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PREFACE

X Ton T WREITY

This document is the final report of a l4:month study conducted by TRW
Space and Technology Group for the NASA Lewis Research Center to determine
the technical feasibility and economic viability of a mobile communications
satellite system.

4 7 %

The report comprises three volumes. Volume 1 js an Executive Summary
for Volume 2, which contains the principal technical results of the study.
Volume 3 is the final report of a Large Space Structures Measurement Study,
which was conducted as an add-on to the original contract.
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1. INTRODUCTION

Current mobile radin-telephone service in the United States is
extremely poor, primarily because of the Timited amount of frequency spec-
trum allocated to this service. As a consequence, there are long waiting
lists in metropolitan areas for service. Furthermore, mobile users typi-
cally experience long delays in placing calls. Finally, even where the
grade of service is acceptable, the quality of reception may be
unsatisfactory.

In an attempt to alleviate this situation, the Federal Communications
Commission (FCC) has allocated a pair of 20-MHz UHF bands to a new type of
mobile radio-telephone service, referred to as "cellular" radio. More
specifically, 825-845 MHz is reserved for mobile transmit and 870-890 MHz
for mobile receive. Frequency re-use of the indicated bands is made possi-
ble by (1) subdivision of each area served into cells, and (2) subdivision
of the set of carrier frequencies available from the 20-MHz allocation into
several subsets. By restricting communication within each cell to a single
frequency subset and limiting transmit power levels, use of the same
frequency subset in a number of different cells is made possible. In this v§
way, a substantially higher system capacity than is suggested by the 20-MHz
allocation can be achieved.

At present, two pilot cellular systems are in operation: one operated
by I11inois Bell in the Chicago area, and the other by Americar Radio Tele-
phone Service, with Motorola as implementation contractor, in the Baltimore/
Washington area. A description of Bell's Advanced Mobile Phone Service
(AMPS) is provided by Reference 1-1.

The economic viability of cellular radio in a particular area depends
on the size of the subscriber population. By FCC decree, two entities will .
operate competitively in each Standard Metropolitan Statistical Area
(SMSA): the existing wire-line carrier and an entry selected from the
radio common carriers (RCCs). It is estimated that the SMSAs served by
cellular radio will constitute 10 percent of the land area of the U.S.; the
inhabitants thereof, 60 percent of the population (Reference 1-2). This
would Teave 90 percent of the land mass and 40 percent of the population
unprovided for.

1-1
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This deficiency can be remedied through implementation of a satellite
system that serves mobile users in rural areas and beyond, where a cellular
system is not practical. The 1979 World Administrative Radio Conference
(WARC) allocated the 806-890 MHz band to land-mobile satellite service
(LMSS). Should the FCC decide to allucate a portion of this band to LMSS
within the U.S., substantial capacity could be generated through a system
of frequency re-use analogous to that used in cellular systems.

The transmission links for LMSS are depicted in Figure 1-1. The
mouile vehicle communicates, by satellite relay, with a gateway station
that. provides the interface with the switched telephone network (STN). The
remainder of the circuit betwen the mobjle vehicle and a "land user" (i.e.,
a non-mobile user) is completed via an appropriate path through the STN.

It is anticipated that a number ¢f gateways will provide different points
of entry to the STN. Since the base stations (cell sites in AMPS
terminology; found in cellular systems are eliminated when a direct

user/gateway satellite link is provided, the gateway must perform the
normal base-station functions.

Through use of a Targe satellite antenna, multiple spot-beam coverage
of the contiguous U.S. (CONUS; can be provided. If the full complement of
carrier frequencies is divided into subsets, with each beam restricted to
use of a single subset, a system of frequency re-use is established. The
beam pattern can be thought of as providing an extension of the SMSA cell
systems throughout the remainder of CONUS. The radius of the land area
covered by one of the satellite beams is typically an order of, magnitude
(or more) greater than the largest cell radius. There is at least a '3
2-order-of -magnitude disparity, therefore, between beam and cell areas.

While the preponderance of c&lls is expected to take place between a
mobile user and a land user, a certain number of calls will be of the
mobile-to-mobile variety. It is not anticipated that the satellite will be
provided with a switching capability. Accordingly, each mobile user will
be able to access the STN only through th: aqateway associated with the UHF
beam in which the user lies, If the two mobiles involved in a call are
provided connections to the same gateway, the circuit can be turned around

1-2 ]
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in the gateway and need never enter the STN. If the mobiles are served by
different gateways, the circuit must include a terrestrial portion between
the two gateways.

In most calls that involve only a single mobile vehicle, only one
satellite hop will take place — that between mobile and gateway. However,
the possibility of two satellite hops does exist. On a mobile-srigirated
call, this possibility can be avoided by "tagging" the call at the gateway
so that a second satellite hop is not introduced in the portion of the
circuit between the gateway and the land user. While this capability does
not presently exist, it should be available once telephone switching is
all-digital.

On a mobile-completed call, however, there is no way for the origina-
ting toll office (the one associated with the land user) to determine that
the call will eventually be routed, via gateway, to a mobile user. If the
land-user/gateway distance is sufficiently great (as in a transcontinental
call), theire is the possibility that a satellite link will be inserted
between land user and gateway.

e P

0f course, a double satellite hop is unavoidable (in the absence of
satellite switching) on calls between two mobile vehicles.

It is desirabie that the mobile transceiver used in a land-mobile
satellite system (i.e., with an MSAT) be compatible with cellular-system
mobile units. This would allow a user to communicate via the cellular
system while in one of the larger SMSAs, and via MSAT otherwise. In all
1ikelihood, it would be necessary for such o user to subscribe separately
to cellular and satellite services. However, compatibility of a single
mobile unit with both systems would greatly reduce the cost of the mobile
equipment. (Even with a compatible mobile transceiver, however, it would
be necessary to employ separate antennas for cellular and MSAT use.)

The feasibility of maintaining cellular compatibility hinges on the
required system capacity in relation to the bandwidth of the LMSS frequency
allocation. The larger the capacity, or the narrower the allocation, the , I
larger is the required frequency re-use factor for a given carrier spacing. : '
A larger re-use factor implies a heavier and more costly satellite. C

1-4 e
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The cellular system uses 30-kHz carrier spacing, while a maximum LMSS
frequency allocation of 10 MHz is considered in this study. Initially, an
end-of-1ife (EOL) population of 180,000 subscribers was specified by NASA;

this was later increased to 350,000 through introduction of alternate
subscriber sceparios.

It is founa that a satellite sized to support the smaller population,
with 30-kHz carrier spacing and a 10-MHz allocation, exceeds the projected
capability of the Space Transportation System (STS). A similar conclusion
is reached for each satellite of a multiple (i.e., 2 or 3) satellite system
designed to support the larger population. An important conclusion of this
study, therefore, is that narrower forms of modulation than that used by
cellular systems need to be considered.

The type of system discussed thus far, in which the user is provided a
direct satellite transmission link, is referred to as System 1. Explora-
tion of conceptual system desigis for accomplishing this objective,
together with technological impiications, constitutes the major portion of
this study.

Two other distinct system configurations were examined, however. In
the first, referred to as System 2, mobile-unit transmissions follow a
terrestrial path to a "translator" station (Figure 1-2). The translator
concentrates the traffic from mobile units in its coverage area and relays
this traffic through a satellite to a gateway station.’

Transmission between mobile unit and translator is virtually identical
to that between mobile unit and base station in a cellular system. In
fact, the coverage areas of individual translators can be viewed as direct
extensions of the SMSA cell systems. Thus, the¢ mobile units would use the
same pair of 20-MHz allocations currently allocated to celiular use.

The distinction between System 2 and cellular systems lies in the
translator/gateway link. The cellular systems use land lines to establish
this connection. Land lines would be impractical for the distances
encountered in a system covering much of CONUS. For example, with a dozen
gateway stations, the typical translator/gateway distance is several hun-
dred miles. Satellite 1inks are therefore used for translator/gateway
transmission,
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Transmission in the gateway-to-transiator direction is of the point-
to-multipoint type. This transmission can be conducted at any of the
“fixed-satellite" frequency allocations. Moreover, since standard domestic
satellites can be used for this purpose, leased capacity can be used in
place of a dedicated satellite. As a result, most of the System 2 cost is
in the ground segment. This is in contrast to System 1, where the space
segment cost is dominant.

The attractiveness of System 2 depends on the portion of CONUS that
can be profitably covered by translator stations. (System 1 coverage, by
contrast, is universal.) Profitable coverage of a region by a set of
translators depends on the range of an individual translator, because of
the large fixed (i.e., channel-independent) component of translator cost.
Much of this fixed cost lies in the tower, which is assumed to have a
height of 500 feet, and in the satellite-related RF hardware.

A number of assumptions have been made in the analysis of System 2.
First, because of the extremely high cost of a free-standing tower, it is
assumed that an advantageous location can be found for each translator,
which permits a guyed tower to be erected. Secondly, a coverage area
corresponding to a 40-mile transmission range has been assumed for all
translators. This is a reasonable figure for open areas, provided the
mobile units and translators are equipped with more sensitive receivers
than are employed in cellular systems.

Finally, a common monthly service charge (MSC) has been assumed for
users in all areas served by System 2. Clearly, a higher MSC is required
in regiors where the subscriber density is lower than the nationwide aver- :
age. Assumption of a common MSC leads, therefore, to an optimistic conclu- ‘
sion regarding the portion of CONUS that can profitably be served.

Because System 2 cannot be expected to provide complete CONUS cover-
age, a variant of this configuration, called System 3, is introduced. This
is a hybrid system, in which System 2 service is supplemented by direct
satellite 1inks to subscribers in the uncovered portions of CONUS (Figure
1-3). Because of the latter group of subscribers, a dedicated satellite is
required.

1-7
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To minimize the satellite requirements, these additional users, while
mobile in nature, communicate only while at rest. (The associated equip-
ment is referred to as a transportable unit, rather than a mobile unit.)
This restriction allows the user to set up for transmission by deploying an
antenna that would not be suitable for a moving vehicle. The added gain
thereby achieved reduces the required satellite effective-isotopic-
radiated-power (EIRP).

The dedicated satellite of System 3 greatly increases the space-
segment cost over that associated with System 2. Moreover, the number of
transportable users is expected to be a small fraction of the number of
mobile users. Were the transportable users to bear the full brunt of this
added cost (by fixing the MSC for mobile users at the value found for
System 2), the MSC for the transportable users would be prohibitive.

The alternative is to raise the mobile-user MSC and use the surcharge
to subsidize the transportable service. In the extreme, if the same MSC is
imposed on both classes of user, the mobile-user charge will be more than
50 percent greater than the MSC for System 2. The benefits derived from
the ubiquitous service provided by System 3 must be weijghed against the
additional charge that must be borne by mobile users.

During the course of this study, systems were configured to accommo-
date half a dozen different subscriber scenarios postulated by NASA.
(These scenarios are, to a large degree, the product of a parallel study by
General Electric Company to determine the potential market for LMSS.) In
each case, an MSC was computed to provide a specified rate of return on
invested capital. .n an operational system, the size of subscriber
population will vary in an inverse manner with the MSC imposed. In the
absence of information regarding markat sensitivity tr the rate charged, it
is not possible to establish the degree of consistency of a postulated
subscriber base and the derived MSC.

Ir, addition to the MSC, a subscriber to any of the three systems must
bear two additional costs. The first of these is the per-call charge to
establish the circuit portion between the gateway and the toll office
nearest the land user. With eight gateways (the number in one of the two
System 1 baselines), the length of this terrestrial link is typically

1-9
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400 miles. For a subscriber that incurs charges for an average of
10 minutes a day,* 20 days a month, at an assumed rate of 40 cents per
minute, the monthly STN charge would be $80.

An attempt to reduce this charge by a proliferation of gateway sta-
tions in not likely to prove fruitful. It is estimated that, if this pro-
cess were carried to the extreme of locating a gateway within the araea
illuminated by each UHF beam in System 1 (which number 61 in the above-
referenced system), the gateway costs for the system would increase by not
more than 100 percent. Since the gateway costs are a small fraction of the
total system cost, the MSC would be increased by a relatively small
percentage.

On the other hand, the length of a typical terrestrial Jink between
gateway and land user would still be about 150 miles. For most users,
therefore, a toll charge would still be incurred on most calls. Further-
more, the portion of the sateilite payload connected with the satellite/
gateway links would bé considerably complicated by a large increase in the
number of gateways.

In may be concluded that a significant, unavoidable charge wil] be
associated with the gateway/land-user portion of the circuit established
with any of the three system configurations considered in this study.
Although the economic aspects of LMSS discussed in this report focus on the
MSC, this additional charge should not be lost sight of.

