 4 5 6 7 8 9

REUSE 3 2 3 2 2 2 2 2 3

Figure 2-40(b). MSAT-2 Satellite Antenna Beam Layout, 9-Frequency Reuse
Antenna Diameter: 20m; f = 845.5-MHz3Crossover Beamwidth: 1.4°;
Crossover Gain: 37.5 dBjSatellite Position: 130°W Longitude Geostationary Orbit
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Figure 2-41(a).

Antenna Diameter:

90°W Longitude Geostationary Orbit

15m; f = 1600 MHz; Crossover Beamwidth: 0.95°;

40.5 dB; Satellite Position:

Crossover Gain:



2-92

12 3 4 5 6 7

FREQ,
REUSE

5 7 6 7 6 4 7

130°W Longitude Geostatiomary Orbit

15m; £ = 1600 MHz; Crossover Beamwidth: @,95%;

MSAT-2 Satellite Antenna Beam Layout 7-Frequency Reuse

40.5 dB 3 Satellite Position:

~
a
4
.nm._
o]

s o
~ =
b -
~ i
el o
~ oo

g O

[ W]
S8 9
&0 4
-~ o]
=24 0

L7}
Q
o
o



2-93

quency Reuse

= 1600 MHz; Crossover Beamwidth: 0.95°%;
90°W Longitude Geostationary Orbit

15m; £

MSAT-2 Satellite Antenna Beam Layout 9-Fre
Crossover Gain: 40.5 dB! Satellite Position:

Antenna Diameter:

Figure 42(a).
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MSAT-2 Satellite Antenna Beam Layout, 9-Frequency Reuse

Antenna Diamater:
Crossover Gain: 40.5 dB; Satellite Position:

Figure 2-42(b).

15m; £ = 1600 MHz; Crossover Beamwidth: 0.93°;

130°W Longitude Geostationary Orbit
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Figure 2-'-43. Fu_aed/Reflectc_Jr Parameters for the 10.6-m L-Band Antenna of MSAT-2
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Figure 2~44. Feed/Reflector Parameters for the i5-m L-Band “Antenna of MSAT-2
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Table 2~6. Summary Results of Beam Isolation
Versus Frequency Reuse and Feed Configuration Study - UHF

FEED CONFIGURATION|TOTAL NUMBER
FREQUENCY ELEMENTS OF ELEMENTS '}ISOLATION (C/I)
ANTENNA |REUSE FACTOR | (PATCHES/ELEMENT) | 90°W 130°W dB
1/4 .1 (&) 12 12 13
15 Meter 4 (&) 20 21 17
6 (2) 38 40 20
Of fset Reflector Antenna
Surface Tolerance: <\/50 1/6 1 (&) 12 12 17
4 (4) 20 21 23
90°W: 12 beans 6 (2) 38 40 27
130°W: 12 beams
1/7 1 (4) 12 12 23
4 (8) 20 21 25
6 (2) 38 40 28
1/4 1 (4) 24 21 12
20 Meter 4 (&) 36 34 15
6 (2) 68 65 18
of fset Reflector Antenna 1/5 1 {4) 24 21 14
1/6 1(4) 24 81 17
Surface Tolerance: <\/50 .
1/7 1 (4) 24 21 18%
50°W: 24 beams 4 (4) 36 34 21
6 (2) 68 65 24
130°W: 21 beams i/9 1 (4) 24 21 22

*Notice that these figures are for the absolute worst case. In Section 3-5, it is
shown that 20 4B is achievable for most situations.
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Table 2-7.

Summary Results 0f Beam Isolation Versus Frequency
Reuse and Feed Configuration Study - L-Band

Offset Reflector| FREQUENCY | FEED ELEMENTS | TOTAL NUMBER OF |ISOLATION
Antenna Diameter |REUSE FACTOR|(PATCHES/ELEMENT)| BEAMS (ELEMENTS) "dB
‘ ) 90°W 130°W
10.6 m 1/9 1 (4) 24 (24) 21 (21 22
15 m 1/7 1 (4) |49 (49) 42 (ﬁz) 15
1/7 4 (4) 49 (72) 42 (67) 17
1/7 6 (2) 49 (128) 42 (115) 20
1/9 1 (4) 49 (49) 42 (42) 19
1/9 4 (4) 49 (72) 42 (67) 21
1/9 6 (2) ° 49 (128) 42 (115) 23
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correlation diameters of between 1/10th to 1/20th of the reflector diameter.
For RMS errors of the order of 1/40th of the wavelength the isolation figures

may be reduced by approximately 1 dB.
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2.8 SELECTION OF ANTENNA SIZE AND FEED CONFIGURATION

The discussion in Section 2.7 has narrowed down the possible feed con-
figurations. The final feed design cannot be determined without considering
the antenna size. Both the antenna size and the feed design will be determined
in this section, although many of the factors that must be considered in the

selection process are not addressed here in detail.

In order to properly size the antenna and determine the feed design for the
baseline system, various combinations of antenna size, feed design, and the
frequency reuse factor are tabulated in Table 2-8. There are sixteen com-
binations or options listed in the Table. These combinations are composed

of three antenna sizes, three frequency reuse factors, and three feed designs.
(It is noted that the 9-frequency reuse is not included in the table because
of its limited rere of the available spectrum.) The antenna sizes are 15,

20, and 25 meters. The feed designs are l-element or nonoverlapping feed,
4-element, and 6-element designs. The following procedures will be used to

size the antenna and to select the feed design:
1) Estimate the payload weight using the model in Appendix D.
2) Estimate the payload power.

3) Calculate the number of channels that can be powered up
by taking into consideration the interbeam isolation

and the overall C/I as described in Appendix E.

4) Calculate the number of channels that can be supported

by the available bandwidth.
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Table 2-8. Various Combinations of Antenna Sizes, Feed Designs,
and Frequency-Reuse Factors

ANT NO. OF | FREQUENCY- | NO. OF TOTAL | ANTENNA NO. OF
SIZE | BEAMS |i REUSE ELEMENTS | NO, OF |ISOLATION | POTENTIAL OPTIONS
(m) SCHEME PER BEAM | ELEMENTS (dB) CHANNELS
1 12 ;* 23 1
7 4 20(21) 25 3428 2
6 38(40) 28 3
1 12 17 4
15 12 6 4. 20(21) 23 4000 5
6 38(40) 27 6
1 12 13 ' 7
4 4, 20(21) 17 6000 8
6 38(40) 20 9
1 24(21) | 20 : 10
7 4 36(34) - 21 6857 11
6 68(65) 24 ~ (6000) - 12
20 24 ' T
(21) 1 24(21) 12 13
4 4, 36(34) 15 12000 14
6 68(65) 18 (10500) 15
25 34 7 1 34 - 9714 16
NOTES:

**hen a‘bair of numbers is given, the parenfhesized one is for the 130° W
satellite and the other for the 90° W satellite.

*The 6-element designs require only 2 micropatches per eleﬁent while the
other designs utilize 4 patches per element.
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5) Determine the number of actual satellite channels that
will be available by comparing the number of channels
established in Step 3 and Step 4, If, for a given
design, the number of channels obtained in Step 3 is
larger than that in Step 4, then the capacity of this
system will be limited by the available frequency band

‘ and.there will be excessive spacecraft power not being
utilized.

6) Assess the relative system costs or user costs.
2.8.1 Estimated Payload Weight

The antenna size and feed design affect the payload weight in two ways. First,
a larger antenna weighs more because of the larger reflector and the longer
supporting boom. Secondly a larger antenna produces a smaller beam which means
more beams will be required to cover the same service area. More beams means

a heavier feed assembly and ultimately increases the payload weight. Because
the payload weight depends highly on the choice of the antenna sizg and the
feed design, it is, therefore, imperative to consider the effects on the

payload weight before the selection of antenna diameter can be made.

The payload weight for the various options listed in Table 2-8 has been eqti<
mated by determining the weight of the UHF feed assembly, the antenha, and the

transponder, using the model developed in Appendix D.
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The estimated payload weights of the various options are shown in Table 2-9.
It is obvious from the Table that the weight of some payloads exceeds the
projected capability of the baseline bus. These options will therefore be

eliminated from further examinations (options 11, 12, 14, 15, and 16),

2.8.2 Available Payload Power

The DC power available to the payload can be obtained from Figure 2-7 once
the payload weight is khown. The DC power, for options that have not been

eliminated by Step 1, is given in Table 2-9,

2.8.3 The Number of Channels That Can Be Powered Up

The number of channels that can be supported by the spacecraft power subsystem
can be calculated for each option by dividing thg available RF power by the
required power per channel. The availab]é RF power can be approximated by
mu]tiplyiné_the available payload power given‘iﬁ-Table 2-9 by the overall

DC-to-RF conversion efficiency, thch is assumed to be 26%.

The required power per channel is the power needed to yield a net end-to-end
EB/NO of 12.7 dB, which is 2 dB above the minimum value required to satisfy the
bit-error rate performance requirement (Chapter 3). The net EB/NO is the

equivalent EB/NO after properly accounting for both the noise and interference

degradations.

For a given link.performgnce, the required ﬁower varies as a function of both

the overall C/I and the modes of communications. In order to estimate the per-
channel power, it is necessary to first determine the overall C/I, which is a
function of the interbgam isolation, intermod level, muitipath, etc., as described

in Appendix E. Based on the analysis presented in the Appendix, the overall C/I
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Table 2-9.

Estimated Payload Weights and Payload Power

ESTIMATED WEIGHTS, kg (1)

(MSAT-2 BASELINE)

OPTIONS 1, 4,7 (2,5 8 |3,6,9]| 10,13 11, 14 | 12, 15| 16
UHF FEED ASSEMBLY 123‘ 206(21%) 361(379)| 256(224) | 374(351)| 649(618)] 363
TRANSCEIVER 15 15 15 17 17 17 20
UHF REFLECTOR AND(2) 174 174 174 209 209 209 270
SUPPORTING STRUCTURE
Ku-BAND REFLECTOR 4 4 4 4 4 4 4
Ku=BAND THT 4 4 4 4 4 4 4
JTOTAL WEIGHT 325 403(412) | 558(576)| 490(458) | 608(585)| 883(852)| 661
PAYLOAD POWER (WATTS) | 2880 |2160(2080)] 740(570)|1360(1660) - - -

(1) When a pair of numbers is given, the parenthesized one is for

the other is for the 90° W satellite.

(2) Including a contingency of 16 to 20%.

the 130° Y satellite while




has been calculated and shown in Table 2-10 for the options being considered.
As indicated in the téple, the overall C/I for the mobile-to-mobile communica-
tions is, in general, lower than that for the fixed-station-to-mobile com-
munications. As a result, the power required for mobile-to-mobile communica-

tions will be higher than that for the fixed-station-to-mobile communications.

With the overall C/1 known, the per-channel power can be readily determined,

As an example, two link budgets are shown in Tables 3-11 and 3-12 for the mobile-
to-mobile and fixed-station-to-mobile communications, using an overall C/I of
20 dB. The power required is -10,58 dBW, or 0.088 watts, and -10.62 dBW, or
0.087 watts, for the mobile-to-mobile and fixed-station-to-mobile communica-
tions, respectively. The per-channel power for the various options under con-
sidgration has been determined by substituting the appropriate interference
parameters into the link tables in Tables 2-11 and 2-12. The resulting per-
channel power is shown in Tables 2-13 and 2-14 (column 10). It is noted that
the per-channel power is not provided for options which have'a C/I of 10 dB or
less. Although it may be possible to compensate for the tow C/I by increasing
the power per channel, the additional power would be tremendous. Consequently,

a C/1 of less than 10 dB is considered unacceptable.

With the per-channel power known, the number of satellite channels that can be
supported by the available power has been determined and shown in Tables 2-13
and 2-14 (column 11) for the east satellite. The available RF power for the

east satellite is shown in column 9.
2.8.4 The Number of Channels Supported by the Available Frequency Band

The number of channels that is available for a given bandwidth is determined by
the frequency reuse factor, channel spacing, and the number of multiple beams,

as indicated by the formula given in Section 2.2.1, Using a 10-MHz bandwidth
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Table 2-10. Overall C/I

Options Sidelobe Overall C/I, dB
Levels, Mobile-to-Mobile Fixed-to-Mobile
dB

1 23 -15.3 18.5
2 25 16.5 19.2
3 28 18.1 19.8
4 17 10.4 . 15.4
5 23 15,3 18.5
6 27 17.6 19.6
7 13 6.6 12,3
8 17 10.4 15.4
g 20 13.0 17.2
10 20 13.0 17.

11 21 13.8 17.7
12 24 15.9 18.9
13 12 5.7 11.4
14 15 8.5 13.9
15 18 11.3 16.0

[
N
a—,
b
L
t
]
!

(1} MNo C/I values are given for option 16 because its payload is too heavy.
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TABLE 2-11, DESIEN CONTROL VABLE FOR MOBILE-TO-MOBILE LINKS (AN EXANPLE)

TRANSHITTER PARARRETERS
11I81T POMER,DBN
2)XHIT CIRCUIT 1055,0B
J)ANTENNA GAIN,DBI
4JEIRP,DBN (11)+i2)+{3})
SIPDINTING 105,08

PATH PARAMETERS

b)SPACE LOSS,DB
{FREQUENCY, Nl z
{RANG= 40000 KN )

TIATHOSPHERIC ATTN,DB

#)E.0.8.1085,08

IMULTIPATH LOSS,DB

10) SHADOWING LOSS,Dd

RECEIVER PARAMETERS
{1}POLARIZATION LOSS,DB
12)ANTENKA GAIN,DBI
13)PGINTING LOSS,DB

14)RECEIVED SIGNAL POWEFR,DBW

(SUK OF LINES 4 - 13 |
151SYSTEN TEMPERATURE,DBK
{CIRCUIT LOSS,DB
(RCVR X.F. ,DB
{ANTENNA TERR,K
16} RECEIVED Nu,DBN/HT
{115)-228.& DBW/HL

{BANDNIDTH,KHZ

g W H

"

CHANNEL PERFORMANCE

§7)RCVD C/NO,DB-HZ ({14)-116M

IBVEFFECTIVE C/KO,DB-H1
{OVERALL C/1,0L8
fINTERBEAM ISOLATION
{INTERSAT. ISOLATION
{INTERMAD ISOLATION

. ATURNARGUND C/RO
(XO{UP} /N0 {REQUIRED)
{XDDEK 1.058,08

L9)REQUIRED C/NO,DB-KI

20)PERFORMANCE MARGIN,DB
{(gy-i9n

FOF

TR!
REC
TRI

TRI

TRI
TR1
BAY
DEL

TR!
TRI
TR

AU

EAU
Thl

5Al
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MOBILE TD SAT SAT TO MNDBILE
FAV AV VAR FAY ADV VAR
DESIGN TOL TOL MEAN {X.01)  DESIGN TOL TYOL  WERN {X.01)
.00 L.00 Q.00 733 5.5 -10.58 .50 .30 ~-10.38 417
-1.50 .20 .50 -1.63 4.0B -2,40 .20 t.00 -2.B0 12,00
106.00 1.50 0.0 10,50 12.50 2,20 .50 .50 42,20 L.D7
15,30 14,18 2.2 28.82
¢.00 ¢.00 0.00 0.00 0.00 .00 30 50 107 472
~182.94 -182.94 -183. 24 ~183.24
836.600 844,00
0.00 0.00 . 10 --03 -06 O.W 0.00 .10 "'003 06
-4.00 0.00 90 -417 139 -4,00 0.0 .50 417 139
-5.00 2.00 0.00 -4.00 1.4 -5.00 2.00 0.00 -4.00 tl.11
0.00 0.00 0.00 0.00 9,00 0,00 0.00  0.00
'.50 nlo llo '.50 -j? "50 010 .10 '--50 ul?
41,50 .50 .50 41,60 4.17 10.00 1.50 0.00 10.50 12.50
-1.00 30 50 -7 2.72 0.00 0.00 0.00  0.00 0.00
-1356.34 ~-134.92 -134,52 -133.469
29,22 .90 1,30 2,06 20 .40
-2.40 .20 1.0 -1.50 .20 20 }
220 .70 .30 1.50 0.00 .20 )
290.00 0.00 0.00 220.90 0.00 €.09 !
-199.38 .90 .30 -199.58 13.44 20184 .20 .40 -200.64 LU
3.00 5.00 )
43.04 43.46 47,01 47.93
52,64 64.09 45,50 47.35
20,00 .74 .76 20,00 4.24)
36.20 1.00 1.00 36,20 14.67 36.20 1,00 £.00 34.20 }
23.00 .50 .50 23.00 }
24,00 1.00 1,00 24,00 )
63.04 bbb 53.19)
.15 13 )
0.00 4.0 .00 0.0l ]
2.4 52.1% 44,50 44,30
9.9¢ 11,35 .BS 2,00 2.86  1.05
11 SIf) {1 SI6)



TABLE 2-12.

TRANSHITTER PARANETERS
1) IM1T PERER,DBNW
2)XNIT CIREUIT LOSS,DB
SIANTENNA GAIN,DBI
4}EIRP DBM {{1)+{2)+(3})
SIPOINTING 1.0S5,0B

PATH PARRMETERS

b)5PACE LOSS,DB
{FREQUENCY ,EHI/NHL =
{RANG= 40000 KN )

TIATNDSPHERIC ATIN,DB ~

8)E.0.B.L055,0B

FIMULTIPATH LOSS,DB

10) SHADOKING LOSS,DE

RECEIVER PARANETERS
11)POLARTIATION LOSS,DB
1Z}ANTENHA BAIN,DBI
13)POINTING LOSS, DB

14}RECEIVED SIGNAL POXER,DEW

{SUM OF LINES 4 - 13 )
15}5YSTEN TEMPERATURE,DEK
{CIRCUIT LOS5,BB

- (RCVR W.F. DB
{ANTENNA TERP,K
16} RECEIVED NO,DBRW/HI

(115)-228.5 DBN/HI )
(BANDMIDTH,KH2

"

CHANNEL PERFORMANCE

{7IRCVD ClHO,DB-HZ'((l#J-llB))

IBIEFFECTIVE C/NO,DB-HI
{DVERALL /1,08
{INTERBEAN 1SOLATIOR
{(INTERSAT. ISDLATION
{INTERNOD 1SDLATION
{TURNARGUND T/KO
{NO{UP) /HG{REQUIRED)
{MDDEN LOSS,DB

19)REGUIRED C/NO,DB-HI

LE TR F Y [ | SN T I | N 1]

20| PERFORNANCE MARGIN DB
((181-1191)

POF
TRI
REC
TRt

TR1

TRI
TRI
AU
DEL

TRI
TR}
TRI

GAY

BAU

BAL

TRi
6aY

DESTEN CONTROL TABLE FOR FIXED~BYATION-TO-NOBILE (FORWARD) LINKS (AN EXAMPLE)
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GATENAY TO SAT SAT TO MOBILE
FAV AV VAR FAV ADV VAR
DESIGN TOL TOL  MEAN (X.01)  DESIGN TOL TOL  MEAN {X.01)
-1.07 L0050 -.90 972 -10.62 .50 .50 -10.62 4.7
-2.60 .50 .50 -2.00 8.33  -2.40 .20 1.00 -2.80 12.00
43.60 1,00 1.00 49.40 16,67 42,20 .50 .50 42.20 " 4.17
46.53 4,70 29.18 .78 -
-.50 0.00 .50 -.87 133 -1.00 .30 .56 -1.07 .72
-206.90 ~206.90 -183.24 - -183.24
13.20 856,00 ’
-0 100 L1000 =L 17 0.00 0,00 .1&  -.03  .0b
-£.00 0.00 .50 -4.17 139 -4.00 0.00 .5t -4.17 L.39
0,00 0.00 0.00 0,00 ©0.00  -5.00 2.00 0.0 -4.00 11,11
0.00 0.00 0.00  0.00 0.00 0.00 0.0  0.00
0.00 060 .10 -.03 .06 -50 .10 W10 =50 .17
32,36 .50 .50 32,30 4,17 10,00 1,50 0,00 10.50 12.50
=50 .20 .20 -.50 .87 0.00 0.00 0,00  0.00 0,00
-134,17 134,37, -154.56 ~153.73
29.12 .60 .90 27,06 .20 .40
-1.50 .10 40 -1.50 .20 .20 )
.00 .50 .50 1.50 0.00 .26 )
290,00 0.00 0.00 220.00 0.00 0.00 }
~199.48 .40 .90 -199.63 4.25 -201.54 .20 .40 -200.54 1.0
5.00 5.00 1
£5.30 85.25 46,97 .91
T OB305 W38 43 8303 46,50 £1.33
20,00 .74 .76 20,00 &.24)
30.00 1,00 1.00 30,00 )
23.00 .50 .2 2300 )
30.00 1.60 1.00 30.00 16.67 24,00 1.00 1.60 24,00 )
65,30 45.25 49.81)
.05 .05 }
¢.00 0.00 0.00 0.00 }
§7.51 51,51 44,50 £4,50 '
5.54 551 L6l 2.00 2,83 1.02
{1 SI8) {f §I6)
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Table 2-13,

Summary of Payload Weights, Antenna Isolation, Overall C/1, Available Power,
and the Humber of Satellite Channels {Mobiie-to-Mobile)

) . Ho. of
Optians Ant. Freq. o, of Antenna  Overall Payload Available Available Channels ko, of Channels
Size  Reuse  Elements Isolatfon  C/1  Meight DC Power RF Power Power Per That Can ‘that can be ho. of Actual Channels
m) Factor  Per Beam {dB) (dB)  (kg} (watts)  watts Channel Be Powered  Supported by the Per Satellite
_— i {watts) Up Available Bandwidth East. West
1 15 7 1 23 15.3 325 2880 749 0.19 942 3428 3428 3428
2 "15 7 4 25 16,5 403 2160 862 0,17 3284 kLY. 1284 3158
3 15 7 6 28 18.1 558 740 192 0.16 1210 3428 1210 - 932
4 15 [ 1 n 10.4 325 © 2880 749 0,75 998 4000 998 998
5 15 6 4 23 15.3 403 2160 562 0.19 3114 4000 ' 3114 2995
6 15 & [ 27 17.6 558 740 192 0.16 1175 4000 1175 906
7 15 4 1 13- 6.6 328 2880 749 - - 6000 - -
g {g 2 g 17 10.4 403 2160 552 0.75 ;49 . gggg ;;g ggg
20 13.0 558 740 192 0,23 33
10 20 7 T Z0 JEN] 150 1360 354 0.13 -k < -
11 20 7 4 21 13.8 608 - - - - 6857 - -
12 20 ? *6 24 15.9 883 - - - - 6857 - -
13 20 4 1 12 + 8,7 490 1360 354 - - 12000 - -
14 20 4 4 15 8.5 608 - - - - 12000 - -
15 20 4 6 18 11,3 883 - - - - 12000 - -
16 i 7 1 - - 661 - - - - - "

ALITEND u0O0d 30
o) FDY4 TYNIDINO -
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Table 2-14,

Summary
and the Number of Satellite Channels {Fixed-Stationto-Mobile)

‘of Payload Weights, Antenna Isolation, Overall C/I, Avatlable Power,

No. of Channels

Options Ant. Freq. No, of Antenna Overall Payload Avatlable Avaitable Channels That Can Be
Size Reuse Elements Isolation C/1  MWeight BC Power RF Power Power Per  That Can Supported by No. of Actual Channels
{m) Factor Per Beam (dB) (dB) (kg) {watts) (watts) Channel Be Powered  the Avaflable Per Satellite
— [watts) up Bandwidth East West
1 15 7 1 23 18.5 325 2880 749 0.16 4859 3428 3428 3428
2 15 7 4 25 19,2 403 2160 562 0.16 3646 3428 3428 3428
3 15 7 6 28 19.8 558 740 192 0.15 1245 3428 1245 958
4 15 6 1 17 15.4 325 2880 749 0.19 4225 4000 4000 4000
5 15 6 4 23 18.5 403 2160 562 0.16 3646 4000 3646 3507
6 15 6 6 21 19.6 558 740 192 0.15 1245 4000 1245 958
7 15 4 1 13 12,3 325 2880 749 0.31 2416 6000 2416 2416
8 15 4 4 17 15.4 403 2160 5§62 0.19 3170 6000 3170 3049
g 15 4 6 20 17.2 558 740 192 0.16 1186 6000 1186 913
10 20 7 T 20 17.2 190 1360 LT 0.05 3588 0357 3568 LY
11 20 7 4 21 17.7 608 - - - - 6857 - -
12 20 7 6 24 18.9 883 - - - - 6857 - -
13 20 4 1 12 11.4 490 1360 354 0.23 1539 12000 1539 1873
14 20 4 4 15 13,9 608 - - - - 12000 - -
15 20 4 6 18 16.0 883 - - - - 12000 - -
16 25 7 T - - (131 - p = p




ind a 5~kHz channel spacing, the number of available channels has been
calculated for the east and west satellites for various frequency reuse
factors considered. As indicated in Tables 2-13 and 2-14, the number of
channels ranges from 3,400 to 12,000, dependiﬁg én the frequency reuse

scheme and the number of beams.
2.8.5 The Number of Actual Satellite Channels

The number of actual satellite channels is equal to the smaller of the
number of channels that can be supported by the available frequency band
(Column 12 in Tables 2-13 and 2-14) and those that can be supported by the
available power. Among all the options considered, the number of usable
channels or actual dhanhels; for soﬁe, is limited by the available frequency
band and for others by. the available power. The number of actual channels
is shown in Tables 2-13 and 2-14 (co]uﬁns 13 and 14) for both the 90° W and

LY

130° W satellites.

The numbers of channels in Tables 2-13 and 2-14 are for a hypothetical situa-
tion when all the traffic is either mobile-to-mobile or fixed-station-to-
mobile. In reality, this obviously is not the case. The number of channels
thus must be modified. In order to determine the number of actual channels,
it is necessary to know the amount of mobile-to-mobile communications fela-
tive to the total amount of traffic. Based on [3], mobile-to-mobile traffic
accounts for about 25% of all the mobile radio service and only 5% of the
mobile telephone and data services. For MSAT-2, it is assumed that mobile-
to-mobile traffic will account for 10% of the total traffic. Based on this

assumption, the number of satellite channels has been recalculated and is

shown in Table 2-15 for all options except options 3, 6, 7, 9, and 11 through

PRI



Table 2-15.

Number of Satellite Channels for Combined
Mobi Te-to-Mobile and Fixed-Station-to-Mobile

Operations
No. of
Antenna  Elements Per-Channel Number of Chanrels
Options Size, m Per Beam Power, Watts East West Total Comments

1 15 . 1 0.16 3428 3428 6856 Frequency limited.
2 15 4 0.16 3428 3428 6856 Frequency limited.

4 15 1 - 0,25 3050 30506 6105

5 15 4 0.16 3473 3344 6817

8 15 1 0.25 2248 2160 4408

10 20 1 0.09 3726 4547 8273
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16. Shown in the table is the capacity of the east satellite, the west satel-
lite, aﬁd the total capacity. Options 3, 6, and 9 have been eliminated be-
cause the resulting satellite channels.are substantially

less than other options having the same antenna size and frequency reuse factor.
Options 11, 12, 14, 15, and 16 are too heavy for the baseline bus. Options 7

and 13 have been e!iminated-because of low overq]? C/1 values, rangfng from 5.7
to 6.7 dB for mobile-to-mobile communications and from 11.6 to 12.5 dB for fixed-

station-to-mobile communications.

The 6-element feed designs and the 25-meter design have, by now, been eliminated.
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2.8.6 System Costs or User Costs

e

For the purpose of the tradeoff analysis it suffices to estimate only the
relative costs. As prev1ous]y mentioned, the user cost is a good measure
of the financial health of the system because all costs w1]1 eventua11y be
borne by the end users. The calculation of the user cost, however,_1s very
complicated and involves the cost of vgrious ground equipment, {nfiation ‘
rate, investment return, etc. To further simplify the ana1ys%s; only the
sate]11te cost, and consequently the user cost will be treated as var1ab1es

wh11e ho]d1ng constant all other costs and assumptions,

The user cost is generally inversely proportional to the_number of sgte!lite
channels and directly proportional io the complexity of the fransponder for

a fixed antenna size, under the assumption that all channels will be fully
utilized. For a given antenna ;ize, the complexity of the transponder depends
on the antenna feed design. There are three feed designs that have been con-
sidered: l-element, 4-element, and 6-element, The l-element, or the nonover-
lapping feed, is the simplest design and will result in the lowest user cost.
Even though a higher interbeam isolation can be obtained by usipg an overlapp-
ing feed, the overlapping feed qgsigns increase the user cost in two ways.
First, the transponder, including the feed, is more complex for an over-lapping
feed design, increasing the hardware cost and subsequently the user cost,
Secondly, the transponder is also heavier, in addition to being more complex.
A heavier payload means fewer satellite channels, which in turn further

increases the user cost,

Of the 16 options in Table 2-8, ten have been eliminated for various reasons.

The remaining six options are tabulated in Table 2-15. Of these, four
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utilize a single feed design and two utilize a 4-element, overlapping feed

design.

Among the 15-m antenna designs, options 4 and 8 have far less channels than
others, and hence can be eliminated. The rest of the 15-m designs, i.e.,
options 1, 2, and 5, roughly have the same channel capacity, and the resuiting
user cost- should therefore be approximately the same. Compared to option 10,
which utilizes a 20-m antenna, thereﬁis, however, a significant difference in
the channel capacity between the 15-m and the 20-m designs. In terms of the
satellite cost, the 15-m satellite would be less costly than the 20-m system
due to a smaller antenna and less electronics. Based on data obtained from
[14], the cost difference.between a 15-m and 20-m system, consisting of two
active satellites and one in-orbit spare, is roughly 38 million dollars in-
cluding launch costs. However, compared to the cost of the space segment
wﬁich is in the range of 500 million dollars, the cost difference between the
two systems is relatively insignificant. Because the 20-m design can(provide

a substantial number of additional channels, the end user cost may- even be

Tower.

In addition, there is one advantage that the 20-m design has over the 15-m
designs. As indicated in Tables 2-14 and 2-15, the capacity of the 15-m
systems are either limited or close to being limited by frequency, even for
a 10-MHz allocation. If a narrower band is allocated, the capacity will be
even-more severely limited. This will deprive the system of any benefits
from future technology improvements, such as more efficient power amplifiers,
a more power-efficient modulation, etc. On the other hand, the 20-m system

provides ample room for further enhancement.

Considering both the cost effects and the channel performance, the 20-m,

single feed design is selected as the baseline system design.
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2.9 OVERALL C/T, INTERSATELLITE ISOLATION, AND INTERMOD ISOLATION

In a mobile satellite system that utilizes multiple beams aﬁd frequency

reuse, cochannel interference is a major problem that must be sb]ved.-
interference arises from many sources, including intermdﬁulation products,
turnaround interference, adjacent ar inteésatel]ite interfereﬁce, and inter-
beam interference. This problem is exacerbated by the presence ;f muitipath
fading. The existence of multiple interference sources to a certain extent
makes the mobile satellite system an interference-limited system. Tao maintain
an acceptable performance, stringent requirements on aqteﬁna siaelohes,“intef-.
modﬁlatioﬁ products, etc., are often necessary.‘ Thesé.requi;ements, however,‘
increase the complexity of the system and utfimate]y reduce its capacity. In
the 55-m study, the require& overall C/I is 17 dB, which is fhe same as that
e;tablished f&r the AMPS (Advanced Mobile Telephone Serviée). To meet the
17-dB requirement, the antenna side]obe.level is kept a§ 27 dB below the.main
beam using a complicated and heavy overlapping feed design. ‘In the péevioug
section, a single feed design was chosen for MSAT-2 because of its simplicity
and Tight weight. The achievable interbeam isolation for a 7-frequency réuse
scheme, however, is only about 20 dB. Can MSAT-2 operate .at a lower C/I than
MAMPS and the 55-m systems? Should a more stringent requirement be placed

on the antenna. sidelobe level, the intermod level, etc., in order to improve

the overall C/I? These questions will be addressed in the following section.
2.9.1 Justification for the 17-dB C/I Requirement Established for AMPS

The 17-dB C/I requirement for AMPS is established for an analog voice (narrowband

FM) transmission. It is based on a subjective test performed by Bell Laboratory.
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Results of the test indicate that a good to excellent voice quality is

obtained at a C/I of 17 dB and a C/N of 18 dB.

The 55-m system also employs narrowband FM voice. Consequently, the 17-dB
requirement was adopted due to the lack of other data. Since the 55-m study,
more data has become. available. A recent investigation using the Land Mobile
Satellite Service Channel Simulator has demonstrated that the required C/I can
be reduced by increasing the transmitted power or the Tine-of-sight carrier-to-
noise ratio [C/N] [15]. A plot of the required C/N as a function of the C/I
obtained from [15] is showﬁ‘ip Figure 2-45 for a Rician fading environment with
_ the propagation SNR and the normalized RMS frequency deviation as a parameter.
The prépagation SNR is the line-of-sight carrier-to-multipath ratio and is

- denoted by C/MF in the figure. The RMS frequency deviation shown is normalized
to the noise bandwidth of the'recgiver baseband filter. Figure 2-46 is a similar
plot for the Rayleigh fading environment. Both figures clearly indicate that
the 17-dB C/I is not an absolute minimum. Operating in a lower C/I environment
is possible if the degradation caused by the interference can be compensated for

by increasing the C/N appropriately.-
2.9.2 Required C/I for MSAT-2

The discussion in Section 2.9.1 has demonstrated that the C/I requirement can
.be lowered by increasing the transmitter power for the analog voice. Since the
MSAT-2 baseline assumes all services will be digital, the question whether an
overall C/I lower than 17 dB is acceptable remains to be answered. The effect
of interference on a modem generally depends on the specific type of modulation
and demodulation schemes; and accurate prediction is often difficult. In order

to assess the interference effect on a digital modem using the baseline modulation

scheme, i.e., GMSK, simulation has been performed using the channel simulator.
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Figure 2-45. Acceptability Thresholds as a Function of C/N and
C/I-for Two Values of C/MF and Two Values of &
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a0 F

20

15

10

8 ems = 0.65

8 s 1.20

i ! i H I

10 15 20 30 40
DIRECT L-O-5 INPUT CARRIER TO INTERFERENCE RATIO (dB)

Legend

Srms= RMS frequency deviation normalized to the noise

bandwidth of the receiver baseband filter.