The final cost to the user is that associated with the mobile unit.
Th*s equipment may be either purchased or leased. In the latter event, thi.
lease charge may be incorporated in the MSC. It should be emphasized that,

as defined in this study, the MSC does not include the cost of the mobile
unit.

It is hard to predict the cost of a mobile unit in the time period
envisioned for LMSS. (Initial operation is projected for 1995.) Cur-
rently, mobile units for cellular systems can be made to sell for $2500 ¢

*A market survey performed by Arthur D. Little, Inc. indicates that, for
cellular radio, the average number of calls expected per day is 5.7. The
average call duration is expected to be 2.5-3.0 minutes, althcugh the
average for current mobile radio is only 1.6 minutes (Reference 1-3).

1-10
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$3000.* ‘With current market projections for these systems, a substantial
reduction in unit price can be expected in future years. A mobile unit
designed for MSAT use would benefit substantially from the "learning curve"
for cellular units to the extent that there is commonality of design. How-
ever, if cellular compatibility should be abandoned, a separate learning
curve would have to be applied to MSAT mobiles.

In deriving the gateway and translator statjon costs, considerable
help was provided by Motorola, which was a subcontractor to TRW in this
study. Motorola's input in this regard was confined to those elements
commonly found in cellular-system base stutions and switching offices.
These inciude UHF radio equipment, transmission tower and antenna, base-
site controller, channel banks, and switching equipment.

Mdtorola also contributed to an understanding of propagation phenomena
and their effect on translator-station coverage area. In addition, they
analyzed cellular mobile-unit designs to determine the extent to which
compatibility is possible for cellular and MSAT operation,

The basic assumptions regarding translator and gateway cost elements z
for System 2 are clearly delineated in Section 3.2. In addition, an exam- ]
ple is given showing how the time profile of ground-segment costs is con-
structed from the basic cost elements for a particular traffic scenario.
From this example, the persistent reader should be able to construct a
similar profile for any of the other traffic scenarios considered in this
study. Because System 2 can operate with leased satellite capacity, the
ground segment cost is the zrincipal determinant of the MSC.

Estimated costs of the dedicated satellites For Systems 1 and 3 are
omitted fcr proprietary reasons.

While this study deals only with mobile radio-telephone, it is well
recognized that other market segments exist for mobile radio service in
non-urban areas, The previously mentioned GE study identifies three dis-
tinct market segments: mobile radio-telephone, commercial and public
radio, and new services. In the latter category, two important

x N . . . ;
Private communication from Mr. Jim Caile of Motorola.
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sub-segments are the oil and gas industry and the inter-city trucking
industry. Public radio includes a number of "dispatch" applications,
Further discussion of these markets can be found in Reference 1-4.

A satellite designed for LMSS would be transparent to the specific
service provided. To determine the economic viability of a land-mobile
satellite system intended to service a variety of market segments, the non-
telephone traffic and associated revenue must be taken into account.

It is reasonable to assume that a higher tariff per-minute-of-channel-
occupancy would be imposed on non-telephone services than on telephony.
Depending on the traffic ratio for these two categories, a significantly
Yower MSC for radio-telephone users could result from inclusion of non-
telephone traffic. Thus, the MSCs computed in this study should be
regarded as upper 1limits on the rate that would have to be charged in a
mixed-traffic system.

The principal previous study dealing with LMSS system design was per-
formed by JPL (Reference 1-5). That study concentrated on the technology
required for a System 1 type of configuration. A satellite point design
was provided as a focus for the technologies involved.

By contrast, the present study analyzes the different technologies
only to the extent needed to select a preferred design, and to estimate
satellite weight and cost. The prime objective is to establish technical
feasibility and economic viability of satellite-aided mobile
communications.

In addition to the subject matter cutlined above, a large space
structure (LSS) measurement study was conducted as an add-on to the present
contract. The measurements are to be made, initially, in a series of
ground and STS-tended taests of a scale model, which is designed to validate
scalability of analytical tools used in LSS development. In addition, the
measurement system will become an integral part of the satellite attitude
control subsystem. The results of the measurement study are being
submitted as Volume 3 of this report.

1-12
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2. SYSTEM 1

2.1 INTRODUCTION

The System 1 architecture is strongly dependent on the subscriber
scenario. In particular, the satellite(s) must be designed to accommodate
the number of subscribers at the end of system life. This requirement
determines the number of satellites and their design specifications. By
contrast, the rate of subscriber buildup affects only the time(s) at which
additional satellites must be launched, in the context of a multiple-
satellite system.

In addition, however, the rate at which subscribers are added to the
system determines the revenue profile for a given MSC. In combination with
the protiles of capital expenditures and operating expenses, the subscriber
profile fixes the MSC that must be imposed b, the system operator.

Because of the limited directivity that can be realized from practical
mobile-unit antennas, high-quality transmission between user and satellite
requires large satellite EIRP and G/T values. Both requirements are satis-
fied through use of a multibeam satellite antenna. At UHF frequencies in
the 806-890 MHz range (the band allocated for land-mobile satellite use at
the 1979 WARC), an extremely large reflector is needed to provide the
required antenna gain.

An equally compelling reason for the use of large satellite antennas
is the need to generate capacity, from a bandwidth standpoint, sufficient
to support the projected subscriber population. «~ASA originally requested
that the FCC allocate a pair of 10-MHz bands (one for uplink transmission
and the other for the downlink) for land-mobile satellite communications
within the U.S.* This would permit a maximum of 333 voice circuits to be
established through a single use of the allocated spectrum, with the 30-kHz
carrier spacing used in cellular systems. Frequency re-use is made pos-
sible by employing a multibeam antenna configuration. The number of

x
In a more recent petition for rulemaking, the requested allocation has
been reduced to a pair of 4-MHz bands.
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frequency re-uses needed to provide the requisite voice-channel capacity
determines the size of the satellite antenna.

It is not possible to re-use the entire spectral allocation in each
beam. To do so would result in unacceptable co-channel interference
levels. It is necessary, therefore, to divide the set of voice channels
available from the allocated band into disjoint subsets, with users in each
beam assigned frequencies from one of these subsets. Creation of a larger
number of frequency subsets increases the minimum distance between
co-channel beams (i.e., beams assigned the same frequency subset), result-
ing in a lower level of co-channel interference. However, a larger number
of subsets also reduces the number of voice channels per beam, thereby
necessitating an increased number of beams to support a given subscriber
population.

The System 1 baseline designs were derived in an evolutionary manner,
regarding the pepulation to be served as well as the satellite and user
requirements for a given population. Initially, an EOL subscriber popula-
tion of 180,000 users was postulated by NASA. With an assumed traffic
contribution of 0.026 erlang/user during the busy hour (which is assumed
coincident for all users), the corresponding peak traffic load is 4680
erlangs.

Because of the desire for cellular-system compatibility, 30-kHz
channel spacing was taken as a requirement for the initial system design.
In addition, the satellites were sized so that a single satellite can
handle the full 4680-eriang, busy-hour traffic load. This allows the user
antenna to be near-omnidirectional, a simplifying feature, albeit at the
expense of a higher-powered satellite. This approach is consistent with
the oftexpressed philosophy that, in a many-user system, as much of the
design burden as possible should be placed on the satellite.

Conceptual design of a system as just outlined is developed in Section
2.2. The issue of cellular compatibility is explored in some detail, and
it is shown that the major modification to the cellular mobile transceiver
needed for satellite operation is an improved receiver front-end. The
system sizing methodology developed for this "single-satellite" case (the
outcome of which is the required number of beams or, equivalently, the

2-2
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satellite antenna size) is equally applicable to the "multiple-satellite"
systems examined in Section 2.3.

The MSC needed to support a system of this kind is computed as a
function of the required internal rate of return (IRR) on invested capital.
A net present value (NPV) analysis is used to determine this charge. A
description of the NPV computation is given in Appendix A.

In sizing the satzllite, a uniform geographic distribution of sub-
scribers was initially assumed. Since the satellite antenna must grow
(i.e., the beams must narrow) with an increase in the maximum subscribe:
density found anywhere in the coverage area, this is a most optimistic
assumption. Nevertheless, a satellite of sufficient size to support the
postulated EOL population is estimated to weigh about 10,000 pounds, with
no contingency factor included. This is roughly equal to the maximum STS
geosynchronous capability with the orbital transfer vehicles projected to
be available by 1990. Moreover, the MSC for a 10 percent IRR is found to
be $215, growing to $320 for a 15 percent IRR, and to $420 for a 20 percent
IRR. (A1l IRR values are real rates of return; the MSC is stated in 1982
dollars.)

The estimate of satellite weight and the profile of required MSC for a
single-satellite system were both regarded as unacceptably high. (In
addition to the optimistic assumption rega:ding the geographic subscriber
distribution, weight estimates for several satellite subsystems were later
judged to be on the optimistic side as well.)

During this initial design phase, NASA and its contrartors were in the
process of deriving alternate subscriber scenarios. These typically sug- ’
yested larger EOL populations than originally assumed. It became evident
that if these larger populations were coupled with a more realistic geo-

graphic distribution, much larger space-segment capacity would be needed.
This could only be accomplished by a radical departure in system
architecture.

To this end, non-cellular-compatible forms of modulation were intro-

duced. Among the more promising candidates is FM with 5-kHz peak devia-
tion, which requires a channel spacing of only 12 kHz. For a given frequency
allocation, this results in a factor-of-2.5 increase in channel capacity.

2-3
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The narrower-bandwidth FM is in use today with non-cellular terres-
triai mobile radio. The carrier spacing in these systems is 25 kHz. This
relatively large spacing is needed to avoid adjacent-channel interference,
which can arise from a large disparity in received signal strength on
adjacent channels. By contrast, propagation conditions are much more
uniform in satellite transmission. Received carrier levels will therefore
differ by a relatively small amount. This permits the use of the narrower,
12-kHz carrier spacing.

Additionally, multiple-sateilite systems were considered. By allocat-
ing the capacity requirements between 2 or more satellites, each of the
satellites can be reduced considerabily in size. This approach does
require, however, that the user be able to discriminate between co-channel
signals transmitted by different satellites. This requirement has signifi-
cant implications for the design of the mobile-unit antenna.

An EOL popuiation of 180,000 users was again assumed, together with a
uniform geographic distribution.

In addition to the previously assumed 10-MHz allocation, system
designs were developed for a 4-MHz allocation. This was done because of
the diminishing probability that a 10-MHz contiguous allocation, which
requires a shift in the band already allocated for cellular-system opera-
tion, would be granted by the FCC. Obviously, such a reduced allocation
greatly increases the difficulty of designing a satellite system to
accommodate the projected subscriber population.

Because of uncertainties surrounding an exclusive allocation of any
size for land-mobile satellite use, systems were also designed to share the
20-MHz cellular alloccation. The technical feasibility of this approach
depends on interleaving the carrier frequencies of the satellite system
with those of the cellular system. Thus, 30-kHz carrier spacing is also
required in the satellite system, although the carrier noise bandwidth in
the latter system may be much smalier than 30 kHz.

An analysis of the compatibility of satellite and cellular systems
sharing a common allocation is presented in Appendix B. If 5-kHz peak-
deviation FM is used in the satellite system, intersystem interference is
unacceptably high, especially from the terrestrial (i.e., cellular) mobiles

2-4
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into the satellite. More advanced digital modulation formats such as
linear predictive coding (LPC) offer the promise of compatible operation,

however.

Based on a comparison of satellite weight and MSC, systems incorporat-
ing 5-kHz peak-deviation FM and multiple satellites were selected for
further investigation. A mobile antenna suitable for use in a multiple-
satellite system is described in Section 2.3.5. The performance of such an
antenna is derived in Appendix C.

Alternate traffic patterns are introduced in Section 2.4. First, a
more realistic geographic distribution of subscribers is considered. This
distribution is based on the non-SMSA population within CONUS. It is shown
that, to accommodate such a distribution, the satellite must be designed as

if the user subscriber population were uniformly distributed but twice its
actual size.

Four alternate traffic scenarios, specified by NASA, are then con-

sidered.

System designs are developed for these scenarios using the non-

uniform geographic distribution referred to above. It is found that
satellites designed for 2-satellite, as well as 3-satellite, systems can be
accommodated by the STS for EOL subscriber populations as large as 350,000
(i.e., twice that previously assumed). The MSC for either system is about
$130 for a 10 percent IRR, as compared with $215 for the initial system

design.