Figure '2-46. . Acceptébility Thresholds of Narrowband FM

Voice in a Rayleigh Fading Environment
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Some preliminary results have been obtained and are shown in Figure 2-47 for
three operating points, at a bi§ error rate (BER) of 1.4 X 10-2, 1,5 X 10-4,
and 3.0 X 10-5, Based on‘the simulation results, it is clear that a digital
system can also operate at a C/I below 17 dB, provided that it is within a
reasonable range and the transmitter power can be appropriately increaseﬁ.
Consequently, there will be no preset hard limit on the minimum C/I value.
Instead, a practical, achievable value will be established by considering a
host of variables that affect the overall C/I value. Specifically the re-

quired C/I will be whatever is achievable for the 20-m, single-feed, 7-fre-

quency reuse system,
- 2.9.3 The Achievable Overall C/I

The overall C/I is a function of the antenna sidelobe level, adjacent satel-
lite isolation, intermod level, etc. In addition, it varies as a function

of the communication modes and is most severe for the mobile<to-mobile com- )
munications. Appendix E presents a detailed analysis of the interference
environment. Figures 2-48, 2-49, and 2-50 1illustrate the overall C/I as a
function of other variables for the mobile-to-mobile, mobile-to-fixed-station,
and fixed-station-to-mobile communications, respectively. Referring to these
figures, Ig denotes the interbeam isolation or antenna isolation, Ig is the
intersateilite or adjacent satellite isolation, and iM is the carrier to inter-
modulation product isolation. The overall C/I in Figures 2-48 and 2-50 is
presented with Iqg as a function of the intersatellite iso]atiﬁn and the carrier-
to-intermod isolation, The achievable intersatellite isolation for a two-satellite
;ystem is_approximatély 23 dB, based-on the current estimate, and the intermod
isolation is 24 dB (see subsections 2.8.4 and 2.8.5). Using these two values

the Iys is found, frbm:Figure 2-48, to be about 20.5 dB. To achieve an overall
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Figure 2-47. Effects of Cochanne'l Interference on a Digital

System Using GMSK Modulation With Coherent Detection,
Channel S:imulator ‘Results (Preliminary).
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C/1 of 17 dB, the interbeam isolation must be at least 25 dB for the mobile-
to-mobile case, which would require ap overlapping feed. In order to take
advantage of the’simp1icity andllighﬁ weight of the single feed design, the
overall C/I will have to be relaxed. For the se!ectéd design, which has an
interbeam isolation of 20 dB and a frequency reuse factor of 7, the achievable
overall C/I is approximately 13 dB for mobile-to-mobile communications and

17 dB for fixed-station-to-mobile communications. Even though a 13-dB C/I
will require more satelite power than a 17-dB C/I would, the analysis in
Section 2.8 showed that the single feed design still offers more channels

than the overlapping feed design when the entire system is considered. One

of the reasons for this is that the low C/I value is associated with mobile-
to-mobi}e communications which account for only 10% of .the total traffic.
Another reason is that the benefit of. a higher C/I using an overlapping feed
design is more than offset by the .disadvantage of a heavier feed. The achiev-
able C/1 for the mobi]e-to-fixed-sfation case is about 14.5 dB assuming that
the intermod isolation for the backhaul link is the same as the UHF link, .

i.e., 24 dB.

In establishing the achievable overall C/I, requirements have been imposed
on the intersatellite isolation and intermod level, i.e., 23 dB and 24 dB,
reSpectively.' Are these requirements practical? Can a more stringent re-
quirement be imposed on one or both of these two parameters in order -to
improve the overall C/I or fodrelax the requirement on the other? These

questions will be examined in the following sections.
2.9.4 The Required Intersatellite Isolation

Similar to the requirement regarding overall C/I, the required intersatellite

isolation is the. achievable isolation., Based on work performed by MSAT-X,
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the combined pattern and peolarization isolation for a medium-gain mobile
antenna operating in a two-satellite environment is about 15 to 20 dB

in the absence of multipath fading. -An-additional "isolation of about 5 dB
can be realized by staggéring the frequency channels of one satellite with

respect to the other, giving a total isolation of 20 to 25 dB.

For MSAT-2, an isolation of 25 dB is assumed. (It is noted that the inter-
satellite isolation being addressed here is for the service link (UHF). The
intersatellite interference for the backhaul link (Ku) is assumed to be

negligible.)

The presence of multipath fading can lower the isolation; The extent to
which it is lowered depends on whether the signals from the two satellites
are independently faded or not. If they are truly independently faded,
then the isolation can be reduced by 5 dB. On the other hand, if they
undergo the same fading environment, then there will be no effect on the
isolation. While the extent and the effects are currently being investi-

gated, a moderate 2 dB will be budgeted to account for multipath fading.
This brings the isolation to 23 dB.

While there is a degree of flexibility in establishing the required inter-
satellite isolation, its range is narrow. A much higher isolation, say 25
t028 dB, is believed to be unrealistic and not necessary. Based on a 24-dB
intermod isolation and a 20-dB interbeam isolation, it can be seen from
Figure 2-49 that the overall C/I for the mobile-to-mobile case where the
interference is most severe is relatively insensitive to the intersatellite
isolation. For example, raising its value from 23 dB to 25 dB can only
increase the Iys from 20.5 to 21.5 dB, thch in turn improves the overall’

C/1 from 13 to about 13.1 dB, a negligible amount of improvement.
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the mobile-to=fixed-station case is determined by the interbeam issiatisn and
intermod isolation as indicated in Figuré 2=49; Harge; it i5 Aot é?fé?ﬁ@ﬂ

by the intersatellite isolation: Although the &/ for the fixed-stati

mobile communications can benefit from a highér intersateilite i§813§§6ﬁ; it
is not significant enough to result in an appreciabie power §avings; which
ultimately determines the capacity and cost of the system:; AR inepease
dB in the intérsatellite isolation from thé presént 23 dB wWouid bring the €/1
from 17.2 dB to about 17 7 dB, or a modefate gain of 0:
increase, however, would result in less than 0:;1 dB power §avings |

channel operating in the fixed-stationzto=fobilé modé:

While an intersatellite isolation much higher thdn 23 dB is not ne&&ssary for
MSAT=2 and is probably not realistic, a much lower isolatidn may be iin éééﬁﬁh
able. The overall C/I is a function of both the intersatellite isolation and
the intermod isolation. It appears one may relax the intersatellite reqiiifas
ment without degrading the C/I performanee by increasing the interriod isoiztions
mod isolation that is 2 to 6 dB higher than tfie assumed isolation of 24 dB (see
t

section 2:8.5). To achieve an intermod isolation of 28 to 30 dB i5 hot
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2.9.5 The Required Intermod Isolation

The required intermod level, or the intermod isolation, is 24 dB. This value
is based on information obtained from the satellite manufacturers and is suf-

ficient for MSAT-2 for several reasons,

First, the intermod isolation similar to the intersatellite isolation does not
have a significant impaét on tﬁe overall C/I for the mobile-to-mobile and fixed-
station-to-mobile communications as shown in Figures 2-48 and 2-50. Secondly,
although it is possible to improve the overall C/I for the mobile-to-fixed-station
communicatidns by raising the intermod isolation, the price would outweigh the
benefit. For example, in order to raise the overall C/I by 0.5 dé, the intermod
would have to be raised from 24 to 28 dB. Increasing the intermoq isolation to

28 dB would reduce the efficiency and the loss would be greatér than the gain.

The 24-dB isolation is thus considered a. practical value for MSAT-2,

2,10 STATION-KEEPING REQUIREMENT

A satellite launched in a gebstationary orbit is perturbed by external forces
such as the gravitational pull of thg sun and the moon, and the anomalies in

the grav?tationai,field of the earth. These forces cause the satellite to drift
in both the east-west and. north-south directions, resulting in a change in satei-
lite longitude and inclination. The change of location causes the satellite
footprint to move on the éround. Depending on the ground antenna beamwidth,
satellite tracking may be necessary or a loss of antenna gain may occur, The
change in satellite inclination has a further implication for the second-gener-
ation mobile satellite system, which is designed to provide reliable service to

CONUS, Alaska, and Canada., The locations of the satellites have been chosen to
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maintain & minimum elevation angle of 10 degrees for most of the covered area.
The 10-degree‘e1evatioﬁ angle was selected by considering the propagation
effects, mobile antenna complexity and coét, and link performance. With the
north-south movement, loss of coverage may result in the northern part of
Canadez and Alaska. The satellite can be kept in the desired oébit and, hence,
the loss of coverage can be avoided-if the sétellite is designed with full
station-keeping'capability. This capability however must be paid for in

terms of increased sate]]%te weight or reduced spacecraft power, both of

which are precious. ‘The.édyantages and‘disadvantages for having full statioﬁ-

keeping capability will be .examined and a requirement will be established.

2.10.1 Weight Savings

The amount of éast-ygst drift of a geostationary satellite due to anomalies in
the gravitational field of the Earth varies ‘as a function of the satellite
longitude. Figure 2-51 [lﬁj shows the amount of station-keeping velocity re-
quired to compensate for th; east-west movemeng. The MSAT-2 baseline design
has seiec?ed ar]oca?iaﬁgﬁt 90-degrees.and 130-degrees west longitude. At these
locations, the amount of station-keeping is less than 1 m/sec per year., With

a spacecraft design 1ife of 10 years,_tﬁe,tota] amount of east-wesp station-
keeping velocity is less tﬁan 10 m/sec. The amount of propef]ant required_

can be estimated as a percentage of the end-of-life (EOL) spacecraft mass, Wgee
Amount of east-west-

2
station-keeping fuel| = exp (10 m/s /((ISP}(9.8 m/S })) -1 = 0.003

normalized to Wgc
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where ISP is the spectfic impulse of the propellant which is expected to

range from 250 to 300 seconds. For ‘the purpose of this tradeoff, the ISP has
been assumed to be 300 seconds. The propellanf mass is less than one-half of
one percent of the EOL spacecraft mass. This is insfgﬁificant relative to the
north-south station-keeping fuel which will be addressed later.’ Eliminating the
east-west statién-keéping would not reduce the spacecraft's weight significantly.
In addition, the amount of east-west drift would probably be too large to be
acceptable. Current international radio regulations require a communications
(fixed) satellite to be station keﬁt in the east-west direction to + 0.1 degrees.

East-Mest station-keeping will therefore be required for MSAT-2,

Ip contrast to the east-west station-kegping, the north-south station-keeping fuel
contributes a significant amount to the total spacecraft mass. The north-south
movement is approximatley-O.Q degrees per year. For a 10-year spacecraft, the
total amount of drift is about 9 degrees, The amount .of velocity change is

about 46 m/sec per year [16]. Buring the 10-ygar life of the spacecraft, a

total velocity change of (46 m/s) x‘(10) = 460 m/s is required. The amount

of fdel required can be estimated as follows:

Amount of north-soutﬂ-

station-keeping fuel |= exp(460 m/s/((300s)+(9.8 m/s2))})-1 = 0,17

normalized to Wgc

About 17% of the EOL spacecraft "is for north-south station-keeping compared
to a negligible 0.3% required for east-west station-keeping. Eiliminating
north-south station-keeping would therefore result in a significant reduction

in spacecraft weight.
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The weight capability of the satellite bus/launch vehicle considered for
MSAT-2 is about 2500 kg at the geostationary transfer orbit or about 1300 kg
at the beginning of life (BQL). Assuming 10% of the BOL mass. is-allocated
for east-west gtation-keeping and the initial orbit correction, the EbL
spacecraft mass would be about 1170'kg. The weight reduction due to the
elimination of north-south station-keeping is therefore appéoximate]y 198 kg

(1170 Kg x 0.17 = 198 kg). This is a significant reduction!
2.10.2 Increase In Spacecraft Power

The weight savings for not having north-south station-keeping can be trans-
lated directly into an increase in the spacecraft power and, consequently, the
number of satellite channels. Figure 2-7 shows the baseline payload power

vs. payload weight curve. It has a slope ‘of 9.2 W/kg. The 198 kg weight
reduction can thus be utilized by the power subsystem and generate approxi-
mately 1800 watts (9.2 W/kg x 198 kg = 1821 watts) of spacecraft power.
Assuming a DC-RF conversibn efficiency of 26%, an additional 473 watts of RF

would be available, which could power up thousands of channels. The increase

in satellite channels is indeed significant.

2.10.3 Adverse tEffects

While the gain in satellite channels and power is impressive, the price for
not having north-south station-keeping is also very high. Without north-
south station-keeping, the satellite can drift approximately a total of 9
degrees in 10 years, as mentioned before. If the satellite orbit is in-
tentionally biased at ‘launch by half of that amount, 4.5 degrees, then the
satellite witl move in the course of its lifetime from 4.5 degrees on one

side of the geostationary_brbit through 0 degrees to 4.5 degrees on the other
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side of the orbit. The 1nciination causes the satellite to produce a figure-
8 footprint on Earth. The figure-8 movement in turn causes the Earth-to-satel-
lite elevation and azimuth angles to vary. The worst case variation in
azimuth angle caused by orbit inclination is approximately given by:

sin~1[1.18 tan? (i/2)]
where i denotes the orbit inclination. At the maximum inclination of 4.5
degrees, the change in azimuth angle is about 0.1 degrees, whiqh is negligible

compared to the azimuth beamwidth of the mobile antenna.

While the change in azimuth angle is negfigib]e, the change in elevation angle
is not. At an inclination of 4.5 degrees, the elevation angle at the subsatel-
lite point varies in a 24-hour period by approximately + 5.3 degrees about the
nominal value when the satellite inclination is zero., The amount of variation
decreases to about 4.6 degrees as the latitude of the mobile terminal increases
to about ;0 degrees, Table 2-16 tabulates the mobile-terminal-to-satellite
elevation angle for selected mobile locations for two geostationary satellite
locations: one at 90 degrees west longitude with a 0 degree inclination and the
other at the same longitude, but 4.5 degrees south of the equator. This table

assumes a normal road condition for the mobile vehicle, i.e., a flat surface.

The variation in elevation angle creates two problems. The first problem is a
possible loss of mobile antenna gain. Current mobile antenna development work
is focused on medium-gain antennas. The beam pattern of this type of antenna
is narrow in the azimuth direction but relatively broad in the elevation
direction. Because of the narrow azimuthal beam, some kind of tracking mech-
anism is required in this direction. However, the mobile terminal may not
have a tracking capability in the elevation direction. The mechanical MGA
currently conceived is capable of providing a minimum gain of 10 to 12 dBi
for_e1evation angles ranging from 20 to 60 degrees. Operating outside these
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Table 2-16,

Elevation Angle For Selected Mobile Locations

Under Normal Road Conditions

Mobile Terminal Elevation Angle to Elevation Angle to Difference
Location {degrees) a Geostationary a Geostationary In ~
-~ Satellite at 90° W | Satellite at S0°W Elevation
with Zero Degrees and 4.5 Degrees Angles
West . Inclination - South of the Equator {degrees)
Longi tude Latitude (degrees) {degrees) )
90 0 ’90.0 84.7 5.3
90 30 55.0 49,9 - 5,1
90 40 43.7 38.7 5.0
90 60 21.9 17.2 4,7
90 70 11.5 6.9 4.6
100 70 11,2 6.6 . 4.6
110 70 10.2 5.6 4.6
120 70 8.6 4.1 4.
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limits will result in a loss of gain. The amount of Toss depends on the
particular antenna pattern and how far it is from the limits. The elevation
angle of a geostationary satellite with no inclination ranges from appr&xi-
mately 25 to 60 degrees for CONUS. Under normal operating conditions, the
drift of the satellite should have little impact. However, due to adverse
road conditions such as a steep grade, the e]evat%on angle may exceed 60
degrees in some locations. The drift of the satellite, therefore, may cause
the mobile-to-satellite Tine-of-sight to move further away from the 60-degree
1imit, resulting in a loss of antenna gain. This is likely to happéh in the
extreme southern parts of CONUS, such as the South of Florida and Brownsviile,
Texas. Table 2-17 shows the variation in elevation angles for two éouthern

tocations under normal road conditions with the satellite at 4.5 degrees north

of the equator,

The second problem, due to the variation in elevation angle, is a possible loss

of coverage. For mobile terminals operating in the northern part of the covered
area where the nominal mobile-to-satellite elevation angle is low to start with,
the variation makes it even lower during part of the day and a minimum 10-degree
elevation may not be possible to maintain. An adequate 1ink margin is very diffi-
cult to achieve at an elevation angle below 10 degrees where multipath fadirg is
expected to be ve;y severe and where LOS may not even exist. A plot of the
constant 10-degree elevation contours is shown in Figures 2-52 and 2-53 for the
east and west satellites. In each of these plots, the 10-degree contour is shown
for the case in which the satellite inclination is zero (top curve) and the case

in which the satellite is 4.5 degrees south of the equatorial plane (bottom curve).
2.10.4 Possible Approaches to Minimize the Adverse Effects

The 1oss of mobile antenna gain due to operations at an elevation angle above

60 degrees can be avoided through operational constraints. By adjusting the
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"Table 2-17.

Elevation Angle For Selected Mobile Locations

Under Normal Road Conditions

Mobile Terminal Elevation Angle to Elevation Angle to Difference
Location (degrees) a Geostationary a Geostationary In
Satellite at 90° W Satellite at 90° Elevation
. with Zero Degrees and 4.5 Degrees Angles
West Inclination North of the Equator (degrees)
Longitude Latitude (degrees) (degrees)
81. 25 59.1 63.5 5.0
97.5 26 58.5 63.9 . 4.9
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antenna pointing (in the elevation direction), it is possible to restrict the
line-of-sight signal to stay witﬁin a prescribed 1imit under normal operating
conditioﬁs. No loss of gain would therefore occur even if the satellite drifts.
The adjustment of antenna pointing may be a required procedure for a mechanical
MGA even in the absence of satellite drift. This is because of the wide range
of elevation angles contained in the service area. While the antenna gain Toss
due to large elevation angles can be avoided through operatioha] constraints,
the loss of coverage area cannot be readily remed1ed Although it is possibie
to point the antenna at a Tower elevation angle in order to increase the gain
on the LOS signal, ;he increase in multipath will probably more than offset the
gain. Even with & specially designed antenna, reliable service cannot bé
guaranteed because LOS may not exist. In addition, such an antenna will

probably be too costly and complex to be practical.
2.10.5 Requirements'

There is no doubt that east-west station-keeping will be needed in ordeé to
comply with existing international radio regulations and to maintain a proper
coverage, The decision on the north;south station-keeping, however, is not
that obyious. There are significant advantages and disadvantages for having
or not having full north-south station-keeping. The tradeoff is not purely

a technical one and it may be supjective. Considering the coverage require-
ment and the potential gain in system capacity, a partial north-south station-
keeping will be required as a compromise to maximize the capacity and to reduce
the loss of coverage area. Table 2-18 tabulates the savings of station-
keeping fuel and the amount of additional RF power for selected station-keeping
requirements, assuming that all the weight savings can be applied to increase
the payload power. Based on this table and the coverage requirement, it was

decided to station keep the satellite within 2 degrees of the orbit.
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Table 2-18.

The Impact of North-South Station-Keeping
on the Available Power

North-South Savings Additional
Station-Keeping on Available
Requirements _  Station- RF Power Comments
(degrees) Keeping (watts)
) Fuel (kg) .
0.0 0 0 Full station-keeping
+1.0 47 . 112
+2.0 92 220
33.0 135 322
#4.0 17 423

F4.5 198 473 No north;squth station-
.. keeping
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The cesultgng coverage area is shown in Figures 2-54 and 2-55 for the 90-
degree and 130-degree satellites, respectively. The loss of coverage has
been reduced substantjaily as evidenced in the figures. The amount of ad-
ditiona1=RF power is estimated to be 220 watts. The estimated RF power

level for the baseline design is thus about 500 watts -for a g~degree north-
south spgtioﬁ-keeping. The variation of the mobile-to-satellite elebatioa
angle in the southern-most area ié shown in Table 2-19 for the east satellite
with an inclination of 2 degrees. As indicated in the table, the variation
is only about 2.2 degrees, which is expected to have minimal effect§ on the

mobile anténna gain, The 2-degree requirement is- thus judged to be écceptab1e;

2.11 ECLIPSE CAPABILITY

During eclipse, the required satellite power must be provided by the batteries
on board the spacecraft. Batteries are heavy. For a power-limited or weight-.
limited system, it is essential to properly determine the required number of
batteries. Thé eclipse capability for MSAT-2 is determined by considering

the traffic demands during eclipse and the potential weight savings.

2.11.1 Traffic Demands

The traffic loading of a terrestrial telephone or mobile phone system exhibits
both long-term and short-term variations, The long-term changes include
seasonal and month-to-month variations. The short-term éhanges are the day-to-
day and hour-to<hour variations, -Similar variations are expected for the

mobile satellite system although the actual traffic pattern is not known.

Figure 2-56, obtained from [17], shows the actual hourly traffic loading of a
cellular system for one cell site on a Friday, and Figure 2-57, also'from £171,
is for the same cell site but on a Thursday. Both figures show the traffic

2-14Vv



Table 2-19

Elevation Anglé for More Selected -Mobile locatiohs

Under Normal Road Conditions

Mobile Terminal

Elevation Angle to -

Location {degrees) Elevation Angle to a Geostationary Difference
a Geostationary Satellite at 90°W in
Satellite at 90° ¥ and 2 Degrees Elevation
West With No Inclination North of the Equator Angle
Longitude Latitude {degrees) {degrees) {degrees)
81 25 59.1 56.9 2.2
97.5 26 58.5 56.3 2.2

2-142



evl-¢ .

LATITUDE IN DEGREES

15

|

i

2165 =150 ©  -135

Figure 2-54.

=120

Contours of Constant Elevation Angle (10 Degrees) for
the East Satellite with 0 and 2.0 Degrees Inclination

-105 ~20
WEST LONGITUDE IN DEGREES




472 Rt/

LATITUDE IN DEGREES

Figure 2-55,

-165 ~-150 -135 -120 -105 -9
WEST LONGITUDE IN DEGREES

Contours of Constant Elevation Angle (10 Degrees) for
the West Satellite with 0 and 2.0 Degrees Inclination



Svl-¢

NORMALIZED TRAFFIC LOADING

100

80

60

40

20

| 1 ] | | 1 1 | l

Figure 2--56.

10 11 NOON 1 23 4 5 6 7

TIME OF DAY

Friday Hourly Traffic Loading for a Cell Site of a
Cellular System [17]




Sv1-¢

NORMALIZED TRAFFIC LOADING

100

80

40

20

60

[ 1 3 =1

Figure 2-57,

- | .
10 11 NOON 1 2 3 4 5 6 7

TIME OF DAY

Thursday Hourly Traffic Loading for a Cell Site of a
Cellular System [17}




first peaks at about 11:00 a.m., falls off during noon, and starts to pickup
and reaches a second péak in the afternoon, about 3 to 6 hours after the first
peak, Roughly, these patterns exhibit the same general characteristics as
observed on the telephone system. Although the hourly traffic loading of a
cellular system varies from site to site‘in addition to the above day-of-the-
week variation, it is assumed, in the lack of actual data and for the purpose of
simplification, that the traffic loading of a mobile satellite system can be
modeled by Figure 2-57. The area served by MSAT-2 encompasses four timé
zones, excluding Alaska. Assuming the traffic pattern in each fime zone
behaves the same as Figure 2-57, the total traffic pattern of the system is
the weigh;ed sum of four identical but time-shifted patterns obfaineé by
shifting the patternin Figure 2-57 by 0, 1, 2, and 3 hours. Different
weights are necessary becausg the number of projected users in each time zone
is different, Based on Figure 2-1, whiqh shows the user density,lthe ratio of
the users in the four time zones is approximately 4 : 4 : 1 : 1 with the
eastern and central time zones having the most users. The total traffic
pattern is shown in Figure 2-58 for two users ratios: 1 : 1 : 1 :1land 4:
4:1:1. The latter will be used as the baseline traffic model for MSAT-2.
In deriving the pattern, the traffic 1oading“6f a given time zone after 8:00
p.m. has been assumed to stay at a constant level, equal to 10% of its peak,

until 7:00 a.m. next morning. The'time shown in the figure is the eastern

time.

Ec]ipse occurs near the local midnight, at the subsatellite point. The loca-
tions of the MSAT-2 satellites are 90 degrees and 130 degrees west longitude.
The traffic loading during eclipse is estimated to be about 10%. The RF power

output during eclipse is therefore about 10% of the peak RF power output.
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2.11.2 Requirements

The required satellite power during eclipse, however, will be higher than

10% of fﬁe peak because the eff%ciency of the power amplifiers on bbard the
satellite becomes poorer at a lower output-power level. When operating. at
the designed power output, which corresponds to.an 0B0 of about 4 dR for a
linearized HPA, the DC-to-RF efficiency is about 26% including the efficiency
of the power conditidners. To reduce the output power to about 10% of the
design output power means an additional output back off of 10 dB from the
normal operating-point, and the efficiency is expected to be lower. As a

conservative approach, the power requirement during eclipse is 50%.

The reduced eclipse capability results in a fewer number of batteries on
boaqd the spacecraft, which in turn feduces the weight of the spacecraft.
For a typical second-generation satellite operating at 2 to 4 kW of power,
the estimated weight savings is in the range of 50 to 100 kg. This weight
reduction in turn can be used to increase the payload power. The amount of
additional power is estimated to be in the range of 0.4 to 1.5 kW, which is

about 20 to 40% of the total payload power.

The traffic loading is basically a random variable. Although the traffic
demand during eclipse is expected to be lower, by reducing the eclipse capa-
bility to 50% there is a small but finite probability that the actual demand
may exceed the designed capacity. This is the price for the reduced eclipse
capability. Because the designed céqui]ity is five times the projected
traffic demand; the probability is expected to be very small. Considering

the amount of weight savings, the price is judged to be acceptable,
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CHAPTER 3
DESIGN OF THE BASELINE (UHF) SYSTEM

3.0 INTRODUCTION

This chapter presents a detailed design of the baseline second-generation
mobile satellite system operating at UHF frequencies, i.e., the UHF system.
The design in part is a direct result of the various trade-offs presented in
Chapter 2. Chapter 2, however, -is- intended for second-generation mobile
satellite systems in general. Some of its results are applicable to both the
baseline system and the alternative system, i.e., the L-band system. The
discussions in this chapter are specifically for the baseline design. The.

salient features of the baseline system will first be summarized, folliowed by

L3

a more detailed discussion on the spacecraft configuration, link budgets,
transponder design, antenna/feed design; and finally the frequency plan,

channe]izaﬁion, system capacity, and user cost will be addressed.
3.1 SALIENT FEATURES OF THE BASELINE SATELLITE SYSTEM

The basline system employs two satellites at 90 degrees and 130 degrees west
Tongitude, providing seréices to CbNUS, Canada, andjﬁlaska. Multiple spot
beams and frequency reuse schemes are employed in order to efficiently use
the available bandwidth, which is assumed to be a pair of lb-MHz bands in the
high UHF. To alleviate the burden on the mobile terminals and the spacecraft
power subsystem, to reuse the limited RF spect?qm, and to obtain the capacity
needed to meet the projected demands, a moderately large, deployable antenna
of 20 m is used. The packaging and contro]lof such a large antenna poses a

challenge to the satellite designers.
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The number of beams required to adequately cover the service area is 24 and
21 for the east and west satellites, respectively. The satellites are built
on a high-power communications satellite bus, and will have enough power for
a total of 8688 channels, accommodating almost one million users based on a

certain mixture of voice and data users (Section 3.12).
The major characteristics are given in Table 3-1.
3.2 SPACECRAFT CONFIGURATIONS

The most striking feature of the satellite is the 20-m reflector. The
confiéuration of the spacecraft is primarily influenced by the configuratioﬁ

of the antenna and the Attitude Control Subsystem. Several configurations

have been considered including center-fed, center-fed cassegrain, and of fset-
fed anteﬁna geometries. Generally, center-fed configurations have an advantage
over the offset configurations from a-contro1 point of view. The dfsadvantége,
however, is the blockage of the field of view (FOV). Because of this blockage;
centerfed configurations are not suitable for MSAT-2 (see Chapter 2). Six

of fset configurations have been examined and they are shown in Figures 3-1,

3-2, and 3-3.

0f the six offset-fed configurations, two have been selected. for MSAT-2.
These two configurations are identified in the figures as Configurations B-1 f1]

and C-2.

Frgm the control subsystem point of view, Configuration (-2 is preferable.

In terms'of stowage, B-1 is more compact (see Section 3.3). Furthér study is
necessary in order to make a fﬁnai selection. For the purpose of this'stddy;‘
bofh configurations appear feasible and, hence, both are considered as a
possible candidate-fof MSAT-2. For convenience, these two configurations =

. will be referred to as baseline configuration 1 and configuration 2.
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Table 3-1.

Salient Features of the Baseline Design

Number of Satellites
Service Link Frequency
Backhaui Frequency

Number of Multiple Beams (UHF)

Number of Beams ‘(Ku)

Antenna Size (Service Links)
Spacecraft Weight at .GTO

Total Number of Satellite Channels
Number of Users

Eclipse Capability

North-South Station-Keeping Capability

UHF
Ku

24 (East Sat.)
21 (West Sat.)

1.

20 m

2800 kg (6200 1bs)
8688

- 900,000

50%

+ 2 degrees
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3.2.1 Orbital Configuration 1

A perspective sketch of configuration 1 (é-l), obtained from [1], is shown

in Figure 3-4. The deployed dimensions, also from [1], are depicted in

Figure 3-5, In this configuration, the reflector is deployed with its deploy-
ment boom in the anti-earth direction. The boom consists of two sections:

an offset and a parallel section, The electrical boresight of the antenna

is pointed northward to the center of CONUS to provide proper coverage to
CONUS, Canada, and Alaska. The reflector is a 20-rib, 20-m wr&p-rib antenna
designed by Lockheed. The satellite bus shown in these figures is an Advanced
Communications Satellite Bus being developed by Ford Aerospace and Communications
Corporatién {FACC). This bus is a rectangular ‘box which measures 2;6 meters
long by 1.7 meters high. by 1.6 meters wide [1]. The box is located such'that
the widest dimension is oriented to ]obk north and south to assure the maximum
thermal radiator area available for the payload equipment. The bus consists
of a Communications Modﬁie and a Subsystem Module.. The ﬁommunicatipns Module
nouses the communications transponder equipment tocated on the north and

south panels of the box., Each panel is equipped with heat pipes, and there
are Optical Solar Reflectors (OSR) on the outside of the panel to distribute
the thermal heat load and control the temperature of the equipment. Areas of
the satellite that do not ﬁgve high thermal power dissipations are covered

externally by multi-layer insulating blankets.

The subsystem module supports the housekeeping functions of the spacecraft,
which include the bipropellant propulsion system, attitude and orbit control
subsystem, the power subsystem, and the telemetry, tracking, and command

subsystem.



8-t

KU-BAND ANTENNA

FACC BUS MODULE 41!.?_ )r
—y M A
X s " A
EARTH N\ 1’“’«' g1, 2828 WATT
Y SOLAR ARRAY
(114
!i.'gf, PAYLOAD
UHEF FEED N3
MR L e
A A
g+
1l
E Wi
(VELOCITY. VECTOR) ;;;5‘ |
{
A
Ayl \\ REFLECTOR DEPLOYMEN
Y BOOM ,
N
N

22
-

b

N

UHF TRANSMIT & RECEIVE
REFLECTOR

Figure 3-4, A Perspective Sketch of the Spacecraft 11
. {Configuration 1)



6-¢

¢ 20.0 M LMSC
ANTENNA DEPLOYED

EARTH —@ . ' . Va -
A \¥

'BUS MODULE _ /

UHF FEED

REFLECTOR DEPLOYMENT BOOM

e 25.0 M

NOR
—ne i
D

KU-BAND ANTENNA 2828 WATT SOLAR ARRAY

Figure 3-5. Deployed Configuration (Configuration 1) [1]

gl IoYd TYNIDIEO

ALTYNO ¥00d 30



The antenna feed is mounted on the bus. Becausg of the large size, a deploy-
able feed is required. This allows the feed to be stowed during launch- to
reduce the stowed dimension of the spacecraft, After launch, the feed is
rotated into position to illuminate the reflector. Because the feed is

closely coupled to the payload module, the RF Toss is minimized.

The solar array consists of two wings, which are mounted on the north and
south panels of -the bus. As shown in the figures, each wing consists of
three solar panels ‘covered with solar cells, and the wings span & total of 18
meters. (It is noted thét the baseline design.actua11y requires four panels
for each wing in order to provide the required power. The wings span about

23 meters instead of 18 meters.)

The backhaul antenna which is 0.4 m in diameter is mounted on the west side
of the spacecraft bds. The size of the backhaul antenna is relatively

insignificant compared to the UHF antenna.

3.2.2 Orbital Configuration 2

An example of the orbital configuration for the second baseline configuration
is shown in Figure 3-6 [2]. As previously mentioned, both the reflector and
the. feed assembly are deployed away from the bus. The feed assembly includes
the radiating.e1ements, the immediate supporting structure, the transponder
equipment, heat pipes, and radiators. The transponder components are mounted
on the inside walls of the north-facing and south-facing panels of the feed
assembly. The outside of these panels is covered with thermal radiators. The
housekeeping quipment, including TT&C, power subsystem, and propulsion sub-

system, are located in the bus. The solar arrays are deployed away from the
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bus by a long boom more than 10-m long. A long boom is necessary in order -
to avoid shadowing of the solar array. The orientation of the spacecra%t

is also_shawniin,thure 3=6.. The satellite bus Shown is the Series 4060

satellite bus developed by RCA Astro Electronics [2].
3.3 STOWED CONFIGURATIONS

The 20-m reflector and its ‘supporting structure pose a challenge to the atti—
tude control subsystem as well as the packaging of the spacecraft. Launch
cost is determined by the spacecraft weight and the occupied length in the STS
cargo bay. It is essentjai to minimize the stowed length of the spacecraft.
The stowed configurations are discussed in the following sections for the two

baseline orbital configurations.
3.3.1 Configuration 1

The stowed length in the cargo bay is iargely influenced by the stowed dimension
of the large reflector. The stowed dimension of tﬁe 20-m reflector and its
deployment mechanism is estimafed by Lockheed to ‘be approximatley 3 m (9.7 ft)
in length and 2.8 m (9.2 ft) in diameter. To fit such a large structure into
the STS cargo bay requires thét the satellite be launched in the horizontal
position. Figure 3-7, obtained from [1], shows the stowed configuration of

the 20-m satellite, The reflectbp and its supporting sgructure are mounted
directly onto the FACC bus module central cylinder. The perigee module, which
propels the spacecraft into the geostationary orbit from the STS parking orbit,.
is mounted to the satellite bus and secured fo the spacecraft support cradle.
The cradle provides the necessary mechanical and glectrica} interface between

the bus and the STS.
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The UHF feed is stowed and mounted to the bus. During deployment, the feed
assembly will undergo a simple 57-degree rotation about the hinge axis in
order to properly illuminate the reflector. The stowed fength of the entire

spaceéraft is about 7.2 m (24 ft).
3.3.2 Configuration 2

Configuration 2 also requires the spacecraft to be launched in a horizontal
position. Because this. configuration requires two deployment cages, the
packaging of this spacecraft in the STS cargo bay is slightly more complex

and it requires a longer length. As depicted in Figure 3-8 [2], the dominating
components are the reflector, its deployment system, the feed assembly, its
deployment system, the satellite bus, SCOTS, and the cradle. The size of the
feed assembly is approximately 2 m (6 ft) by 4 m (13 ft). The stowed length

of the spacecraft including the perigee stage is approximatley 8.8 m (29 ft).

3.4 LINK BUDGETS

To facilitate the desian of the system, it is necessary to establish a 1ink
budget. As previously explained, the;e are th;ee'modes of communications, and
each of them requires a different budget because the interference environment
js different. Using typical parameters, a budget has been established for

each of these communications modes, as shown in Tables 3-2, 3-3, and 3-4,

The link tables show that the satellite power required to satisfy a given
Tink performance (i.e., an end-to-end EB/NO of 10.7 dB plus a margin of 2 dB)
is ~8.3 dBW and -10.21 dBW for the mobi]e-to-mobi]e and fixed-station-to-
mobile communications, respectively. The difference of 1.9 dB in the power

" requirement between these two modes of communication creates a design problem,

worsening the already- serious interference situation by lowering the intermod

3-14



§L-€ .