The above analysis of multiple-satellite systems is based on the
assumption that each satellite provides an equal share of the system capa-
city. However, the satellites must be spaced in orbit by 30 degrees or
more to avoid excessive intersatellite interference. Because of heavy
subscriber concentration in the eastern half of CONUS, satellites posi-

l tioned at

corresponding Tongitudes will contribute more heavily to the

system capacity than those at more westerly longitudes. Thus, each

satellite

of a 2-satellite system can be used more effectively than the

most westerly satellite in a 3-satellite system. For this reason, the

R5-002-83

baseline system consists of 2 satellites, biased in an easterly direction
with respect to the range of longitudes spanned by CONUS.
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A pair of baseline system designs is developed in Section 2.5. The
feature distinguishing the two systems is the satellite feed/reflector
geometry. In one case an offset-fed reflector is used. (Satellite weight
estimates for all previously referred-to designs are based on this geome-
try.) This has generally been the preferred approach to multibeam satel-
lite antenna design, because improved sidelobe performance can be realized
in the absence of reflector blockage by the feed assembly.

The second baseline design is based on a center-fed reflector. While
sidelobe levels are generally higher than with the offset-fed reflector,
adequate system performance can be achieved by employing a larger number of
frequency subsets, and hence a larger number of UHF beams. The great
advantage of the center-fed antenna geometry is the structural stiffness
that results from the symmetry of the design.

The satellites for the baseline systems are sized for a user popula-
tion of 350,000 or, equivalently, a busy-hour traffic load of 9000 erlangs.
They are designed for a 7-year life. The frequency re-use factor in each
g case is based on availability of a 10-MHz exclusive frequency allocation
? and selection of 5-kHz peak-deviation FM. The designs would be little
changed for a 20-MHz shared allocation. The principal difference would be
a satellite weight penalty of at most 10 percent, resulting from the

: 25-percent greater frequency re-use factor required with a shared
i, allocation.

The salient features of the satellite antenna feed system for both
baseline designs are derived in Section 2.6. The main problem associated
with the feeu Jasign is that the gain required for proper reflector illum-
ination is incompatible with the area-per-beam available on the feed
; assembly surface. The solution is to form each beam through excitation of
i a cluster of feeds, with the clusters for adjacent beams sharing feed
elements. Proper excitation of the feed elements is accomplished through a
relatively complex beamformer network.

Stowed, as well as deployed, configurations of the baseline satellite
designs are shown in Section 2.7. Placement of the satellites in geosyn-
chronous orbit is based on an integral-propulsion type of upper stage. The
weight and STS cargo-bay length occupied by this upper stage are shown as a
function of payload weight.
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Section 2.7 also contains a discussion of possible approaches to the
attitude control problem, The baseline approach (for the offset-fed
geometry) is described and a typical error budget indicated.

A parametric analysis of the satellite reflector and mast system, in
terms of reflector diameter, is presented in Appendix F. This analysis is
intended to be very broad in scope, including several reflector types and
feed/reflector geometries. Thus, while major attention is given to the
Lockheed (LMSC) wrap-rib reflector design, the Harris hoop-column is also
considered. In addition to direct offset-fed and center-fed geometries, a
Cassegrain configuration is examined. The latter is rejected, however,
because of excessive weight.

2-7
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2.2 SINGLE-SATELLITE, CELLULAR-COMPATIBLE SYSTEM

In this system, the mobile unit must be capable of interoperability
with either MSAT or the ée]]u]ar system. In one possible scenario, the
| user would initially attempt to access the local cellular net. If unsuccess-
| ful, he would have the option of completing the call via satellite, which
might involve a higher charge than a terrestrially completed call. The
satellite attempt would take place, or not, depending on a user-selected

switch position on the mobile unit. It is inteanded that the entire signal-
ing process take place automatically, as is the case in the cellular
system,

2.2.1 Requirements

The current frequency allocation for cellular-system operation is
| shown in Figure 2-1. The mobile transmit band extends from 825-845 MHz,
while the receive band runs from 870-890 MHz. The 10-MHz exclusive
allocation for satellite transmission would extend from 821-831 MHz for
mobile transmit, and from 866-876 MHz for mobile receive. Allocation of
these bands is predicated on a 6-MHz shift in the previously allocated
cellular-system bands. ’

The satellites are designed for a 7-year life, with initial operating
capability (IOC) scheduled for 1995. Satellite technology must be
available by 1990.

The subscriber population is assumed to be 50,000 at I0C and to grow
at a 20 percent annuai rate. At the end of 7 years, there are 180,000
users. With an assumed 0.026-erlang busy-hour traffic contribution per ;
user, the EOL traffic load is 4680 erTangs. - |

For purposes of system sizing, the relevant geographic subscriber
distribution is stated on a per-beam basis. In general, satellite beams
cover more area the more northerly the latitude and the larger the longi-
tudinal displacement from the satellite. The assumption of a uniform
geographic distribution will be interpreted to mean uniformity on a per-beam
basis. Note that this is more favorable, in the sense of requiring a

T T e T

sraller satellite, than uniformity on a per-square-mile basis. In fact, it

presumes a subscriber density per-square-mile that varies inversely with
beam area.
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The weight of MSAT is constrained by the STS launch capability, in
combination with the orbital transfer vehicle (0TV) geosynchronous capabil-
ity. Continued STS development should result in 65,000-pound launch
capability by the latter part of this decade. A new 0TV development is
required to place MSAT in geosynchroncus orbit. Proposed designs include
the relatively high-g wide-body Centaur and the low-thrust integral pro-
pulsion system (IPS) under study at TRW. Both designs can support geosyn-
chronous payloads slightly in excess of 10,000 pounds.

The stowed satellite dimensions are constrained by the STS cargo-bay
width of 15 feet and the length not occupied by the OTV. The so-called
Centaur G design (Reference 2-1), which has a payload capability of 10,600
pounds, is currently under development by NASA. This Centaur version is 20
feet long, which leaves 40 feet of STS bay length for the payload, or 36
feet after allowing 4 feet for extra-vehicular activity (EVA).

By comparison, the IPS allows 42 feet for the payload. Satellite

weight in this study will be constrained by the estimated IPS payload
capability of 10,400 pounds.

2.2.2 Cellular-System Compatibility

The mobile-unit antenna for cellular-system operation is designed for
maximum gain near the horizon. For a single-satellite system, the range of
elevation angles encountered within CONUS is 20 to 60 degrees. (This
assumes the user vehicle is on level ground.) Consequently, the mobile

unit should be equipped with an antenna designed to maximize the minimum
gain over this range.

Such an antenna has been described in a JPL report (Reference 2-2) and
will be adopted for this study. It consists of a pair of crossed drooping
dipoles, which can be set either 10.7 or 15.9 centimeters above the surface
of the user vehicle. The position selected would be a semi-permanent
adjustment dependent on the user location. The minimum gain for this

2-position antenna design, between elevation angles of 20 ard 60 degrees,
is 4 dB.

In cellular systems, the mobile units and the base stations are
typically equipped with 9-dB noise-figure receivers. This is done
primarily for reasons of cost. Considerably lower noise figures are needed

2-10
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combined cellular/MSAT operations, for which the transmit and receive bands
are separated by only 15 MHz (see Figure 2-1), the minimum practical noise
figure is about 3 dB.

The signaling procedure adopted in cellular systems uses a "busy/idle"
transition, in a continuous bit stream transmitted by the base station, to
avoid "collisions" between 2 or mere users trying to access the system
simultaneously. When there are no call setups in progress, the busy/idle
bit, which is transmitted periodically, assumes a particular ~alue (either
zero or one). A user attempting to initiate a call first sends a brief
burst indicating this desire. He then listens for a transition in the
busy/idle bit. If received within 0.1 second, he assumes it is in response
to his call attempt, and call setup proceeds. If the transition is not
detected within this interval, a re-try is initiated after waiting a random
interval of time. In this way, the probability of call-setup collisions is
minimized.

A modified procedure could be followed for sateliite transmission,.
which would allow for the round-trip propagation delay between mobile and
gateway stations of about 0.5 second. To lessen the probability of col-
1ision and thereby increase channel utilization, the transition interval
would be replaced by a transition "windcw". The window opening would
follow the initial transmission by a delay equal to the minimum round-trip
propagation tiie., It would remain open for perhaps 0.1-0.2 second.

It can be shown, however, that Tor the amount of traffic anticipated
on a single satellite beam, a simpier procedure can be followed in which
the entire call-setup message is transmitted on a random-access basis.
Because the messages are variable in length, a procedure of the unsiotted-
ALOHA type would be followed (Reference 2-3). With 100 channels/beam,
which is larger than any case considered here, the erlang load of a
signaling channel used in this manner would be less than 0.1, even if all

messages were of maximum length. This is well below the saturation value
of 0.18 for unslotted ALOHA. A single signaling channel suffices,
therefore, for an entire beam.

2-11
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The cellular system uses narrowband FM with a 2:1 companding ratio.
The carrier noise bandwidth is 27.5 kHz, while the carrier spacing is
30 kHz, Of the several functional elements in the present AMPS mobile
transceiver, the logic unit and the data transmission rate are critically
linked to the channel bandwidth. The 10-kHz data rate and Manchester
encoding require a 26-kHz IF bandwidth. Thus, an increase in channel
capacity achieved by adopting a narrower form of modulation would also
require a new data format. This would amount to complete abandonment of
cellular compatibility.

2.2.3 System Sizing

The ¢atellite must be sized to support the EOL busy-hour traffic of
4680 erlangs. The procedure used to determine the required antenna
diameter and the associated nuiber of beams is diagramed in Figure 2-2. At
a spacing of 30 kHz, a total of 333 carriers is available from the 10-MHz
UHF allocation.

With an offset-fed reflector, it is necessary to employ 4 frequency
subsets to maintain adequate control of co-channel interference (see discus-
sion in Section 2.6.2). A 4-frequency-set beam pattern is illustrated in
Figure 2-3. Each beam in this pattern is assigned 333/4 =~ 83 channels. It
will be assumed that 2 channels are reserved for signaling, so that 81
channels remain for voice traffic. For a 0.02 grade of service, 70.5
erlangs of traffic can ?e supported in each beam.

Nomirally, the number of beams required is found by dividing the total
traffic by the beam capacity; i.e., 4680/70.5 = 66.4 beams. However, not
all beams are wholly contained within the bouidaries of CONUS. Under the
assumption of a uniform geographic subscriber distribution (on a per-beam
basis), the number of users in a beam only partially within CONUS is given
by the appropriate fraction times the number of users in a beam which lies
entirely within CONUS. The sum of the number of beams contained in CONUS,
including fractional beams, will be termed the number of beam equivalents.
It is this quantity, then, that must be equal to 66.4.

A beam pattern (as seen from geosynchronous orbit) providing CONUS
coverage, with about 66.4 beam equivalents contained within CONUS, is shown
in Figure 2-4. There are 83 beams in all, each with a half-power

2-12
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beamwidth (HPBW) of 0.48 degree. At the midpoint of the mobile transmit
band, ‘826 MHz, the antenna diameter required to produce this beam size is
about 52 meters. The exact size depends on the reflector illumination,

which must be designed to produce adequate sidelobe performance. |

2.2.4 (Carrier Assignment

Division of the full complement of carrier frequencies into 4 subsets
can be done in several ways. For example, the carriers in each subset may
be uniformly spaced and interleaved with those of any other set (Figure
2-5a). This is the procedure followed in cellular systems, in which 7
frequency sets are used. The virtue in this arrangement is that
adjacent-channel interference between carriers in the same subset is non-
existent. This is especially significant in a terrestrial system, because
there can be very large differences in received signal strength between
carriers.,

Propagation differences are much smaller on satellite links;
consequently, it may not be necessary to preclude assignment of adjacent

FeAE R AR AEE A e R = N

frequencies to the same beam. If a frequency subset is permitted to coun-

tain adjacent frequencies, the "close-packed" arrangement of Figure 2-5b

may be considered. This format has the advantage of reducing the bandwidth

required on the satellite/gateway links, as will become evident in Section

2.2.5. ]

TEEEARTE

o R RN e s PR

In both of the above methods of carrier assignment, the carrier
frequencies in each subset are uniformly spaced. It will initially be

Data bansaasilh

assumed that there is a one-to-one correspondence between feeds and beams;

: i.e., the input to each final amplifier consists solely of carriers from a

single subset. Then, all of the intermodulation (IM) products generated in
each amplifier will fall directly on frequencies of that subset (or on

E uniformly spaced extensions of thé'frequencies in that subset).