SERVES 4000 BUS

et AAaL AR e e  — e —— A AT — —

TRANSPONDER /FEED ASSY
— SOLAR ARRAY BOOH CANISTER ~

i SOLAR ARRAY PAMELS (STOVED) 4,57 WETER DIAMETER
) 15 FEET)
STS PAYLOAD ENVELORE

——REFLECTOR DEPLOYMENT SYSTEM

N PAYLOAD SUPPORT STRUCTURE
TRANSPONDER/FELD ASSY DEPLOYMENT SYSTEM

Figure 3.8, The Stowed Configuration (Configuration 2) [2]

ALIYNO ¥ood 10
§1 30Yd TYNIDIYo



ORIGINAL PaGE IS
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TABLE 1-2. DESIGN CONTROL TABLE FOR MOBILE-TO-MOBILE LINKS 1,5 W/CW) QUALITY

MOBILE 10 SaT SAT 10 KOBILE

EV AV vaR FAV ADV e
POF  DESIGN TOL TOL  NEAN {£.0h)  DESIEN TOL TOL  MEAN (X.0D)
TRANSHITTER PARANETERS e el e e

1)INIT POWER,DBN TRI 7.00 1.00 0.00 7.33 55  -B30 .50 .50 -8.30 4.7
2)3MIT CIRCUIT LOSS,DB REC 41,50 .20 .50 -1.45 4.0 -2.40 .20 1.00 -2.80 12.00
J)ANTENNA GAIN,DB! 1R1 16.00 1.50 0.060 10,50 12.50 42,20 .50 .50 42,20 407
4)EIRP,DBN (11)412}4{31) 15,50 . 16.18 31,50 31.10
5)POINTING LOSS, D6 TR! 0.00 0.00 0.00 0,00 0.00  -1.00 .30 .50 -1.07 2.72
PATH PARAMETERS
6)SPACE LOSS,DB -182.94 -182.94 -183.24 -183.24
{FREQUENCY ,RH1 = 836.00 BA&.00 }
(RANG= 40000 %
7)ATHOSPHERIC ATTH,DB TR1 0.00 0.060 .10 -.03 .06 0.00 0,00 .10 ~03 .06
8)£.0.8.1058,08 181 -5,00 0.00 .50 -4.17 139 -4.00 0.00 .50 417 1.39
9INULTIFATH LOSS,DE gAU()  -5.00 2.00 0,060 -4.00 t1.11  -5.00 2.00 0.00 -4,00 IL.11
1) GHADOWING L0SS,DE DELLD) 6,00 0.00 0.00 0.00 0.00 0.00 0,00  0.00
RECEIVER PARANETERS
113POLARIZATION LOSS,0E TRI -5 .10 .0 -5 .17 ~50 .40 .10 -50 .17
$21ANTENNA GAIN,DBI 1 .60 .50 .50 4160 4,17 10,00 1,50 0.00 10.50 12,50
{3 POINTING LOSS,DB TRI -1,00 .30 .50 -1.07 272 0.00 0.00 0,00 0,00 .00
t4:RECEIVED SIGMAL POREK,DEY ~136.34 -134.92 -152.24 -151.41
{SUN OF LINES & - 13 }
15V5YSTEN TEHPERATURE,DBK BALE  29.22 .90 1.30 27.06 .20 .40
(CIRCUIT L0OSS,0B = -2.40 .20 1.00 -1.50 .20 .20, )
- (RCVR N.F. ,DB = 220 .70 .30 1.50 0,00 .20 )
{ANTERMA TEMP,X = "290.00 0.00 0.00 220.00 0,00 0.00 }
1+ -RECEIVED NO,DEW. HC sal4)  -199.38 .90 1,30 -199.58 [3.44  -201.54 .20 .40 -Zeba4 L0
{115)-228.6 DEW/H? )
(BANDNIDTH, KHZ z 5.00 5.00 )
CHANNEL PERFORMANCE .
17)RCVD C/ND,DB-HZ ({14)-11s)} £3.04 T bh.bb 49,29 50,23
1BYEFFECTIVE [/H0,DB-HI 56.03 56.30 5,50 41,00
{OVERALL C/1,0B = BAU(S) ) 12,96 .95 .95 12,95 10.04)
(INTERBEAM ISOLATION = TR1 20,00 1.00 1.00 20,00 16.67 20,00 1.00 1.00 20,00 B
{INTERSAT. ISOLATION = 23.00 .50 .50 23,00 )
{INTERMOD ISOLATION = 24,00 1,00 1.00 24,00 }
{TURNAROUND E€/NO = &AL 83.04 b4.66 55.19)
{NO(UP) /NO{REGUTIRED) = .15 A5 ]
(NODEM LOSS, 0B = 0.00 0.00 0.00 0.00 }
{9)REQUIRED C/N0,DE-H1 52.74 52.74 B T 44,50
20)PERFORMANCE WARGIN,DB 3.9 .56 .BS 2,00 2.5 1.07
T neh {1 SI5} {1 516}

NOTES: (1) WITHOUT BLOCKAGE/SHADOKING,S 0B GHOULD BE SUFFICIENT 992 OF THE TIME BASED ON RECENT EXPERINENTAL
DATA.
(2) ASSUME O BLOCKAGE/SHADQWIN 6.
{3) -{5) TOLERANCES ARE CALCULATED BY PROGRAN.
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TABLE 3-3. DESIGN CONTROL TABLE FOR FIXED~STATION-

T0-NOBILE (FORWARD} LINKS (.1 W/CH}

BATENAY T SAT

EAT TOD MKOBILE

FAV AV VAR
POF  DESIGN TOL TOL  MEAN {1.01)
TRANSHITTER PARANETERS e e —

FAV AV
DESIGN TOL TOL  MEAM

L T e L R T wa—

1)XNIT POWER,DBN TRI -LO7 1,00 .50 -90 972 -10.22 .50 .50 -10.22
2)IMIT CIRCUIT LOSS,DB REL -2,00- .50 .50 -2.00 8.33  -2,40 .20 1.00 -2.80
T)ANTENRA GAIN,DBI TR 49.50 1,00 1.00 49.60 16.67 42,20 .50 .50 42.20
B)EIRP,DBR {(1)+(2)4(3)) 46,53 44.70 29.58 29.18
S)POINTING LOSS,BB N () -.50 0,00 .50 -.47 139 -1.00 .30 .50 -1.07
PATH PARAMETERS
BYSPACE LOSS,DB 205,90 ~206.90 . -183.24 ~183.24
{FREQUENCY,GHZ/NHL = 13.20 . 864:00
(R&NG= 40000 KK )
7}ATHOSPHERIC ATTN,DB TR 140 W0 0 -0 .17 0.00 0.00 .10 -.03
B)E.0.B.L0SS, 0B . IRI =400 0.00 .50 417 1,39 -4,00 0.00 .50 -4.17
QIMULTIPATH LOSS,DB BAU(1) .00 0,00 0.00  0.00 0.00  -5.00 2,00 0.00 . ~4.00
10)SHADOKING £0SS,DB DELI2) 0,00 0.00 0.00 0,00 0.00 0.00 0,00  0.00.
RECEIVER PARANETERS . |
111POLARIZATION LOSS, DB TR1 0.00 0.00 .10 -.03 .04 -850 L0 .10 -.50
121 ANTENNA GAIN,DBI TR 3230 .50 .30 3230 447  10.00 1.50 0.00 10.50
13)POINTING LOSS,DB {31 -850 .20 .20 -.50 .47 0.00 0.00.0,00  0.00
14)RECEIVED SIGNAL POWER,DBH 134,17 134,37 -154.16 -153.33
(SUX OF LINES & - 13 ) L
15)5YSTEM TENPERATURE , DBK BAUIZ)  29.12 .40 .90 27.06 .20 40
(CIRCUIT LOSS,08 = -1.50 .10 .40 -1.50 .26 .20°
(RCVR N.F. ,DB = 3.00 .50 .50 1.50 0.00 .20
(ANTENNA TENPK = 290.00 0.00 .00 220,90 0.00 0.00
{6IRECEIVED NO,DBN/HI BAUCA) -199.48 .40 .90 -199.43  6.25 -201.54 .20 .40 -201.48
1{15)-228.4 DBW/HZ ) T .
{BANDNIDTH, KHI = 5.00 5,00
CHANNEL PERFORMANCE ‘ :
F7)RCVD C/NO,DB-HZ ((14)-{16)) £5.30 $5.25 41.37 48,31
IBVEFFECTIVE C/NO,DB-HI §3.05 .38 .43 43.03 46,50 47.24
(OVERALL C/1,D8 s BAU(S) 17.21 .86 .B7 17.2
" {INTERBEAN ISOLATION = 20.00 1.00 1.00 20,00
{INTERSAT. ISOLATION = 23,00 .50 .50 23.00
(INTERMOD ISOLATION = TR 30.00 1,00 1.00 30,00 16.67  24.00 1.00 1,00 24,00
(TURNAROUND C/NO = BAU 65.30 85.25
{NO(UP) /HO (REBUIRED} = 05 05
{MDDEN LDSS, DB 2 0.00 0,00 0.00 0.00
19)REQUIRED C/NO,DB-H1 57.51 57.51 44,50 44,50
20}PERFORMANCE MARSIN,DB 5.54 5.51  .Bi 2.00 <274
((181-(19)1 o {1 816

NOTES {1)-(3): SEE TABLE 3-2,
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TABLE 3-4, DESIGN CONTROL TABLE FOR' MORILE-VO-FIXED-
STATION 'RETHRE: ¢INKS (BASELINE

NOBILE TE _SAT - SAT T8 HHRTERAY

FAV  ADV VAR FAV ADY VAR
PIF  DESIGH TOL TOL  MEAN :X.01;  DESIGN TOL TOL  NEAN (1.01)
TRANSNITTER PARAMETERS hon mmmmmmm mmme eem mmeme seoes e e e e oo

1XK1T PONER, DEN TRI 7.00 100 .00 7.33 5.5 -21.88 .50 .50 -21.88 &.17
2)XHIT CIRCUIT LBSS,DE REC S50 .20 .50 -1.85  4.08 -1.50 .10 .40 -1.89 2,08
J)ANTENSA GAIN,DE: TR 10.00 .50 v.00 $0.50 12,50  3L.20 .50 .50 3L.20 447
4IETRP DBH (L) H(DI¢13) 15.50 16.18 7.82 7.67
SYFDINTING L0SS, DR ]I 0.00 0.00 0.00 0,00 0.00 -.50 .20 .20 -.50 &7
PATH PARRAETERS
b)SPACE L05S,DB -182.94 -182,%4 ~205.82 -205.82 -
(FREQUENCY ,MHL/BHI = 836.00 11.65 )
{RANB= 40000 Kn
7)ATKDSPHERIC ATIN,DB TRI 0.00 0.00 .19 ~03 .08 -9 .10 .40 ~90 .17
B)E.0.B.L0SS,DB TR -4,00 0.00 .50 -4.17 1.39  -4,00 0.00 .50 -4.17 L.39
9INULTIPATH LOSS, DB BAL(I}  -5.00 2.00 0.00 "-3.00 11.tl 0.00 0.00 .00  0.00 0,00
10}SHADOWING LOSS,DB . DEL{2) 0.00 0.00 0.00  0.00 0.00 0,00 0.00  0.00
RECEIVER PARANETERS
11)FOLARIZATION LOSS,DB TR1 -5 .10 .00 -50 .17 0.00 0.00 .10 -.03 .06
12) ANTENNA GAIN,DBI TRI 41,60 .50 .50 4160 4.17 48,90 1.00 1.00 48,90 f6.47
12;PDINTING LOSS,DB TRI -1.00 .30 .50 -1.07 272 -.50 0.00 .50 -.67 139
14)RECEIVED SIGNAL PONER,DEW -136.34 -134.92 ~155.00 -155.51
(5UM OF LINES 4 - 13 ) - :
15)SYSTEN TEMPERATURE,DBK BAU(Y)  29.22 .90 L.30 25.30 .50 .40
{CIRCUIT- LOGS,DE = -2.40 .20 1,00 -1.00 0.00 .40 )
(RCVR N.F. ,DB = 2,20 .70 .30 2,00 .50 .20 )
1ANTENNA TENP K : ——  290.00 0.00 0.00 50.00 0.00 0,00
103 9ECEIYED NG, DEW/HI BAU(H) -199.38 .90 1,30 -199.38 13,44 -203.30 .50 .60 -203.35 3.3k
{1191-228.4 DER/HL )
(BANDNIDTH, KHZ = 5.00 5.00 )
CHANNEL PERFORMANCE
ITIRCVD /MO, DB-HZ-1(14) 1161} T 83,04 bh.66 48,3t 47,84
18YEFFECTIVE C/M0,DB-H2 54,03 56.30. 46.50 46.21
_{OVERALL €/1,DB = BAU(S) ' 14,49 1.00 1,00 18,49 1110}
{INTERBEAN [SOLATION = TRI 20.00 1.00 1.00 20,00 1b.67 . }
{INTERSAT, ISOLATION = | ) }
{INTERNOD 1SOLATION = 74,00 1.00 1.00 24,00 }
{TURNAROUND C/MO = 6AU 63,04 b4.66  55.19)
{NO{UP) /NO(REQUIRED) = .45 .15 ]
{MBDEX LSS, DB = 0.00 0.00 0.00 0.00 )
~JPIREQUIRED C/NO.DB-HT §2.74 52.74 44,50 44,50
20} PERFORMANCE MARGIN,DB 3.29 3.5 .85 2.00 LTt 100
{118y~ (191} . {1 816} {1 516)

NOTES {1}-(5): SEE VABLE 3-2.
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isolation from 24 dB to 22.1 dB, and the interbeam isolation from 20 to 18.1
dB. Serious performance degradation would occur, To alleviate this problem,
the per-channel power for both the mobile-to-mobile and fixed-station-to-
mobile communication has been fixed at -8.89 dBW, corresponding to 0.129
watts peﬁ channel. The resulting link margin is 3.05 dB and 1.68 dB for the
fixed-station-to-mobile and the mobile~to-mobile communications, respectively
(see Tables 3-5 and 3-6). Since mobile-to-mobiie traffic is expected to be

a small percentage of the total traffic, a lower link margin is acceptable.

The satellite power required for the mobile-to-fixed-station traffic is 0.0065

watts per channel, with a link margin of 2 dB,

A brief description of the major link parameters is given in the following

section.,
3.4.1 Required EB/NO

The requirement on EB/NQ is driven by the required quality of service., As
described in Chapter 1, MSAT-2 is designed to provide both voice and data
services, Voice service is assumed to be-digitized using 1inear predictive
coding (LPC). The acceptable bit error rate (BER) is on the order of 10-3,
which corresponds to an EB/NO of about 10.7 dB, based on results of the
channel simulator using the baseline modulation scheme, GMSK, with coherent
detection. (It is noted that two-bit differential detection is the current
baseline for MSAT-X.) For a given BER, the required EB/NO varies over a few
dB depending on the modulation/ demodulation scheme. While efforts are being

taken to select a suitable scheme for the mobile satellite system, it is



TABLE 3-5. DESIGH CONTROL TABLE FOR MOBILE-TO-MOBILE LINKS (BASELINE,.13 W/CH!

TRANSHITTER PARANETERS
13 NIT POMER,DER
2)IKIT CIRCUIY. LOSS, DB
JIANTERNR GAIN,DBI
OEIRPDER {(1}+12)+(3))
SIPOINTING LDSS,DB

PATH PARANETERS

5)SPACE LOSS, DB
(FRERQUENCY ,KHZ =
(RANG= 40000 KR )

TYATHOSPHERIC ATTN,DB

8)&,0,B.1055,0B

FIMULTIPATH LOSS,DB

10)5HADOWING LOSS,DB

RECEIVER PARANETERS
£1)POLARIZATION LOSS,DB
12}ANTERNA GAIN,DBI
13)POINTING LOSS,DB

14)RECEIVED SIGNAL PONER,DEK

{SUX OF LINES 4 - 13 )
15)SYSTEN TEMPERATLRE,DBK
{CIREUIT LOSS,DR
(RCVR N.F. 0B
{AKTENNA TENP,K
L6)RECEIVED NO,DERsHI
{115)-228.6 DBN/HZ )
(BANDNIDTH, KHZ =

CHANMEL PERFORMANCE

17}RCVD C/NO,DB-HZ ((14)-(16})

1BIEFFECTIVE C/NO,DB-HI
(OVERALL C/1,D8 =
(INTERBEAM LSOLATION =
(INTERGAT, ISDLATION =
{IKTERNOD ISOLATION
{TURNARDUND C/NO
(NG{LIP} /NC{REAVIRED}
(HODEX LOSS,DB

19)REQUIRED C/NO,DB-HI

20)PERFORMANCE MARGIN,DDB
{118}~ 119))

NOTES {1)-15): SEE TABLE 3-2.

POF
TRi
REL
TRl

TR1

TR
TRl
BAULE)
DEL{2)

1R]
Rl
TR!

BAL(3)

SAY(4)

BRU(S)
TRI

Al

NOBILE 'TO §AT 5AaT1. T8 MOBILE
FAV  ADV VAR FAY ADY VAR
DESIEN TOL TOL  MEAN X,01)  DESIEN TOL TOL  MEAH (X.01}
7.00 1.00 0.00 7.33 5.5 [ -8.B9 .50 .50 -8.89 &.17
450 .20 50 -1.85 408 2,40 .20 3.00 -2.80 12,00
10.00 1.50 0.00 10.50 12.50 42,20 .50 .50 42.20 4.17
15,50 16,18 30,91 30.51
0.00 0.00 0.00 0.00 0:00  -1.00 .30 .50 -1.07 272
-162.94 ~1B2.9% -183. 24 -163.24
835.00 866,00
0.00 0,00 .10 -.05 .0 0.00 0,00 .10 ~-.03 .06
.00 0.00 .50 -A17 139 -4.00 0,00 .50 417 139
5,00 2.00 0:00 -4.60 1141 -5.00 2,00 0,00 -4.00 {1.1
0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00
-50 .10 .10 -S5O - .17 - 50 W0 10 .50 17
M0 .50 .50 41,60 407 - 10.00 150 0.00 10,30 12.50-
.00 .30 .50 -1.07 2,72 0.00 0.00 0.00 0,00 0.00
-136.34 -134.92 ~152.83 ~152.00 -
29.22 .90 1,30 97.06 .20 .40
‘2.‘0 -20 1000 ‘1.50 120 420 }
2.20 .70 .30 1,50 0.00 .20 }
290.00 0.00 0.00 220,00 0.00 0.00 j
S199.38 .90 1.30 -199.58 13.44 -201.54 .20 .40 -201.68 1.00
5,00 5.00 )
63,08 b4.46 18.70 49,64
56,03 56.30 .18 T
- 12-?6 l?s -95 12-95 - 10-04)
20,00 1.00 1.00 20.00 14.67  20.00 1,00 1.00 20,00 )
93,00 .50 .50 23.00 )
26.00 1.0 1.00 24.00 )
63,04 b4.bb 55.19)
15 .15 )
0,00 0.60 9.00 0.00 )
52,74 52.74 44,50 44,50
3.29 3.5 .85 1,68 2.2 1.7
{1 §16) {1 15
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TABLE 3-b. DESIEN CONTROL TRBLE FOR FIXED-STATION-TO~
MOBILE (FORWARD} LINKS {BASELINE, .13 W/LH)

TRANSNITTER PARANETERS
1YXNIY PONER,DBN
21517 CIRCUET LOSS,DB
SIRNTENNA GAIN,BBI
AIEIRP,DBH (£1)+12)4(31)
S)POINTING LOSS,DB

FATH PARANETERS
615PACE LOSS,DE
{FREQUENCY,GHI/MHZ =
(RANG= 40000 KN )
T)ATHOSPHERIC ATTN,DB
8)€.6.9.L055,08
FINULTIPATH- 1.0S5,DB
10)SHADORING 10SS,D8

RECEIVER PARANETERS
11)POLARTIATION LOSS,DB
12)ANTENNA GAIN,DBL
13)POINTING LOSS,DB
Y4IRECEIVED SIGNAL POWER,DBM

{SUM DF LINES 4 - 13}
¥3)SYSTEN TEMPERATURE,DBK
{CIRCUIT L0S5,08B
{RCVR N.F. ,DB
(ARTENNR TENP,X
1&)RECEIVED NO,DEW/HI
1{13}-228. 5 DBN/HL
(BANDWIDTH,KHZ

Honon

CHANNEL PERFORNANCE

{7YRCVD C/HO,DB-HZ 1{14)-(16)}

IBIEFFECTIVE C/NO,DB-HI
(OVERALL C/I,DB
(INTERBEAR ISOLATION
(INTERSAT. ISDLATION
{INTERNOD ISBLATION
{TURRARDUXD C/NO
{ND (P} /NO [REQUIRED)
{NODEN L0SS,D8

19IREQUIRED C/NO,DB-HI

H 8 & 10 st

201PERFORNANCE MARGIN,DB
LaB-119))

KOTES {1)-15): SEE TABLE 3-2.

POF
TR]
REC
TRI

TRI

TRI .
R1

Bab(1)
DEL{2)

TRI
TRI
TR1

BA(3)

LR )

GAL{5)

1RI
6AY

GATEWNAY TOD S4AT 5AT TO0 HOBILE
FAV  ADV VAR FAV ADY VAR
DESIGN TOL TOL NEAK (X.01) DESIGN. TOL TOL  MEAN ¢X.01)
=107 00 .30 -9 972 -8.89 .50 .50 -B.B9 4,47
=200 L350 .50 -2.00 B.33 ~2,40 20 1,00 -2.80 12.00
$9.60 1.00 1.00 49.40 14.87 42,20 .50 .50 42.20 4.17
44.53 46,70 30.91 30.51
=30 .00 .50 -.47 .39 -1,00 .30 .50 ~-1.07 2.72
-205.90 -206.90 -183.24 ~183.24
15,20 845,00
=110 A0 0 -L10 17 0.00 0,00 .10 -.03 .06
~4.00 0,00 .50 -4.17 1.39 =400 0,00 .30 417 1.39
0,00 0,00 0,00 0.00 0,00 =5.00 2,00 0,00 -4.00 11.11
0.00 0.00 0.00 0,00 0.00 0.00 0,60  9.00
0.00 0.00 A0 --03 -o& "-50 llo -!0 ‘.59 ll?
32,30 .50 .50 32.30 4,17 10.00 1.50 0.00 10.50 12.50
-390 .20 20 -850 .67 0.00 0,00 0,00 0.00 .00
13817 ~134,37 -152,83 -152.00
2912 40 .90 27.06 .20 .40
‘1-50 -10 .‘0 -1-50 -20 020
3.00 .50 .50 1,50 0,00 .20 }
290.00 0.00 0.00 220,00 0.00 0.00 }
-199.48 .80 90 -199.63 5.25 -201.54 .20 .40 -201.64 1,00
3.00 3.00 ]
63,30 63,25 48.70 49,64
63,03 .38 .43 63,03 47.53 48.25
17.21 .B& .87 17.21 8.3
20.00 1,00 t.00 20,00 )
23,00 .30 .50 23,00 )
30.00 1.00 .00 30.00 14.647 24,00 1,00 1.00 24,00 }
85,30 63,25 46.81)
.05 .03 ]
0.00 0.00 0.00 0.00 b
3.3 351 44,30 44,50
5.54 .91 LB 3.08 .15 1.03
{1 516} {1 516}
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assumed that an EB/NO of 10.7 dB will be sufficient for a BER of 10-3, The
required BER for the data service is in the neighborhood of 10-6, Without
the benefit of coding, this would require an EB/NO of about 15 dB. The per-
channé1 power requirement, consequently, would be significantly higher for
the data service, The disparity in the per-channel power would, as previously
mentioned, worsen the already serious interference environment. To avoid
these problems, the required EB/NO for both the LPC voice and the data services
is set at 10.7 dB. The 10.7-dB EB/NO will provide an acceptable BER for the
voice service as previously mentioned. In order to obtain a BER of 10-6 for
the data service, coding will have to be employed, and mobile terminals pro-
viding such a service will have to be equipped with some sort of decoderi such

as a convolutional decoder, which could have a coding gain of 4 to 6 dB.
3.4.2 Antenna Gain

Two antennas are employed by the satellite to support the service and backhaul
links. The service link antenna operating at the high UHF is a 20-m antenna.
The designed boresight gain of this antenna is 42.3 dB and 42.9 dB for receive
and transmit, respectively. Allowing 0.4 dB to account for scan loss and 0.3
dB for the beam-forming network loss, the available gain is 41.6 dB for receive

and 42,2 dB for transmit.

The backhaul antenna is a 0.4-m parabolic antenna. The boresight gain of the

antenna is 32.3 dB for receive and 31.2 dB for transmit.

The antenna for the mobile terminal is an MGA which is expected to provide a
gain of 10 to 12 dB with a minimum of 10 dB for the range of elevation angles
expected for mobile terminals located in CONUS. For the northern part of
Canada and Alaska, a specially designed antenna may be necessary to provide

a 10-dB gain.
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3.4.3 Transmitter Circuit Loss ’

The transmitter circuit loss for the satellite is budgeted as follows: 2.4 'dB
for the UHF and 1.5 dB for the Ku-band. The 1.5-dB Toss for the Ku transmitter
is composed of the diplexer loss of 1.0 dB, diplexer connector loss. of 0.2 ds,
and waveguide loss of 0.3 dB. The loss for the UHF transmitter includes a
1.0-dB loss for the diplexer, 1.2 dB for the coaxial cables, and 0.2 dB for

the diplexer connector, giving a total. of a 2.4-dB loss. Waveguides are less
lossy than coaxial cables. Cables, however, have the advantage of being
flexible, and are lighter, smaller, and easier to implement. The baseline
design utilizes waveguides for the connection between the Ku-band antenna

and the diplexer, and coaxial cables between the UHF feéd elements and the

diplexers. This is the reason why the UHF transmitter is lossier.

The transmitter circuit loss is assumed to be 1.5 dB for the mobile terminals
and 2.0 dB for the gateway. A larger loss for the gateway is acceptable
because the loss can easily be made up by increasing the transmitted power.
The same does not hold for the mobile terminal for two reasons. First, the
transmitter power for a mobile terminal cannot be readily increased as with
the gateway or base stations. Secondiy, even if more power is available for
the mobile transmitter, the additional power would probably be best utilized

to increase the link margin, or to reduce the burden on the satellite.
3.4.4 Receiver Circuit Loss

The receiver circuit loss for the satellite is 2.4 dB for the UHF receiver
and 1,5 dB for the Ku-band receiver. The 2.4 dB loss for the UHF receiver is
made up of a diplexer loss (1.0 dB), cable loss (1.2 dB), and diplexer

connector loss (0.2 dB). The Ku-band receiver loss consists of 1,0 dB for
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the diplexer, 0.3 dB for the wavequide, and 0.2 dB for the dip]gxer connector,
Similar to the transmitter, the loss of the UHF receiver is higher than the

loss of the Ku<band. receivers

The receiver circuit loss for the mobile terminals, the base stations, and

the gateway stations is assumed to be 1.5 dB.
3.4.5 Receiver Noise Figure

The noise figure for the UHF receiver on-hoard the satellite is 2.2 dB. For
the backhaul receiver, a higher noise figure (3.0 dB) is assumed because the

higher noise figure can easily be compensated for.

The noise figure for the mobile terminal is assumed to be 1.5 dB. Based on
work performed by MSAT-X, noise figures in the range of 1.58 dB to 1.60 dB were
measured [4]. With further improvement, a mobile receiver having a 1.5-dB

noise figure is judged to be achievable and affordable with the 1990 technology.

The backhaul Tink is not as severely constrained as the UHF 1ink; the noise
figure requirément can be slightly relaxed. Based on current technologies, a

2.0-dB noise figure is assumed for the gateway stations and base stations.

3.4.6 Antenna Temperatdre

The temperature of the earth-looking UHF and Ku-band .antennas is assumed to
be 290°K. The temperature of the mobile antenna is 180°K, and uf‘the gateway
station/base station is 50°K [3].

3,4.7 Intermodulation Isolation and Intersatellite Isolation

The achievable intermodulation isolation and intersatellite isolation.are 24
and 23 dB,. respectively, as indicated in Sections 2.8.4 and 2.8.5.
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3.4.8 Multipath Fading

Thermal noise and interference are not the only impairments on the communi-
cations links of a mobi]é satellite system. Multipath fading can have a
significant impact on the design of the system. The extent of multipath
fading, however, is one of the least-known parameters. Analyses and experi-
mental results by various individuals and organizations have indicated a
signal degradation of varying deérees depending on many variables, inc]uding
elevation angle, terrain, and the type of mobile antenna. While investigations
to better understand and characterize multipath fading are currently heiﬁg
conducted, 5.dB is allocated for the MSAT-2 link budget. According to Vogel
and Smith [5], the probability for a signal degradation of 5 dB or less

is about 85% for an elevation angle of 15 to 20 degrees, based on limited
measurements, Muitipath/fading generally improves at higher elevation angles.

More on propagation in the mobile satellite environment is presented in

Appendix F.

3.4.9 Antenna Pointing Loss

The 16s5s due to the antenna pointing error is made negligible for the UHF

" antenna by properly designing the pointing system and the anfenna feed. The
satel lite control subsystem is capable of pointing the 20-m antenna with an
accuracy of 0.15 degrees or better, which is about one-eighth of the 3-dB
beamwidth. The feed is designed such that the area illuminated by the multi-
" beam antenna is slightly larger than the area served. Consequently, a small
pointing error of 0,15 degrees will not move ;he beam outside the coverage
area and no ‘loss will occur (see Sectién 2.6;6). To account for pointing

stability, a loss of 1 dB is assumed.
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The pointing accuracy for the backhaul antenna is 0.1 degrees or better. A
loss of 0.5 dB is allocated in the link budget.. Similarly the pointing loss
for éhe'gafeway stations and the base stations is 0.5 dB. For the mobile

terminals, the pointing loss has been included in the antenna gain.
3.4.10 Polarization Loss

Polarization loss is the loss due to the mismatch between the polarization of
the transmitting and receiving antennas. A loss of 0,5 dB is allocated for

both the service and backhaul Tinks.
3.4.11 Edge-0f-Beam Loss

The gain of the antenna discussed in Section 3.4.2 is the gain at the center
of the beam. At the edge of the beam, the gain is reduced., A reduction of 4
dB is allocated for the UHF link (see Chapter 2).

The edge-of-beam 1oss for the backhaul is also assumed to be 4 dB.

3.4.12 Atmospheric Loss

Atmospheric Toss is negligible at UHF. For the backhaul, the loss is estimated

to be 1.5 dB and 0.9 dB for uplink and downlink, respectively.

3.5 TRANSPONDER DESIGN

. The transponder is designed to receive and transmit in both the UHF and Ku-
band frequencies. The UHF uplink signals are received via the mu]t{pie UHF
beams. They are then amp]ified,,uﬁ-cqnvérted to 200-MHz IF, and multipliexed
into a composite IF signa]taccqrding to the: frequency plén discussed in

Section 3.,11. The composite IF signal is-then up-converﬁed to Kuuﬁand, and
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retransmitted to earth using the Ku-band antenna. Conversely, the Ku-band
uplink signals are received via the Ku-band antenna. These signals are
first doyn-converted to UHF according to the plan described in Section 3.11.
The UHF signals are then-amplified and transﬁitted. A block diagram of the

transponder is showﬁ in Figure 3-9 for the east satellite.

The transponder in Figure 3-9 provides mobile-to-mobile, fixed-station-to-
mobile, and mobile-to-fixed~-station communications. It, however, does not
provide'a Ku-band cross trap for fixed-station-to-fixed-station communications,
i.e., NMC to gateway, and vise versa. The communications between NMC and
gatgway stations are assumed to be terrestrial links in the baseline design.

If a Ku-band cross trap is needed, the block &iqgram in Figure 3-9 will have

to be modified and the required Ku-band bandwidth increased.

3.5.1 Receiver

The tr&nspondef has a Ku-band receiver, and a number of UHF receivers. The
nonoverlapping feed design normally reﬁuires one receiver for each UHF beaﬁ.
Due to the split-band assumption (see Figure 1-10) an additional receiver is
needed for each beam opeyating in the split suhbanq. The number of receivers
thus is larger than the number of multiple beams by an amount equal to the
number of reuse of the split subband. Fpor design purposes, this issue is
ignored and the number of receivers will be taken as the same as the number

of beams. Consequently, there will be 24 receivers for the east satellite,

and 21 for the west satellite,
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A block diagram for the UHF and Ku-band receiver/translator [2] is shown in
Figure 3-10. The noise figure is 3 dB for the Ku-band receiver, and 2.2 dB

for the UHF receive}sﬁ The required technology for the receiver components

is shown in Table 3-7.
3.5.2 Transmitter

The satellite requires one Ku-band transmitter and a number of UHF trans-
mitters. Both UHF and Ku-band transmitters are designed using solid-state
power amplifiers (SSPA) that are expected to be developed by 1990. The pay-
load power is 2606 watts and 28§0 watts for the east and west satellites,

respectively (see section 3.7).

A payload poﬁer budget, shown in Table 3-8, indicates that the total trans-
mitter power is 2024 watts and 2290 watts for the east and west satelﬁites.
Assuming aﬁ overall DC-to-RF conversion efficiency of 26%, the RF output is
22 watts per UHF transmitter for the east satellite, and 28 watts for the

west satellite. The Ku-band transmitter is 27 watts and 30 watts for the

two satellites. Using a‘é-watf SSPA, a linearized output power of 30 watts
can be obtained with an overall efficiency of about 26% and an intermodulation
isolation of 24 to 26 &B [2]. The we{ght of this transmitter is approximately
6 lbs aﬁd its dimension is 3 X 37 X 13 em (1 X 14.5 X 5.2 inches).

3.5.3 Diplexers

There are two types of diplexers: UHF and Ku-band diplexers. The Kﬁ-band dip-
lexer is designed to handle over -100 watts of peak power. It has an 80-dB
receive/traq;mit isolation, a 60-dB UHF/Ku isolation, and an insertion loss
of 1.0 dB. The UHF diplexer is similar to the Ku-band diplexer and can handle

an instantaneous power of 300 watts.
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Table 3-7. Receiver Components Technology Chart

MICROWAVE INTEGRATED HYBRID
INTEGRATED CIRCUITS CIRCUITS
COMPONENT CIRCUTTS
m%
Ku-BAND RECEIVER X X X
DOWNL INK .
FREQUENCY TRANSLATOR X
UPLINK
FREQUENCY TRANSLATOR X X
Ku-BAND UNCONVERTER X X
LOCAL OSCILLATOR X : X X
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Table 3-8.