The carrier-to-IM power ratio (C/IM) at the amplifier output can be
‘ greatly improved by assigning carrier frequencies to subsets in a random
i manner. While the total IM power generated is unchanged, it is now dis- _
E tributed over all frequencies, rather than just those of carriers input to 'é
the amplifier. Thus, for the case of 4 frequency subsets, C/IM is :
increased by 6 dB.
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Figure 2-5. Carrier Frequency Assignments
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This argument is overly simplistic, howeyer. With a random carrier
assignment, the IM spectrum is identical at the output of each amplifier.
Users in a given beam will therefore be subjected to IM products generated
in amplifiers associated with each of the 6 surrounding beams, although at
Tower levels of EIRP. This effect can be appreciated by considering a user
located at a beam "crossover" point. Combined IM power from the 2 beams in
question will be twice that emanating from the amplifier generating the
carrier intended for the user.

The situation is complicated by the fact that a given beam is actually
generated by multiple feeds (see Section 2.5.3). Consequently, an individ-
ual carrier is fed, with appropriate amplitude and phase, to the different
amplifiers associated with those feeds. A C/IM analysis for the actual
signal distribution is beyond the scope of this study. Nevertheless, it
appears probable that some C/IM improvement results from assigning carriers
to subsets in a random manner. Moreover, this improvement should increase
as thg number of frequency subsets is increased.

No specific choice of frequency assignment method will be made at this
point. The uncertainty in C/IM (the determination of which requires a
knowledge of the final amplifier characteristic and mode of operation) is
resolved, for purposes of system design, through allocation of a portion of
the total Tink noise budget to IM noise power (see Section 2.2.6).

2.2.5 Satellite/Gateway Links

The gateway stations serve as the interface between the satellite
links and the STN. It is envisioned that each gateway station will be
connected to either 4 fo. 4 or a No. 5 telephone office. In principal, a
single gateway could be used for the entire satellite network. Apart from
the load presented to the associated teiephone office, this arrangement is
undesirable because of the long terrestrial Tinks that would be needed to
reach the land user. If the gateway were centrally located, these links
could extend to 1500 miles.

As the number of gateways is increased, the average length of the
terrestrial 1inks decreases. In the Timiting case, each UHF beam would be
assigned to a separate gateway. Based on gateway costs exhibited in
Section 2.2.8, this would perhaps double the cost of the ground segment.
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Although the MSC would increase by a relatively small amount, toll charges
would still be incurred for most gateway/land-user connections. Morecver,
the satellite/gateway link design would be considerably complicated.

As suggested in Figure 2-4, a compromist was made in which a gateway
typically services users in a 7-beam UHF cluster. Therefore, 12 gateways
are required for the 83 beams. The geographic configuration of the UHF
beams served by a common gateway is not particularly important. What does
matter is that some minimum angular separation (as seen from the satellite)
is maintained between gateways. Assume, for example, that the 7-beam
cluster centered on beam 21 is served by a second gateway; and furthermore,
that the two gateways are rest! cted in location to beams 37 to 21, respec-
tively. By choosing the size of the satellite antenna for the gateway
links so that the beams to the gateways are the same size as the UHF beams,
it is possible to fully re-use the assigned frequency band on all
satellite/gateway links.

The bandwidth requirements for satellite/gateway transmission can. be
understood from examination of Figure 2-6. The satellite acts as a
frequency-translation repeater. No attempt is made to filter out individ-
ual carriers. Instead, the entire band of carriers transmitted by users in
a given beam is repeated, as a unit, down to the gateway. A similar pro-
cess takes place in the reverse direction. Therefore, for either the
interleaved or randomly chosen carrier sets, satellite/gateway trans-
missions corresponding to a given UHF beam span 10 MHz of bandwidth. If a
gateway controls 7 UHF beams, 7 such 10-MHz bands must be transmitted in
either direction bétween satellite and gateway. Including guard bands,
roughly 100 MHz must be assigned to these links.

In the case of closely packed carriers (see Figure 2-5), each UHF beam
requires only one-fourth the bandwidth associated with either of the other
two methods of carrier assignment. Therefore, for a 7-beam UHF cluster,
approximately 25 MHz must be assigned to the gateway 1links.

Whether the required bandwidth is 25 MHz or 100 MHz, the same band is
used to all gateways. As indicated previously, co-channel interference on

the gateway links is limited by the combination of gateway separation and
narrow satellite beams.
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Candidate frequencies for the gateway links include the "fixed-
satel]lite" allocations at S-band (2655-2690 MHz up, and 2500-2690 MHz
down), Ku-band (14/12 GHz), and Ka-band (30/20 GHz). The allocation at
C-band (6/4 GHz) was not considered because of overcrowding of the
geostationary arc at these frequencies. S-band was ruled out because the
35-MHz uplink allocation is inadequate unless the frequency sets are chosen
to be close-packed. Ka-band was rejected because rain attenuation is suf-
ficiently gr2at that the power requirea for transmission to the gateways
could be a non-negligible fraction of that required for the UHF downlinks.
This leaves Ku-band, at which the allocation (500 MHz) is ample and the
rain attenuation is relatively modest.

At Ku-band, a satellite antenna about 3 meters in diameter is required
to produce beams of the desired size.

2.2.6 Satellite Link Design

Because the satellite acts as a frequency transiation repeater, uplink
and downlink noise contributions are additive in both the forward (gateway-
to-mobile) and return (mobile-to-gateway) directions. A noise budget
allocation is most readily accomplished in terms of the corresponding
carrier-to-noise components. A composite carrier-to-noise ratio (C/N) of
at least 10 dB is required, as this is the threshold value for demodulation
of an FM carrier.

A common set of C/N component ratios can be defined for the forward
and return transmission paths. These are listed below:

C/Ntu = carrier-to-uplink therm:.i noise ratio

C/Ntd = carrier-to-downiink thermal noise ratio

C/ICu = carrier-to-uplink co-channel interference ratio
C/ICd = carrier-to-downlink co-channel interference ratio
C/IM = carrier-to-IM ratio

With respect to the forward link, C/Ntd is the critical component
since the downlink carrier power is the prime determinant of the required
satellite power. The selected value of (‘/Ntd should be as small as pos-
sible, consistent with achieving a resultant C/N of 10 dB. To this end,
C/Ntd has been fixed at 12.5 dB.
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Next in importance is C/ch, as stripgent sidelobe requirements on the
UHF links place a considerable burden on the antenna subsystem design.
(These requirements may, in fact, result in reduced system capacity for a
given antenna size, if they can be realized only by resorting to a larger
number of frequency sets.) A specification of 17 dB will be placed on
C/ch. Realization of this system value, which represents the combined
effect of co-channel interferers from several beams, is discussed in
Section 2.6.

Intarmodulation products in the forward direction are generated in the
UHF power amplifiers. As explained in Section 2.2.4, evaluation of C/IM
involves a complex analysis as well as a detailed understanding of the
amplifier characteristics. For purposes of this study, a C/IM value of 20
dB will be assumed. (Attainment of this value would be aided, to an
undetermined extent, by a random set of carrier assignments).

There is no question that a C/IM value of 20 dB can be achieved. To
do so, however, requires that the amplifiers be "backed off" from
saturation to operate in a sufficiently linear region. In general, DC/RF
conversion efficiency decreases with the amount of backoff. From a system
point of view, the backoff required to achieve a 20-dB C/IM value may
result in upacceptably low DC/RF efficiency. Should this occur, it would
be necessary to decrease the downlink thermal noise allocation. For

example, a value of C/IM = 16 dB could be tolerated if C/Ntd were iiicreased
from 12.5 to 13.9 dB.

A value of C/ICu = 20 dB should be readily achievable. With the
satellite Ku-band antenna selected to produce beams identical in size to
the UHF beams, the minimum separation between Ku-band beams is 2.65 HPBW.

Sidelobe control resulting in C/ICU-Z 20 dB is not difficult with this
configuration.

The remaining C/N component, C/Ntu’ must be at least 24.2 dB to yield
a composite C/N of 10 dB. This value is readily achieved since the Ku-band
1link is presumed to include a 5-meter earth station.

A summary of the C/N component values in the forward direction, as
well as those in the return direction, is given in Table 2-1.
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In the return direction, C/Ntu is determined by the available
transmitter power in the mobile units. The assumed value of 3 watts is A
based on cost considerations, as well as the desire for compatibility with |
cellular-system mobile radios. The Motorola mobile units, which operate |
into base-station sector antennas, require only 1 watt of transmitter
power. Bel]l System mobile units are designed to work with base-station
antennas providing 360-degree azimuthal coverage and consequently have
3-watt transmitters. Larger transmit power in the MSAT mobile units, which
would be quite costly, is not needed because a C/Ntu of 17.9 dB can be
realized with 3 watts of transmit power. (Link budgets corresponding to
the baseline set of system parameters can be found in Appendix E.)

The effective co-channel interference power on the UHF uplink is
determined by considerations similar to those affecting co-channel inter-
ference on the UHF downlink, with one exception. Whereas both desired and
interfering signals are affected similarly by multipath on the downlink,
uplink multipath effects are independent. Thus, C/ICu for a user subject
to a sizable fade due to multipath could be significantly reducad. TJo
allow for this possibility, C/Icu will be taken as 14 dB.

The values of C/I_, (which is analogous to C/I. in the forward
direction) and C/IM are both taken as 20 dB. The remaining C/N component,
C/Ntd’ must be at least 16.2 dB to achieve a composite C/N of 10 dB. This
requires a Ku-band transmit power of only 5 milliwatts per carrier.

By contrast, the downlink to the mobile units requires 0.85 watt per
carrier, The average number of active carriers is given by the product of
the total .ystem traffic (4680 erlangs) and the voice activity factor , :
(assumed to be 0.4), Therefore, the total satellite RF power requirement

is 0.4(4680)(0.85) = 1700 watts.

2.2.7 Satellite Description

As previously described, the UHF reflector for this initial satellite
design is assumed to be offset-fed. The reflector design is of the wrap-
rib type, which has been developed at Lockheed (LMSC). This construction
is relatively lightweight, has a small stowed length, and deploys rather
simply.
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The mast system for the offset-fed design consists of two parts,
arranged in an L-shaped configuration (Figure 2-7), The shorter portion
begins at the rear of the reflector hub and extends beyond the reflector
edge, The longer segment attaches to the main bus and feed assembly, and
ensures that the Jatter is at the required distance from the reflector.
The mast is of an articulated design, with rigid Jongerons; the canisters
are located at the elbow of the "L".

The length of the main mast is determined by the f/D required for
satisfactory sidelobe performance (f is the focal length of the reflector
and D is its diameter). The JPL design parameters were followed in this
regard (see Reference 2-2). Accordingly, t/D is taken as 1.5. Thus, for a
52-meter reflector (see Section 2.2.3), a 78-meter main mast is required.
The ratio f/DP, where Dp is the diameter of the parent paraboloid, is 0.67.

A1l of the subsystems with the exception of the reaction control
system (RCS) are located in the main bus. The RCS has thrusters located
both at the main bus and behind the reflector. This distributed control
maximizes the moment arm for attitude control, thereby minimizing the
amount of fuel required.

The solar panel is attached to the main bus by an Astromast. The
latter must be long enough to avoid shadowing of the solar array by the
refiector.

The Ku-band antenna, which provides communications to the gateway
stations, is colocated with the main bus.

The amount of fue' required for east-west stationkeeping is rather
small. By contrast, a large amount of fuel would be needed for north-south
stationkeeping. More than 1000 pounds of satellite weight can be saved by
dispensing with north-south stationkeeping. Instead, north-south drift is
compensated for by "nodding" the satellite to maintain the proper antenna
pointing direction.

Several assumptions made to obtain a preliminary satellite weight
estimate were on the optimistic side. Among these are: 1) a single-
feed-per-beam approach to the UHF antenna design, and 2) 40 percent effi-
cient UHF solid-state amplifiers. The first assumption, which signifi-
cantly reduces the dimensions of the feed assembly and the number of
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electronic components, is not necessarily unrealjstic. However, it is
considered a high-risk approach and is replaced in the baseline designs by
a feed-cluster approach to beam formation (see Section 2-6),

Even with these assumptions, a single satellite sized to accommodate
the 180,000 EOL users was estimated to weigh 10,000 pounds with no con-
tingency factor included. A larger and heavier satellite would be required
if the same user population were assumed to follow a non-uniform geographic
distribution.

2.2.8 Gateway Description

The basic elements of the gateway stations are shown in Figure 2-8.
The gateway performs the combined functions of the base stations (or cell
sites) and mobile telecommunications switching office (MTSO) found in
cellular systems. Thus, for System 1, the base-site controller, which
processes signals for transmission to and after reception from the mobile
units, is found at the gateway.