Communication Payload Power Budget

East Satellité West Satellite

RF Power Per Ku Transmitter

(watts) (watts)
UHF HPA 2024 2290
Ku-Band HPA 102 115
Receiver/Translator 300 264
. Upconverter/Downconverter | 30 30
Margin 150 . E '161"
Total Payload DC Power 2606. 2860
Total RF Power (UHF) 526 595
RF Power Per UHF Transmitter 22 28
Total RF Power (Ku) 27 30
27 30
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3.6 ANTENNA/FEED DESIGN

In Sections 2.5 through 2.7 design trade-offs for a multi-beam reflector
antenna in terms of geometric characteristics, power requirements, frequency

reuse schemes, and C/I were given. A variety of examples were also presented.

Here the selected baseline configuration is summarized.

The geometric parameters of the 20-meter antenna operating at the high UHF
range of 870 MHz, together with the feed characteristics are given in Figure
3-11. The selected feed is a simple 1-element {composed of 4 patches) con-
figuration which seems to satisfy the requirements of power and weight as
well as the C/I of the systems. Beam layouts of this antenna at 90° and 130°
west longitude have already been given in Section 2.6 (Figures 2-38 through
2-40), The same multibeam layouts, but in a rectangular longitude-latitude
system, are given in F{gures 3-12 and 3-13. The corresponding feed array
layouts are given in Figures 3-14 and 3-15, A universal feed array which may
be used in either position as well as on a spare satellite is given in Figure

3-16, Table 3-9 presents a summary of the size and weight of the feed array.

Far-field patterns of the focal point beam are given in Fig. 3-17. A difference
of approximately 0.6 dB at the center gain between uplink (823 MHz} and down-
link (868 MHz) is computed. However, due to the fact that the lower frequency
beams are slightly wider than the higher frequency ones, the amount of gain
difference at the 4-dB edge of the beam would be less than 0.1 dB., Figure 3-18
shows a scanned pattern at the edge of the coverage region (beam number 6 in
Figures 2-38 through 2-40 and 3-12) whose scan loss is less than 0.5 dB. Table
3-10 summarizes the gain loss mechanisms and the final gain figures. From a

study of the beam arrangement in the 24-beam system of Figures 2-39 and 3-12,
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Table 3-9. Feed Array Weight for the 20-m UHF
Reflector of the Baseline MSAT-2 Design

Area ' Weight
24(21) Beams - 24(21) Beams
kadiating elements layer 5(4.5)me 10(9) kg
. Peed distribution network layer ‘ 10(9) kg
Backup structure ) 30(27) kg
Cables : 20(18) kg
Total . 70(63) kg
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Table 3-10,Gain Loss Breakdown for MSAT-Z UHF Antenna

Aperture Gain, (@D/\)2 45.0 4B
Center Frequency (845.5 MHz)

Aperture and Spillover Loss 1.6 dB

Surface Tolerance Loss, for < 0.3 dB
RMS Surface Roughness:
1/60 of Wavelength

Feed Insertion Loss < 0.2 48

Feed Conductor and < 0.10 dB
Dielectric Loss

Cross—Polarization Loss . < 0,10 dB8

Reflector Surface < 0.1 4B
Reflectivity Loss

4-way Divider Network Loss < 0.3 dB-

Total Gain Loss for . 2.7 dB
Focal "‘Beam

Focal Beam Gain 42.3 dB

Gain Loss for Maximum Scan 0.4 dB
4 Beamwidth

Uplink (823 MHz) - 0.3 d8
Peak Gain Increment -

Edge Gain Increment . +0.25 dB

Downlink (868 MHz)
Peak Gain Increment + 0.3 dB
Edge Gain Increment - 0.25 dB
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Figure 3-11. Feed/Reflector Parameters for the 20m UHF Antenna of MSAT-2

3-36



LE-€

180 -166 -150 -~135 ~-120 -1G5 ~-90 -75 ~-60.  -45 -30
= /
2 =F
g e o O e O
60 % v ~
7 .
/ ) -
45 - 5
5
™ L3
30
[+
15 )
~-16% ~-150 ~-1395 ~-120 ~-109 '-80 ~75 ~-60 -43 -30

180

Figure 3-12 MSAT-2 Satellite Antenna Beam Layout in Longitude-Latitude Map
Antenna Diameter: 20 Meter; f£: 845.,5 MHz; Crossover Beamwidth: L.4%;
Crossover Gain: 37.9; Satellite Position: 90° W. Longitude Geostationary Orbit



ge-¢

180 -165 -180 -135 ~-120 -10% -90 =75 ~-60  =~45 -30°

1 | "]
< P AN I - &% R -
%
! )f/
60 R N NG S asmie 60
. ">;2:i, - 'ﬂﬁ , )

wh

=
45 . | 74 45
" K% y o / ‘ﬂ(g
#
i

30 : a VA = 30
QX\ 3
.._._b -
(5 ‘ \’\; 3 Py oo p N . 15
" 180 ~165 -150 -135 ~-120 -105 -90 ~75 ~-60 -45 -30

Figure 3—~13 MSAT-2 Satellite Antenna Beam Layout in Longitude-Latitude Map
Antenna Diameter: 20 Meter; f: 845.5 MHz; Crossover Beamwidth: 1.4°;
Crossover Gain: 37,.9; Satellite Position: 130° W. Longitude Geostatiomary Orbit



O0o0oonoog
nooonono
000o0ooog
ON0000000
00O0Oooonoog
oooaooooog

o - 00l

O

O
Ll

L OO0Un0omng
{|0OO0oogoo
Oo0oooo

[}
O

]0

3.1“1‘ )

wysg

3-39

o

Figure 3-14: Feed Array Configuration foxr MSAT-2 20m Reflector Antenna:

. 90° W, ‘Longitude, 24 Beam Coverage



00
HiN

[]

000000
Co000oo
000000
Oo0o00ooon
NO00000no

HIN{ENIEN
noooan

Qo opoooy
Coooony

4.1m

Feed Array Configuration for MSAT-2 20m Reflector Antenna:

DD\
1]
\1[]

3-40

Figure 3~15.

130° W. Longitude, 21 Beam Coverage



Ly-¢€

1 ooOoocOoooo B
OOooODoooaun R
Nnoooopoooooood
OooDOoODoOooOoooi
: OooOooododood
< nooooooooood
oooooOooaobddd
OooooOooooonoOoo
\DDDDDDDD
Y DOOoDOofon
4olm n

Figure 3-16. Universal Feed Array Panel Configuration for the 20m Reflector

Antenna of MSAT-2, for use at Both 90° and 130° W. Longitude Geostationary Orbit


http:00000-.01

RELATIVE RHPLITUCE [N OB

RELATIVE ANPLITUDE IN DB

~1G

~20

25

38
-40
-45
~-50
- 55

60 ;

lll .‘- v
o =} ) Q

-2

25

-35
-40
-45
~50
-55

58

J=54.9.F=54.9.HC=32.94.0NEG=146.6, GX=0.6GY=0

BERAM OIRECTION:THETR= .gd PHIiR= .00 CRIN= 432.08 EFFICIENCY= 6B.37%
PATTERN BXiS:THETB= .00 PHIB= .00 PATTERN PLANE: PHI= .00
LEFT CIiRCULRR POLRRIZATION
AMPLITUDE PATTERN PATTERN O SURFACE 0O AZSHUTH aNLE = 0.00 A—(5 CO) X-LE CROSS)
3-08 f/’. \\
/ \
f \
N\ L
A N A
N N A
WAVA RV NN
WA IHRIAVIAVAN AN
\WIAVIRVIRTIRUIR Y VL HRTRIA
AN 1 I
IR TR
ic -9 -f -1 1 -5 -4 -2 -2 -1 [ & . 38 T8 5 [ 1 [} 9 10
POLRR ANCGLE IN DECREES
(a) PATTERN CUT IN THE OFFSET PLANE
0:54.9.5:54.0,H0=22.94.0MECG-146 .68, BX=0.0Y=0
.BEAM OIRECT:ION:THETR - .00 PHIR= .00 CRiN= 43.0B EFFITIENCY=- 8B .37%
PATTERN AX15:7dETE= .00 PH:iB= .00 PRTTERN PLANE: PHI= 96.GO0
LEFT CIRCULAR PCLARIZARTIGN
AMPLITUDE PATTERN PATTSRN O SURFACE © RZIMUTH ANCLE = 50.00 &-%t£ CO) X~{E CROSY]
3-03 f/ -
: / \
‘ \
\'\
4 /
Al L
WY RIE A A
DAV ATV
AN | | \ TIAVAYANS
[T | IR
BB / ’ |
{ ! v I
10 -9 -B -7 ] -5 -4 -3 -2 1 1] 1 2 3 4+ 8 6 T B 3 10

POLAR ANCLE IN DEGREES

{b} PATTERN CUT NORMAL TO THE OFFSET PLANE
Figure 3-17. On-Focus Pattern of 20-Meter Offset Reflector

3-42 ORIGINAL PAGE IS
OF POOR QUALITY



RELABTIVE BMPLITUDE [N DE

RELATIVE ANMPLITUOE [N DB

D=54 .9.F=54.9,HC=32.94 .0MEC=146.6. BX=0.Q0Y=3.9§
BEAM DJRECTION:THETR= 3.79 PHIR= 90.00 CAIN= 42.63 EFFIiCIENCY= 61 .59%

PATTERN AXIS:THETB= 3.79 PHiB= 90.00 PATTERN PLANE: PHj= 90.00
LEFT CiRCULAR POLARIZATION

o AMPLITUDE PATTERN — PATTERN O j;l:fﬂt{:) AZIMUTH ANCLE = 90.00 (€ cO} X~[E CROSS)

/

\

/ 1

| LA

e AN \I v N

n Y A

WiV RN A

AR LR AN A

IRTRITEIEN V] HITAARVALY
T UL
R SRER R

- 60,

POLRR ANGLE [k DECREES

(a) PATTERN CUT IN THE OFFSET PLANE

0=54.9,F=54.9,HC=32.94 .0MFG=146 .6, @X=0.0Y=32.95
BEAM OIRECTION:THETR= 3.79 PHiR= 90.00 CRAINz 42.63 EFFJCIENCY= 61.59%7.

PRTTERN RAX1S:THETB= =.79 PHIB= 90.00 PRATTERN PLANE: PHI= .0g
LEFT CIRCULAR POLARLZATION
a AMPLITUDE PATTERN *  PRITERN O SUREPCE © AZINUTH ANGLE = 0.00 4-(F £0} X-{E CROSS)
2-¢A AN

-5 / LY

\

-15

-20 /”\ \

Wil |

/11 \ N

-83 kf\ oy

~40

\‘

e

‘--._‘_‘“
g

Wl /'\/\\

'-—.-—.-___-_
I
[———
M
e
e
[t
| g1
]
I
I
—
e |
v—‘-'_-/
]
et
—
_.....-—-/
"_‘-.._-

-850 I
=58

=
L
]
|t
——]
S
Por—— ]

-60

=10

-9 -8 -7 -8 ~5 -4 -3 -2 -1 o 1 2 3 + s 13 ? 8 9 10
POLAR RNDLE IN DEGREES

(b) PATTERN CUT NORMAL TO THE QFFSET PLANE

Figure 3-18. Pattern of a Scanned Beam (by Three Beamwidths in a Direction

Normal to Offset Plane) for 20-Meter QOffset Reflector

43 ORIGINAL PAGE IS

OF POOR QUALITY


http:QX.OOY=3.g6
http:gXzO.QY3.96
http:AXib:THETB.-3.79
http:PHIR.-90.00
http:AXiS:THETB-3.79

the achievable C/I's have been approximately calculated and summarized in
Table 2-6. For the baseline design the 7-frequency reuse has been selected.
For this configuration, accurate contour plots of C/I values over several
beam footprints were produced. Beam number 8 in Figures 2-39 and 3-12 seems to
be affected the worst by interference. The interference comes from cochannel
beams 5, 17, and 21, A contour plot of the isolation levels is produced in
Figure 3-19. This figure shows a better than 21-dB isolation for over 90% of
the actual hexagonal coverage area. This plot is based on the vectorial
summation of the theoretically computed far-field patterns of the beams in-
volved. It does not include the effect of surface tolerance on the pattern.
We estimate that for a surface tolerance of no worse than 1/50 of the wave-

length, the actual C/I is reduced by about 1 dB.

3.7 POWER SUBSYSTEM

If the satellite were designed to have full north-south station-keeping and
100% eclipse capability, the estimated payload power would be approximately
1360 and 1660 watts for the east and west satellites, respectively, as in-
dicated in Table 2-9 and Figure 2-7, More power will be available to the
communications subsystem because the baseline design assumes a reduced eclipse
capacity and reduced north-south station-keeping. Reducing the eclipse capab-
bility from 100% to 50% results in an additional 400 to 500 watts, Relaxing
the north-south station-keeping to + 2 degrees can bring an additional 846
and 800 watts for the east and west satellites respectively, giving a total
payload power of 2606 watts for the eést satellite, and 2860 watts for the
"west satellite (see Tabie 3-11). To meet the power requirement, the solar

array must be sized to provide about 3200 watts of DC power at the end of 10
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Figure 3-19. MSAT-2 Isolation Contour for Beam 8, .of the 7
Reuse 20-meter UHF Antemna

~Frequency
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Table 3-11.

ﬁvai]ablé_Payloéq Powér

East - Hest
Satellite Satellite

Payload Height, kg - 490 458-
Available Power, watts 1360 1660

Additional Power, watts

Reduced Eclipse Capability - ° 400 400
2° North-South Station-Keeping 846 800
Total Payload Power, watts ‘ 2606 2860
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years at summer solstice, A power budget for the east and west satellites
is shown in Table 3-12. To generate the needed power, the array consists of
two identical wings. Each wing has four solar panels, and is about 2.1 m
(6.9 ft) by 11.1 m (36.4 ft): The power-to-area ratio of the array is about

90 watts/mz, and the power-to-mass ratio is roughly 32 watts/kg.

3.8 ATTITUDE CONTROL SUBSYSTEM

One of the challenges posed by the baseline design is the ability of the
attitude control subsysﬁem to handle the large reflector and its supporting
structure, Based on information obtained from satellite manuf;ctuéers, the
existing attitude control subsystem is believed to be adequate without major

modi fications. The pointing accuracy of the antenna is 0.15 degree or better,

3,9 THERMAL SUBSYSTEM -

The thermal subsystem must be capable of dissipating the heat generated by

the commmunication payload aﬁd the satel]i;e-bus. The communication payload
power is 2.6 to 2,9 kW (see Table 3-11). The amount available to the
transmitter is only 2 to 2,3 kW (Table 3-8.). Assuming an overall DC-to-RF
conversion efficiency of 26%, the amount of heat generéted by the communication
payload is about 1.7 kW. The heat generated by the satellite bus.is about’

400 watts. The total heat dissipation required is thus 2.1 kW, which is well
with{n the capability of the thermal éubsystem of the high-power communications
satellites. For example, the Advanced Communications'Satel1ife Bus being
developed by FACC is designed to be capable of ﬁissipating 2100 watts of heat
from the communications module and 500 watts from the bus. No mo&ifications

of the existing design- of the thermal subsystem are anticipated for MSAT-2.
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Table 3-12,

Satellite -Power Budget (EOL, Summer Sd]stice)

East West
Satellite Satelilite

Communication Payload, watts 2606 2860
fT & C, watts | 17 17
Housekeeping, watts T 292 ‘ 292-
Battery Charging, watts 45 45
Total, watts , 2960 3214
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3.10 MASS SUMMARY

The weights of various subsystems have been estimated using information
obtained from satellite manufacturers, .data contained in f1]1, [23, [6], and
[7], and the payload weight model in Appendi x D.‘ The estimated spacecraft
weight is 1573 kg (3460 1bs) at BOL, 2840 kg (6248 1bs) at GTO, and 8600 kg

(18,920 1bs) in the STS cargo bay. The weight summary is shown in Table 3-13,

The launch cost associated with the mass of the cargo corresponds to a charge

factor of 0,38.

3.11 FREQUENCY PLAN

The baseline system is designed to provide mobile service using the UHF and
Ku-band frequencies. The assumed UHF allocation is a pair of 10-MHz bands,
each contains a 4-ﬂHz and a 6-MHz segment (see Figure 1-10). To efficiently
utilize the available freqﬁency band, 5 7-frequency reuse scheme is employed,
where both the uplink portion and the downlink portion of the pand are divided
equally into 7 frequency subbands, each of 1.428 MHz wide. Fach frequency
subband i§ further divided into 285 channels of 5 kHz each. Figure 3-20

shows the uplink frequency plan. The downlink frequency plan is identical.

The assumed allocation for the backhaul link is a 50-MHz band pair in the Ku-
band, with 50 MHz for uplink and 50 MHz for downlink. The 50-MHz band is
divided into 24 segments of 1.4 MHz each., A guard band of 0.7 MHz between

adjacent segments will reduce potential interference between adjacent segments.

The UHF-to-Ku and Ku-to-UHF translations are accomplished by uniquely associat~
ing a Ku-band segment to a particular UHF beam. An example is shown in Figure

3-21 for the east satellite. In this example, all uplink signals received
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Table 3-13.

Mass. Summary

Communication Payload

TT& C

ACS

Propulsion

Power

Structure

Thermal

Electrical Integration
Mechanical Integration

Margin

Dry weigdht

Station-Keeping Fuel
BOL Weight

Apogee Propellant

GTO Mass

Cargo Mass

Fast Satellite

(West)
Xg
490 (458)
24
70
141
221
156
36
" 51
15
135 167
1339 (1339)
lggg
2542 (2842)
8600 (8600)
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from beam No. 1 will be translated to segment 1 for retransmission. Similarly,

all uplink Ku-band signals that are in segment 1 will be transponded back via

UHF beam No. 1.

The west satellite employs 21 beams to provide the required coverage. The Ku-

band requirement is slightly less than 50 MHz.

3.12 SYSTEM CAPACITY

The available RF power is 526 watts for the east satellite, which can power
up about 4076 channels at 0.13 watts/channel. The available RF power for the
west satellite is 595 watts and the resulting number of satellite channels is
4612, The total system capacity is thus 8688 channels. However, due to a
skewed user distribution, the effective capacity is expected to be much less
than the actual satellite channels. Allowing a 50% reduction, the system

capacity is reduced to 4344 channels.

The number of users that can be accommodated by the system varies over a wide
range, depending on the voice-to-data user ratio. Voice service is expected
-to account for a significant portion of the total service in the beginning,
but data users are expected to increase rapidly and eventually may account
for a major portion of the user population. Assuming a voice-to-data user
ratio of 0.2, the system has a capacity of providing service to about 860,000
users. If the ratio decreases to 0.1, the.number of users increases t0.1.5

million.
3.13 ESTIMATED USER COST
The mobile satellite 'system is, as previously mentioned, a commercial system.

The amount of investment required is tremendous. Whether MSAT-2 will

materialize depends, to a large extent, on the financial viability of the

3-53


http:employs.21

system. One way to measure the financial health of the system is to estimate

the user cost using the cost medel in ‘Appendix C.

As will ‘bé pointed out in Chapter 6, the user cost is composed of the system
cost, mobile equipment cost, and the cost  of using a terrestrial wireline
network., The system cost and the mobile equipment éost_will be examined in
ﬁhe following sections.‘ The cost associated with the usage of the wireline

network will not be considered.
3.13.1 System Cost-

The system cost includes the satellites, launch service, ground equipment,
insurance, .profits, operation, and maintenance (please see Chapter 6). The
cost of three satellites is estimated to-be $276 M, in 1985 dollars. The
cost of the perigee. stage, capable of delivering the MSAT-2 payload, is in-
cluded in the cost of the satellites. Aiso included is the manufacturer
incentive. Launch services for three satellites cost $165 M, based on a
stowed length of 7.3 m- (24 ft) correspondiﬁg to-a‘charge factor of 0.533.
Launch insurance costs $60 M, The cost of the NMC, which includes the
Distributed Command Cenfers (DCC's) and the Network Control Center {NCC), is
estimated to be $30 M. (Please ;ee Chapter 4 for more on network e]ementé.)
‘ The cost of a TT&C station having a limited motion tracker is about $7 MT

Assuming two TT&C stations, the cost will be $14 M.

The cost of a gateway station/base station varies over a wide range, depending
on the size of the station, i.e., the nﬁmber of channels. Avstatioﬁ with 50
to 100 channels is estimated to cost $500,000, while one with 200 to 300
channels costs $1 M to $1.5 M., Large stations have the advantage .of minimizing

the total system cost, but small ones.require less initial capital investment,
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and hence are more attractive to independent -operators. Because the small
stations are relatively inexpen;i&e, it is possible to have a large number of
such stations spread across the servicg area. This will, on the average,
shorteﬁ the distance of the wireline portion of the communications path, and
hence reduce the associatgd wiréline charge for those services. involving a
wireline network. This is an additional advantage of the small stations.
While the actual sizes-of the statioqs for MSAT-2 are expected to vary to a
certain degree, the totél cost of the gateway/base stations is assumed to be

$35 M, which is equivalent to the cost of 70 stations having a capacity of

50 to 100 channels each,

The investment return, and the costs of maintenance and operation are discussed

in Section 3.13.3.

The cost of the mebile terminal using a mechénica], steerable MGA is estimated
to be $2300, It is noted that the mobile terminal cost is not considered as

part of the system cost.
The cost estimates are summarized in Table 3-14.

3.13.2 Channel Usage

Channel usage plays a very important role in determining the end user cost,
Because of the diurnal variation, the system capacity is not fully utilized
all the time. Based on‘the crude model. shown in Figure 2-58, the average
usage is only about 45%, 'Although the model may be somewhat pessimistic, the
actual usage factor may not be muhh higher if one considers other factors,
such as theéda&-of-the week variation apd seasonal variation, which have been
observed on ferrestrial systems. Considering these factors, the usage factor

will be assumed to be 50% for MSAT-2. The number of equivalent revenue-
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generating channels is thus 2172, or one-quarter of the actual satellite

channels.
3.13.3 User Monthly Cost

MSAT-2 is designed to provide both voice and data communications. Because
voice communications in general last chh longer than data messages, it is
necessary to eharge the user a fixed service fee, such as a monthly service
charge (MSC), in addition to the usagé charge based on the amount of usage.
This method of charging lowers the charge per call-minute, and alloﬁs the

cost of the system to be shared more evenly by all users.

Using the data tabulated in Table 3-14, and the cost model in Appendix C, the
user cost for the baseline design has been estgb]isheﬁ for various combinations
of monthly usage and MSC. The estimated cost is graphically shown in Figure
3-22. Depending on the MSC, the monthly cost ranges from about $52 to $59

for a user having 40 call-minutes .per month and $65 to_$66 for one with 100
call-minutes.All costs are in 1985 dollars. As indicated in the figure,'
imposing. @ MSC will benefit users having more than 115 call-minutes per month
at the expense of those infrequent users. The charge rate is $.20 per ca]]-‘
minute without a monthly service charge. The rafe reduces tﬁ $.11 for a MSC

of $10.00.

The above user cost includes the cost of the mobile equipment, which is

estimated to be $44.50 per month.

The item-by-item cost breakdown is shown in Table @-15 for selected MSC's and

diffefqnt amounts of usage,
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Table 3-14.

Estimated Costs for the Baseline System

Cost in Constant
1985 Dollars Comment

Satellite 276M 3 satellites
(2 active, plus
1 hot spare).

Launch 1654 3 launches,
Launch Insurance 60M

NMC 30M

TT&C Stations 14M 2 TT&C stations

with a limited-
motion tracker.

Gateway Stations 35M

Mobile Terminal 2300 With a mechanical,
steerable antenna.
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Table 3-15.

User Monthly Cost for a User Population of 863,000

(1) Monthly - Monthly Mobile Total

Charge Amount Usage Service Equipment  Monthly

Rate, of Usage Charge Charge Cost Cost

$/Min Min/Mo $/Mo - $/Mo $/Mo $/Mo
0.20 10 2.00 0 44,50 46,50
0.20 ) 50 - 10.00 0 44,50 54,50
0.20 100 20.00 ) 0 44,50 64.50
0.20 150 30.00 0 44,50, | 74,50
0.20" 200 - 40.00 0 44,50 84.50
0.11 10 1.10 10 44,50 .
0.11 50 5.50 . 10 44,50 60.00
0.11 100 11.00 10 44,50 . 65.50
0,11 . 150 16.50 10 - 44,50 71.00
0.11

200 . 22,00 10 44,50 76.50

Note:

(Ll Based on one-way communications.
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As previously mentioned, the calculation of the user cost requ%res one to
estimate the inflation rate, rate of return, operation and maintenance costs,
etc. In computing the user cost provided in Table 3-15 and Figure 3-22, the
rate of return'was assumed to be 20%, which is 12% above the projected in-
flation rate, the operation cost was $0.05 per call-minute, and the maintenance

cost was 1% of the replacement cost of the system.

If the maintenance cost is-increased to 10% of the replacement cost and the
operation cost to $.10/call-minute, the charge rate would be increased from

$.20 to $.33 per minute.

As previously mentioned, the charge per call-minute is based on one-way 1inks
where the number of call-minutes is simply the same as the number of channel-
minutes. Duplex communications, however, require twice as many channels as
the simplex links. One call-minute in a duplex mode is equivalent to two
channel-minutes. On a per call-minute basis, the charge for duplex operations

should therefore be twice as much as-the charge for simplex communications.
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CHAPTER 4

SECOND-GENERATION MOBILE SATELLITE NETWORKING CONCEPT

4,0 TINTRODUCTION

The concept of mobile communications through the use of geosychronous satel-
lites has beén studied extensively in recent years [1 and 2]. The MSAT-2 is
a- satellite-based communications network that will provide voice and data
communications to mobile users throughout a vast geographical area; The

space segment of MSAT-2 consists of two spacecraft in a geosynchronous orbit.
The spacecraft transponders act as bent pipes, serving only to translate the
frequency of the signals they receive and to retransmit those signals. No
switching will be performed by the spacecraft. The ground segment consists

of a number of fixed Earth stations, mobile transceivers, a set of distributed
command centers, and a network control center. This chapter will describe the

networking concept of this second-generation MSAT.

As previously mentioned,‘cqmmunications between the mobile terminals and the
satellite are assumed to be in the UHF band. This is referred to as a service
Tink. Communications between the spacecraft and the fixed Earth stations will
be provided in the less congested Ku band. This is referred to as a backhaul
link, In this chapter an integrated networking scheme for the mobile voice

and data communications will be described and analyzed,
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4,0.1 Network Elements

The basic network elements are the mobile terminals (MT's), the base stations
(BS's), the gateways (GW's), the distributed command centers (DCC's), and a
network control center (NCC). The DCC's and NCC together constitute the net-
work management center (NMC) mentioned in previous chapters. Functionally,

the MT's and the BS's serve as ultimate connection endpoints. The GW's, on

the other hand, provide a relaying function between the MT's and users of
another public switched telephone network (PSTN) that is interfaced to the

GW. Thus, the PSTN users can communicate with the MSAT-2 mobile-phone users

by means of-a GW. The DCC's are responsible for the allocation of the satellite
resources and. for enabling the connections between the network users for a pre-
configured group of channels, i.e., intragroup activities are controlled and
monitored_by the DCC. The last network element mentioned above is the NCC. The
NCC will issue commands to the DCC's for all intergroup activities, and keep
track of the network accounting and the global network control. Only nétwork
control information is passed to and from the NCC. A1l DCC's are interconnected

and closely monitored by the NCC.

There are two types of MT's, namely mobile telephone terminals (MTT's) and
mobile dispatch terminals (MDT's). MTT's have only a voice generation/reception
capability. BS's and MDT's-have both a voice and data generation/reception
capability. DCC's and the NCC exclusively use digital signaling for all controil
communications. <Voice reception capabilities may exist for the purpose of

monitoring voice channel communication characteristics at DCC's and the NCC.
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4.0.2 Network Topologies

Figure 4-1 illustrates the physical topology of the MSAT-2 network. The
satellite is aésumed‘to-hgve a multiple UHF beam capability, with a single
fuli-coverage Ku beam. Distinct*Ku bands correspond to the UHF band in each
beam. Each UHF channel is translated to ana from a Ku channel for MT communi-
cations with the DCC, a BS, or a GW (see Chapter 3)., Communications between
the DCC and a 'BS, the DCC and a GW, or the NCC and DCC's will take place via
either a Ku-Ku cross-strap through the satellite, or terrestr{al links. All
elements of the network must be able to communicate with'at least ﬁﬁe DCC in
a sin§1e hop through the éatellﬁte. MT-to-MT communications wi11 reguire
two hops through the satellite, with an intermediate BS/GW providing the
necessary Ku-Ku transiations., Communications between the GW and the
switéhed network it interfaces with would presumably be by terrestrial links.

Only network control information will be communicated between DCC's and the

NCC.

The logical connectivity of the network is defined as the matrix of all .per-
missible communications paths between network elements. Enforcement of this
connectivity is accomplished as part of the channel assignment function in

~ the NCC and DCC's., The general Eules that describe the logical connectivity
are as follows. Each MT must be associated with a home BS/GN. The connection
of an MDT and its associated BS(s), or betwgen an MTT and a user of another
PSTN via a GW will be enabled and disabled by a DCC which controls and monitors
the intrﬁgroup activities. Connections Ean also occur between any MT's within
the coverage of the satellite. Iﬁtergroup connections will be handled by the
NCC through corresponding DCC's., Al1 MT's, GW's, and BS's can communiqate with

at least one DCC for the purpose of establishing connections.
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4,0.3 Network Centrol

The fundamental reéourée to be shared among all of the network elements is the
satellite and its operational frequency bands. The forward ard return Tink
UHF/Ku-frequency bands are divided into 5-kHz channels. (The forward 1ink
is from MT to GW/BS/DCC, and the return iink is from GW/BS/DCC to MT.)} At
any given 1nstant,‘these channels .can be dynamically assigned to perform
different communications' functions, There are four functional types of
channels: reservation channels, command channels, voice chaﬁnels, and data
channels. Reservation channels only occur on forward links, and are used
for MT-to-DCC communications for terminal initialization .and requésts for
connection establishments. Command channels only occlr on return links, and
are 'used by the DCC to provide control information to thé network users,
within its group, regarding acknowledgments of reservation channel traffic,
connection atfempts by other users, apd nétwork status information. Voice
and data channels occur on both forward and return links and are used for
the actual.transfer'of user traffic in the course of a connection. The

distinction between voice and data channels corresponds to the two connection

types described in section 4.1,

Efficient utilization of the channels within a group is conceptua1iy accomplished
by means of the Integrated-Adaptive Multiple Access érotocoi (I-AMAP) algorithm,
The cﬁannels are partitioned iﬁto the functional groups described above.

Figure 4-2 11lustrates an example partition of the channels; the channels

supporting the same function need not be contiguous, but are shown as such

for ease of presentation,
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Figure 4-3 illustrates the intragroup control topology. MT's gain access
to the corresponding DCC using the ALOHA protocol over the current reserva-
tion channel(s). GHW's and BS's make connection requests over the Ku-Ku
cross-strapped or terrestrial links with the DCC., The DCC is responsible
for processing all requests for communications within its group. The
channels ;re assigned according to the I-AMAP which éynamica]ly allocates
the avai]ab]e,channeis between the voice traffic, the data traffic, and
the reservation request traffic on a demand basis. If a channel is avail-
able, the DCC notifies the parties of the assignment. Once the assignment
has been made, cdntrol responsibility is transferred to the intermediate
GH or BS. The cognizant GW or BS monitors the call and signals the DCC

in the event of érfors, such as connection failure or disruption of
service. Normal connection termination is initiated by the end users.

The GW/BS Aetects the connection termination request and notifies the

DCC so that the channel may be freed for other use.

Figure 4-4 illustrates the intergroup control topolegy. As in the intra-

group connection procedures, MT's first gain access to their corresponding
DCC using the ALOHA protocol over the reservation channel(s) within their

group. Aftér the DCC detects that the communications request is an inter-
group connection, the DCC signals the NCC té estab]fsh a -connection in the
other groups. As soon as the NCC sets up a connection between DCC's, the

' connectioﬁ will be maintained by the two associated DCC's. Only control

information will be transferred between NCC and DCC's.
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4,1 NETWORKING SCHEME

MSAT-2 emplioys a 7-frequency reuse scheme. The assumed allocation of 10 MHz
is divided into 7 equal frequency subbands of 1.43 MHz each. éacﬁ of the
mu]t%p]e beams is assigned to operate in one of these subbands., Signals in
each UHF beam are translated to a unique part of the Ku beam as described in
Chapter 3. There are approximatély 170 to 210 channels per‘beam for the east
and west satellites, respectively. For convenience, the number of channels

per beam is taken to be N in the following discussion.

4.1.1 Networking Algorithm Concept

13

Figure 4-5 shows the conceptual protocol for the intragroup communications

of MSAT-2. There are N, reservation channels, Ny voice channels, and Ngq data
channels such that Ny + Ng + Np = N. In the following discussion “message”
refers to either voice or data. Whenever an MT initiates a transmission, it
monitors a status channel to find out the identities of the currently assigned
reservation channels. It then sends a request in one of the reservation
channels to the central controller (CC) that controls the current beam. The
request consists of the origin and destinatioﬁ addresses, whether it is a
voice or data request, and, in the case of a data request, the length.of the
data message, After the MT transmits a reservatioﬁ request, it waits for a
positive acknowledgment from the-CC. If a positive acknowledgment is not

received within a certain time period, the MT will retransmit the request after a

random delay. Each reservation channel is a pure ALOHA random-access channel.

The CC resides at the DCC and is responsible for assigning the voice and data
channels to reservation reqguests generated by the MT's. For data channels,

it keeps track of how long each customer has been in service at each channel
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and how many requests are waiting to get served. The CC can then estimate,
at any point in time, what the backlog is at each data channel. For voice

channels, it monitors which channels are busy.

Intergroup communications will be accomplished in two steps. Once a conﬁection
request from the MT is accepted by the corresponding DCC, the DCC will deliver
this connection request information to the NCC., The NCC will notify the de-
stined DCC to page the destined MT. After the destined MT acknowledges the
connection request, a call will be set up between the DCC's. Only network

control information will be routed to the NCC for accounting purposes.
4,1,2 Generic Data Communications

When a reservation request for a data transmission arrives successfully at
the CC from an MT,the CC assigns the message to the channel with the smallest
backlog, calculates how long it takes before this channel has finished its.
backlog, and sends an acknowledgment message to the mobile terminal. It is
assumed queueing and transmission delays on the acknowledgment channel

(the return channel)are negligible compared to the propagation-delay. The
acknowledgment message contains the identity (ID) of the MT, the ID of the

assigned channel, and a holding time denoted by- dy.

The MT will initiate a transmission at the assigned message channel dy
seconds after receipt of the acknowledgmenf message. The value of dy is
‘calculated (taking into account the propagation delays) such that if thére
is any waiting request at the CC, a previously busy channel will be made

available to this waiting reguest as soon as it becomes open.
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4.1.3 Generic Voice Communications

When a reservation request for a voice call arrives successfully at the CC
from an MT, the CC assigns the call t6 one of the available voice channels,
and sends an acknowledgment message to the MT. -Note that for two-way voice
commun1cat1ons, voice channels are assigned in pa1rs one from the forward
channe1s and one from the return channels. It shall be assumed that whenever
a voice channel is available in the UHF-to-Ku direction, a voice channel will
also be available in the Ku-to-UHF direction. Therefore, the analysis given
in section 4.2.1 only considers the channels in the UHF-to-Ku direction. The
acknowledgment message contains the ID of the MT and the ID's of the assigned
channels, A voice request which arrives whén all the voice channels are busy

L]

will be ignored, and assumed lost from the system.

The channel allocation Np:Ny:Ng is an important performance parameter. The
cc dynamica}ly reassigns voice, dat;, and reservation channels to mjnimize
the blocking probability of the voice traffic and the total average delay of
the data traffic. In order to do this, the CC estimates Sy and S4, the total
. voice and data generation rates, by keeping track of the number of successful
requests which have arrived in some recent inter@al. Using results derived
in 4.2, the CC can determine, for a given Sy and S4, optimal allocation. The
CC must inform-the MT's of all channel reassignments. To ensure thatan M}
will not be accessing an obsolete reservation channel, reassignments will

only be activated after a certain waiting period, typically one round-trip

propagation delay.
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4.2' PARAMETRIC COMPUTATIONS OF SYSTEM CAPACITY

The performance of this multiple access scheme will now be analyzed. It
will be described how to obtain the optimal channel a]locétion for different
voice and data generation rates and determine the maximum traffic levels
that can be supported under a certaiﬁ delay requirement for data messages

and a certain blocking probability for voice calls.
4.2.1 Model Assumptions

The following assumptions will be made in the analysis:

(1) The MT's collectively generate Poisson data traffic at S4
messages/second and Poisson voice traffic at Sv calls/second.

(2) Each MT randomly chooses to access one of the N, reservation
channels for either a voice call or a data transmission.

{(3) Each MT holds one and only one active data message or
one active voice call at any time, but not both.

(4) Successful reservation requests arrive at the CC in a
Poisson manner with a rate of Sy + Sg.

(5} The retransmission delay is uniformly distributed between 0
and K seconds.

(6) Both data and voice channels are assigned on a first come,
first served basis. Voice channels are blocked calls
cleared.

(7) Reservation, message, and acknowledgment channels are error
free.

(8) Processing delays at tﬁe CC and the MT's are negligible.

{9) The data messages are of fixed lengths.

(10) The duration of voice calls are exponentially distributed.

4-14



Assumption (4) is necessary to simplify the analysis of the data channel delay.
It has been shown that this assumption gives a fairly good approximation. De-

tailed analysis and simulation are given in [3].

A.2.2 Performance Analysis

4.2.2.1 Reservation Channel Delay, For each reservation request, the proba-

bitity that a transmission is successful is §/G, where S is the throughput
and G is the channel traffic. Therefore, the expected number of unsuccessfyl
transmissions per successful reservation is (G/S - 1). Each unsuccessful
transmission, on the average, incurs a delay of (to + K/2) seconds where

to is the timeout period, measured from the start of the transmission. The
successful transmission takes time,(dp +1T ) seconds, to reach the CC, where T
is the rese}vation—request transmission time and dp is the propagation delay
from an MT to the CC or vice versa. Hence, the total average reservation

delay is given by [4]

dp = (tg + K/2)(G/S - 1) + dp + T (4-1)

or

[«
i

= (to + K/2) (eZGT ~1) +d. +1

P

4.2.2.2 Data Channel Delay. Figure 4-6 shows the chronological sequence of

events corresponding to the transmission of acknowledgment and data messages,
At times tj, tp. . ., t, reservation requests for messages Mis M2, o oy M
arrive successfully at the CC. Since the queueing and transmission delays on
the return channel (CC to MT) are negligible compared to the propagation delay,
the corresponding acknowledgment messages will arrive at the MT's at times dp

seconds later. Therefore, the acknowledgment message arrival_process at the

MT's (global queue in the sky} is identical to the arrival process of the
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reservation requests at the CC, except for a time shift of dp seconds. Upon
receipt of an acknowledgment message, an MT must hold for a time period dy
before it can initiate its own transmission, It was shown in [5] that this

queueing discipline is equivalent to an M/B/s system. Therefore, the total

average data message delay D is given by

. (4-2)

vhere

dg = average queueing delay for the message in the

global queue

dg = guard time

o
—
1]

transmission delay of the message on the

satellite data channel

and the last term corresponds to the propagation delay on the acknowledgment
and data channels. The term dg is the queueing time of an M/D/s queue where
the service time is d7 + 2 dg and is evaluated using the approximation given
in [Ref, 6], where the dg is requirea to accommodate the propagation delay
difference from the satellite to MT's on different ends of the satellite's
beam coverage. (NumericaT results contained in [6] show that fhe ma ximum

error is 3%.) Therefore,

dg = 0.5 Wgq/Np(s) (4-3)

where W4 is the queueing delay of the equivalent M/M/s queue and Np(s) is

the normed cooperation coefficient given in [6].
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4,2.2.3 Voice Channel Blocking Probability., The analysis of the voice

channels is. different from-that of the data channels beéaus;7§oicé cailénére
of random durations and there is no queue for the voice channel requests.
Therefore, the CC cannot send a holding time parameter dy ahead of tiﬁe to
the MT's. In fact, the CC cannot assign an occupied channel for any other
purpose until either side of the conversation hangs up and the status change
reaches the CC. Therefore, a total of 2 dp seconds is wasted for each. channel
assignment. Figure 4-7 shows a typical sequence of events corresponding to
the transmission of acknowledgment on the return channel and voice calls on
one particular voice channel. At times tj, tp,. . ., tp reservation requests
for calls Cy, Co,. « + , Cq arrive successfully at the CC. Since the queueing
and transmission delays on the return channel aré negligible compareﬁ‘to the
propagation delay, the corresponding acknow]édgment messages will arrive at
the MT's at times dp seconds later. .If there is a voice channel available,

a channel assignment will be.sent along with the -acknowledgment message,

Thé MT will tune to the assigned channels for conversation.. Otherwise, a
channel-busy sfatus message will be sent along with the qcknowledgment
message. The-cé]]er mq5t then redial. Therefore, any successful voice '
request will hold the channel for an avérage of (Z_db +dg + 1/uy) -seconds,
where l/uy is the average call duration. This is an M/G/s/5, s-server 10ss
system, in which a blocked call will be cleared from the queueing system..

It has been shown [7] that the blocking probability depends only on the

mean of the service time. Theréforg, the blocking probability of an s-channel .

system is given by Erlang B-loss formula [8].
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In the next section, the behavior of the total average message delay D and
the blocking probability Pg as a function of the total input traffic S, + $q

and the channel -allocation Np.:Ny:Ng will be studied,
4.2.3 Numerical Results

The maximum throughput of a pure ALOHA channel is 1/(2te), where T is the
transmission time for reservation requests [9]. Therefore, for stability

purposes, the number of reservation channels (Np)yin must satisfy

(Ne)min = 2Te (Sy + Sg) (4-4)

For a stable M/D/Ng queue corresponding to the data channels,.

message channel utilization must be less than unity, i.e.,

Sq (dg + d7)/Ng £ 1 : (4-5)

Defining @ = dg/t as the guard time ratio, (4-5) can be written as
(NMd)min = Sg © (Q+ ag) ' (4-6)
where o4 is the ratio of the message length to the reservation packet length,

For a stablesM/G/Ny/Ny, queue corresponding to the voice channels, voice channel

utilization myst be less than unity, i.e.,
Sy ( uy + 2 dp + dg)/Ny < 1 (4-7)

Defining oy as the. ratio of the average :call duration to the reservation packet

transmission time, (4-7) can be written as

(Nv )m‘in = Sv T (ﬂ‘i‘ de/T + C’vv) (4-8)
Since the total number of available channels is N,
(Nedmin + (Nddmin + (Ny)min < N (4-9)

4-20



. The trade-offsbetween the maximum normalized throughput between voice and
data mobile users can be plotted as a function of the average voice call’
duration. Figure 4-8 shows the theoretical maximum usage that can be sup-

ported by MSAT-2,

Currently planned channel spacing for MSAT-2 is 5 kHz. It is assumed that

a total of 150 channels will be available. To reduce the effect of adjacent
channel interferences in the fading environment, the allowable data rate is
2.4 kbps. It is assumed that the reservation packet is 120 bits long and
the average message packet length is 1000 bits, The propagation delay dy is
taken to be 250 mS and the guard time dg is 16 mS. For the reservation
channels, it is assumed t5aﬁ to = 600mS and K = 151, Also, a maximum 2%

blocking probability for voice calls and an average call duration of 90 s

are assumed,

In Figure 4-9, the average data delay D versus & = Nr/Ng for different data
and voice call arrival rates is plotted. Note that at each traffic level,
there is a ratio o* which minimizes the delay. This optimal ratio decreases as
the traffic increases. That is, in ﬁeavy traffic, some reservation channels
shall be closed up in order to decrease the number of successful reservation
packets, while at the same time increasing the number of message channels to

expedite clearing up the backlog.

In Figure 4-10, the average data delay D versus the data arrival rate Sq for
different voice call arrival rates at the optimal ratio .o* is plotted. As
the voice call arrival rate increases, the amount of data traffic that can

be supported decreases substantially, and the delay increases.
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In Figure 4-11, the optimal channel allocation ratio @ * versus the data
message arrival rates for different voice call arrival rates is plotted,

This %igure is useful to the CC when it becomes necessary to reallocate

the channels. The CC estimates Sq and Sy, the current data and voice call
arrival rates, by observing the-number of successful reservation requests

in a recent period. Using Sy and the Erlang B-loss formula stated in [8].. the
CC finds the number of voice channels required to satisfy the blocking

probability requirements, It can then find the optimal channel allocation

ratio from Figure 4-11.

In Figure 4-8, a trade-off between the data and voice call arrival rates
under the 2% voice-call blocking probability constraint for different data
message delay requirements is also studied. For example, if the voice call
arrival rate is 0.4 call/sec, then the data arrival rate must be less than
75.58 message/sec-in brder to have a data message delay of less than 1.4
seconds. Assuming that an MTgenerates on the average one data message or
one voice call per hour, this means that to suppbrt 272,088 data users, the

number of voice call users is at most 1,440,

Finally, in Figure 4-12, the avergge.number of users that a channel can gupport
under the 2% voice-call blocking probébi]ity and the 1.4 sec average data-delay
constraints versus total number of available channels for various ratios of the
number of voice call users to that of data users is shown. In this figure, it
is assumed that an MTgenerates on the average one data message or one voice

call per hour. The result characterizes the service capability of the system.
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CHAPTER 5
AN L-BAND SYSTEM

5.0 INTRODUCTION

The 20-m baseline system is designed to operate in the UHF frequencies. The
UHF and L-band are two of the frequency bands considered for a mobile satel-
lite system. It is well known that, for a given antenna size, the gain of the
antenna increases as the square of the operating frequency, assuming that the
same surface accuracy and efficiency can-be maintained. Without going into a
detailed trade-off and antenna sizing, a quick examination of a few pessible
L-band configurations will be presented in this chapter, using a 10-m antenna

for the satellite. The configurations are §hownrin Table. 5-1.

The payload weight, payload power, the system capacity, and the user cost will

be presented and compared to the baseline UHF system.
5. 1  STUDY ASSUMPTIONS AND APPROACH

The first step in examining L-band configurations is to estimate the payload
weight of the L-band system using the payload weight model in Appendix D, with
appropriate modifications to account for the difference between the L-band and
UHF communications payload. Once the payload weight is determined, the payload
power will be estimated using the curve in Figure 2.7, The capacity of the

system will then be calculated and compared to the UHF baseline design.
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Table 5-1. Possible L-Band Configurations

Configurations Satellite Antenna Mobile Antenna

Size, m ) Gain, dBi
1 10 10
2 10 13
3 10 16

5-2



To facilitate the study and for the purpose of simplicity, the design of
the L-band system is assumed to be basically the same as the UHF system.

Specifically, both systems are assumed to be the same in the following

dreas:

1. The number of satellites and their Jocations.

2. The deployed configuration and the stowed configuration,
with the physical dimensions appropriately modified.

3. The design of the antenna feed, i.e., one-element design.

4. The design of the transponder, including the translation
from the backhaul link to the service 1ink, and vice versa.

5. The backhaul frequency, required Eg/Ng, coverage area,

multipath, allocated bandwidth, frequency reuse factor,

cﬁanne] spacing, etc.
The areas of difference between the two systems are:

1. The size of the satellite antenna.

2. The gain of the mobile antenna. (The mobile-antenna gain
will be treated parametrically for the L-band design. In
the UHF design, the gain has been fixed at 10 dBi).

3. The service link frequency. (The L-band frequency is given

in Chapter 1, and is approximately twice the UHF frequency. )

In the design of the UHF system, several tradeoffs were performed to select
the size of the satellite antenna. Without going through the necessary trade-
of f studies, a 10-m antenna will be used for the L-band design. Although the

10-m antenna may not be an optimal choice, the proper antenna size is believed

5-3



to range from 10 m to 15 m, using the baseline satellite bus. The capacity.
for a2 10-m and a 15-m satellite is not expected to be much different using
the same baseline bus. A 20-m satellite, which would have about 80 beams,
would probably be too heavy for the baseline bus, A 5-m satellite would

probably have much fewer channels than a 10-m satellite.
5.2 THE NUMBER OF MULTIPLE BEAMS AND THE OVERALL C/I

The payload weight is tied to the number of multiple beams. Before one can
estimate the payload weight using the model in Appendix D, it is necessary
to determine the number of beams. Since the L-band antenna is one-half of
the size of the UHF antenna, and since the L-band frequency is about twice
the UHF frequency, the antenna pattern, beamwidth, the gain, and the number
of multiple beams are, therefore, roughly the same. (It is noted that an
L-band antenna properly scaled from the 20-m UHF antenna would have a dia-
meter of 10,6 m instead of 10 m, as shown in Chapter 2.) Specifically, the
east satellite will probably have 24 beams, and the west 21 beams. To

further simplify the study, only the east satellite will be considered in

the rest of this chapter.

Because the L-band satellite antenna is a scaled version of the UHF antenna,
the interbeam isolation is about the same as the UHF case for the same fre-
quency reuse scheme. Assuming the intersatellite isolation and the intermod
isolation are both the same as the UHF system, the overall C/I, which is an
important parameter in determining tﬁe power requirement, should therefore

be the same as the UHF baseline design.
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5.3 ESTIMATED PAYLOAD WEIGHT AND PAYLOAD POMWER

The payload weight of the 10-m satellite can be estimated using the payload
weight model in Appendix D. The estimated weight is approximately 344 kg,

.of which thethntenna accounts for 140 kg, the feed assembly and the rest of
the transponder make up the‘remaining 204 kg. The available payload power

is approximately 2700 watts using the curve in Figure 2-7. This power level
is based on 100% eclipse power and a full north-south station-keeping. Since
the UHF baseline design requires only 50% eclipse capability and + 2-degree
station-keeping, the L-band design will assume the same. Reducing the eclipse
capabifity to 50% increases the amount of available payload power, The amount
of increase varies according to the operating power level, At the 2700-watt
tevel, the increase is approximately 1000 watts. The weight savings due to

a reduced north-south station-keeping can be used to generate another 850
watts to the payload according to Table 2-18. This would result in a payload

power of 4550 watts.

Operating the communications payload at 4550 watts would generate a heat load
of approximately 3400 watts. This-amount of heat dissipation exceeds the pro-
jected capability of the thermal subsystem of the baseline bus, which is
estimated to Be capable of handling up to 2100 watts of heat dissipation for
the communications payload. To dissipate the additional heat, it would be
necessary to modify the existing thermal subsystem_by adding more heat pipes
and radiators, both of which would increase the weight of the thermal sub-
system. To adequately handle the amount. of heat dissipation, an increase of
approximately 12 kg for the thermal subsystem is estimated. To accommodate
the added thermal subsystem weight, the power subsystem will have to be reduced

by the same amount, resulting in a power reduction of approximately 110 watts
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(9.2 W/kg + 12 kg = 110 watts). The available payload power, after

being adjusted for the effects on the thermal subsystem, is 4440 watts.
5.4 POWER BUDGETS AND THE NUMBER OF SATELLITE. CHANNELS

The satellite for the three configurations listed in Table 5-1, is-the
same satellite having a 10-m antenna, 344 kg of communications payload,
and 4440 watts of payload power. ‘Because the mobile antenna is different
for these configurations, the required power per channel is different.
Consequently a different power budget is required for each of the three

configurations.

The receiver/transiator, upconverters, and downconverters consume a total
of 330 watts of power. Allowing 260 watts for margin,‘which is about 6%
of the total payload power, the power available for the L-band transmitter
and the Ku-band transmitter together is 3850 watts, This power will be
appropriately divided between the Ku-band and L-band transmitters accord-

ing to the per-channel power requirement.

The per-channel power required for the backhaul link for the three L-band

configurations is 0.0065 watts, the same as the baseline UHF system.

The per-channel power requirement for the service link will be based on
the baseline design, assuming that overall C/I is the same for the L-band

and the UHF systems. -

The per-channel power for the first configuration, which employs a 10-

dBi mobile antenna, will be a factor of 4 higher than that of the baseline
system, due to the increased space loss. The baseline design requires
0.129 watts/channel, as indicated in the 1ink tables in Chapter 3. The

required power for the first configuration is thus 0.516 watts per
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channel. In configﬁnation 2, the mobile-antenna gain is 3 dB, or a factor
of 2, higher than that of the first configuration, The power‘required is
thus 0.258 watts/channel. In configuration 3, the mobile antenna gain is
6 dB, or a factor of 4, higher than the 10-dBi'antenna in the first con-

figuration. The required power is thus lower by a factor of 4 or 0.129

watts/channel.

The power budget for the three configurations is shown in Table 5-2.

The per-beam power, per-channel power, and the number of satellite channels
are shown in Table 5-3., An overall DC-to-RF efficiency of 26% has been

assumed in the calculation of RF power.

Based on the available power, the number of channels is approximately 1900,
3800, and 7400 channels per satellite for the first, second, and third con-
figurations, respectively. Because of the limited spectrum, the number of
channels is limited to 6857 for the west satellite, and 6000 for the east
satellite, as indicated in Chapter 2. Configuration 3 is thus freqﬁency-
limited. The total system capacity, i.e., the rumber of satellite channels
for the east and west satellites combined, is approximately 3800, 7600, and

12,857 channels for the thEeé L<band configurations,
5.5 ESTIMATED NUMBER OF USERS AND USER MONTHLY COST

The number of users that can be supported by a system depends on the voice-
to-data user ratio, as previously mentioned. Assuming a value of 0,2 for
this ratio, the number of users is estimated to be 350,000, 750,000, and
1,300,000, If the voice-to-data user ratio goes down to 0.1, the number

of users increases to 0.6, 1.3, and 2.3 million. In the estimation of
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Table 5-2.

Payload Power Budget

Configuration Configuration Configuration
1 2 3
Satellite Antenna Size, m 10 10 10
. Mobile Antenna Gain, dBi 10 13 16
Power Budget, watts
L-band HPA 3802 3755 3666
" Ku-band HPA 48 95 184
' Receiver/Translator 300 300 300
Upconverter/Downconverter 30 30 30
Margin _ 260 260 _260
Total 4440 4440 4440
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Table 5-3. Summary of RF Power and Satellite Channels

Configuration Configuration Configuration

1 . 2 3
L-bahd RF Power, watts
Total Power 989 g976 953
Per-Beam Power 42.3 41.7 40.8
Per-Channel Power 0.515 0.258 0.12
Number of Channels 1900 3800 . 7400
. Ku-band RF Power, watts
Total Power 12 25 48
Per-Beam Power 12 25 48
Per-Channel Power 0.0065 0. 0065 0.0065
Number of Channels 1900 3800 7400(1)
Total Number of Channels for 3800 7600 14800(1)

Two satellites _ :

NOTE:

(1) Assuming a 7-frequency reuse and a 10-MHz allocation, the number of
channels that can be supported by the available spectrum is 6857
channels per satellite as "indicated in Table 2-13,
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the number of users, the number of satellite channels has been reduced by
a factor of 2 to account for the skewed user population, as previously

mentioned,

It is obvious from the previous discussion and frbﬁ Table 5-2 that the number
of channels and the number of users, for the 10-m L-band system, are substan-
tially less than those of the 20-m UHF sygtem for the same mbbi]e-aﬁienna gain.
There is, However, a financial advantage that the 10-m L-band system has over
theé UHF system. The 20-m reflector is a significant cost item in the baseline
system simply because of its size. Replacing the 20-m antenna with a 10-m
reflector, a significant savings can be obtained, Bgsed.on available data
=[lj, the 10-m satellite is estimated to cost $3 Mjléss-thanna 20-m satellite,
usiﬁg the sameeﬁaseline bus. For a system with three satellites, the savings

add up to $9 M.

. The 10-m L-baéd system would reduce the cost of ;hg_launch service, which ac-
counts for a-significant part of the system co;t.. ii-is estimated that the
10-m satellite can be launched with a stowed length of 1/4 to 1/3 of the
.1ength of the STS cargo bay. Assuming an occupied length of 1/3 of the

cargo bay, the launch cost is estimated to be $46 M in 1985 dollars for a
1992 launch. Compared to the launch cost of $55 M for the 20 m satellite,
this represents a savings of.$9 M per launch. Nith.three 1aunches,-tﬁe

total savings is $27 M.

The estimated costs for the space segment and the ground segment are'shown
in Table 5-4 for the three L-band configﬁﬁatipns. The costs of the baseline
system are also included for comparison. The costs of the ground segment
for the L-band configurations have been scaled from the UHF baseline data

according to their projected capacities.
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Table 5-4, Estimated Costs for the Three L-Band Configurations

Baseline L-Band System
UHF Conf. Conf. Conf.
System 1 2 -3
Satellite Antenna Size, m 20 10 10 10
Mobile Antenna Gain, dBi 10 10 13 16
Charnels/Satellite 4300 1900 3800 7400
Estimated Cost, in 1985 Doilars
Space Segement 501M 459M 45M 45M
(3 Satellites)
Ground Segment TM- 49M 74M 100M
Space Segment and L5 5080 BIM TR
Ground Segment Combined
Estimated user Monthly 20 35 20 i5
CostTIS?Z)
Mobile Terminal Cost 45 45 45 45
Total Monthly Cost ) 65 80 65 60

Note:
(1) The cost of the mobile equipment is not included.

(2} The estimated cost is based on an operating cost of $ 05/minute and
100 call-minutes per month,
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Due to a lower satellite cost and lower launch cost, launch insurance would
be lower for the 10-m L-band satellite, A reduction of $6 M in launch in-
surance is estimated. The total savings on the space segment is thus approx-

imately %42 M,

The estimated user monthly cost, which is also shown in Table 5-4, is $35, $20,
and $15 for configurations 1, 2, and 3. Compared to the estimated cost of $20
for the baseline system, which uses a 20-m satellite antenna and a 10-dBi mobile
antenna, the user cost for the L-band system is higher if the mobile antenna
gain is to remain at 10 dBi. If the gain is allowed to increase to 13 dBi, the
user cost for the L-band would be about the same as that of the UHF system. If
the gain is further increased to 16 dBi, the L-band user cost would be lower

than that for the UHF system by 30%.

The user monthly cost is based on a usage of 100 call-minutes/month, an oper-
ating cost of $.05 per call-minute, and a maintenance cost of 1%, as previously
mentioned. The user cost discussed in the above paragraphs does not include the
cost of the mobile equipment. The cost of the terminal for the UHF baseline
system is assumed to be $2300. Of the $2300, $800 is the cost of-the antenna,
which has been assumed to be a mechanically éteerab]e, 1 X4 tiltted array'having
a gain of 10 dBi. The three L-band configurations considered require three dif-
ferent types of terminals, each having a different antenna gain. Assuming all
terminals utilize the same type of mechanical antenna, the cost of the L-band

terminals is not expected to be -significantly different from the cost of the

UHF terminal.



As indicated in Figure 7-1, the monthly cost of the mobile terminal increases .
at a rate of approximately 319 for each $1000 increase in the terminal cost.

A small increase or decrease of $100 to $200 in the terminal cost will not
significantly change the monthly cost. Consequently, the mobile equipment
cost for the three L-band configurations is assumed to be the same as that

of the UHF baseline, or roughly $45 per month. The total user cost is thus,
$80, $65, and $60 for the 10-dBi, 13-dBi, and 16-dBi configurations.

The mobile terminal cost and the total monthly cost are included in Table 5-4,

5.6 A COMPARISON OF THE THREE L-~BAND CONFIGURATIONS

The satellite capacity varies from 1900 to 7400 channels per satellite, and
the total user cost from $60 to $80 per month for the three L-band configura-
tions. The design of the satellite is identical for all three configurations.
The only differences between these configurations are the cost of the ground
segment and the gain of the mobile antenna. The difference in the cost of the
ground segment is small, and it does not affect the user cost significantly.
The major contributor to the difference is the mobile antenna. Based on Table
5-4, it appears that the 16-dBi mobile antenna is the best choice among the

three. There is, however, a major problem associated with the 16-dBi antenna.

Based on work performed by MSAT-X, the 10-dBi, 4-element tilted linear array,
operating at UHF, has a height of about 7 inches and a diameter of about 36

inches, This probably is the upper limit of antenna size that can be im-

plemented on the top of a vehicle.
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A 16-dBi mechanical antenna operating at L-band can stay within the above
dimensions by using a 2 X 8 planar array. The 2 X 8 array, however, would
have a narrower elevation pattern than the 1 X 4 linear array, which is
designed to provide an adequate coverage for elevation angles ranging from
20 to 60 degrees. To get the needed elevation coverage, tracking in the
elevation direction may be required, or a manual switch may be necessary.
This switch would allow the user to manually switch the antenna orientation.
in the e]evat1on direction as the vehicle travels from one geographical area
“to another. Both of these requirements would e1ther complicate the de51gn
of the antenna, or result in operational constraints. The 16-dBi antenna

is, therefore, not a likely choice.

The confagurat10n using a 13-dB1 antenna prov1des a sate111te capac1ty and
a user cost that are both comparable to those of the UHF base]1ne. This
antenna has a lower profile and a smaller diameter than the 2 X 8 array,
and, hence, can to be easily implemented on the top of a veh1c1e. Further-'
.more, it does not have the elevation coverage probiem of the 2 X 8 array.
Based on these argnments, the 13-dBi'configu}ation is cnnsidered as'the

likely candidate for the L-band design.
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5.7 A COMPARISON OF THE UHF AND L-BAND SYSTEMS

Both the UHF and L-band have been considered by some as a possible operat-
ing frequency for a mobile shtél]ite system. Ultimate]y; the UHF-versus-
L-band issue will be decided by what the FCC will do. Aside from the FCC
act10n, is one band favored over the other? To answer th1s question, a
compar1son of the baseiine UHF system and the 13-dBi L-band system will be
performed. (It is noted that there are also some who have considered a
hybrid system, using both L-bqnd and UHF, A hybrid system would alleviate

the spectrum congestion. -Such a system is not cqqsidered in this study.)

In terms of the system capacity,, system cost, and the user monthly cost,
the 13-dBi L-band system, is about the same as the UHF system, There are
no noticeable advantaées, nor disadvantages. The comparison will therefore

focus on the mobile‘antenna-and the'sateliite.

5.7.1 Mobile Antenna

The mechanically steerable, nonconformal linear array will serve as the basis
of the comparison. There are other types of antennas being investigated for
possible application to the ﬁobilé satellite system, such as an electronic

-phase array. This type of antenna, however, is believed to be too costly for

the second =generation system. (Please refer to Appendix B for more information

on the mobile antenna, and Chapter 6 for the estimated mobile terminal cost.)

Although the gain of the L-band mobile antenna is 3 dB higher than its UHF
tounterpart, 1its physical size is actually smaller than the UHF antenna,

due to the increase in frequency. As previously mentioned, the UHF antenna,
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which is a 1 X 4 linear array, is estimated to have a diameter of 36 inches
and a height of 7 inches. With a 1 X 8 linear array, a gain of 13 dB can be
obtained. At L-band, this array would have the same diameter as the UHF
antenna, 36 inches, and a height of 3-1/2 inches, which is half of the height

of the UHF antenna. The low profile is the biggeét qdvantage of the L-band

antenna.

One possible disadvantage of a 13-dBi L-band antenna is its relatively narrow

azimuthal beamwidth, which may place a more stringent, requirement on its

tracking system.

Other properties of the L-band antenna, such as the elevation coverage and

cost, are believed to be similar to the UHF antenna.

5.7.2 The Sateliites

The L-band satellite, which has a 10-m antenna, has several advantages over
the 20-m UHF satellite. Although studies performed by two contractors [1,

2] have indicated the feasibility of flying a 20-m antenna on the baseline
satellite bus, there are several challenges posed by the 20-m deployable
antenna, which must be overcome through further research and development. The
challenges are in the area of spacecraft packaging, the attifude and orbit
control, the perigee kick motor, and the potential inteference due to passive
intermod (PIM). While these challenges are believed to be within the technic;l
capability of the 1990's, and are judged to be manageable with further gtﬁdies,
there is a certain degree.éf risk associated with the 20-m satellite, The

risk could delay the implementation of the system.- The successful deployment

of the UHF system, therefore, requires further development efforts. The
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L-band satellite, on the other hand, eliminates most of the chal-
tenges facing the UHF satellite, and the amount of risk involved is
minimal, Its implementation does not require as much future effort

as the UHF system,
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CHAPTER 6

EFFECTS- OF THE MOBILE ANTENNA DESIGN, AVAILABLE FREQUENCY
BAND, CHANNEL SPACING, AND REQUIRED EB/NO ON THE CAPACITY
OF THE MOBILE SATELLITE SYSTEM AND THE USER COST

6.1  INTRODUCTION

The design of the baseline system, presented in Chapters 2 and 3, is based on
a set of study assumptions or requirements, including the design of the mobile
antenna, the allocated bandwidth, the modulation/demodulation scheme, and the
projected user demand. While these assumptions are intended to be practical,
some may be arbitrary, and many may have been established based on insufficient

information. As a result, these assumptions may deviate from reality.

The design of the satellite system, to a great extent, is insensitive to, or,
independent of, some of the assumptions, such as the modulation/demodulation
method. On the other hand, some of sthdy assumptions, such as the assumed

bandwidth allocation, may significantly alter the design of the satellite,

The purpose of this chapter is to examine the impacts on the design of the
s&stem, particularly in the areas of the system capacity and the user cost,

due to a chanée in the following assumptions:

0 Mobile antenna: LGA instead of MGA
0 Allocated bandwidth: 4 MHz instead of 10 MHz

o Channel spacing and required EB/NO

To facilitate the analysis of the sensitivity of the user cost to the study
assumptions, a parametric study of the user cost is presented in Section 7.2,
using the cost model in Appendix C. For convenience, all discussions on monthly

usage and charge rates are based on one-way communications as previously mentioned.



6.2 USER COST ANALYSIS

The cost that must be bo;ne by the system users is composed of the cost of
the mobile terminal and the cost of the mobile satellite system. For the
sake.of convenience, the cost of the mopile satellite system, or simply the
system cost, is defined to consist of the cost of the space segment, the
ground segment, and all other necessary costs, including the operation and
maintenance of the system, insurance, and investment return. The cost of
the space segment consists of the cost of the satellites, launch service,
and incentives for the satellite manufacturers. The cost of the ground
segment covers the Network Management Center, gateway stations, and base
stations. The sensitivity of the user cost to the cost of the mobile

terminal and the cost of the system is discussed in the following sections,
6.2.1 Sensitivity to the Cost of the Mobile Terminal

The cost of the mobile terminal is the purchase price of the equipment, plus

an installation charge, if any. The mobile terminal cost can be either a lump-
sum payment, or a monthly 1n§ta11ment. _The latter can be intenpreted as a
monthly lease fee for a user choosing to lease instead of buying the equipment.
The monthly cost, or monthly payment has been estimated using a rate of return
of 12% above the inflation rate (Figure 6-1). As indicated in the figure, the
monthly payment is a linear function of the cost of the mobile terminal. Every
$1000 of mobile equipment corresponds to a monthly payment of approximately

$19.40., A1l dollars refer to 1985 dollars. The estimated monthly cost is based

on an egquipment lifetime of 15 years.
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MONTHLY PAYMENT PER TERMINAL, IN 1985 DOLLARS
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The cost of the mobile terminal, shown in the figure, ranges from about

$1000 to $7000. The low end represents’the cost of the most inexpensive _

"fe?miﬁéT'using an LBA. The moﬁilé';nienﬁ; %ésumeé.in the baseline design is

an MGA. The cost of an MGA terminal is estimated to vary from abouf $2300

to $3800, depending on the specific type of MGA employed. For the purpose

of comﬁarison, the estimated cost of various mobile‘termina1s is summarized
in‘Tab1e‘6-1; The cost.&ata is partly based on the work of MSAT-X. It

should be noted that these egtimates are prelimiﬁary and are subject to future.
modi fications, The various types of terminals are desighated'in Table 6-1 as .

type A, B, C,:and D. Type B is the lowest cost MGA terminal and is the baseline

" terminal.

The monthly.cogt for various types of terminals is shown in #1gure -1 and Tabfe
6-1. The difference between the LGA terminal and the baseline terminal is about
$15 per month, which is relatively insignificant, compared to the advantages.of—
fered by an MGA. The difference between a baseline MGA terminal and the most

expensive MGA terminal is about $30.
6.2.2 Sensitivity to the Cost of the System

The user cost, in reality, will probably consist of a usage charge and‘a'fixed

monthly charge, as previously-meﬁtioned. To analyze the sensitivity of both the
usage charge and the monthiy change‘sepprately;wpuld be qopp]icated, due to their
1nterre1ationshjp and the dependence on tﬁe number of users. For the sensitivity
analysis, it }s sufficient to examine the total user'cqst based on .a fixed amount

of usage and assuming no:mpnthly service charge.



Table 6-1.
Estimated Mobile Terminal Cost
in 1985 Dollars

Types Cost of Cost of (1) Total Estimated(2) Type of
of the the Terminal Monthly Mobile
Terminals  Transceiver Antenna Cost Cost Antenna
$ $ $ $

A 1500 ‘50 1550 30 LGA

B 1500 800 2300 45 : MGA, 1 X 4 tilted,
mechanically
steerable array.

¢ 1500 1300 2800 54 MGA, mechanically

T steerable
conformal array.

D 1500 2300 . 3800 74 MGA, electronically
scanned conformal
array.

 NOTES

(1) Estimated consumer cost.
(2) Based on an equipment 1ifetime of 15 years.



The user monthly cost, excluding the cost of the mobile equipment, is shown

in Figure 6-2 as a function of the system capacity. The estimated -user cost

is based on a usage of 100 call-minutes per month, and a rate of return of

12% above the inflation rate. The cost of ground and space segments is shown.
in the figure as a parameter. The total system cost includes, in addition to
the cost of the space and the ground segments, the cost of insurance, operation,
maintenance,'etc., as previously mentioned. In estimating the user cost, the
operating cost has been assumed to be $0.05 per call-minute, and maintenance

has been 1% of the replacement cost of the system. These assumptions have been
and will be applied to all cost estimates throughout the entire report, unless

explicitly stated otherwise.