The RF-to-4-wire subsysiem converts the 30-kHz-wide user
transmissions, as relayed by the satellite, to the audio 4-wire level. On
transmission, this subsystem converts the signals that normally would be
transmitted by the base stations in a cellular system ‘nto the proper
format for satellite transmission. An expanded view of this subsystem is
shown in Figure 2-9,

The satellite transmissions are grouped by UHF beam, as depicted in
Figure 2-6. The initial demultiplexing process indicated in Figure 2-9
isolates tne signals in an individual UHF beam prior to downconversion to
70 MHz. The 81 voice carriers in each beam, if uniformly spaced across the
10-MHz band, are separated by 120 kHz (i.e., 4 times the 30-kHz carrier
bandwidth). The modems in the RF-to-4-wire subsystem reduce the various
carriers to a 0-10 kHz audio channel, which contains both voice and
signaling information.

In the forward direction, the 81 voice channels in an individual UHF
beam are combined through frequency-division multiplexing (FDM). For a
gateway that controls 7 UHF beams, 7 such composite signals are combined in
the manner of Figure 2-6 (i.e., by a second tier of FDM). The output of
the latter process is upconverted prior to final amplification.
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The remaining gateway equipment is fairly standard in terms of the
functions performed in a cellular radio system. The base-site contrcller
contains the control equipment normally found-in a cellular-system base
station. This unit is responsible for call setup, supervision, and termi-
nation functions, as well as syllabic companding to improve the
signal-to-noise ratio for received speech. It is microprocessor based.

The output of the controller for each voice channel is an analog audio
signal., These analog signals are digitized by the channel banks in a
standard PCM format and muitiplexed to form Tl-carrier inputs to the EMX
500 switch. The latter is a Motorola designation for a switch similar in
nature to the Bell System ESS 1/1A switch.

The switch consists of processors, memory, switching network, trunk
circyits, and miscellaneous service circuits. In addition to providing a
termination for trunk lines to a No. 4 toll office (or possibly a No. 5
local office), the switch performs biiling and, in the case of a mobile-
to-mobile call, provides the necessary connection so that the call does not
have to be processed by the STN.

The modem section of the RF-to-4-wire subsystem, as well as the base- , §
site controller, is modular in terms of the number of voice channels sup-
ported. In addition, the channel banks and the switch can be augmented on
an individual channel basis. The voice channels are segregated on a per-
beam basis and this separation is maintained throughout the gateway hard-
ware. Therefore, the relevant channel requirements are those computed on a
per-beam basis. ‘-

The cost of the gateway station elements is shown in Table 2-2.

Although Ku-band has been chosen for satellite/gateway transmission, the -f
cost of the RF/IF section is based on current C-band technology, in the -
expectation that Ku-band hardware will reach a similar state of maturity by Lk

1990. A breakdown of the RF/IF section costs is given in Table 2-3. The

modem costs are rough estimates, since these units represent a new hardware
development.

The base-site controller costs are representative of current prices.
For the gateway as depicted in Figure 2-9, with 81 channels/beam, three
blocks would he required by the end of the 7-year system life.
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Table 2-2.

ELEMENT

@ RF TO 4-WIRE SUBSYSTEM
e RF/IF SECTION
e MODEMS

® BASE-SITE CONTROLLER
e 32 CHANNELS/BLOCK
® UP TC 3 BLOCKS/BEAM
o 7 BEAMS/GATEWAY

@ CHANNEL BANK (A/D)

® EMX 500 SWITCH

@ BLDG., POWER, A/C

R6-002-83

Gateway Cost Elements

COST

e $170K
¢ $15K PER 12-CHANNEL BLOCK

® $38K PER 32-CHANNEL FRAME
PLUS $1K PER CHANNEL

e $500 PER CHANNEL

¢ $1.1M FOR FRAME PLUS $1250
PER CHANNEL

® $100K
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The EMX 500 switch can handle about 700 voice channels. It is
adequate, therefore, for the gateway complement of 7x81 = 567 channels.

In deriving an MSC, it is necessary to determipne the ground-segment
expenditures over the life of the system. The first step in this process
is to calculate the channel requirements as a function of time. This is
done in Table 2-4 for 0.02 call blockage. The reference point for the time
scale (T=0) corresponds to the I0C, at which point there are 50,000
subscribers.

Expenditures corresponding to the channel requirements in Table 2-4
are given in Table 2-5, The costs shown have been compiled using the basic
cost elements in Table 2-2. It is assumed that, at the start of each year,
adequate channel equipment is installed to handle the subscriber traffic
through the end of the year. For example, the final equipment required for
a 7-year life is jnstalled during the sixth year following IOC.

In addition to its normal STN interface functions, one of the gateway
stations would be designated to provide the usual satellite control func-
tions. By analogy with other satellite subsytem designs, the additional
ground segment cost attributable to this function has been taken as $18
million.

2.2.9 Mobile Unit Modifications

Several necessary modifications were mentioned in Section 2.2.2 in the
discussion of cellular-system compatibility. One of these relates to the
unsuitability of the protocol based on busy/idle bit transition for satel-
lite transmission. Provision already exists in the AMPS system control
specification for ignoring the busy/idle bit. Thus, if no aspects of the
signaling format are ck.nged, the impact on logic unit cost is minimal.

Another important change affecting the logic unit concerns the use of
voice-actuated transmission (VOX) in both the forward and return direc-
tions. This is especially important in the forward direction to conserve
satellite power. In celiular systems, provision for VOX exists in the
return direction to accommodate the power needs of portables. There is no
corresponding provision in the forward direction, however.

In fact, the current cellular system design depends on continuous
transmission by the base station of a SAT tone (5970 to 6030 Hz) over the
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Table 2-4. Gateway Channel Requirements

ERLANGS PER CHANNELS PER

| TIME (T) SUBSCRIBERS UHF BEAM UHF BEAM*
‘ 0 50,000 19.6 28
: 1 60,000 23.4 32
2 72,000 28.2 37
3 86,400 33.8 43
1 4 103,680 40.6 51
k 5 124,416 48.7 59
‘ 8 149,300 58.5 69
’ 7 179,160 70.2 81

*0.02 CALL BLOCKAGE
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voice channel. This tone is continuously transponded by the mobile, as
long as the voice channel is maintained. Mobiles constantly monitor SAT
tone to determine fades, loss of signal from base station, or capture of
signal from the wrong base station.

The use of VOX for satellite transmission makes it impossible for the
mobile to differentiate loss of signal from a 1ull in conversation. The
significance of this capability in a satellite setting, where large signal
fades cén result only from direct blockage, needs to be assessed. If
necessary, alternate means of providing this capability must be found.

There are other, minor changes required in the logic circuitry. For
example, it might be desirable to permit a finer range of power control
than the 4-dB steps available in cellular systems. None of the digital
logic changes implies a significant increase in mobile unit cost, however.
The major cost impact of satellite operation is in the transceiver analog
circuitry.

Two factors can be jdentified as critical in creating an MSAT/AMPS
compatible mobile radiotelephone: 1) an increase in the mobile transmit
and receive bands to 30 MHz in accordance with Figure 2-1b, and 2) a rad-
jcal reduction in the receiver noise figure. The latter is made difficult

because of the small (15 MHz) separation between the transmit and receive
bands.

The noise figure can be considered to consist of two parts: 1) the
noise figure as measured at the preamplifier input, and 2) degradation due
to insertion loss of the filter precading the preamplifier. The best
commercially available preamp]if}ers have noise figures in the range from
0.9 to 1.2 dB. This value will be degraded by noise contributions from
succeeding stages, by an amount that depends on the preamplifier gain.

When practical constraints on the preamplifier gain are taken into account,

realistic noise figures at the preamplifier input of 1.5 to 1.8 dB can be
expected.

Enough selectivity must be provided ahead of the first receiver stage
to prevent it from being overloaded or desensitized by the transmit
carrier. (Additional selectivity may also be required after the first
stage and before the mixer to prevent a similar desensitization of the
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mixer.) Satisfactory preamplifier performance requires about 66 dB of
transmit carrier attenuation by the recejve filter. For a single-front-end
design, this attenuation must be realized only 15 MHz below the lower edge
of the receive band.

The insertion loss can be held to 1.6 dB through use of a 10- or
12-pole filter with an unloaded Q of 1500. Alternatively, an unloaded Q of
2000 would produce an insertion loss of 1.2 dB. Reasonable filter volumes
would be achieved in both cases by using a high-Q ceramic dielectric
material. In the first case, the receiver noise figure would be 3.1 to
3.4 dB; in the second case, 2.7 to 3 dB. For the various system designs
considered in this report, a receiver noise figure of 3 dB has been
assumed.

It is also possible to design a dual-front-end receiver, with separate
filters for the 866-876 MHz satellite band and the 876-896 MHz terrestrial
band. The filter for the satellite band must now provide 66 dB of selec-
tivity 35 MHz below the Tower edge of the 10-MHz receive band. A 4-pole
filter is adequate for this purpose. A filter with sections having an
unloaded Q of 1500 would provide an insertion loss of 1.1 dB in this case,
and a receiver noise figure of 2.6 to 2.9 dB.

The (recurring) cost of modifying a cellular-system transceiver to
produce a 3-dB noise figure is about $700, irrespective cf whether a
single- or dual-front-end design is employed. This should be compared with
the typical cost of a cellular-system mobile unit, which is currently about
$3000. Considerably lower figures have been predicted, however, with the
proliferation of cellular systems.

2.2.10 Monthly Service Charge

From a financial standpoint, the MSAT project may be regarded as a
sequence of cash flows, starting with the initial R&D expenditures and

-concluding at the end of planned system operations. The cash flows are of

several types: capital expenditures, revenues, operating expenses, and
taxes. The MSC, which determines the revenue flow for the assumed sub-
scriber scenario, is chosen to provide a specified return on invested
capital.
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The adopted measure of "return on invested capital" is the internal
rate of return (IRR), which is defined as the "discount rate which equates
the present value of expected cash outflows with the present value of
expected cash inflows. Conceptually, IRR can be thought of as the compound
annual interest rate that would balance the project cash inflows and

outflows if they were, respectively, deposits to and withdrawals from a
bank savings account" (Reference 2-4).

The required IRR for a project is related to its riskiness; a higher
degree of risk implies the need for a higher IRR. The degree of risk
involved in a project, as well as the association of a required IRR, is a
subjective matter. To allow for a wide range of subjectivity, IRR values
from 10 to 25 percent are considered in this study.

The MSC corresponding to a specified IRR is computed in an iterative
manner. The result of the final iteration of such a calculation, for a
10 percent IRR, is shown in Table 2-6. The project spans 12 years, with
operations (and hence revenues) starting in year 6. The net cash flow for
each year is given in the next-to-last line. Discounting of the cash flows
to a common time (in this case, to year 0) is accomplished through multi-
plication by e'rt, where r is the IRR (i.e., 0.1) and t is the year in
which the cash flow occurs. The exponential factor implies continucus,
rather than discrete, compounding.

The discounted or present value of the cash flow appears in the last

line. When the MSC is properly chosen, the sum of the discodnted cash
flows (i.e., the net present value or NPV of the project) is zero, as
indicated by the entry in the first column.

2.2.11 System Assessment

As previously indicated, the estimated weight of a satellite sized to
accommodate 180,000 uniformly distributed subscribers is roughly 10,000
pounds (without contingency).* A larger subscriber population, coupled

*Because the weight estimates for several subsystems were relatively crude
at this point in the study, a detailed weight breakdown is deferred to

Section 2.5, in which the baseline designs are described.
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with a more realistic (i.e., a non-uniform) geographic distributicn, would
result in a satellite considerably heavier than the project STS capability.
It is concluded, at this point, that a single-satellite system with cellular-

compatible mobile upits is too limited in capacity to hs considered
further.

In addition, the MSC for the system described is quite high. For
example, at a 10 percent IRR, it exceeds $200.* User costs also include
terrestrial toll charges for circuit completion to the land user and the
equivalent rental charge for the mobile unit.

The high MSC results, in part, from the relatively small subscriber
population. In addition to the operational satellite, an on-orbit spare
must be provided and, in all likelihood, a ground spare as well. Thus,

3 satellites must be built, and 2 launched, to support a single operational
satellite. While a population twice as large would require 2 operational
satellites at EOL, only 4 satellites would be needed in all.

The constraint of cellular compatibility also contributes signifi-
cantly to the MSC. Were it permissible to use a narrower carrier spacing
than 30 kHz, a smaller frequency re-use factor would suffice. The

satellite antenna, in turn, would be reduced in size, resuiting in less
satellite weight and a Tower MSC.

*As in the weight estimate, significant changes were made in the MSC

calculation following this initial system sizing exercise. Consequently,
detailed MSC data are omitted at this point.
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2.3 ALTERNATE SYSTEM CONFIGURATIONS

In an effort to configure a system that would accommodate a larger
number of subscribers at a lower per-subscriber charge, several major
modifications were made in various combinations. The cases considered are
listed in Tabiw 2-7. The three dimensions of the problem indicated in the

- table are discussed in Sections 2.3.1 to 2.3.3.

i il ey WM

H -

The reason for considering a 4-MHz exclusive allocation is that
reserve bands of this size exist below the transmit and receive bands
allocated to cellular-system use. Thus, it would be possible to dedicate a
pair of 4-MHz bands to a land-mobile satellite system without the need to
shift the cellular-system allocations. Of course, the problems already
encountered with a pair of 10-MHz exclusive allocations would be
exacerbated if only 4 MHz were available.

2.3.1 Non-Cellular-Compatible Modulation

The modulation format selected is narrowband FM, as in cellular
systems, but with a peak deviation of 5 kHz rather than 12 kHz. This
permits a carrier -spacing of 12 kHz instead of the cellular-system spacing
of 30 kHz. A factor-of-2.5 increase in capacity from each re-use of the
allocated frequency band is thereby achieved. Since the FM threshold is
essentially the same for both systems, the increase in capacity is gained
at no increase in satellite transmit power.

i |

»

—

T

d. The 5-kHz peak-deviation modulation format is characteristic of

e current (i.e., non-cellular) terrestrial mobile systems. The rather large

J, carrier smacing of 25 kHz used in these systems (relative to the 5-kHz peak

e deviation) is chosen to avoid adjacent-channel interference, since there is

:ﬁ no geographic restriction on the assignment of carrier frequencies, as 4

exists in cellular systems. Tﬁe same degree of adjacent-channel protection
ﬂb is not required in a satellite system, because there is little variation in
) “y the received strength of different carriers, either at a given user

%“ Tocation or at the satellite.

e

me

.

T
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2.3.2 Multiple-Satellite Systems

In the systems envisioned, 2 or more satellites provide the EOL system
capacity. Each satellite, however, affords complete CONUS coverage. By

S S

- this means, the satellite antenna size required for a given system capacity
~‘l is minimized.

Ty T WO e

e

For example, in a 2-satellite system, each satellite generates half as
many beams as would' be required of a single satellite. The beams cover

twice the area of {have a beamwidth\/E-times as large as) those in a
ﬂ single-satellite system. As a result, the satellite antenna diameter is
reduced by a factor of1/2.

:I‘ The choice of satellite, as well as the frequency assignment, on a

| ' particular call is made by a master control station. The user will

T generally be subjected to co-channel interference from one or more signals
s from the other satellite(s). The number and strength of these interfering
T signals depend on the beam patterns (and, consequently, the locations) of
u the different satellites.

To ensure that intersatellite co-channel interference is held to a

= manageable value, the mobile unit must include an antenna capable of dis- i
- criminating between signals from the various sateilites. This is possible ‘
| u with an antenna of modest proportions only if the satellites are adequately
3 - separated in longitude. The capability to reject co-channel signals from

i unwanted satellites is generally accompanied by an increase in gain toward

the desired satellite, relative to the near-omnidirectional pattern of an

i |

;{J antenna suitable for use in a single-satellite system.
. The reduction in sateilite antenna gain that accompanies the use of :
g , multiple satellites is exactly offset by the decrease in the number of

carriers transmitted by each satellite. The result is that the total RF

power required of each satellite is less than that for a single-satellite

Lt et S R e e - e
3

system by the increase in user antenna gain.
3, 2.3.3 Shared-Ailocation Systems
- Because of the uncertainty in obtaining an exclusive allocation for
é, land-mobile satellite use, the possibility of sharing the cellular
allocation was explored. The feasibility of this approach depends on
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interleaving the MSAT carriers with those of the cellular system and making
them narrow enough to avoid excessive mutual interference. Thus, the MSAT
carriers would also be spaced by 30 kHz, regardless of their noise band-
width, The capacity available from each re-use of the 20-MHz fregquency
allocation is the same as that for the cellular systum ~ namely, 666 car-
riers. The number of carriers in each beam is equal to 666 divided by the
number of frequency sets employed.

There are 4 different interference mechanisms in a shared-allocation
system. If the mobile transmit and receive bands are the same for both
systems, the interference modes are:

1) Satellite mobile into terrestrial base station.
2) Terrestrial base station into satellite mobile.
3) Satellite into terrestrial mobile.

4) Terrestrial mobile into satellite.

To avoid overwhelming mutual interference between satellite mobile and
terrestrial base station, it is assumed that the satellite mode of opera-
tjon is not attempted while the mobile is within the normal operating range
of the base station. Accordingly, the first 2 interference modes apply
only to mobiles within a relatively narrow band, starting at a distance
from the base station where satisfactory cellular operation is no longer
possible and extending to that distance where the interference becomes
negligible.

By contrast, the las% 2 modes apply uhiform]y to all terrestrial
mobiles. There are only minor differences, depending on propagation
factors, between interfering signals received by, or from, different
terrestrial mobiles.

There is one important distinction, however, between the last 2
interference modes. While there can be only 1 significant co-channel
interferer transmitted by the satellite, a number of terrestrial mobiles
can interfere with the transmission received from a satellite mobile. This
number is a function of the size of the satellite beams and the density of
the terrestrial subscriber population. Because of the small-scale cellular
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structure of the terrestrial system, as compared with the much larger beam
structure of the satellite system, a single SMSA can contribute several
co-channel interferers to a satellite beam. Moreover, a beam in northeast
CONUS may contain several SMSAs.

A analysis of all 4 interference modes is given in Appendix B. The
results are summarized in Table 2-8 in terms of the worst-case C/I, where C
is the power in the desired carrier and I is the power in the interfering
signal(s).

These results will be'evaluated, first, for the case where the satel-
lite system uses 5-kHz peak-deviation FM carriers. The maximum tolerable
C/1 depends on which system is being interfered with. If it is the
terrestrial system, the interference is "slightly perceptible" at C/I =
3 dB. In the opposite direction, the interference is "slightly percep-
tible" at C/I = 0 dB.* In establishing these alues, it is assumed that no
other source of noise or interference is present.

For interference into a terrestrial hase station, the C/I deficiency
is 6.7 dB; for interference into a sateilite mobile, it is 6 dB. These
deficiencies can be erased by an increase in the mubile/base station separ-
ation of 47 percent in the first case and 41 percent in the second case.
(These values are based on a propagation loss proporiional to the fourth
power of distance). The cell radius in a cellular system is typically
8 miles (prior to cell subdivision). Therefore, oniy those satellite
mobiles in a band from 8 to 12 miles distant from a base station will tend
to suffer interference from, or inject interference into, the terrestrial
system.

The C/I deficiency for the case of satellite interference with a
terrestrial mobile is 3.5 dB. This is a worst-case value, which can
improve if the mobile is not near the peak of the satellite beam or if the

level of the interfering signal is reduced by multipath. Nevertheless, a
sufficient number of terrestrial mobiles will be adversely affected as to

render the situation unsatisfactory.

*Both of these figures are based on subjective tests made by Motorola's
Corporate Research Group at Schaumberg, I1linois.
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The final interference mode, from terrestrial mobile into the
satellite, is the most difficult one to quantify because of uncertainty
regarding the number of interferers. It is also potentially the most
damaging. It is assumed, for purposes of this analysis, that cellular
systems within CONUS will eventually capture 0.5 percent of the total
population.* Additionally, it is assumed that, in the northeast corridor
of CONUS, as much as 10 percent of the subscriber population (about 125,000
users) could lie within a single satellite beam. Based on these figures,
it is estimated that there will typically be at least 5 terrestrial mobiles
intefering with the signal received from a satellite mobile. The
corresponding C/I deficiency for this interference mode is 6 dB.

It is concluded from this analysis that a shared allocation with
cellular systems is not feasible, if the satellite system uses 5-kHz
peak-deviation FM as a modulation format.

Digital modulation formats offer more promise, however. In a paper by
Carney and Linder (Reference 2-5), test results are reported for a mobile
radio that transmits digitized voice signals in a 2.4-kb/s linear predic-

tive coding (LPC) format. With frequency-shift-keyed (FSK) modulation, the

required channel spacing is only 5-6 kHz.

To obtain an estimate of the tolerable interference from a neighboring
cellular-system carrier, note that the (unmodulated) interferer is
separated from the satellite carrier by 15 kHz. At the maximum deviation
of 12 kHz, corresponding to speech peaks, the terrestrial carrier will be
only 3 kHz removed from the satellite carrier. It is reasonable to assess
the interfering effect of the terrestrial carrier on the basis of this
extreme frequency position.**

It is shown in Figure 2-10 of Reference 2-5 that the protection ratio
for an LPC carrier with respect to an interfering carrier offset by 3 kHz
is approximately 25 dB. In other words, the interfering carrier must be
25 dB stronger than the desired carrier to have an objectionable effect.

*
Suggested by Mr, Jim Caile of Motorola. Higher estimates from other
competitors in the field have been quoted in the press.

**Prﬁvate communication from Dr, J.J. Mikulski of Motorola.

2-47

R5-002-83

e T TR NG ’



A e AT AT S & AT W

Rt ik Yl

gL «

LY 3

This should be compared with the 0-dB C/I criterijon when the desired signal
is a 5-kHz peak-deviation FM carrier.

While data relating to interference from an LPC carrier into a
cellular-system carrier are not available, the narrow bandwidth of the
former suggests that the effect should be substantially less than that from
a 5-kHz peak-deviation FM carrier. It may be anticipated, therefore, that
cellular and satellite systems can operate compatibly in a shared-frequency

band, provided the satellite system uses a narrowband (i.e., 5-6 kHz)
digitally modulated carrier.

2.3.4 System Comparison

A summary of the satellite weight and power requirements of the vari-
ous alternatives to a single-satellite/cellular-compatible/10-MHz system is
given in Table 2-9. The cases are numbered to correspond to those in Table
2-7. In all cases, a population of 180,000 uniformly distributed subscri-
bers was assumed, Consideration of larger populations and/or a non-uniform
geographic distribution is deferred to Section 2.4. The object at this
point was to narrow the range of alternatives to a small number capable of
substantial population growth. The weights shown do not irclude a
contingency factor.

In all cases but the second, it is possible to design a satellite that
can be placed in geosynchronous orbit by an STS in combination with an
upper stage such as the TRW integral propulsion system. In round numbers,
this implies a satellite no longer than 40 feet and weighing not more than
10,000 pounds. In Case 2, a single satellite providing sufficient EOL
capacity to accommodate 180,000 users would require an 85-meter antenna.
For this particular case, an alternate satellite configuration was selected
that just meets the assumed STS capability; the user population that can be
supported is only 68,000.

Two system variations were examined for Case 3, one in which 3
satellites provide the EOL capacity and a second in which only 2 satellites
are used., For a 33-degree satellite spacing (see Section 2.3.5), a minimum
satellite elevation angle of 21 degrees can be realized with a 2-satellite
system, as compared with 10 degrees for a 3-satellite system. In addition,
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the satellite weight in a 2-satellite system is well below the 10,000-pound
upper limit. Therefore, only a 2-satellite configuration was investigated
for Cases 7, 8, and 10. In Case 4, 3 satellites are required because of
the 4-MHz allocation.

In Cases 9 and 10, 5-kHz peak-deviation FM was assumed for the
satellite system, despite the (subsequent) finding that this modulation
format is not compatible with the cellular-system modulation in a shared-
frequency allocation. The principal effect of substituting a narrower,
digitally modulated carrier in the satellite system would be a reduction in
the required RF power.

With the exception of Cases 2 and 6, the satellites are well below
10,000 pounds. (For the baseline designs, however, a cluster-feed approach
to beam formation is adopted, which leads to a larger and heavier feed
assembly.) Clearly, the configuratijons offering the greatest growth
potential are those of Cases 7 and 10. This is not surprising, since both
employ multiple satellites and the narrower FM format.