For convenience, Figure 6-2 has been rearranged and shown in Figure 6-3 with
the system capacity as a parameter. The system capacity shown in both Figure;
6-2 and 6-3 is the equivalent number of the revenue-geherating channels at
saturation. The revenue-generating channels are those that generate revenue
continuously. Because of the diurnal variation and the skewed user population,
the number of revenue-generating channels is assumed to be 1/4 of the actual

satellite channels.

Figures 6-2 and 6-3 give the sensitivity of the user cost to the combined cost
of the space and ground segments, These figures can also be used to analyze

the effects of the space segment cost for a given ground segment cost, and vice

versa,
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6.3 EFFECTS OF USING A LOW-GAIN MOBILE ANTENNA

The baseline system is designed to operate with an MGA on the mobile terminal,
which has a gain of 10 dBi. Because the MGA is more costly than the LGA,
there has been some speculation that an LGA may make the mobile satellite
system more attractive to the general public. With a 10-MHz allocation, the
satellites designed for the MGA can operate in either the LGA or the MGA en-
vironment without modifications., However, with the LGA terminals, the system

capacity and user cost will be significantly different from those using the

MGA terminals.
6.3.1 System Capacity and User Cost

The number of satellite channels for the UHF baseline system is 4076 and 4612
for the east and west satellites, respectively. With the mobile antenna gain
reduced by a factor of 4, or 6 dB, the resulting satellite channels would be
1019 and 1153 for the east and west satellites, respectively, giving a total
of 2172 channels. Allowing a factor of 2 to account for the skewed user

density, the effective number of channels would be 1086.

It is estimated that about 180,000 users would be supported, assuming a voice-
to-data user ratio of 0.2, Compared to the baseline system, this represents
a reduction in the number of users by a factor of almost 5. To maintain the
same capacity as the UHF baseline system, it would require a class of satellite

much more powerful and heavier than the baseline satellite.
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In addition to a Aower capacity, the use of an LGA would increase the user
cost. Although the cost of an LGA is much lower than an MGA, the user monthly
cost would be higher because of the reduced capacity. Assumiqg a usage of

. 100- minutes, the user cost has been estiméted'to be,$65 for the baseline
system using the least expensive MGA terminals (Chapter 3). For the same
amount of usage and the same satellites, the user monthly cost for the LGA
system would be $90 based on Figures 6-1 and 6-2, and Table 6-1. This is
about 40% higher than the baseline system. The corresponding per winute
charge is estimated to be $0.60, or a factor of 3 higher than that of the
baseline system, which is estimated to be $0.20 per ca]l-minhte in the
absence of a MSC. The use of an LGA in-place of an MGA would have a serious

jmpact on the financial soundness of the system.
~ 6.3.2 Impacts on the Spectrum Requirement

Along with the reduction of system capacity, the LGA would ease the require-
ment for spectrum. As previously mentioned, the satellite channels would be
1019 and 1153 with an LGA. The total ba ndwi dth required would be approximately
5 MHz per satellite assuming a 5-kHz channel spacing. With a frequency .reuse
factor of 7, the bandwidth reqﬁiremént would be reduced to about 1.5 MHz, A
10-MHz allocation could therefore support two satellites with no }requency

reuse, and more with frequency reuse.

6.4 IMPACTS OF A 4-MHz ALLOCATION

The present design requires an allocation of 10 MHz. There has been some
speculation %hat a 4-MHz band pair may be allocated, instead of a 10-MHz
pair. Reducing the available bandwidth from 10 MHz to 4 MHz would seriously

degrade the system capacity. ‘
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With a 7-frequency reuse, the 20-m satellite system provides a total of 8688
channels for a 10-MHz bandwidth., Using the same frequency reuse, the number
of channels that can be supported by the 4-MHz bapg is only 5142 channels.
Thus, the capacity of the system using 4-MHz band will be severely limited
by frequency. In order to increase the capacity, the available frequency
band must be reused as much as possible. However, there is an upper limit
of the reuse of the frequency due to interbeam interference. Table 6-2
tabulates the total number of channels supported by a 4-MHz bandwidth for
different reuse factors. Also tabulated in the table is the estimated inter-
beam isolation based on the 20-m, single-element feed design. It is noted
that an overlapping feed design would result in a communicatiqns payload

that is too heavy for the baseline satellite bus, as indicated in Chapter 2.

Based on Table 6-2, a frequency reuse factor of 4 would offer enough channels.
However, the corresponding interbeam isolation, which is estimated to be 12
dB, would result in an overall C/I of 5.7 and 11.4 dB for the mobile-to-mobile
and fixed-station-to-mobile éommunications, respectively (Table 2-10), An
overall C/I of less than 10 to 12 dB would severely degrade the link per-
formance. To maintain an acceptable overall C/I, the frequency reuse factor
probably cannot be less than 6, corresponding to an interbeam isolation of

approximately 17 dB.

Assuming a frequency reuse factor of 6, a 4-MHz band can'support 6000 chan-
nels, or approximately 570,000 users, based on a voice-to-data user ratio of
0.2, The resulting user cost, excluding the cost of the mobile terminal, is
estimated to be $25 for 100 call-minutes, or $0.25 per minute. Compared to
the charge rate for the baseline system with a 10 MHz allocation, this re-
presents an increase of about 25%. The loss of 6 MHz of bandwidth would

cost the users a total of $40M annually, or $7M per MHz.
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Table 6-2. The Number of Channels Supported by a 4-MHz

Bandwidth (Frequency Limited Case)

Frequency Number of Channels  Interbeam

Reuse Tast  West lotal Isolation,
Factor Sat. Sat. dB(1)

7 2742 2400 5142 20

6 3200 2800 6000 17

5 3840 3360 7200 14

4 4800 4200 9000 12

NOTE:

(1) Based on the 20-m, single-element design.
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6.5 EFFECTS OF CHANNEL SPACING AND REQUIRED EB/NO

The design of the satellite is basically transparent to‘the type of modulation/
demodulation scheme being employed. The system capacity, however, depends, to

’ a certain extent, on the performance of the modulator/demodulator, in terms of

the necessary channel bandwidth and the EB/NO required to meet a specified bit-

error performance. The baseline modulation scheme is GMSK, with an assumed

channel spacing of 5 kHz. The baseline demodulation has been assumed to meet

a bit-error performance of 10-3 at an EB/NO of 10,7 dB. The impact of a larger

channel bandwidth and a higher required EB/NO will be examined in the following

sections.
6.5.1 Channel Spacing.

With a 7-frequency reuse and a 10-MHz bandwidth, the capacity of the baseline
system is limited by the spacecraft power, not the available frequency band.
The number of channels that .can be supported by the 10-MHz band is 6857 and
6000 for the east and yest'satellites, respectively, giving a total of 12,857
channels. The channels that can be powered up by the baseline spacecraft is

4076 for the east satellite, and 4612 for the west satellite, .or a total of
8688 channels.

The channel spacing is assumed to be 5 kHz in ‘the baseline design. If the
channel spacing is increased to -6 kHz, the total number of channels supported
by the 10-MHz band would be reduced by a factor of 5/6, or by 5714 channels
for the east satellite, and 5000 for the west satellite.
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Compared to the number of channels that the sateilites have power for, it is

clear that the capacity of the system is still limited by power.

However, if the channel spacing is further increased to 7 kHz, the system
‘would then become frequency limited. At 7 kHz per channel, a 10-MHz band can
provide 4897 channels for the east satellite, and 4285 channels for the west
satellite. The number of channels available to the west satellite is therefore
327 chanriels less than what it has power for. The west satellite thus becomes

frequency limited. The lost capacity translates directly into a 1oss in revenue.

The number of channels as determined by the spacecraft power and by the avail-
able frequency band is shown in Table 6-3 for selected channel spacings, The
number of channelsjlost and the amount of revenue reduction, relative to the

. baseline system, are also tabulated in Table 6-3., Based on a charge rate of
$0.20 per call-minute, the loss of revenue {s about $26K per channel-year.
(The lost revenue, minus its associated operating cost, can be viewed as an
additional cost to the user.) The amount of lost revenue is equal to 1/4 of
the product of the charge rate, the number of lost channels, and the number

of minutes per year. The factor 1/4 accounts for the diurnal variation and

the skewed user population.
6.5.2 Required EB/NO

The baseline design requires an EB/NO of 10.7 dB. If the required EB/NO is
increased, the system capacity would pe'proportionally reduced, and the user
cogt would be increased accordingly. Table 6-4 tabulates the system capacity
as a function of the required EB/NO. The amount of lost revenue, and the

amount of additional cost that the users would have to share, are also included.
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Table 6-3. Effects of a Larger Channel Spacing

Number of Satellite Channels Number{l) Amount(1)

of of
East West Total Lost Lost
Satellite Satellite Channels Revenue $M
Power-Limited Case 4076 4612 8688 0 0
(Baseline Design)

Frequency-Limited Cases

a. 5-kHz Channels 6857 6000 12857 0 0

b. 6-kHz Channels 5714 5000 10714 0 0

c. 7-kHz Channels 4897 4285(2) 9183 327 9

d. 8-kHz Channels 4285 3750 8035 862 23

e. 9-kHz Channels 3809(3) 3333 7142 1546 41

f. 10-~kHz Channels 3428 3000 6428 2260 59

Notes:

(1) Relative to the baseline system.
(2) The west satellite becomes frequency-limited at a channel spacing of 7 kHz.
(3) The east satellite becomes frequency-limited at a channel spacing of 9 kHz.
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Tab.l e 6-4 .

Effects of a Higher Required EB/NO

(1) Assume no monthly.service charge (MSC).

(2) Total additional cost for all users after saturation.

Number Number  Amount Estimated Additional
Required of of of Charge Annuatl
EB/NO, Satellite Lost Lost Rate User Cost
dB Channels Channels Revenue, $/min(1) Year(z) Comments

M $M/Year
10.7 8688 0 0 0.20 0 Baseline Design
11,7 6901 1786 47 0.25 35
12,7 5481 3206 84 0.30 60
.

13.7 4354 4333 114 0.35 + 80
14,7 3458 5229 137 0.40 100
15.7 2747 5940 156 0.50 115
16.7 2182 6505 171 0.60 120
Notes:



The additional cost and the amount of capacity reduction, presented in both
Tables 6-3 and 6-4, are referenced to the baseline system. Roughly, the
cost for a 1-dB increase in the required EB/NO ranges from $15M. to $50M per

year for the range of EB/NO considered.
6.6 ‘DISCUSSION

The cost tradeoff of the LGA terminals versus the MGA terminals presented

in Section 6.3 concluded that the MGA, although more costly than the LGA,
would result in a lower user monthly coét. This concThsion was based on

a number of assumptions regarding the costs of LGA termipa]s,'the MGA ter-
minals, and the amount of usage. Specifically, thé cost of an MGA terminal
was assumed to be $2300, of which the antenna accounted for $800 and the
transceiver $1500. The cost of the LGA terminal was $1550, which included
the cost of the LGA ($50) and the cost of the transceiver ($1500). Since
both the transceiver and the antenna are in the development stage, the actual
costs may deviate from those assumed in Section 6.3. A more expensive MGA

or transceiver or a much Tower monthly usage may alter the above conclusion.

Figure 6;4 shows the threshold MGA cost (not including the cost of the trans-
ceiver) as a function of the amount of usage. The threshold MGA cost is the
cost at which the user monthly cost for a system-using MGA terminals is equal

to that using LGA terminals. As indicated in the figure, the threshold MGA cost
is a linear function of the amount of uéage,-i.e., the number of call-minutes.
For a user ‘having 100 call-minutes per month, the break point for the MGA cost

is approximately $2100. If the actual cost of the MGA exceeds $2100, the cost
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tradeoff would favor the LGA terminals instead of the MGA terminals. For an
amount of 40 call-minutes per month, the MGA cost would have to be less than
$900 in order to have a lower user monthly cost than the LGA. The estimated
cost for the baseline antenna (which is a mechanical 1 X 4 tilted array) is
$800. One would favor this antenna over the LGA if the monthly usage exceeds
40 call-minutes. On the other hand, the electronic phased array, which is
estimated to cost $2300,.would have an advantage over the LGA only if the

amount of usage is more than 110 minutes.

The above discussion has been solely based upon the user monthly cost. The
willingness and readiness of the customers to pay for. the necessary monthly
charges have not been considered. The monthly user cost is included in

Figure 6-4 for reference.

Implicity in Figure 6-4 is the assumed costs of the LGA and the transceiver,
" which have been fixed at $50 and $1500 respectively. In theory, the maximum
MGA cost is a functioﬁ of‘the transceiver cost. For a transcéiver costing
$1000 to $2000, the effect is neqligible, as 1ndicafed in Figure 6-5. The
transceiver cost is the cost of the mobile terminal less the cost of the

antenna; The transceiver has been assumed to be the same for both the LGA -

and MGA terminals.
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Chapter 7
AREAS OF FURTHER STUDY

7.0 INTRODUCTION:

Studies [1 and 2] have indicated the feasibility of implementing’'a 20-m
mobile satellite using a commercial communications satellite bus that is
currently being developed or is already in existence. There are, however,
challenges, problems, uncertainties,and,hence,risks posed by the 20-m
satellite. ‘While it is believed that the technical challenges are within
the capability of the 1990 technology, that the ‘probiems are manageable,
and that the risks and uncertainties can be minimized, further studies are
necessary to ensure the implementﬁtion of the system in a timely and cost-

effective manner. With this in mind, the areas of further necessary study

will be identified.

The areas of further study fall in two categories. The first category in-
volves studies of critical importance to MSAT-2. These studies are in the
area of the attitude control and antenna structural analysis. The second

category of studies, while not as important as the first category, are re-

commended to enhance the system and lower the cost.
7.1 ATTITUDE CONTROL AND ANTENNA STRUCTURAL CHARACTERISTICS

Perhaps the most challenging technology in implementing the 20-m satellite
is the ability of the attitude and orbit control subsystem to adequately

maintain the orientation of the spacecraft. and to point the large reflector
with a prescribed accuracy. Althoughjpreliminany assessments indicate that
existing control subsystems on the high-power communications satellites con-
sidered in this study would be capable of meeting this challenge, further

research is necessary.



In order to properly design the control subsystem, it is necessary to determine
the structural characteristics of the antenna, including the reflector apd its
masts. Such data can be obtained by a thorough computer modeling or by direct-
measurements. Due to the Iﬁmited*scope of -this study, néither of these has been
pgrformed. The requirements of the attitude and orbit control subsystem have
been assessed using simplistic estimates of the structural property of the
antenna. Consequently, there is a degree of uncertainty as to whether the
existing control subsystem design could be employed without modifications. An
jn-depth structural analysis and a complete assessment of the attitude control
requirements are therefore needed to eliminate or reduce the uncertainty and to

determine if modification, or even & new design, will be necessary.

1t should be noted that such a study would be necesséry even with a 15-m antenna.
The requirements for the attitude control subsystem for a 15-m antenna, of

course, would be less stringent than those for a 20-m anfenna.
7.2 OPTIMIZED ANTENNA BOOM DESIGN AND EFFICIENT SPACECRAFT PACKAGING

The antenna-éupporting structure and its deployment mechanism have a significant
‘impact on the stowed length and weight of the spacecraft and the structure of the
antenna, and, hence, on the requirements for the attitude control subsystem. The
antenna boom designs used here have not been optimized, thus resuiting in a large
stowed length. An optimized design could potentially result in a more compact
configuration, reducing the spacecraft's weight or increasing its power. As shown
in Chapter 3, the launch cost forAa 20-m UHF satellite is approximately $55M

based on ‘the stowed length of the spécecraft. If the stowed length were reduced
and the Tlaunch cost based on the cargo weight of the spacecraft, the cost would

be $35M to $40M, saving $15M to $20M per satellite. For three satellites, the
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savings could be substantial. In order to realize some or all of these savings,
alternative methods of packaging the spacecraft and different design concepts for

the boom and the deployment mechanism should therefore be investigated.
7.3 OPERATING MSAT-2 IN THE PRESENCE OF MGA AND LGA TERMINALS

MSAT-2 has been designed for mobile terminals equipped with an MGA. The addition
of other types of terminals, the LGA terminals in particular, would create a
compatibility problem, although substituting LGA terminals for MGA terminals would
not. The only effects of such a substitution would be a reduction in capacity,

higher per-minute charges, and the absence of orbit reuse (10-MHz allocation).

The presence of both MGA and LGA terminals, however, creates two problems. First,
LGA terminais would not be able to discriminate between adjacent satellites., hence,
making orbit reuse difficult. Secondly, the LGA terminals would, for a given Tink
performance, require a higher spacecraft EIRP than the MGA terminals, which in

turn would create a design problem. The lack of the LGA's discrimination could be
circumvented by assigning a portion of the channels in each beam or subband to

.LGA operations exclusively (Fig. 7-1}. For a given subband, the portion that is
assigned to the LGA in one satellite would be left vacant in the other satellite in
order to avoid intersatellite interference. Consequently, the efficiency of

spectrum utilization would be greatly reduced.

However, the difference in the EIRP reguirement between the LGA and MGA users
would mean either a more complicated and heavier transponder or a much worse
intermod interference for the MGA users, both of which would drastically reduce
the satellite's capacity. One possible way to avoid these probiems is to restrict

the LGA users to a much lower data rate. A more detailed study is required.
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7.4 OTHER AREAS OF IMPROVEMENT

In addition to the above technology improvements, there are a few areas which
can pétentia11y enhance the system in terms of an increase in capacity or a
decrease in user cost. Ong area is the power amplifiers of the-transponder.
In the baseline design, the linearized efficiency of the‘transponder, i.e.,
the HPA's, has been assumed to be 26%, which is substantially Tower than the
advertised efficiency of some linearized power amplifiers. Studies should
therefore be performed to improve the power amplifier efficiency,.or to in-

vestigate the applicability of various types of highly efficient linearized

amplifiers. . -

Another area of interest is to investigate possible methods of dealing with the
skewed user population. As previously indicated, the skewed user population
lowers the effective capacity of a system . designed for a uniform user density.
One way to handle the skewed population is to vary the size of each beam accord-
ing to the number of thé projected users in that beam such that the number of
useré and,hence, the number of éhanneis ﬁer beam are uniform for all beams.
Another possible solution is to size the power amplifier in each beam according
to the number of projected users in that beam. Neither method ‘has been ex-
plored in this study and a capacity reduction factor of 1/2 has been allowed

to account for the effects of the skewed user population. In view of the

potential gain, further study is warranted.


http:efficiency,.or

The potential to further enhance the system by employing on-board switching
and on-board signal processing should also be examined for future mobi?e
satellite systems. The transponded upiink interference aceounts foe a sjg-
nificant portion of the total end-to-end interference in the present design.
With an on-board signal processing, the uplink 1nterference and uplink mul-
tipath fading can be decoupTed from the down-link, resulting in a better .
performance. Partial on-board switching can eliminate the double hops
presently requ1red for mobile~-to-mobile commun1cat1ons. Although these
techno]ogles are not mandatory for MSAT-2, their potential shou]d not be

ignored.
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APPENDIX A

MODULATION AND PERFORMANCE

A.0 INTRODUCTION

The MSAT system concept adopts the generic channel spaciﬁg of 5 kHz, Various
moduiation and/or coding schemes have been considered for use with the 5 kHz
channel spacing., Figures A-1 and A-2 and Tables A-1 and A-2 present the

C/Ng or Ep/Ng requirements for various modulation and coding schemes for S—kHz
channel spacing. Table A-1 and Figure A-1 excerpts from "MSAT-X System
Definition and Functional Requirements" [1]. Figure A-2 is from "MSAT Mobile

Terminal Study,” Vo]..l £2] by Canadians and Table A-2 is from [3].

Even though the required SNR's in Figures A-1 and A-2 and Tables A-1 and A-2

are a little different from each other, there is some common ground:

(1) Voice transmission may use Amplitude Compandored Single
Sideband (ACSB) or digital voice, e.g., LPC (2400 BPS),

with a bandwidth efficient modulation;

(2) Digital-data (2400 BPS) may be used with a bandwidth
efficient modulation. The bandwi dth efficient modu]ati;n
could be Minimum Shift Keying {MSK), Gaussian Minimum Shift
Keying (GMSK), or Rectangular Spectrum Modulation (RSM).

ATl the required C/Ng or En/Ng numbers in Figures A-1 and A-2 and Tables A-1
and A-2 are required values in the absence of fading. The fading margin is
to be accounted for separately in the link design. However, these required
Ep/No will vary drastically for various fading conditions and demoduiation

schemes,



TABLE A-1. End-to-End C/Ng Requirements

5.0 kHz Channel Bandwidth
10-6 BER = Full Quality
10-5 BER = Minimum Quality

Tol1/Full Minimum

Service Description Quality C/Ng Quatity C/Ng
ACS8 4:1 Amplitude Compandored ‘
Voice Single Sideband

3.4 kHz IF Bandwidth 50.3 dB Hz 33.0 dB Hz

5.0 kHz Channel Bandwidth

Toll Quality is possible {Reference 8)
LPC Linear Predictive Coded Voice
Voice EMSK, 2400 BPS, Uncoded _ )

BT = 0.5 44,8 dB Hz 40,8 dB Hz

5.0 kHz Channel Bandwidth

10-3 BER = Full Quality

2 X 10-2 BER = Minimum Quality
Data Digital Data

GMSK, 2400 BPS, Uncoded

BT = 0,5 49,0 dB Hz 48.0 dB Hz




TABLE A-2.

Proposed Link Margins

(Ep/No) | Nomina¥ C/Ng
Modulation|(Ep/Ng) avg.j peak C/Ng avg., [Margin |with Margin
SSB 11 dB 22 dB | 45 dB/Hz | 10 dB | 55 dB/Hz
ACSB 11 dB 16 dB | 45 dB/Hz | 10 dB. 55 dB/Hz
MSK/QPSK 12 dB 14,5 dB| 46-dB/Hz { 10 dB°| 56 dB/Hz
(2400 for
baud/s) | BER = 10-6
RM* 11 dB 14 dB 45 dB/Hz | 10 dB .55 dB/Hz
(2400 for
baud/s: | BER = 10-6
data or
LPC Voice) ) ]

*RSM -~ Rectangular spectrum modulator, a proprietary technique
of Skylink Corp.
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MSAT-2 baseline design assumes a digital modulation. Both MSK and GMSK have
been investigated by MSAT-X for MSAT applications. The following sections

discuss these two modulation schemes and the detection methods.

A.1  MSK VS. GMSK

MSK, which is binary digital FM with a modulation index of 0.5, has several
good properties and coherent- detection capabilities. (However, it

does not satisfy the severe requirements with respect to out-of-band radiation
for SCPC mobile radio.) MSK can be generated by direct FM modulation. As is
easily found, the output power spectrum of MSK can be manipulated by using a
premodulation low-pass filter (LPF)}, keeping the constant envelope property,
as shown in Figure A-3. To make the output power spectrum compact, the pre-

modutation LPF should have tﬁe following properties:

1. Narrow bandwidth and sharp cutoff
2. Low overshoot impulse response
3. -Preservation of the filter gutput pulse area which
corresponds to a phase shift =/2.
Conditions should be met which: 1) suppress. the high-frequency coinponents;
2} protect against excessive instantaneous frequency deviation; and, 3) allow

coherent detection to be applicable as simple MSK [4].

“A Gaussian LPF satjsfies all the above-described characteristics. Consequently
the modified MSK modulation using a premodulation Gaussian LPF can be expected

to be an excellent digital modulation technique" [4].
Figure A-4 shows the power spectra of GMSK where the normalized 3-dB band-
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width of the premodulation Gaussian LPF, ByT, is a parameter. Figure A-b
shows the fractional power in the desired channel with respect to the
normalized bandwidth of the predetection rectangular bandpass filter (BPF),

" B;T, for various BpT's.

Figure A-6 shows the ratio of the out-of-band radiation power in the adjacent
channel to the total power in the desired channel with respect to the normal-

ized channel spacing.

Figure A-7 presents a typical bit error-rate performance for GMSK of various

ByT in the absence of fading. A coherent detection is employed.

The tradeoff of bandwidth and the performance is obvious by comparing Figures
A-6 and A-7. By reducing the LPF.bandwidth Bp, we can reduce the channel
spacing, fs, with a fixed adjacent channel interference level. However, the
bit error-rate performance (Figure A-7) degrades. After sbmé optimization
process, BT = 0.5 is genera]ly accepted for the MSAT project [5] in the pre-

sence of Rician fading.
A.2. COHERENT DETECTION VS, DIFFERENTIAL DETECTION

In the absence of féding, it is well.known that the coherent detection has
an advantage over the differential detection in bit error-rate performance
(Figure A-7). However, there is a lack of analytical or experimental data
comparing the coherent detection and di fferential detection in the exact
fading conditions. ‘It is believed that the differential detection will per-
form more adequately than the coherent detection. In this section, some of

the data available will be presented as is.
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The paper by Hirade [6] asserts as follows: "Though the error-rate performance '
of differential detection is slightly inferior to that of cohereﬁt detection,
the receiver structure is greatly siﬁp1ified since it does not require the
complicated phase-locked loop carrier recovery circuit, and only a simple delay
1ine with time delay equal to the signaling interval is used to provide a direct
estimate of the phase difference. It is not easy to construct a simple carrier
recovery circuit which enables one to regenerate the reference carrier precisely
and stably in the fast Rayleigh fading channels such as UHF or microwave land
mobile radio channels.” Also, an unpublished JPL memo cites that: "Coherent
signal detection in muitipath fading channels is only possible at the expense

of enlarged carrier tracking loop bandwidth, degrades static performance of the
receiver but improves the error floor associated with fading links. Another
drawback of coherent reception in mobile links is its finite (non-zero) time
requirement to recover from a deep fade. Differentially coherent receivers,

on the other hand, do not suffer from such disadvantages in the fading channels.
Atthough the static performance of a differential detector is inferior to its

coherent counterpart, nevertheless, its dynamic behavior in mobile links is

robust. Simplicity is another good attribute of differential detectors."

Even though there have been many papers addressing the performance of coherent
detection and differential detection of MSK, FSK, or GMSK, most of the data were
taken under different parameters and conditions. Thus, it is hard to compare

the performance of the coherent detection and differential detection precisely.
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For the sake of reference, some of the BER performance curves are included
here. -Figure A-8 is the latest experimenta] data obtained at JPL. The
performance curves are for a 2-bit differential detection of differentially
encoded GMSK signal. Three cases of fading conditions were used for testing:
Rayleigh fading, Rician fading. with 20-Hz doppliér, and 72-Hz doppler where
the ratio (K) of the line-of-sight signal and the diffused signal is 10 dB,
The condition with Fy = 20 Hz and K = 10 dB is believed to be a typical
condition encountered by land mobile terminals in the rural environment.

(Fo denotes the doppler frequency.) -

Figures A-9 through A-13 are some indiscriminate coliections of digital FM
continuous phase FSK or GMSK. Comparing Figures A-9 and A-10, and A-11, it
can be conciuded that the error floor (the bit error-rate level where an in-
crease of the SNR will not improve the BER performance) for the differential
detection is much lower than that of the coherent detection at least in the
Rayleigh fadipg condition. However, it is not clear whether that is true in
the Rician fading conditions. In Figures A-12 and A-13, the dramatic per-
formance difference between coherent and differential detection seems less

pronounced in Rician fading condition with K = 10.
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APPENDIX B

CHARACTERISTICS OF SOME MOBILE ANTENNAS

3.0  INTRODUCTION

Various types of antenna have been investigated by MSAT-X for possible ap-
plications to the mobile terminals. This appendix presents some of the
results. Due to the nature of the mobile antenna study, results presented
in this appendix, although being the best available estimates, should be
considered as preliminary and are subject‘to future mggifications. Three
types of mobile antenna have been explored by various';ompanies for mobile
applications: low-gain antenna (LGA), medium-gain antenna (MGA), and high-
gain antenna (HGA). The gain of the LGA is approximately 4 to 6 dB., The LGA
in general is simpler and less expensive than the MGA and HGA. The estimated
cost to the customer for a LGA is roughly $50, if mass produced. The LGA,
however, does not provide enough discrimination against adjacent satellites
in a multi-satellite environment. The gain of the HGA is approximately
16 to 20 dB. The use of the HGA would significantly reduce the burden on the
spacecraft. However, the HGA is not practical for mobile vehicles because of
its size. The gain of the MGA, which is the MSAT-2 baseline antenna, is
about 10 to 12 dB. Currently, three types of MGA are being investigated
for mobile applications (Figure B-1): .
k 1) Mechanically steerable 1 X 4 titled array
2) Mechaﬁical]y steerable conformal array, and
3) Electronically scanned conformal phased array.

Each of these antennas will be discussed in the following sections.
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‘Electronically Steered Conformal Array

Figure B-1. Three Types 6f Mééium-Gain Mobile Antenna Configured
" Atop a-Car Roof [1] ’
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B.l MECHANICALLY STEERABLE 1 X 4 TILTED ARRAY

This antenna contains a 1 X 4 linear microstrip array covered by a radome
(Figure B-2). The .array is tilted at aﬁ angle to provide the desired eleva-
tion pattern. The overall dimension of the antenna (at UHF), including the
radome,is about 7 inches high and 33 to 36 inches in diameter [1, 2. The
gain of the antenna is .approximately 10 to 11 dB over CONUS. The half-power
beamwidth (HPBW) is about 18 degrees in the ézimuth direction, and about 65
degrees in the elevation direction. Since the azimuthal beamwidth is con-

siderably narrow, some sort of tracking mechanism will be required for mobiie

applications,

The projected intersatellite iselation for this type of antenna is approxi-
mately 15 to 20 dB for a 2-satellite operation, and about 12 dB for a 3-satel-
lite environment. Because of the low intersatellite isolation, operating

this type of antenna in a 3-satellite situation is difficult.

When produced in a large gquantity, the estimated cost of this type of antenna
(to the cuétomer)‘is approximately $600 to $800, including the instatlation

charge.

Because of the relatively narrow azimuthal beam, tracking in the azimuthal
direction is necessary. Various tracking schemes have been proposed including

single channel monopulse tracking, magnetometry, and gyro-aided monopulse

tracking [1, 2].

B-3



-8

RADOME

e S NS N NN N A NN Y

il

A

Iy

A

N

N

.
N

DRIVE
ASSEMBLY

kn LTED ARRAY ANTENNA

Figure B-2. Mechanically Steerable 1 X 4 Nonconformal Tilted Array and its Drive Assembly [1]

A/N 5090



B.2 MECHANICALLY STEERABLE CONFORMAL ARRAY

Figure B-3 shows a conformal mechanical antenna and its drive assembly.
The conformal array is designed using stripline-fed crossed slots. This

antenna has an estimated height of about 3.5 inches and a diameter of 36

inches.

The HPBW in the azimuthal direction is 26 degrees. Similar to the 1l X 4

tilted array, the beamwidth in the elevation direction is relatively broad.

The adjacent satellite isolation for this antepna is qbout 20 dB for a 2-
satellite environment, including polarization diversity. The customer cost
of this antenna is estimated to be $1200 to $1300, including installation
charges and on a mass production basis, Similar to the nonconformal mechan-

ical antenna, tracking is required in the azimuthal direction.

B.3  ELECTRONICALLY SCANNED CONFORMAL ARRAY

A picture of the electronically steered conformal phased array is shown in
Figure B-4. This antenna is designed using strip]fne—fed cross slots and
phase shifters, Among the three types of MGA, this antenna has the lowest
profile, estimated to be about 2 inches, making it physically more suitable
for mobile applications. This type of antenna, however, is expensive. The
estimated customer cost is $2200 to $2300 at a mass production level (100,000

units or more).

B-5



9-g

CONFORMAL ARRAY
ANTENNA

d} Q\
RADOME ——

l'r——]l ) DRIVE ASSEMBLY
/ 4 -
. . . . . . / / : : ...° . '. )
'- . . N . . hid &\r\: . ¢ . . /

A/N 5090

. Figure B-3. Conformal Mechanically Steerable Antenna [1]



Figure B-4. Electronically Steerable Conformal Phased Array [1]
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'APPENDIX C

A SIMPLE USER COST MODEL

C.0 . INTRODUCTION

This appendix presents a simple user cost model. Tt is simple in that it is
easy to understand and easy to use., It has been implemented as a computer
program called the MSS'FI§ANCE.RPT. This program is written in the spread-
sheet language Multiplan* and runs under the MS-D0S* operating system on the
iBM PC and "IBM PC-compatible" microcomputers. FINANCE.RPT has been submitted

to, and may be obtained from, COSMIC*%,

FINANCE.RPT computes the prices that a Mobile Satellite System (MSS) company
would have to charge to meet all of its expenses and make a specified profit
(rate of return on equity capital). It also analyzes an MSS user™s finances,

producing a figure of merit that can be used to compare alternative system

designs.

Section C.l presents a brief overview of the spreadsheet -layout. Section C.2
gives a brief tutorial on relevant topics in engineering economics and serves
Lo clarify the terminology to be used in the subsequent sections. Sections

C.3 - 6.6 provide the analysis of the MSS supplier™s finances, which leads to

*Multiplan and MS-DOS are registered trademarks of the Microsoft Corporation,
10700 Northup Way, Bellevue, WA 98004,

*#*COSMIC, the Computer Software Management and Information Center, Barrow Hall,

University of Georgia, Athens, Georgia 30601, is the repository for computer
programs, developed within NASA, which may be useful in a wider context.

C-1



the determination of required user charges. Section C.7 concludes this appen-
dix by offering the analysis of customer finances, leading to the figure of

merit that incorporates the costs of customer equipment as well as usex

charges.
C.l OVERVIEW OF THE FINANCE.RPT SPREADSHEET

A spreadsheet program consists of an array of cells, of which only a few can

be seen on the monitor at any ome time. The cursor can be moved to bring dif-

ferent parts of ‘the spread sheet into view.

Some of the cells contain labels to make the sheet easier to read, but most
cells contain numbers. The cells that show output numbers also contain for-

mulas that determine how to combine the numbers from other cells.
Inputs and outputs can be 'readily distinguished on the screen or.om a printed -
copy of the spread sheets: Labels for inputs are followed by a colon (:);

labels for outputs have equals signs (=).

The FINANCE.RPT spread sheet is laid out in four areas as described in the

caption to Figure C-1l.
C.l.1 Pfincipal Outputs
A few of the numbers calculated are of considerably more interest than

others.
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Figure C-1., Layout of the FINANCE.RPT Spreadsheet Program for Determining the Financial

Consequences of -Alternative Designs for Mobile Satellite Systems

A: Summary Oufputs and Scalar Inputs

B: Year-By-Year Suppliers' Investment Inputs and an Analysis of Suppliers' Finances
C: Iteration Control Block-

D: Analysis of Customers' Finances
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Supplier™s

Customers™

Finances:

Usage Charge Rate, CU, This is the amount that the supplier must
charge to produce enough revenue to meet all expenses and make the
specified profit. The amounts actually charged each year are

inflated according to the escalation rates which are input.

The supplier also obtains revenue from the Customer Charge, CC, an

input. ©Note that if CC produces too much revenue, CU can come out

negative.

CU to CC REVpv ratio. This is the ratio of the present values of

the revenues obtained from the two sources.