The MSC for the various configurations is shown in Table 2-10 for IRRs
varying from 10 to 25 percent. As expected, the IRR is lowest for Cases 7
and 10. Note that an STS cost (without upper stage) of $40 million was
assumed; this was raised to $60 million, by NASA direction, in later
analyses., Both an on-orbit spare and a ground spare were included in all
systems. It was assumed that a satellite failure in fact occurred, neces-
sitating Taunch of the ground spare (at a time when the on-orbit spare was
operational, so that no revenue was lost). For simplicity, the satellites
were assumed to be launched in consecutive years. In all subsequent
analyses, the satellite Taunch schedule was based on subscriber population
growth. The effect of different strategies regarding use of a ground
spare, as well as different eventualities regarding satelfite failures, is
examined in
Section 2.4.5.

Based on considerations of satellite weight and MSC, Cases 7 and 10
were selected for further investigation. The salient features of these two
systems are restated in Table 2-11. The question of the optimum number of
satellites remains open at this point, to be answered in 1ight of alternate
traffic scenarios (see Section 2.4.2).
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Table 2-11. Selected System 1 Configurations

® CASE 7
- 10 MHz EXCLUSIVE FREQUENCY ALLOCATION
- 5 kHz PEAK FREQUENCY DEVIATION
— 12 kHz CHANNEL SPACING
~ TWO- OR THREE-SATELLITE SYSTEM

e CASE 10

—~ 20 MHz SHARED FREQUENCY ALLOCATION
— 5kHz PEAK FREQUENCY DEVIATION
- 30 kHz CHANNEL SPACING

— TWO- OR THREE-SATELLITE SYSTEM
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While the exclusive- vs. shared-allocation aspect of Cases 7 and 10
makes these systems appear very different, operationally they are quite
similar, The only difference is the set of frequencies from which a
carrier pair is drawn in response to a call request.

More significantly, the satellite weights for Cases 7 and 10 differ
only slightly, with Case 10 being the heavier. The explanation lies in the
channel capacity afforded by each re-use of the allocated frequency band.
While the allocation for Case 10 is twice as large, the carrier spacing is
larger by a factor of 2.5. Therefore, the per-beam capacity of Case 10 is
only 0.8 times that of Case 7. To generate an equivalent system capacity,
the satellite antenna diameter for Case 10 must be 1.12 times that for Case
7. This gives rise to a satellite weight that is at most 10 percent
greater than that for Case 7.

In addition, the MSC for Case 10 has been found to be at most
6 percent larger than the MSC for Case 7. Because of these small dif-
ferences, baseline system development will be described in terms of the
Case 7 requirements.

2.3.5 Baseline System Development

Certain characteristics of the baseline systems can be specified at
this point, irrespective of the pop.iation size and distribution on which
the designs are based. These include satellite spacing and user antenna
requirements,

It has been taken as a system requirement that the minimum satellite
glevation angle from any pofpt in CONUS shall be no smaller than 10 degrees.
This restricts the satellite longitude to the range from 64 to 130 degrees.
For a 3-satellite system, maximum spacing is achieved with the satellites
at 64, 97, and 130 degrees. For a 2-satellite system, the minimum satel-
Tite elevation angle is maximized at 21 degrees by positioning the satel-
]ites at 80 and 113 degrees. (There are reasons for doing otherwise,
however, as will be seen in Section 2.4.6.) It will be assumed that,
regardless of the satellite positions chosen in a 2-satellite system, the
Tongitudinal spacing will be no smaller than 33 degrees. This additional
gonstraint is needed to avoid placing excessively stringent requirements on
the user antenna.

2-53
R5-062-83




The latter requirements are derived by considering the user/satellite
geometry for 5 extreme locations in CONUS, The pertinent relationships are
shown in Tables 2-12 and 2-13 for 2- and 3-satellite systems. The line-of-
sight angular separation for a pair of adjacent satellites in a 3-satellite
system varies from 35 to 38 degrees. This is also the separation range for
a 2-satellite system, provided the satellite longitudes differ by exactly
33 degrees. For the extreme satellites in a 3-satellite system, the
angular separation is at least 71 degrees.

The user antenna must provide adequate rejection of co-channel signals
from unwanted satellites over the indicated line-of-sight ranges. In the
link noise allocation, the carrier-to-intersate)lite co-channel interference,
(C/I)cs’ has been assigned a value of 17 dB. Since 2 different propagation
paths are involved in computing this ratio, a value for (C/I)CS of at least
20 dB is desirable when prcpagation factors are ignored.

An antenna which has the potential for satisfying this requirement is
depicted in Figure 2-10. It is essentially a linear array of 4 microstrip
patches, which can be rotated through 360 degrees. The patches are fed in
phase. Consequently, when the line-of-sight to the wanted satellite is
normal to the line through the patch centers, the gain toward the satellite
of the 4-patch combination is 6 dB higher than that of a single patch.

A means must be provided to initially rotate the antenna to the
desired. orientation. This can be done in several ways. Information for

this control function would be transmitted to the mobile unit as part of
the call-setup procedure.

The desired orientation is maintained, in the face of a change in user
direction, through a monopulse tracking system. The patches are (ivided
into pairs for this purpose, with the combined output from each pair fed
into a 180-degree hybrid. The output of the hybrid, which is the
difference between the two inputs, provides the activating signal for the
tracking system.

The normal to the plane of the antenna is tilted away from vertical so
that, when the antenna is rotated to the proper azimuth, the maximum
elevatinn-angle difference between the satellite and the antenna boresight
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will tend to be minimized. To hold the loss-of-gain from boresight to 1
dB, the elevation-angle difference should be less than 25 degrees. Thus, a
pair of (semi-permanent) user-selectable, tilt-angle settings of (say) 45
and 60 degrees would be appropriate. A choice between these values, which
correspond to boresight elevation angles of 45 and 30 degrees, respect-
ively, would be made on the basis of user location.

The ability of the described antenna to reject signals from unwanted
satellites is analyzed in Appendix C. The results will be summarized here.
First, in a 3-satellite system, only the interference between adjacent
satellites is significant. The worst-case interference arises for the
Florida location cited in Table 2-12. For a boresight elevation engle of
45 degrees and the wanted satellite at 130° longitude, there is only 10-dB
rejection with respect to the satellite at 97 degrees. For the Texas
location indicated in Table 2-12 and the wanted satellite at either 64 or
130 degrees, the rejection is 15 dB with respect to the satellite at
97 degrees. These are extreme cases, however. For most locations within
CONUS, the goal of 20-dB rejection is realized.

Discrimination between satellites in a 2-satellite system is generally
better than in a 3-satellite system, because the difference in longitude
between user location and wanted satellite dnes not become so extreme.

Rejection of intersatellite co-channel interference can be considerably
enhanced by using the opposite polarizaticn sense in adjacent satellites.
This would require, as part of the call-setup procedure, a command to the
user to switch to the polarization sense that corresponds to the assigned
satellite. For the antcnna design in Figure 2-10, the polarization sense
is fixed, through use of 2 feed lines to each patch differing in length by
1/4 wavelength. To make the polarization sense switchable, a 90-degree
hybrid would be inserted at the feed junction for each patch and the pair
of feed lines emanating therefrom equalized in length. A pair of signals
would be fed to all 4 90-degree hybrids, with the relative phasing of the
signals determining the polarization sense.

The additional discrimination that results from employing both senses
of circular polarization on the satellite 1inks depends on the ellipticity
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of the satellite and user antennas. In all circumstances, however, the
additional discrimination is at least 10 dB. Therefore, the 20-dB goal for
(C/I)Cs will be realized, even for the most disadvantageous user location.

Use of the 4-patch mobile-unit antenna, in place of the single crossed
dipole associated with a single-satellite system, reduces the satellite RF
power requirement. The difference in minimum gain between the two antennas
is about 5 dB (9 dB vs. 4 dB). However, the allocation for one or more
link-noise components must be reduced to allow for intersatellite
co-channe] interference. The most likely candidate, in the forward
direction, is the downlink thermal noise, because of its large value in the
single-satellite system design. (As shown in Table 2-1, (C/N)td = 12.5 dB,
while the next smallest ratio is 17 dB.) To allow for a value of (C/I)Cs
equal to 17 dB, (C/N)td must be increased to 14.4 dB. Thus, the reduction
in required satellite power is only about 3 dB.

2.3.6 Monthly Service Charge

In developing the MSC for a multiple-satellite system, the following
ground rules were observed: ‘

1) No more than 1 satellite launched in any year.
2) On-orbit spare launched during initial year of operations.

3) Additional satellites launched during year in which capacity of
on-orbit satellites (excepting the spare) is first exceeded.

4) Ground spare launched in first open year.
5) No loss of revenue due to satellite failure.

The satellite and gateway deployment schedule for a 2-satellite system is

shown in Figure 2-11. The resulting MSC is given by the solid curve in
Figure 2-12.

The gateway costs used to derive the MSC are those described in
Section 2.2.8. No attempt was made to account for the added RF equipment
needed to communicate with more than one satellite. As can be seen from
Figure 2-12, even adding 50 percent to the gateway costs has little effect
on the MSC, as most of the cost is in the space segment. Thus, a 50 per-
cent increase in the satellite cost increases the MSC by nearly 50 percent.
In performing this variation, the STS cost was held fixed at $60 million.
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Figure 2-12. Case 7 -- MSC Cost Sensitivity
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The baseline subscriber scenario referred to in Figure 2-12 has an EOL
population of 180,000 users, as previously discussed. It is assumed to
grow, during the 7-year period of operations, at a 20-percent annual rate.
The population at the start of operations, therefore, numbers 50,000 users.

The term baseline, as applied to this scenario, is attributable to its
being the initial scenario examined. This scenario should not be asso-
ciated with the "baseline" system designs developed in Section 2.5, which
are based on a different subscriber scenario. The latter is designated as
Scenario B and is among 5 alternate subscriber scenarios supplied by NASA.
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2.4 ALTERNATE TRAFFIC PATTERNS

In this section, the effect on both satellite design and MSC of
departures from the baseline subscriber scenario are investigated. Two
types of variations affect the sateilite design: EOL population and
geographic distribution. The MSC is additionally affected by the rate of
subscriber buildup.

2.4,1 Non-uniform Geographic Distribution

A non-uniform or skewed geographic distribution of subscribers has a
profound effect on the satellite design. The important quantity is the
number of subscribers per beam, which is found by multiplying the popula-
tion density per square-mile by the beam area in square miles. The first
factor, normalized to the total subscriber population, is displayed on a
state-by-state basis in Table 2-14. The same distribution is shown
pictorially in Figure 2-13. This distribution is based on a population
distribution which appears in Reference 2-6.

The latter distribution is derived by substracting the SMSA population
from the total state population, and adjusting the difference by a satel-
lTite system "use factor" that accounts for the statewide pattern of terres-
trial-system availability. The use factor accounts for the decreasing
probability that the population is served by a terrestrial system as the
population density decreases.

The beam areas, which are displayed by state in Table 2-15, are
derived from a typical beam pattern and associated beam areas.* The typi-
cal beam area in each state, which is normalized to the area of the small-
est beam, corresponds to a satellite located at 110° west longitude. (More
will be said later about the significance of the satellite locatijon.)

If each entry in Table 2-14 is multiplied by the corresponding entry
in Table 2-15 and the product divided by the average product over CONUS,
the entries in the first column of Table 2-16 result. Also shown in Table

2-16 is the percentage of the total subscriber population on a state-by-
state basis.

*Provided by Dr. F. Naderi of JPL.
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An entry of unity in the first column of Table 2-16 means that the
population density is the same as it would be for a uniform subscriber
distribution (on a per-beam basis). If it is desired to accommodate all
subscribers with some minimum grade of service, it would appear necessary
(from the first entry in Table 2-16) to provide a system capacity 3.2 times
that required for a uniform subscriber distribution. Actually, the system
capacities implied by subscriber densities for New Hampshire and Vermont,
and probably for Maine as well, are unrealistically high because the beams
covering those states will extend considerably beyond the boundary of
CONUS. Conseguently, the average subscriber density over those beams wil]
be less than that for the Tand areas they include. However, the system
capacity still has to be 2.7 times that for a uniform distribution,
corresponding to the subscriber density in New York.

If the system capacity were sized to the Mew York subscriber density,
a number of beams would be severely under«utilized. The total number of
beams, and hence the system cost, can %#& reduced by undersizing the system
with respect to the areas of greatest subscriber density. The system
operator in these areas would then have to choose between two alternatives:
1) refuse service to new applicants once the capacity at the prescribed
grade of service is fully utilized, or 2) continue to accept new sub-
scribers, with a degradation in the grade of service provided. With the
latter alternative, the grade of service varies from beam to beam; con-
sequently, the quality of service on a system-wide basis is difficult to
quantify. For this reason, the first alternative will be used to estimate
the desired system capacity.