The -supplier®s total cost over the life of the project is expressed
in ‘three different forms. The Life Cycle Cost is perhaps the most
meaningful: the present value. The Total BaseYré Cost. measures
the resources required, but loses the impact of the time value of
money. The Total Nominal. Cost is tﬁe'sum of the inflated cagh

flows — the number that would be seen in the supﬁlier‘s ledger at

the end of the project.,
Finances:

Avg User™s Cost, FOM. This is the figure of merit by which alter-

native system designs should be compared. It includes all three
components of user cost: equipment costs, connect charges, and
usage charges.
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o BYS$SAnnCost/NewUser. This is the real levelized annual cost faced
by a new MS8S customer who subscribes in the indicated year,
expressed in BaseYear$. To obtain the customer™s actual cash out-

lays, this number must be inflated for the appropriate number of

years.

o pv TotCost/NewUser. This is the equivalent of the life ecycle cost
for a new customer. It is the amount he would need for investment
should he chlioose to subscribe and then pay all of his expenses from
the investment. Since it is expressed in constant BaseYear$, it
would have to be inflated to the appropriate year if he were to

actually buy such an annuity.

C.1,2 Limitations

The treatment of depreciation could be improved, particularly by using differ-
ent tax lifetimes for the different categories of MSS system investment. Fur-
ther, user equipment depreciation could incorporate the ACRS table instead of
the current "straight-line" assumption, If this kind of detail were to be put
into the calculation, it might also be desirable to use the corvect corporate

tax rate table, instead of a single "Income Tax Rate" number.

The current version does not distinguish between the two classes of users

expected: voice and data. Incorporation of that distinction, along with a

few additional assumptions, would permit the calculation of prices for both

classes of users and, perhaps, for both kinds of charge (i.e., usage and

subscription).
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A major reduction in the size and running time of the-prog;am'could be
achieved by rederiving the USES equations (JPL Document 5040-29) and incorpo-
rating those results, The major reason for a rederivgtion is that it would set
to rest the issue of what formula should be used to compute the supplier™s
discount rate, an issue on which financial analysts are not completely in

agreement.

FINANCE.RPT is based on an assumed demand versus tiﬁe function which is not

affected by the resultant normative price estimates., In general, however,

sales are dependent on prices. Development and incorporation of a pricing

model taking this interaction into account would have required a gignificantly

Jarger allocation of study resources.

C.2 USER CHARGE MODEL - ANALYSIS OF SUPPLIER™S FINANCES T

The first two subsections consist of a brief tutorial on relevant topics in
engineering economics, and may be skimmed rapidly by those readers who are
already comfortable with economic analysis in the presence of inflation.

The remaining two subsections provide the theoretical basis for the determina-
tion of normative prices — the prices that a supplier must charge to cover all
of his costs and make a specified profit.

c.2.1 Escalation and Inflation

The value of a specified amount of a particular good or service must be quan-

tified to-be useful in analysis. A meaningful way to quantify that value is
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to determine the quantity of other goods or services that would be traded for
it in a barter economy. Direct barter is, however, often very inconvenient:

money provides a convenient intermediate “good" to facilitate trade. The

value of a good can 'then be measured in terms of its price.

The price of a good is the best general measure of its value, but that measure

has some characteristics that make it difficult to use. High on the list is
the fact that prices change with time, not only due to changes in the relative

values of goods, but also due to- extraneous factors - such as how much money

is in circulation.

The term escalation refers to the change of price with time. Economists use

the term real escalation for the portion of that change which is due to a

change in relative value. They refer to the unadjusted, observable change as

nominal escalation.

Inflatign, on the other hand, refers to the change in the measure itse}f.
Thus, it is the average escalation of a collection of goods and services.
Jecause the role of money is.to serve as an intermediary in trades, the appro-
priate collection depends ﬁpon which goods. and services are to bg'traded.
Consequently, a variety of different indices are used: The Consumer Price
Index is based on a "market basket" of goods presumably relevant to the aver-
age consumer. The Gross-Natibnal Product Deflator is based on .all of the

goods and services that make up the GNP.



The adjectives nominal and real are used to qualify other terms as well.

Thus, a nominal price {or, equivalently, a price expressed in nominal terms)

is the price that would be used in the market place. A real price (or a price

expressed in real terms) is a2 price from which the effects of inflation have

been removed.

Real prices of different goods presumably express the relative values .of those
goods. Computation of a real price requires the specification of a base

year. Such prices are then expressed ir base year dollars. The following

equations can be used for conversion between "real" and "nominal" quantities:

. t-1 .
Py = oy (ltex_1) = ppy [] . {lgx,) (¢c-1)
) i=BY
= pBY(1+gx)t_BY if gX, = gXx, a constant (C-2)
oy = o/ T15" (aemy) (c-3)
Yt t L i
i=BY
= Pt(1+g)BY_t if g, = §, @ constant {C~4)
1+ = (1+gx”)(1+ C-53
(l+gx ) = (1+gx7)(l+g ) (C-5)
where,
P, = Price in year f, expressed in nominal terms.

BY = Base year.

Ppy = Price in the base year, expressed in nominal and in real terms.
pE'= Real price in year t, expressed in base year dollars.
gxt = Nominal escalation rate for goods or services of type x,

expressed in fraction/year, during year t.

gxz = Real escalation rate.

= Inflation rate, in fraction/year, during year t.
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Equations (C-1) to (C-5) assume, as is the custom among financial analysts,

that escalation and inflation occur in annual quantum leaps. A continuous

formulation could be used instead, but there is no reason to expect the resul-

tant integrals to provide a better model of the rather "noisy" real world.

As a side point, it may be interesting to note that pE, the price in base year

dollars, may not be equal to Phys the price in the base year, because the

relative value of the good may have changed. In fact,

C.2.2 Discounting and Present Values

(C-6)

Another major factor that makes price an awkward measure of value is that the

value of money itself depends on when it is received or spent.,

1f, for exam—

ple, a venture capitalist can expect to get a 20%/year return on his invest-

ments, a million dollars now has.the same value to him as 1.2-million dollars

4 year from now.

Given an appropriate value for the discount rate, the number .corresponding ito

the rate of return in the above example, then the values of cash flows that

occur at different times can be compared by discounting them to the same date

(which can be called the present).

What date should be used as the present? Any date will do, so long as it is

used consistently. 1In an attempt to reduce confusion, FINANCE.RPT uses the

same date as is used for real prices — the base year.
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What value should be used for the discount rate? In general, it should-be
that number, say k, which causes indifference between a cash flow of a million
dollars at time t and a cash flow of (1+k) million dollars at time (t+1).
Financial analysts are not in complete agreement as to how a company”s finan-
cial parameters should be combined to produce a value: Some use the weighted

average after-tax cost of capital, given by the following formula and reconi-

mended by the economists at JPL:

k = (l*T)Kil i+ %—p (C-7)
where

k = The discount rate for a company.

T = Marginal combined federal, state, and local income tax rate.

A = Financial leverage, the ratio of total capital to equity capital.

i = Debt interest rate. .

p = Req;ired (oé desired) rate of return on equity.

Others use the weighted average before—tax cost of capital. 8till others use

the rate of return on equity.

‘The present value of a stream of cash flows is the sum of the present values

of the individual flows; and may be computed by the following equation:

oo

CF
Present Value = _t (c-8)
(1+k)t_BY
==
where
CF_ = The cash flow at time t, expressed in nominal terms (i.e., year -

t dollars).
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The -present value of a stream of cash flows is the amount of money one would

have to have at "the present" to have the same amount of value as is repre-

sented by the entire cash flow stream.

FINANCE.RPT uses equation (C-7) to compute the MSS-supplying company‘sfdiSr
count rate, The MSS customer™s discount rate, on the other hand, is an input

— because the customer class for which a figure of merit is desired might not

be a company.
C.2.3 The Required Revenue "Approach

Regulatory bodies ('such as public utility commissions) in certain ‘industries
try to set pricéé so as to be fair both to customers and to suppliers. They
protect -the suppliers by ﬁeciding what constitutes a "reasonable" rate of

return on equiFy (i.e., "profit") and by approving price structures that are

eXpected to produce.revenues that will provide that amount of profit after
expenses are met. They protect the customers by deciding which expenses are

allowable and by attention to the details. of the price structure.

Whether the industry being studied is regulated or not, this is a reasonable

approach for determining normative prices. That is, considering a "reasonable

profit" to be one of the costs, choose prices so that

Present Value (Revenues) = Present Value (Costs) (C-9)
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It is important to note that this equation may also be interpreted as express—
ing the relationship between profit and price. That is, if the price is
determined by market forces, rather than by fiat, equation (C~-9) provides an
implicit estimate of the resultant rate of return on equity - even if it is

the price which is treated as the independent variable.

C.2.4 Pricing Strategy

‘the MSS—supplying company would like to choose a pricing strategy that wil}
maximize its profit. Because sales volumes depend, at least to some-extent,
on the prices, selection of an optimal pricing strategy requires an under-
standing - or at least a.model — of that dependence.- No such model could be
developed within the scope of the financial analysis task. Consequently,

determination of an optimal pricing strategy was not feasible.

On the other hand, continuing to take the role of a regulatory body can Tlead
to the requirement that all customers be charged the same price. If Uthe
same" means "in real terms" (or, equivalently, "in constant dollars"), then

the pricing strategy, by fiat, is given by the following equation:

t-1

P =P (1+g.) T (C=10)

t BY IT i=RY i ‘ -
.t-BY )
= PBY(l+g) if g~ g, a constant (C-11)
where
Pt = The real levelized price in year t, expressed in nominal dollars
per unit.
PBY = The real levelized price, expressed in base year dollars per unit.
g, = As before, the inflation rate in year t.
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While it is highly recommended that this pricing policy be used, FINANCE.RPT

does not require it; equation (C-1) is used, not equation (C-11), for both

usage charge rates, CUt’ and customer charge rates,‘CCt.

F INANCE .RPT allows any price versus time function. If reai levelized pricing

is desired, the usage charge escalation rates should all be eqﬁal to the

inflation rate.

If nominal levelized pricing is desired, the escalation rates

should all be zeroc.

C.3 SUPPLIER™S COST

The supplier™s

COSTt =
where

COSTt. =

At =
INTE =
INSt =
OTXt =
OPRt =
MNTt =

TAXt =

cost in year t is given by equation (C-12):
At + INTt + INSt + OTXt + OPRt + MNTt + TAXt

Total cost (excluding profit) in.year t, expressed in
M S(nqminal) - that is, in milliong of nominal dollars.

Amortization of capital assets, in'M $(nominal).
Interest on corporate debt, in M $(nominal),
Insurance premiums, in M $(nominal).

Property taxes, in M $(nominal).

Operating exbenses, in'M $(nomindl)r
Maintenance expenses, in M $(nominal}..

Combined federal, state, and local income taxes, in
M $(nominal)..
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C.3.1 Amortization of Capital

The actual purchase costs of capital goods.are not explicitly included-in the
cost equation (C-12). It is assumed that capital assets are purchased with

funds obtained from equity investment and debt financing.

Revenues are not required to purchase capital goods, but they must cover
equity and debt repayment, as well as return on equity and interest.on debt,

in addition to the costs of operating the system.

For FINANCE.RPT, annual amortization, At, is assumed to start in the first
operating year and finish in the last operating year. The .amount of-amortiza-
tion is calculated by dividing the book value of capital assets at the end of
. the preceding year by .the number -of years-remaining, The book value¢ is then
reduced by the amount of amortization - but it may be increased by new imnvest-

ment. Thus,

0 if Year < Launch Year
At = BVt_ll(LastOpYear ~ Year + 1) otherwise (C-13)
0 if Year > LastOpYear
where
BVt_l = Book value at the end of the previous year, in.. -

M $(nominal).

Last bperatiﬁg year.

LastOpYear

Year Current year.
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The book value is calculated by

BVt = Cumit - CumAt (C-14)
where

Cumlt

Cumulative investment, in M $(nominal).

CumAt = Cumulative amorfization, in M §(nominal).

The cumulative investment and amortizatiom are given by

CumIt

CumIt_1 + Kt _ (Cc-15)

CumAt

CumAt_l + At ) (C-16)

where

Kt = Annual investment, in M $(nomiﬁa1).

The annual investments are, in turn, calculated by inflating the capital

investment requirements:

Kt = KSt (1+gkS) %27 7 BY o xre (1grp)¥edr - BY

(C-17).

Year — BY Year ~ BY

+ KFt (14gKF) + KGt (1+gKG)

where

KSt, KLt, KFt, K6t = Annual investments, expressed in M $(Base¥r).

gKs, gKL; gKF, gKG = Capital cost escalation rates.

BY

It

Base Year.
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C.3.2 Interest on Debt

The amount of debt is assumed to be maintained at a constant fraction of the

book value of the company™s assets:

_ . lambda - 1 _
INTE = BVt i e (C-18)

where

Debt interest rate.

[N
Il

lambda = Financial leverage.
€.3.3 Insurance Premiums

Insurance premiums are modeled as a constant fraction of the book value of the

company assets.

INSt = BVt beta? (C-19)
where

beta? = Insurance rate.,

C.3.4 Property Taxes

Property (or "Other than income") taxes are modeled as a constant fraction of

the company™s value on separate books kept for tax purposes.

OTXt = TVt betal (C-20)
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C.3.5. Operating Costs

Operating costs are assumed teo be linearly dependent on the average traffic:

OPRe = p (1 + £0PR) %% = BY ¢ 5259607108 (C-23)
where
p = Operating cost rate, in $(base year)/call-minute.
gOPR = Operating cost escalation rate.
Et = Average traffic, in Erlangs.
525960 = Number of call-minutes in an Erland-vear.
106 = Conversion factor from $ to M$.

C.3.6. Maintenance Costs-

Maintenance costs are assumed to Increase with the replacement value of the

cumulative capital investment.

MNTt = m RVt (C=24)
where
m = Annual maintenance cost fraction, in $(nomina1)/year pexr
" $(nominal) of replacement cost. .
RVt = Replacement cost of cumulative capital investment, in

M$(nominal). -
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where

TVt

Tax book value at the start of the year, in M $(nominal).

betal

]

Property tax rate.

The tax book value is calcﬁlated like the book wvalue except that amortization
is replaced by depreciation. '
l
TVt = TVt_, + Kt - Dt (C-21})
where

Dt = Annual depreciation of capital assets, in M $(nominal).

Depreciation is the IRS-approved model for. representing the exploitation of
the value of a capital asset, Tax depreciation schedules are designed to meet
political objectives (such as the encouragement of investment in capital

goods) and may or may not be useful for amortization.

The currently approved model is called ACRS, for "Accelerated Capital Recovery
System''; the relevant tables are reproduced on the spread sheet. The appro-

priate table to use for a particular capital investment depends upon its tax-
life - which is usually significantly shorter than its expected useful life.

FINANCE.RPT uses the 10-year taxlife table for all of tlie company™s capital

assets.,

Annual depreciation is computed by equation (C-22).

H

10 ]
Dt = T Kt table(age; 10~year TaxLife) (Cc-22)

—-age
‘age=1
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The replacement cost model omits removal of the value of decommissioned assets

due to the presumption that no hardware is decommissioned until the end of the

project:

RVt = RVE | (i+g) + Kt (C-25)
where

g = General rate of inflation.

C.3.7 Income Taxes

The income tax model is simplified to the extent that the graduated tax table
is represented by a single tax rate and that losses and credits are allowed to
produce negative income taxes, rather than carry-forward and carry-back
adjustments. While these simplifications could have a slight effect if the
MS5-supplying company is a stand-alone financial entity, they accurately

represent the impact of income taxes if the company is a subsidiary of a

"parent".
TAXt = tau TIt - ITCt {(C-26)
where
tau = Combined federal, state, and local income tax rate.
Tit = Taxable income, in M S$(nominal).
ITCt = Investment tax credit, in M $(nominal).
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The MSS—-supplying company“s taxable income is given by

TIt = REVt - OPRt - MNTt — INSt - OTXt - INTt - Bt (Cc-27)
where

REVt = Annual revenues, in M $(nominal).
The investment tax credit allowed is a fraction of the annual investment.

1TCt = beta3 Kt (C~28)
where

betald = Investment tax credit rate.

C.4 SUPPLIER™S REQUIRED REVENUES

1n addition to providing enough money to pay the expenses developed in Section
C.3, the revenues must also provide a reasonable return to the equity inves-
tors (stockholders). The part of the book value of the company which is not

debt must be equity. Consequently, the desired return on equity is given by

GoalNPt

rho BVt_,/lambda . (C-29)

where

GoalNPt

Net Profit that would be obtained in year t if the equity
investors were to receive the specified rate of return (rho),
in M $(nominal).

rho = Specified rate of return on equity.
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Thus, the required revenue if the investors were to be satisfied each year is

given by adding equations (C-12) and (C-29):

" ReqREVt = COSTt + GoalNPt (c-30)

i

where

fl

ReqREVt = Required revenue in year t, expressed in M $(nominal).

c.5 SUPPLIER™S REVENUES

Lt is assumed in FINANCE.RPT that all customers are offered the same prices,
put that there are two components to their monthly bills: a subscription

charge and a usage charge. It is also assumed that prices may change from

year to year, as specified by the analyst using the program. Thus,

REVt = REVCUt + REVCCt (c-31)

where

REVt

Annual revenue, in M $(nominal).

REVCUt

= Component of annual revenue due to usage charges, in
M $(nominal).
REVCCt = Component of annual revenue due to customer charges, in

M $(nominal).

C.5.1 Usage Revenues, REVCUt

Usage revenues are simply the product of the usage charge rate and the average

traffic:

REVCUL =

CUt Et 525960/106 if Year £ LastOpYear
(¢-32)

0 otherwise
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where

CUt = Usage charge rate in year t, in $(nominal)/Call-Minute.
Et = Average traffic in year t, in Erlangs.

‘ 525960 = Nﬁﬁber of éali;Minuteg in an Erlang—éea?.
106 = Conversion factor from $ to M §.

The time;varying usage charge rate is calculated in FINANCE.RPT from the

analyst™s input escalation rates and from the initial value determined by the

program.
Y - BY
CUold (1+gCUt) —oF if Year = FCY
cut = . (C-33)
CUt_1 (1+gCUuc) . otherwise
where
CUold = Latest iterative estimate of ‘the initial usage charge rate, in
$(Base Year)/Call-Minute. ’
gCUt = Input usage charge escalation rate.
FCY = First calendar year in the analysis.

Average traffic is modeled on the assumption that latent demand is greatly in
excess of system capacity, so that usage and customers increase -exponentially
until the system is saturated. The model is specified by the growth rate in

the exponential phase and by the conditions at and timing of saturation.

0 if T2 0
B t - TS .
Et = {Esat (l+rg) if 0<t<TS (C-34)

Esat if TS < t
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where

Esat = Traffic at saturation, in Erlangs.
rg = Sales growth rate during the exponential growth period.-
TS = Number of years after launch to achieve saturation.
t = Number of years after launch.
t = Year — LaunchYear (€-35)

wherea

LaunchYear = First operating year.

C.5.2 Subscription Revenues

Customer charge (or subscription) revenues are the product of the customer

charge rate and the number of customers.

CCt Nt 12/106 if Year < LastOpYear
REVCCt = ’ (C-36)
0 otherwise"
where
CCt = Monthly customer charge, in $(nominal)/Customer-Month.

Nt = Average number of customers.
12 = Conversion factor from months to years,
109 = cConversion factor from $ to M §.

The time-varying customer charge rate model is similar to that for the usage

charge rate.

CC (1+gCcCt) if Year = FCY

CCt =

Year - BY
{ (Cc-37)

CCt_1 (1+gcCct) otherwise
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where

CC

Hl

Input initial customér charge rate, in Base Year$ /Customer—-Month.

gCCt

Customer charge escalation rate.

For simplicity, FINANCE.RPT assumes that the shape of the customer charge rate

as a function of time is the same as that for the usage charge.

gCCt = gCUt (C-38)

The number of customers is assumed to follow the same pattern as the traffic.

0 if £t <0

; t - TS -

Nt = {Nsat (l+rg) if 0 <t <T8 . (C-39)
Nsat if TS < t ’

where

Nsat = Number of customers at saturation.

As a consequence of the similarity of equations (C-34) and (C-39), the average
usage per customer is constant, though this statement would not necessarily

stay true if the models for Et and/or Nt were changed.

.6 USER CHARGES

The required revenue approach to determining normative prices states that

prices are to be chosen so that

at

REVpv = ReqREVpv, (C-40)
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which is a restatement of equation (C-9), and in which

REVpv = Present value, as obtained from equation (C-8), of the annual
revenues REVt, given by equation (C-31).
ReqREVpv = Present value, from equation (C-8), of a stream of revenues

that would provide the specified return to the equity inves-
tors, given by equation (C-30).

As a result of the modeling described earlier in this section, equation (C-40)
can be thought of as an equation in one unknown, CUold, which can be solved by

one means or another. FINANCE.RPT does so by the following iterative

procedure:

Delta = (ReqREVpv - REVpv)/PresentValue({REVCUt) (C-41)
where
Delta = A measure of the amount by which the current value of Clold
fails to satisfy equatiom (C~40).
CUnew = CUold (1 + 2 Delta) (Cc-42)
. where
ClUnew =

New estimate of the initial usage charge rate.

If Abs(Delta) < 0.001

Set "Done" to TRUE and terminate iteration
Otherwise (C-43)

Set CUold = CUnew and continue iteration
Endif

It should be noted that an attempt to solve for a year—-by-year price, CUt,
that solves REVt = ReqREVt could lead to very peculiar results, because there

may be years in which the revenues are zero or negative for any price (e.g.,
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prior to the first operating year), yet the required revenues for some of
those years are not zero. The present value operation allows the company to

move the cash flows among the years available, so that the required revenue

condition can be meaningfully met.

Tt should also be noted that the solution of equation (C-40) could have been
for CC, with CUold an input, instead of vice versa. The choice that was made

was arbitrary.
c.7 FOM — ANALYSIS OF CUSTOMER FINANCES

The objective of FINANCE.RPT is to provide a means for comparing alternative
designs for MSS systems. Is it better, for example, to develop a very large
space antenna so that MSS-customer equipment can be simple and inexpensive?
Or should development concentrate on medium—gain customer hardware so that

usage costs will be low?

The ideal figure of merit (¥FOM) would provide a measure of the net societal
benefits offered by the alternatives. Such a measure would include an assess-—
ment of the benefits to future generations of building large space structures
sooner, rather than later. These benefits may be quite large, and are appro-
priately included when making projéct decisions. They are also very difficult

to estimate, and are not included in the FOM provided by FINANCE.RPT.

. The interests of investors, both in the MSS-supplying companies and in the

companies with which they compete, are assumed to be taken care of by the use
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of the required revenue approach., Validity of this assumption requires that

the value of the required rate of return on equity accurately corresponds to

the perceived risk of investment in an MSS—supplier.

The interests of potential customers that choose not té subscribe are assumed
to be reflected by their behavior. That is, they are assumed to. weigh their
opportunity costs and other externalities, such as the quality of service,

when they make their subscription decisions.,

1f the demand function for potential customers were known, the appropriate FOM
would include an accounting for opportunity costs and a joint optimization of
supplier™s pricing policies and customers™ subscription decisions. Calcula-
tion of the FOM would be a straightforward, interesting, tough optimization
problem. A description of how demands (i.e., sales) vary with time would be
part of the solution to that problem. Development of a model of the demand
function, however, would require a study effort an order of magnitude or two

larger than was available for the rest of this study.

In the absence of a known demand function, the variation of sales with time
has been assumed. With this assumption, the opportunity costs (the costs of
not being able to place desired calls due to not being a MSS subscriber), the
costs of calls placed on non-MSS systems, and the costs of subscribing to MSS

sooner or later than would be optimal, are the same for all MSS system designs.
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C,7.1 The Figure of Merit

With the quallflcatlons discussed in the prevlous section, a satisfactory fig- -

ure of merit for comparlné alternative system designs can be obtained by aver—
aging the MSS-related costs incurred by all MS8S customers. These costs
contain three components: usage costs, subscription costs, and equipment
costs. The resultant measure is appropriately called a "figure of merit",
rathér fhan a "total ﬁsers‘ cost", because opportunity costs are not included,
the optimization problem has been assumed away, disparate users™ costs are

averaged, and costs that occur at different times are combined by discounting

and real levelization.

FOM = E gUt COSTyrt/(l+u)Year - B (C-44)

where

FOM = Figure of merit for. comparing system designs (smaller is
better), in discounted BaseYear$/year per customer.

NUt = Number of new customers in year t.
Nsat = Total number of new customers who subscribe to the service.

COSTyrt

Real levelized annual cost for a customer who first
subscribes in year t, expressed in $(nominal)/year.

u = Representative user™s discount rate, in fraction/year.

BY = Base Year.

Year = Year at the start of which the new customer subscribes.
The number of new customers is obtained quite simply from the customer model:

NUt = Nt - Nt_, . (C-45)
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C.7.2 Customer Cost Components

The real levelized annual cost for a new user is computed from the monthly
cost, which is the sum of monthly usage costs, subscription costs, and equip~-

ment costs:

COSTyrt = 12 COSTmot (C-46)
COSTmot = CUmot + CCmot + Kimot (C-47)

where .

COSTmot = Real levelized annual cost for a customer who first subscribes
at the beginning of year t, expressed in $(nominal)/month.

CUmot = Real levelized equivalent of the annual usage charges for a
customer who first subscribes at the beginning of year t,
expressed in $(mominal)/month.

CCmot = Real levelized equivalent of the annual subscription charges
for a custémer who first subscribes at the beginning of year
t, expressed in $(nominal)/month.

KUmot = Real levelized equivalent annual cost, expressed in
$(nominal)/month, of the costs of purchasing, operating,
maintaining, and replacing MSS equipment for a customer who
first subscribes at the beginning of year t.

Although the cost of the MSS—supplying project is calculated as though it has
a limited lifetime, customers presumably will purchase service from suc-
cessors, as well. Whether actual successor systems will offer better prices
than the system under study, however, should not affect the assessment of a
particular design., ﬁence, it is assumed for customer cost estimation that the
MS5 system is replaced by replicas of itself as necessary. It is also assumed
that escaiation and discount rates continue into the indefinite future without

change.
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The levelized cash flow rate associated with a present value is given by

CF = PV crf(dr, life) (c-48)
where

CF = Uniform periodic payment in $/(time period) corresponding to
PV, with interest rate dr, for life time periods.

v

Present value of a cash flow stream of CF for each of life
time periods, with discount rate dr.

dr = Discount .or compound interest rate, assumed to be constant
throughout 1ife time periods.

life = Number of time periods for which the cash flow stream CF is
continued to produce a present value of PV when discounted at
rate dr.

cri( )

Capital recovery factor.

If dr is the real discount rate, Qg_is the real levelization of PV; if dr is

the nominal discount rate, CF is the nominal levelizaton of EV.

The capital recovery factor may be computed from

dr/{1 - (1+dr) 11 if dr # O

crf(dr, 1ife) = { : (Cj49)
1/1ife . if dr = 0

Indefinitely c¢ontinued subscription corresponds to an infinite 1ife, with the

result that the capital recovery factor is equal to the-discount rate. Hence,

CUmot = CUpvt (u-g)/i2 (C-50)

1]

CCmot = CCpvt (u-g)/12 (C-51)
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where

CUpvt = Present value of all future usage charges for a customer who

first subscribes at the beginning of year t, expressed in
$(Year t).

CCpvt = Present value of all future subscription charges for a customer
who first subscribes at the beginning of year t, expressed in
${(Year t).

u = Users™ nominal discount rate, in fraction/year.

g = General rate of inflation, in fraction/year.

The present values are computed by applying equation (C-8) to the annual costs.

The annual costs are computed as follows:

ICUyrt = 12 ICUmot (C-52)
ICCyrt = 12 ICCmot (C-53)
(CUmot = CMmot CUt (C-54)
ICCmot = CCt (€-55)
CMmot = 43830 Et/Nt (C-~56)
where
ICUyrt = Annual usage charges during year t, in $(nominal)/year.
ICUmot = Same as ICUyrt, but in $(nominal)/month.
TCCyrt = Annual subscription charges during year t, in $(nominal)/year.
ICCmot = Same as ICCyrt, in $(nominal)/month.
CMmot = Average number of Call—Minutes/monLh per customer., -
43830 = Number of Call-Minutes in an Erlang-Month. -
Et = Traffic, in Erlangs.
Nt = Number of customers.



Similarly, the real levelized équivalent annual cost of customer equipment can

be caleulated from the present value of the rather irregular stream of

equipment-related costs.

KUmot = KUpvt (u-gKUu)/12 (C-57)
where .
KUpvt = Present value of all present and future equipment-relatéd costs
for a customer who first subscribes at the begimning of year t,
in ${(Year t).
gKU = Customer™s equipment escalation rate, in fraction/year.
KUpvt = CCMU KUt {C-58)
where
CCMU = Customer™s capital cost multiplier, the ratio of the present
value of all equipment-related costs to the purchase cost.
: KUt = Customer™s equipment cost, in $(nominal) per customer.
KUt = KU (l+gku)rear - BY (G-59)
where

KU = Customer s equipment cost in $(Base Year).

The customer™s capital cost multiplier plays the same role as the analysis of

the suppliers™ finances with regard to the impact of capital investment.

In

the suppliers™ case, however, almost all of the costs are due to capital, so a

relatively detailed model .is necessary. In the customer™s case, a large part

of the total cost results from the charges, so a simpler, closed—form model of

the impact of capital costs should suffice.
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The following model is based on a derivation contained in JPL Document 5040-29

[Ref. 11.%*

1 -2 s
_ KUOlife CRFU ) betalU + beta2U + nU .
CCMU = T = taul + CRFU ERMU {C-60)

where
taul = Customer™s marginal income tax rate.

KUlife = Expected useful lifetime of customer equipment, in years.
("Straight Line" depreciation is assumed.)

CRFU = Customer™s capital recovery factor, evaluated by equation
(€C-49), using a discount rate of u and an amortization period
of KUlife,

beta3l = Customer™s investment tax credit rate.
betall = Customer™s property tax rate,
beta2U = Customer™s insurance rate.

mU = Customer™s annual maintenance cost fraction.

ERMU = Customer™s equipment replacement multiplier.

The customer™s equipment replacement multiplier, ERMU, accounts for the fact
that the equipment must be replaced every KUlife years. Meanwhile, the
replacement cost escalates at a rate of 8KU, but the present value of these
teplacements is diminished by discounting at the customer™s discount rate, u.

As a result of these factors:

* Reference l: "The Cost of Energy from Utility-Owned Solar Electric Systems:
A Required Revenue Methodology for ERDA/EPRI Evaluations"™, J. W. Doane, et

al., JPL 5040-29 and ERDA/JPL-1012-76/3, Jet Propulsion Laboratory, Pasadena,
CA, June, 1976.
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1+gKU

)KUlife)
1+u

ERMU = 1/(1 - ( (C-61)

C.7.3 Costs for New Users

Lt has been shown [Ref. 2]% that the optimal time for a potential customer to
subscribe to the service is when the real levelized cost falls below that of
the status quo. (In this caée, the status quo cost should include the oppor-
tunity cost.) This cost has already been developed above as COSTyrt, but
axpressed in terms of nominal dollars;'FINANCE.RPT also shows those costs in

Base Year dollars and as present values of the real levelized cost streams.

% Reference 2: "A Decision Rule for the Installation of a Solar Electric Sys-—
tem", R. G. Chamberlain and L. H, Orren, Proceedings of the TASTED Energy
Symposia, San Francisco, May 1981, -ACTA Press., The paper was also published
as JPL Document 900-990 No. 9, July 1981, and was also presented at the
Western Economic Association meeting in July 1981.
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APPENDIX D
PAYLOAD WEIGHT MODEL

D.0 INTRODUCTION.

Estimation of the payload weight is an important step in the design of a mobile
satellite system. The estimated payload weight can be used to size the system
and estimate the resulting capacity. The payload weight of a mobile satellite
system consists primarily of the antenn&, the UHF or L-band feed assembly, the
backhaul subsystem, .and the rest of the transponder. The weight of the feed
assembly depends on the design of the feed, i.e., single or overlapping feed.

For this reason, two models will be presented for the two different feed

designs.

D.1 ANTENNA WEIGHT

The weight of the UHF or L-band antenna, which includes the reflector and its
supporting boom, accounts for a major portion of the payload weight. For a
given antenna diameter, the weight varies as a function of many parameters
including the surface accuracy (o/A), focal-length-to-diameter ratio (F/D),
antenna type (wrap-rib or hoop-column), antenna configuration (offset or‘sym-
metric), and the design of the boom, For the MSAT-2 baseline, the éntenna is a
Lockﬁeed wrap-rib. deployabie offset antenna with an F/D = 1.0 and o/A = 1/60.
The design of the bqom affects the structural stiffness and the stowed dimen-
sions of fhe antenna, as well as the weight of the antenna. It is necessary

to recognize that the antenna weight could vary over a wide range for a given

diameter depending on the boom design, the resulting stiffness, and the stowed

volume,
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The estimated weight of the reflector, for various sizes and surface accu-
rancies,is tabulated in Table D-1 for both the UHF and L-band frequencies.
The data is obtained from [1]. The L-band antenna data is included for the

design of an alternative system. The UHF antenna is the baseline antenna.

The weight of the mast for various antenna sizes is provided in Table D-2.
Since the mast weight is very sensitive to its design, two different designs
have been included in the table. One design utilizes a 6-foot bay with an
aspect ratio of unity, and the other is based on a 12-foot bay with an aspect
ratio of 2. The 6-foot design is structurally not as stiff as the 12-foot
design and weighs a little bit more for the same antenna size. The advantage,
however, is that it occupies less volume in the stowed configuration. The
aspect ratio is the ratio of the bay length to the bay width. An illustration
of the bay length and bay width is provided in Figure D-1. The stowed dimen-
sions of a wrap-rib deployable antenna are shown in Figure D-2, The data in

Table D-2 is based on [1].
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Table D-1.

Estimated Reflector Weights for a Wrap-Rib Deployable Antenna

Operating at UHF and L-Band Frequencies

UHF

L-BAND

Reflector Diameter, m 15 20 30 15 20 30
Surface Accuracy (9/A) 1/30 1/30 1/30 1/60 1/60 1/60
Number of Ribs 12 14 18 18 20 24

Reflector Weight, kg 58 72 122 72 90 153

1/30 1/30 1/30 1/60 1/60 1/60
12 18 22 16 26 32

a7 84 142 52 108 195




Table D-2.

Estimated Mast Weight for a Wrap-Rib Deployable

Offset-Fed Antenna(l)

Reflector Diameter, m

Mast Design
Bay Width, ft.
Bay Length, ft.
Aspect Ratio

Antenna Stowed Dimensions
Antenna Stowed Diameter, ft.
Mast Stowed Length, ft.
Reflector Stowed Length, ft.
Antenna Stowed Length, ft.

Antenna Natural Frequency, Hz

Mast Weight, kg

12 12 12 12 6

13.8 13.8 13.8 13.8 9.2
1.3 1,7 1.8 2.9
1.1 L1 11 1.2 1.1

4.4 147 149 16.1 9.0

18.6 5.5 3.2 1.5 -

33 55 68 106

15 20
6 6

6 6

1 1
9.2 9.2

1.9(1) 2,4(1) 2.7

1,1 1.1
9.5 9.7
- 2.7

44(2) 73(2) 9o

Nofes:

(1) The estimated weight in [1] was based on F/D = 1.2,
(2) Scaled from the 20-m case.
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The total antenna weight, which includes the weight of the reflector, its
supporting mast, and deployment mechanism, is estimated in Table D-3 for
various combinations of antenna diameter, surface accuracy, and aspect
ratio. The maximum weight; which includes a 20% mark up for contingency,
is shown in the Table and plotted in Figures D-3 and D-4 for the UHF and

L-band antennas. The weight estimates are derived from [1].

D.2 Antenna Feed Assembly Weight

The antenna feed assembly is another significant contributor to the total
payload weight, The weight of the antenna feed assembly depends on the
feed design as well as the operating frequency. For convenience, the UHF
antenna feed assembly is discussed first. The feed assembly weight for the

L-band system will be addressed later.

A block diagram of a mobile satellite transponder is shown in Figure D-5
for the nonoverlapping feed desién and in Figure D-6 for the overlapping
feed design. A detailed description of the feed assembiy can be found in
Chapter 2 and in [2]. The components of the feed assembly for a sipg]e
feed design are the radiating elements, cables, supporting structupes, and
RF electronics, which include high power amplifiers (HPA's), low noise
amplifiers (LNA's), and diplexers. In the case of an over]apping‘feed
design, the feed\assembly also requires a beamforming network (BFN), which
includes a number of combiners and dividers. The block diagrams shown in
both figures are for a satellite with 14 beams, which is not the MSAT-2

baseline.design. These figures are for illustration oniy.
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Table D-3.

Estimated Antenna Néights For A Wrap-Rib Deployable
Offset-Fed Antenna Operating At UHF and L-Band

UHF Antenna Weight, kg L-Band Antenna Weight, kg
Mast Reflector{Reflector .
Design| o/x Size Reflector| Mast |[Total Ant.|Max. Ant [Reflector| Mast [fot. Ant.|Max., Ant
m Weight {Weight | Weight IWeight(3}| Weight |Weight | Weight |Weight(3)
8 40(1) | 44 84 101 47 44 91 109
15 58 73 131 157 68(2)| 73 141 169
1/30 20 72 90 162 194 84 90 174 209
g, 25 - - 204{8) | 245(5) - - 217{5) | 260(5)
- 30 122 140(4) 262 314 142 140(4) 282 338
X
= 8 43(1) | 44 87 104 52 a4 96 115
. 15 72 73 145(5) | 174(5) 86 73 159(5) | 191(5)
o 1/60 20 90 1 90 180 216 108 90 198 238
& 25 - - 225(5) | 270(5) - - 250(5) | 300(5)
30 153 140(4) | 203 362 195 120{4)| 1335 402
8 40(1) | 33 73 88 47 33 80 96
£ p 15 58 55 113 136 68(2)| 55 123 148
= 1/30 20 72 68 140 168 84 68 152 182
2 25 - - 175(5) | 210(5) - - 188(5) | 225(5)
- 30 122 106 228 274 142 106 248 298
=
8 43(1) 33 76 91 52 33 85 102
o ) 15 72 55 127 152 86(2)| s5 141 169
& 1/60 20 a0 68 158 190 108 68 176 211
25 - - 196{5) | 235(5) - - 225(5) | 270(5)
30 153 106 259 311 195 106 301 361
Notes:

{i} gca}ed from L-band data, (2) Scaled from UHF data. (3) Including 20% for contingency.
caled from 12-ft bay design data. (5) Scaled from 20-m and 30-m data. See Figures D-1 and D-2.
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The feed-assembly weight is strongly tied to the total number of feed elements
in the feed as wel) as the number of beams. For a feed assembly using one-
element feed design, each beam has one element and the tofal number of elements
is equal to the number of beams. The weight of the feed assembly can thus be
approximated as a function of the number of beams. For the overlapping feed
design, there is no simple relationship batween the number of beams, the number
elements per beam, and the total number of elements. This is because part of
the elements of a particular beam are also used to form other beams. The total
number of elements is, therefore, less than the product of the number of beams
and the number of elements per beam. The block diagram in Figure D-6 shows a
total of 30 elements for 14 béams. A 4-e1§ment feed design for a l4-beam system
would have such a transponder. In general, the total number of elements must
be determined on an individual basis for the overlapping feed design; the feed

assembly weight, thus, necessarily depends on both the number of beams and the

number of feed elements.

Based on the above discussion, the feedaassembly'weight for the UHF system is

estimated by the following model:

10.69 Ng [kgl ‘For single-element feed designs.
Wfeed = . '
1.38 N + 9.49 Ng [kg]l For overlapping feed designs.

where Np denotes the number of multiple beams, Ng the aumber of feed elements,

and Wgeeq .15 the weight of the feed assembly. For a singlie-element feed °

design, Ng = Ng.

The above model is based on data obtained from [2], and estimates obtained from
satellite manufacturers. The model includes some redundancy for the RF eltectronics
and assumes that the output level of the power amplifiers is approximately 15 to

30 watts.
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‘The above weight model is for a UHF feed assembly. The weight of some of the
components of the feed assembly may be different for L~band. For example, the
radiating elements are expected to be lighter. On the other hand, the weight
of the power amplifier may be heavier because a higher output power may be re-
quired in order to compensate, for example, for the increased space loss. For
the range of antenna sizes considered, the net difference in weight between the
UKF and the L-band feed assembly is approximately 3.3 Np for the singlie-element

feed design, and 3.3 Ng for the overlapping feed design.

D.3 TRANSCEIVER WEIGHT

The transceiver includes all components of the transponder, excluding the feed
assembly, the reflectors and the Ku-band TWT. Its weight (WR) is related to

the number of beams and is approximated by

Wrp = 0.2 Np + 12,8 [kg]
The above equation includes the weight of power conditioner, oscillator, etc.
D.4 KU-BAND REFLECTOR AND KU-BAND TWT WEIGHTS

The weight of the Ku-band reflector, which is 5 m in diameter, is about 3.6 kg,

and that of the Ku-band TWT, including a 100% redundancy, is 4.09 kg.

D.5 TOTAL PAYLOAD WEIGHT

The total payload weight is the sum of the individual component weights.
Denoting the total payload weight by Wy, the following is the payload weight
model for the UHF system:

Wp = Want + 10.9 Ng + 20.5 [kgl
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for

for

the

For

for

the single-feed design, and
Wr = Want + 1.6 Ng + 9.5 Ng + 20.5 [kq]

the overlapping feed design. In the above equations, WpNT is the weight of

UHF antenna.
the L-band system, the model is
Wt = Wpan + 7.6 Ng + 20.5 [kg]

the single-element feed design, where WayT is the weight of the L-band antenna.
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APPENDIX E
OVERALL C/I CALCULATION

E.0 INTRODUCTION

The interference situation for the second-generation mobile satellite system
is very complex. The system, as currently conceived, consists of two gatei-
lites using multiple UHF beams and a single backhaul beam. To inérease the
number of satellite channels, frequency reuse is currently planned for the

UHF beams. A combination of the use of two satellites, multiple beams with
frequency reuse, the multipath fading, and the broad beamwidth of the mobile
antenna, makes the system very susceptible to cochannel interference. Inter-
ference is particularly severe for mobile-to-mobile communications. Fof 1 xed-
station-to-mobile and mobile-to-fixed-station communications, the interference
is 1e§s severe. The purpose of this Appendix is to analyze the 4interference

situation and to calculate the overall C/I for various modes of communications:

E.1 INTERFERENCE ANALYSIS FOR MGBILE—TO-MOBILE COMMUNICATION

In a mobile-to-mobile communication, the mobile receiver suffers both cochannel
and adjacent channel interference from many sources: turnaround yp]ink inter-
fenence,~intermodulatioﬁ products, interbeam inte}ference, and intepsateliite
interference. A typical interference scenario is shown in Figure E-1. As de-
picted, the desired signal.is transmitted frqm a mobiie user to a satellite,
which in turn retransmits, after proper amplification, the signal to the intended
user, In the-uplink transmission, cochannel and adjacent channel interference
exist due to transmissions by other users. ‘Iﬁ t5eory, both cochannel and ad-
Jjacent chanﬁe] interference degrade the link performance and, hence, both should
be accounted for. For a rough approximation, however, édjadént channel inter-

ference can be assumed to have negligible effects due to the use of spectrally
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effictent modulation schemes. Thus, only cochannel interference will be con-
sidered. Since the mobile users are scattered all over the service area, the
interference and the desired signal can be assumed to fade independently. 1If
we let Cq denote the received power of the desired signal, I; the received
power of the interference, M the multipath fading, and Ig the interbeam

isolation, then the cochannel interference-to-carrier ratio as received by the

satellite is

11/C1 = M/1g (E-1)

It should be pointed out that M and Ig are not expressed in decibels, and that

M>1and Ig > 1. Implicit in Eq. (E-1) is that the uplink interference is re-
ceived by the satellite through the sidelabes.

Upon receiving the uplink signal plus interference, the satellite amplifies and
subsequently retransmits both the signal and interference to a terrestrial
receiver. If the satellite has an on-board switching capability, the signals

can be transmitted d{rect1y to the intended mobile user and, hence, complete
the mobile-to-mobile link in a single hop. In the absence of on-board switching,
the link can be completed using an ad&1tiona1 hop which involves a backhaul link
between the satellite and a gateway. In either case, the uplink interference is
amplified and retransmitted to the mobile receiver, assuming that there is no
intermediate signal processing either on-board of the satellite or in the gateway.
The turnaround uplink interference travels the same path as the desired signal
and, hence, fades simultaneously with the signal. Assuming the satellite trans-

ponder amplifies both the interference and the signal by the same factor, the
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turnaround interference-to-signal ratio as received by the mobile receiver,

denoted by I2/Cp., is

15/Cp = 11/{‘1 M/IB (E-2)

where C2 denotes the received signal power..

In addition tb the turnaround uplink interference, the mobilé receiver receives,
through the sidelobes of the satellite antenna, downlink signals that are trans-
‘m1tted by the sate1]1te and are 1ntended for other users. These are termed as

interbeam 1nterference. Aga1n, if one ignores the adgacent channel interference

and denotes the received power level of the interbeam interference by I3, then

13/C2 = 1/Ig" - (E-3)

Intermodulatidﬁ préducts due to transponder nonlinearity are another source of
interference. Unlike the interbeam interference and the uplink interference
which can be controlied by reducing thé antenna sidelobe level, intermoduiation
products can.be:reduced only by either operating the gate]]ite ampl{fiers at a
Iower eff1c1ency or by using 11near12ed amp11f1ers. By tetting I5 denote the
received intermod power, and Ipm the carr1er-to-1ntermod isolation, one obtains

14/.8_2 = 1/Ipm.

E-4



The types of interference addressed thus far are all generated within a one-
satellite system. For MSAT-2, which utilizes two satellites., an additional
interference source exists. This is the intersatellite {nterference which
includes all transmissions frém the sateTTité with wﬁich the victimized re-
ceiver is not communicating. By letting Ig denote the effective cochannel
intersatellite interference as received by the mobile receiver and defining

a parameter Ig, the intersatellite isolation, then

15/C2 = 1/1g ‘ (E-4)

The intersatellite isolation is a function of many parameters, such as the
satellite orbital'separation, the directivity of the mobile antenna, antenna
polarization, fading, and frequency plans for the two satellites. In a two-
satellite system, the transmitted signals from these satellites travel dif-
ferent paths and, hence, they may be faded independently. Under the worst
case, the desired signal may be fu]]j %aded while the interfering signal may
suffer no fading at all. Multipath fading can thus cause serious degradation
if it is not properly accounted for, For a fixed fading margin, the inter-
satellite isolation can be increased by increasing the separation between the

two satellites, by using.a highly directive mobile antenna, dual polarization,

and frequency diversity.



The total interference that the mobile terminal receives is the sum of I
through Ig, if we assume that all interference signals are independent and
that their power can thus be summed. " The signal-to~total-interference power

ratio as received by the mobile user, denoted by (C/1) 1,15

(C/1)T = Cp/(1p + I3 + 14 + lg) (E-5)

Substituting Eqs. (E-2), (E-3),and (E-4) for Iz, I3, and Ig, and recalling that

14/C» = 1/1m, Eq. (E-4) becomes

(C/T)1 = (W/1g + 1/Tg + YTy + 1/1g)"1 (E-6)
or

(C/1)p = [(M1)/Tg + 1/Tygl™] : (E-7)
where

/1y = 1/1Iy + 1/1g : (E-8)

The first term in the denominator of Eq. (E-6) is due to uplink interference,
the second term is the downlink intrasatellite interbeam interference, the

third term is the satellite intermodulation products, and the fourth term is
the intersatellite interference. Eq. (E-7) has been plotted in Figure E-2(a)

with Iyg as a parameter, and Eq. (E-8) in Figure E-2(b).
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Figure E-2 can be used to calculate the overall C/I if the intersatellite
isolation, intermod isolation, -and -interbeam isolation are known. For ex-
ample, if the intersatellite isolation is 25 dB and the intermod isolation is
" 26 dB, then the overall C/I is about 13.2 dB, 15 dB, and 17 dB for an inter-
beam isolation of 20 dB, 22 dB, and 25 dB, respgcti&e]y.

E.2 MOBILE-TO-FIXED-STATION COMMUNICATION

The mobile-to-fixed-station case-is Aifferent from the mobile-to-mobile case,
in that its.downlinkfis‘in the Ku-=band (backhéul)‘énd its uplink is the UHF
band, while both up1}nk'and downlink?are.UHF for the mobile-to-mobile case.
Bécause_the base1in9‘scenario assumes éyéinglé backhaul beam with n6 frequency -
reuse, the intersatellite interference and downlink interbeam interference can
be ignored. The only iq@erference received by the fixed station is the turn-
around uplink interference and:tﬁe iqtermodu]ation products generated by the

Ku-band power amplifier in the satellite,

Noting that the up]ink‘interference situation is the same for the mobile-to-

mobile and the mobile-to-fixed communicétions, the overall C/I is

(C/1)p.= /T + /L™t - N )

when M and Ip are as préviously defined and Iy is the Ku-band carrier to the

intermod protection. Eq. (E-9) is piciorial]y shown in Figure E-3.
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£.3 FIXED-STATION-TO-MOBILE COMMUNICATION

Similar to the mobile-to-fixed-station, the. fixed-station-to-mobile communi-
cation involves a Ku and an UHMF portion. The uplink is in the Ku-band and
the downlink is in thg UHF band. Assuming that the uplink interference is
negligible, the overall €/1 can thus be obtained from Eq. (E-ll by simply

dropping the term due fo uplink interference,
(/1)1 = (1/1g + 1/Iyg) ™ (E-10)

where Ig and Iys are as previously defined. Eq. (E-10) is plotted in Figure E-4.

E.4 CONCLUSION

All major interference sources have been analyzed for their contribution to-

- ward the overall C/I. Methods to calculate the resulting overall C/I for a
particular combination of intersatellite interference, interbeam isolation,

anﬁ intermod levels have been presented in Figures E-2 to E-4. These curves
conversely can be used to determine the required sidelobe level, intersatellite
isolation, or intermod level ip order to meet a prescribed C/I value. Results
of this analysis will be used to facilitate the trade-off study described in

Chapter 2.
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APPENDIX F

PROPAGATION IN THE MOBILE-SATELLITE COMMUNICATIONS

ENVIRONMENT
F.0 INTRODUCTION

This appendix treats the various propaga£ion effects which will be
of interest to LMSS for the frequency range 0.5 to 50 GHz, but with specific
attention to the UHF and L-band frequencies now under active consideration.
The general apptroach is shown in Figure F-l1. Here r; is the direct ray from
the geosgationary satellite to the receiver, and the effects of the ionosphere
and tropospﬁere on it are considered to be the éame on the other two rays.
These are: g the specular or cbhe}ent ground reflected ray; and s ‘the
so—- called ?diffuse .component" which-is made up of all the other signal
components reaching the receiver (Beckmann and Spizzichino, 1963). It is
frequently termed the "multipath component™ although usage .differs as to
whether or not thé multipath components include the specular reflection Tye
Our practice has been ta consider_ the fading of the direct and ground specu—
larly reflected components. (rl + rzj to be an order of mqgnitude or so
glower than that'qf‘the diféuse component; hence, it makes sense to first
combine ¥y and rz‘a?d to consider the resultant as a stea&y signal for the
purposes of combination with the diffuse component. This apﬁroach allows the
use of Rician statistics (Rice, 1944) which deal "with the combination of a
steady component and a Rayléigh distributed component. The parameter involved,

{, is the ratic of the specular to random power received.
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This combination of r, + Tps known as the "coherent component,"
is computed as shown in the relations below the pictorial diagram in
Figure F-2. The free space level of  the electriec field E0 is determined

from the transmitter power p in watts, the -transmitting antenna gain G‘I‘

T
above isotropic, and the distance d in meters. Attenuation of the direct wave
in the ionosphere and the troposphere is accounted for by the "optical depth,”
T, a term used in astronomy to represent a decrease in power. Hence, a
value of T = 1 represents a decrease in signal power by exp(-1) or a
decrease in field strength of exp(-1/2). This amounts to 4.34 dB and the unit
of T is the neper, inasmuch as it is defined the same way as the neper in
transmissir.;r; line terminology. Note however that tl';e definition is in terms

of power rather than voltage. As a cénsequence the optical depth neper is

4.34 dB rather than 8.68 dB for the transmission line neper.
F.1l IONOSPHERIC EFFECTS

The ionospheric effects we are concerned with above 500 MHz on
earth—-space paths are all related to free electrons. The term ionosphere is
used loosely here to refer to all such ionization between the satellite
station, assumed to be in a geostationary orbit, and the terrestrial mobile
statiom. During the daytime, approximately 90% of the ionization is.
ionospheric (i.e.,  below about 600-km altitude) while only 10% is
Plasmaspheric (i.e., in the plasmasphere, abovre roughly 600 km). However at
night this ratio may shift t0.50/50. Shown in Figure F-3 i:s the Faraday
rotation due to this ionization, as measured in Japan, which has been factored
by use -of the formulae in Figure F-4 to yield curves ‘representing surface
elevation angles of 20° and 60° at 850 MHz and 1600 MHz for high and low

sunspot numbers.
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FARADAY ROTATION Qideg) = 2> f B, N ds (F-5)
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Figure F-4.

Equations Employed to Calculate the Ionospheric Effects
on Transionospheric Signals in the Frequency Range
0.5 to 50 GHz (in S.I. Units) .
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Shown in Table F-1 are values of the various ionospheric effects
for three frequencies of interest: 850 and 1600 MHz and 20 GHz for an
elevation angle of 30°. These may be roughly related to the 20° elevation
angle curves of Figure F-3 by assuming that the total electron column (TEC) at
a 20° elevation angle compared to that at 30° is in the ratio of 5:4. For
example, if Faraday rotation is taken to be linearly related to TEC, then the
value of 150° at 850 MHz in Table F-1 relates to 187° at a 20° elevation
angle in Figure F-4. This is seen to occur less than 0.1% of the time for

high sunspot numbers (curve 1) and to be negligible at low sunspot numbers.

The predicted Zurich annual mean sunspot number for March 1985 is
30 (Telecommunication Journal, January 1985); and the expectation, based on
the mean behavior, is that the next minimum will occur in 1987 to 1989 and the

next solar maximum in the neighborhood of 1991 to 1993.

F.2 TROPOSPHERIC EFFECTS

For the elevation angles above about 5° (which are assumed for
this appendix), tropospheric refractive effects will be negligible for
communication applications. Attentuation due to the atmosphere and weather
effects [see Eq. (F-10) in Fig. F-5] will be negligible at 850 and 1600 MHz
but not at 20 GHz. These are summarized in Table F-2 and the relations used to
determine them are given symbolically in aggregate in Fig. F-5 [Eq. (F-10)],

for the clear atmosphere in Eq. (¥-11), for the added attenuation due to liquid
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Table F-1.

Estimated maximum ionospheric effects for elevation angles of about 30° one-way
traversal assuming a zenith electron column of 1018 qlectrons/m2

»

Magnitude

Frequency .

Dependence 850 MHz 1600 MHz 20 GHz
Faraday Rotation 1/£2 1500 420 »0.30
Propagation delay 1/£2 0.35 s 0:1 s » lns
Variation in ) . 1/£2 16 sec 4.7 sec 0.03 sec

direction of arrival of arc of arc of arc

Refraction L 1/E2 > 50" - » 14t > 0.09 sec
Absorption (mid-lats) 1/£2° »0.014 éB.- - >0.004 4B >2.5 x 1072dB
Digpersion tot .1/£3 0.65 nsec/MHz 0.1 nsec/MHz  0.05 psec/MHz
Scintillation ' Variable (a) (a) -

(a) May be a factor at the 1% time level at equatorial latitudes and for
transauroral zone path.
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Table F-2

Estimated tropospheric effects for an elevation angle of 3009,
one-way traversal

Magnitudes (dB) for selected operating frequencies

Effect 0.85 1.6 20 45 70 94 140
GHz GHz GHz GHz GHz .GHz GHz

clear air absorption?(dB)

3g/m3 0.06 0.07 0.28 0.96 4.4 1.45  2.29
7. 5g/m 0.06 0.07 0.59 1.25° 5,07 2.65  5.16
17g/m3 \ , 0.06 0.07 1.18  1.88  6.46 5,18 11.22

cloud attenuationP(dB)

0.5, g/m3, 1 to 2 Km hgt. ¢.01  «¢.01 0.4 1.7 3.4 5 7.5

- : <.01 ¢ 0l 1.6 6.8  13.6 20 30.0
rain attenuation®(dB)

5 mm/hr. <.01 <.01 3.26 12,23 19.70 25.13  27.85

25 mm/hr ' <.1 <.1 19,01 55.0  78.12 81.51 86.95
Refractive Multipath +.5 +.5 +1 +1 +1.5 +1.5 + 2

a. Derived from Report 719 Annex 11 using t = 15° ¢, Values for other elevatlon angles
above © = 100 may be obtained by multiplying the magnitudes (dB) by (csc 9)/2.

b. Derived from specific attenuation values given in Report 721 using models from Slobin
1982. TFor other elevation angles the attenuatlon may be estlmated for © > 109 by
multiplying the dB magnitudes by (csc 9)/2,

¢. Derived from Report 564 section 6.1.2 and Report 721, The significance of the two rain

rates 5Smm/hr and 25 mm/hr may be assessed from Report 563, Fig. 11 and Table 1.
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water in clouds in Eq. (F-12) and the added attentuation due to rain in Eq.
(F-13). The symbol Y is used for ;pecific aFtentuation, and the subscripts
refer to molecular oxygen, water vapor, and liquid water content (as a
function of location, density; apd temperature). 1In all caseé s refers to the

ray path.
F.3 MULTIPATH EFFECTS

The multipath effects of interest here are those due to reflections
from surface objects: surface roughness, hills, trees, Euildings, water
waves, etc. Atmospheric multipath is ‘not a significant factor. Figure F—é
provides a pictorial representation of the processes of concern. The
composition of the resultant field strength is given in Eq. (F-3) in Fig, F-2
which expresses the vectorial addition first of a direct and coherent ground
reflected wave to form a coherent component, and then the compination of the
coherent compoﬁent with a diffuse component to form the total wave. The
direct wave is defined by Eqs. (F-1), (F-2), and (F-9) in Figs. F-2 and F-5.
The coherent component is given by Eq. (F-4), Fig. F-2, where the symbols are
defined in Figure F-6 under Eq. (F-14).

The plane earth reflectigon Eqs. (F-4) and (F-14) is a function of
earth conductivity, dielectric constant, and frequenéy. Typical wvalues of
these ground constants are given in Figure F-7. A computation of. the
reflection coefficients for vertical and horizontal polarization for 15 GHz is
shown in Figure F-8. The computations are actually based on the DC (low
frequency) values as shown in Figure F=7, but they .are not bad except for sea

water. Figure F-8 serves to illustrate an interesting phenomenon in the
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R (F-14)

wh = Ps DRy
RO SMOOTH EARTH REFLECTION COEFFICIENT
D DIVERGENCE FACTOR FOR CURVED EARTH

Py TERRAIN ROUGHNESS FACTOR

LAy (F-15)
WHERE p =& °
AND A =4 (%—'3) sin ¥ (F-16)

Ah  STANDARD DEVIATION OF DISTRIBUTION OF
HEIGHTS OF IRREGULARITIES.

¥  GRAZING ANGLE

A WAVELENGTH

Figure ¥F-6. Formulation of the Reflection Coefficient for Specular Reflection Including the Terrain Roughness
* Factor (After Beckmann and Spizzichine, 1963)
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variation of the coefficient for vertical polarization with an elevation
angle, namely the 180° (or near '180°) phase shift which occurs right around the
Brewster angle (where the reflection coefficient drops to zero). The effect
of this on a circularly polarized transmission is that the reflected wave will
switch at the Brewster angle f?om, say, right-hand to left-hand elliptically
polarized, if the direct wave were right-hand cifcularly polarized. Shown in
Figure ¥-9 is a modern computation for the wvertical polarization case
(courtesy of John Cavanagh) for 1 GHz which does include the proper complex
values of the ground coefficients. Sea water is seen to be quite different
from Figure F-7 but the ground cases (good, average, poor) are little
changed. This is a consequence of their being in the dielectric regime where

frequency is no longer a factor.

The divergence factor D in Egqs. (F-4) and (F-l4) is a purely
geometrical term which may be taken as unity for the land mobile case but
becomes a factor in aeronautical mobile considerations. It is given in Figure
F~10 for the sake of completeness. The curve parameter refers to the altitude

of the antenna above the reflecting surface.

The terrain scattering factor given in Eqs. (F-15) and (F-16) is
the_classical formulation found in Beckmann and Spizzichino {(1963). A problem
with this formulation is the excessively high loss values obtained for large
values of the argument, 89 (shown on the abscissa of Figure F-11). A more
recent formulation {(Miller, Brown, and Vegh, 1984) adds an additional factor,
the modified Bessel function of the same argument, which gives more reasonable

values of the loss due to the terrain roughness factor.
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The reflection coefficient for circular polarization has been
treated by Jammejad (1985) and Flock (1985) and the latter treatment also
considers terrain "effects in a modern manner. A point which is not
immediately apparent in Figure F-11 is that 2 ¢ increases with elevation
angle and with frequency. Hence, terrain of a given roughness will cause more
loss to the specularly reflected wave (from the vicinity of t-he‘ first Fresnel
zone) the higher the elevation angle, and the ;higher the frequency. This

follows from Eq. (F-15).

It is generally desirable to suppress the specular ground-reflected
component as much as possible in the mobile case. This is because it is just
as likely to combine out—of-phase with the direct component as in-—phase. The
terrain roughness factor helps to depress it, I:;ut it is advantageous as well
if the antenna pattern is such as to depress the specular term by 5 to 10 dB

relative to the direct wave.

The final term in Eq. {(F-3), t':he so-called diffu‘_se component, is
beyond the scope of this appendix, and is in fact, poorly understood.
Experimental wvalues are g-enerally in the vicinity of 8 to 14 dB below the
direct wave with a distribution of angles centered on the horizontal. The
classical reference for the diffuse component is Beckmann agﬁd Spizzichino
(1963). 'More recent work, such as that of Balar (1984) for the bi-static

radar case, can possibly be utilized.
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F.b4 FOLIAGE ATTENUATION

The effect of trees on LMSS has been found to be a more serious
problem during the balloon experiments carried out for NASA by the University
of Texas than had been anticipated. It is clearly an area of significant

coilcern.

The foliage attentuation problem has been studied in the past
largely for the ground-to-ground communications case (Schneider, 1984) the
results of which are only marginally relevant to the LMSS problem. The work
which has been done for LMSS, which inclu@és fpliage effects, is reviewed in
papers by Flock, Butterworth, Vogel, and Stutzman in‘the‘Proceedings of the
JPL Propagation Workshop (Smith, ﬁd., 1985); ~The current results indicate
that the probability distribution is a mixture between Rician (as one would
expect from terrain multipath) and log-normal (as one would anticipate for
foliage attenuation). The analysis further indicates that the combination of -

the coherent and diffuse components from Eq. (F-3) should be such that

a

> > T s
E(total) = B E(coherent) + C E{diffuse) , (F-17)

where B and ¢ represent foliage attenuationAand may be different for the two
components. While rays ry aqd Tys representing the specular and direct
components, respectively, will also suffer somewhat different foliage attentu—
ation, they are in the same vertical plane with the satellite and the mobile
antenna, so that using the same foliage attentuation is more reasonable than

with the coherent and diffuse case.
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The present expression recommended by the CCIR (Report 236-5 MOD I)
for foliage attentuation L for the case where the antemna is near a small

grove of trees is

L =0.2 f0.3d0.6

db. (F-18).
where f is frequency in gigaherz and d is distance in meters. An alternate
expression which also fits the data in the 500 to 2000 MHz region pretty well

is

0.8, db (F-19)

L=Oo3f
This expression is a fair fit to the CRC data (Butterworth, 1985) and to that
of Saxton and Lane (1955). It has the further advantage that it does not
appear to violate Lambert's law in ‘that the loss in dB would be expected to
vary linearly with the distance, 4. Needless to say, this question deserves

further study.

Shown in Figure F-12 are plots of cumulative distribution of
received signal levels for the CRC and Tex%s (Vogel and Torrence, 1983)
balloon experiments for NASA for different ranges of elevation angles. The
Vogel and Torrence éata-is for East Texas and Louisiana, a region of more than

average foliage attentuationm.
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" Appendix G
CHANNEL CAPACITY AND POWER REQUIREMENT TRADE-OFFS IN
MULTIBEAM ANTENNA SYSTEMS

Multibeam antennas are usually proposed in satellite communications
systems in order to increase the channel capacity by frequenéy (or time)
reuse in different beams. Although the effect of reuse on the number of
available channels is'fairly straightforward, its effect on the total power
requirement is sometimes not well understood. Here we present a brief .

definition of various terms and parameters involved,and then give some simple,

useful formulas relating these parameters.

u Total frequency bandwidth (repeat time interval)
W Channel bandwidth (channel time slot)
M = Wiw Number of distinet channels in

the total band

N Number of beams

n Number of beams with distinct frequency {time) bands
* (number of sub-bands)

H
H]

1/n Frequency (time) reuse factor

Np = rN Number of times each frequency band (time slot) is reused
(number of beams with the same frequency (time) assignment)

My = N M = N M Total number of channels (system capacity) in an N beam
- reuse system

g Single beam antenna gain

gN Multiple beam (N) antenna gain

P Total transmitted power in one beam system

Py Total transmitted power in the N beam system

Ue Effective isotropically radiated power (EIRP) per chanmnel

The following two cases will be considered and compared. (See Fig. G-1)

L. Single beam coverage - with one beam covering the entire area of interest

on the ground, antenna gain of g,and total number of distinct channels M,

the ETIRP per channel is



(a) Single beam coverage, antenna gain, g
M channels, total power P

Band {(1): 10 beams
Band (2): 9 beams
Band (3): 10 beams
Band (4): 9 beams

Average reuse mutnber N ™ 9.5

(b) Multiple beam coverage, N=38, gain gy > Ng
Reuse factor ¥ = 1/4, R = N = 9,5, -
My = 9.5M, Py € P/4.

Figure G-1. .Comparison of Single and Multiple Beam Systems —— An Example



Ue = g(P/M) (G-1)

in which P is the total transmitted power. There is, of course, no reuse (frequency

or time) possible in this case, except through polarization diversity which is not

the subject of this memo.

II. Multiple beam coverage - if the same designated area is now covered by

N beams, the gain of each beam is increased by approximately a factor of N
gy 2 Ng (G-2)

This is because the gain increases linearly with the decrease in the beam
coverage area. The inequality sign is due to the fact that in the single

beam case, due to the irregularities of the boundary, the beam size is actually
larger than.the coverage area [Fig. G-1(a)] and a part of the power is wasted
outside the desired region. As the number of beams increases, it is possible

to follow more closely the boundary of the coverage area [Fig. G-1(b)].

With N beams one has the flexibility of increasing the channel capacity,
decreasing the total power requirements of the system or a combination of the
two. Thus, due to the spatial diversity of the beams (different beams covering
different areés) a given frequency band (time interval) can be reused in
different beams. This may be accomplished in many ways, A simple tgchnique
would be to divide the entire allocated frequency band {repeat time interval)
into N equal subbands, and assign each subband to every nth beam, in a regular

pattern [Fig. G-1(b)]. Let's define a frequency (time) reuse factor
r=1/n ; (1/N) £r<1l . (6-3)

In an N-beam system each frequency band {(time interval) is, on the average,

repeated (reused) in N, = rN beams. In a full reuse system (r=1) each band



is reused N times. When r is minimal (r=1/N) there is no frequency reuse and
each band is used exactly one time. Usually due to interference from adjacent
beams a. full frequéncy reuse syééem'is practically impossible (it would require
sector beams, that is, heams that are uniform within a gilven region and zero
outside), but depending on application and acceptable levels of interference,

the reuse factor selected can be as high as 1/4.

The overall system capacity {total number of channels with reuse) in an N

beam system with frequency reuse factor, r, is

"My = rN M (G-4)
The EIRP per channel can be obtalned as
P P P .
U = N o _ - N N (G=5)

¢ & TH &M T F T

in which Eq. (G-2) with an equality sign has been utilized, and Py is the

totai power in N beams. Since the EIRP per channel must be equal in the single
and multipie beam cases, from qu. (G-1) and (G-5) 1t follows that

Py = P (G-6)
This is a rather remarkable result. It indicates that, for a given bandwidth,
the total required power is independent of the number of beams (hence antenna
gain and size) and depends on the frequency reuse factor only. Of course it
is always less than or equal to that for single bezam operation. it should be
noted that the frequency reuse itself depends on the C/I requirement and
the number of beams. In turn the required C/I is a‘function of the power per
_chénngl. Thus, in practice, a rather complicated relationship.between various

parameters of the system exists which must be carefully evaluated. Combining

Egs. (G-4) and (G-6) we obtain

Py 1
My N

It

( Py (G:?a)_
M



or

(G-7b)

Eq. (G=7a) clearlj shows ‘the required power per channel decreases by a factor

of ¥ (the number of beams) independent of the frequency reuse factor r.

Eq. (G-7b) presents the obvicus fact that for a éiven number of beams, an
increagse/decrease in channel capacity is accompanied by a linear increase/decrease

in the total power, and is accomplished by increasing/decreasing the reuse factor.

Table 1 presents some examples.

Table I. Total channel capacity and power requirement in an
- N~beam system. (M and P are the number of channels and
total power, respectively, in a single beam system)

Reuse Factor, Total ﬁumber of Channels, Total Power,
T . My = rNM Py = rP
i/N (mini?um) N M ) P/ﬁ
1/7 (N/7)M P/7 (~8.5 dB)
1/4 (N/&)ﬁ | P/4 (~6.0. dB)
1 (méximum) M P

In summary and conclusion, the total channel capacity and power requirements

of a multibeam system are given by Egqs. (G~4), (G-6), and (G~7). Based on these
results, the cochannel interference is not the only determinant in the
selection of the ;euse factor, and requirements of total power and channel
capacity should also be considered. The analysis applies to both frequency

and time division multiplexing systems,

NASA—~JPL—Com, LA, Getf G-5
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