The consequences of selecting a maximum subscriber density at which to
provide service is shown in Figure 2-14. If this level is set at 2.5 times
the CONUS average, for example, only New York is affected, and the sub-
scribers excluded amount to less than 1 percent of the nationwide total. A
reduction in the "system capacity factor" to 1.8 increases the fraction of
the population excluded to 7.5 percent.

While this might be an acceptable percentage if the excluded users
were distributed over all CONUS, they will, in fact, be concentrated in
relatively few states. In New York, for example, (2.67-1.8)/2.67 = 0.33
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of the user population would be exciuded. It is apparent that the system
capacity factor must be based on a more localized examination of population
density. This is done in Section 2.5.2, where satellite sizing is done for
the baseline system designs.

To illustrate the effect of a skewed geographic distribution, a system
capacity factor of 1,8 is assumed. The resulting MSC is shown in Figure
2-15 as a function of IRR.

2.4.2 Alternate Traffic Scenarios

Five alternate traffic scenarios were prescribed by NASA. All but one
were for a 7-year period of operations, the exception being for 10 years.
A1l but one were voice only; the other was a combination of voice and data.
The EOL traffic volume in three of the all-voice cases is about twice that
for the baseline traffic scenario; in the fourth all-voice case, it is 4
times as large.

The rate of traffic buildup in all cases is governed by a Gompertz
curve, The genei 11 form of this curve is

t
y = cAB

where y is the size of the population at time t, C is the asymptotic value
of the population (i.e., the value at t = =), and A is the fraction of the
asymptotic value at t = 0. The constant B is related to the time at which
the curve reaches some percentage of the final value. For example,

B = (log 0.9/10g A)l/N, where M is the year in which the curve reaches

90 percent of the final value.

The 5 cases considered are listed below, with the traffic buildup for
each shown in Figure 2-16. The time t=0 is assumed to correspond to the
year 1995. For all scenarijos except C, the users are assumed to be
distributed geographically according to Table 2-14.
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Traffic Parameter

Scenario [ A B
A 20,000 .05 . .512
B 9,000 .05 .512
C 2,000 .05 512
D 9,000 .05 .328
3 9,000 .01 .657

Since scenarics B, D, and E have approximately the same EOL
population, they require the same satellite antenna size. 0f these 3
scenarios, D results in the lowest subscriber charge and E the highest,
because of differences in the rate of traffic buildup. Scenario E requires
a heavier satellite than B or D because of the 10-year satellite life.
Scenario A cannot be accommodated by a 2-satellite system and, even in a
3-sateilite configuration, results in satellites that are probably too
heavy for the STS.

Scenario C, unlike the other 4 alternate scenarios, is postulated to
comprise equal voice and data compcnents, measured in erlangs. The 1000

erlangs of data are prescribed to be at a rate of 56 kb/s. Consequently,
the transmission bandwidth per erlang of data traffic is substantially
greater than the corresponding gquantity for voice. In addition, each
erlang of data results in continuous transmission in both forward and
return directions. With voice, on the other hand, use of VOX reduces the
number of active carriers, and therefore the average power consumed, by
60 percent.

Because of its different bandwidth and power requirements, scenario C
is analyzed separately in Appendix D. Two systems are developed, corres-
ponding to 10-MHz and 4-MHz allocations. No a priori assumptions are made
regarding the number of satellites or the type of user antenna needed. In
contrast to the other scenarios, a uniform geographic distribution is
assumed.

It is found that, with a 10-MHz allocation, a single satellite
suffices if the user is provided with an antenna gain of a magnitude pre-
viously associated with a multiple-satellite system. With a 4-MHz
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allocation, 2 satellites are probably required, as the weight of a single
satellite designed to support the entire system traffic leaves no margin
with respect to booster capability.

2.4,.3 Satellite Requirements

The sateliite antenna requirements associated with the different
traffic scenarios are chown in Table 2-17 for 2- and 3-satellite systems.
Requirements for both Case 7 and Case 10 are indicated. The traffic listed
is at EOL and is therefore slightly less than the asymptotic value (20,000
erlangs for scenario A and 9000 erlangs otherwise). The relative capacity
factor gives the maximum beam capacity relative to that for the baseline
subscriber scenario. It accounts for both the inc:reased EOL popuiation and
the non-uniform geographic distribution (with a capacity factor of 1.8).

The estimated satellite weight (without contingency) for the various
cases depicted in Table 2-17 is shown in Table 2-18. It is seen that sce-
narios B and D can readily be accommodated in a 2-satellite configuration
for both Case 7 and Case 10. For scenario E, addition of a 20 percent con-
tingency factor to the 2-satellite, Case 10 weight places the satellite
above the nominal, 10,000-pound design goal; consequently, a 3-satellite
system might be necessary in this instance. Finally, it is seen that, even
for Case 7 and a 3-satellite system, the satellites for scenario A are too
heavy to be considered further.

2.4.4 Monthly Service Charge

Monthly service charges are developed for scenarios B, D, and E.
Since virtually identical satellites are required for scenarios B and D,
MSC differences resuit primarily from different rates cof subscriber
buildup. MSC differences arising from launch schedule variations are
relatively minor,

Scheduled satellite deployment for the 3 subscriber scenarios is shown
in Table 2-19. A ground spare, in addition to an on-orbit spare, is
assumed to be required in all cases. Therefore, a total of 4 satellites is
needed in a 2-satellite system; a total of 5 for a 3-satellite system.

No more than 1 satellite is launched in a'single year. The spare for
the first operational satellite is launched during the initial year of
operations. Additional satellites are launched during the first year that
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Table 2-18. Satellite Weight (1b) for Different

Subscriber Scenarios

CASE 7 CASE 10
SCEMARIO
2s/C 38/C 2S/C 3s/C
A 9520 10960
8,D 7460 6240 ? 2200 6570
E 8280 7004 9080 7330

*OFFSET-FED ANTENNA DESIGN,
SINGLE FEED PER BEAM
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the capacity of all previously launched satellites (excepting the on-orbit
spare) is exceeded, with the following exception. Observance of this rule
for scenario D would violate the l-launch-per-year restriction. Conse-
quently, the third and fourth satellites are presumed to be launched, as
shown in Table 2-19, one year later than fneeded. The effect on the MSC is

minimal, however, since it only involves deferring the launch costs of
these 2 satellites for one year,

The MSC for scenarios B, D. and E, as well as for the baseline sce-
nario, is shown in Figure 2-17. Three factors account for the variation in
MSC with traffic scenario:

1) The smaller ratio of satellites built-to-satellites producing
revenue at EOL in a multisatellite system.

2) The rate of traffic buildup.
3) Geographic subscriber distribution.

The last factor favors the baseline scenario, for which the geographic dis-
tribution is uniform. However, the first 2 factors more than compensate for
this effect, producing a lower MSC for each of the 3 alternate scenarios.

From the standpoint of the MSC, there is little to choose between a
2-satellite and a 3-satellite system. In other words, the cost of the
additional satellite in a 3-satellite system is offset by the higher per-
satellite cost in a 2-satellite system.

In computing the MSC, it was assumed that it became necessary to
launch the giround spare in the first "cpen" year. For scenario B and the
2-satellite system, this is year 2 (see Table 2-19). For scenario D and a
2-satellite system, on the other hand, the first open year is the third
year of operations. Alternate assumptions regarding the ground spare are
considered in the next section.

2.4.5 Ground Spare Strategy

The MSC needed to provide a specified IRR on invested capital cepends
on the strategy adopted regarding a ground spare. It also depends, to a
lesser extent, on the need to place the ground spare (if purchased) in
orbit as the result of a satellite failure.
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Five different sets of assumptions regarding the ground spare,
together with the resulting MSC, are shown in Table 2-20, The MSC corres-
ponds to a 10 percent IRR. The reference case is based on the baseline
subscriber scenario and a 2-satellite system, The need to launch the
ground spare in year 3 is predicated on a failure of the on-orbit spare.
The MSC would he unchanged if the first satellite should fail instead,
provided the on-orbit spare is already in position so that no revenue loss
is incurred.

In the first alternative scenario, a satellite failure does not occur
until year 7. (The symbol F indicates which satellite has failed, by year
of deployment, rather than by year of failure.) The $4 MSC reduction is a
measure of the time-value-of-money associated with the launch costs, which
are expended in year 7 instead of year 3.

In the second alternative, no satellite failure occurs within the

7-year period of cperations (i.e., the launch costs for the ground spare
are deferred indefinitely’.

An MSC of $194 is required with a policy in which no ground spare is
purchased. No revenue will be lost with this policy as ]ong‘as not more
than 1 satellite experiences a failure (and, in that event, if the on-orbit
spare is already in position). The MSC of $194 represents a reduction of
either $13 or about $20 over the case where a ground spare is bought,
depending on whether or not the spare is eventually launched.

Finally, should the first satellite fail prior to the start of opera-
tions, a full year's revenue would be lost. To compensate for such a loss,
the MSC would have to be set substantially higher than in any of the cases
where no revenue loss is incurred. It should be pointed out, however, that
the first year's revenue with the baseline subscriber scenario is propor-
tionately much higher than it is for the other scenarios (see Figure 2-16).
If the more gradual buildup of scenarios B, D, and E is taken as represen-
tative of the rate of adoption of the new technology, loss of the first
year's revenue is much less significant than is implied by Table 2-20.

2.4.6 Two- vs. Three-Satellite System

It was shown in Section 2.4.4 that there is little difference in MSC
between a 2-satellite and a 3-satellite system. For simplicity, satellite
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sizing for these 2 systems was based on the assumption that all satellites
of a given system generate equal capacity. This is clearly not the case,
since the beam areas in a given geographic region are a function of
satellite longitude. The beam areas on which sizing has been based are
those for a satellite at 100° west longitude.

The significance of the actual satellite locations can best be iufer-
stood by assuming that the satellites in a 2-satellite system have the same
Tongitudes as the easternmost satellite pair in a 3-satellite system —
namely, 64 and 97 degrees. The beam areas over the densely popuiated
northeast portion of CONUS are only slightly larger for the 97-degree
location than they are as seen from 64 degrees. Therefore, the 2 satel-
lites contribute about equally to the system capacity in this critical
region.

The northeast beams for a satellite located at 130° west longitude, on
the other hand, are considerably larger than those for the other two loca-
tions. Consequently, a satellite so located contributes considerably less '
to the system capacity in this region. The conclusion to be drawn is that
a 3-satellite system sized according to Table 2-17 provides less capacity
than the indicated 2-satellite system. Alternatively, to obtain equal
system capacity, the satellite size for the 3-satellite system would have
to be increased significantly.

The relative MSC for a 3-satellite system properly sized to proyide
the required capacity in the northeast part of CONUS would therefore be
somewhat higher than indicated in Figure 2-17. A 3-satellite system has
the further disadvantage of producing satellite elevation angles as low as
10 degrees in the northeast and northwest corners of CONUS. This is
undesirable from the standpoints of user antenna design, multipath loss,
and the possibility of line-of-sight blockage. It may be concluded that a
2-satellite system is the preferred configuration.

Satellite longitudes in a two-satellite system need not be 64 and 97 ;
degrees. A satellite located at 64° longitude would result in undesirably -
low satellite elevation angles in northwest CONUS. The more westerly -
satellite could be positioned as far west as 110° longitude and still
generate the capacity implied by the relative capacity factor in
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Table 2-17. The more eastarly satellite, if positioned at 77° longitude,
would maintain the 33-degree separation needed for control of inter-

JQ satellite co-channel interference. With this pair of locations, the
minimum satellite elevation angle would be 19 degrees.
3“ The precedino discussion is based on providing CONUS coverage only. A
N requirement to add Hawaii coverage would not affect the conclusions
3 reached., However, inclusion of Alaska coverage would make a 3-satellite
system a necessity. Consider the relatively extreme Alaska coordinates of
@w 160° longitude and 70° latitude. To maintain a satellite elevation angle
“ of 10°, the satellite serving Alaska would have to be located at 134°
}” longitude. On the other hand, a pair of much more easterly satellites is
o required for coverage of Northeastern CONUS. Thus, a total of 3 satellites
7 in all is needed.
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2.5 BASELINE SYSTEM DESCRIPTION

Based on the various system configurations examined, a 2-satellite
system with narrowband (5-kHz peak deviation) FM has been selected as the
most promising from the standpoint of providing adequate capacity at rela-
tively low MSC. An exclusive 10-MHz allocation is assumed, although the
satellite design would be 1ittle changed with a 20-MHz shared allocation.

A1l of the satellite sizing and weight estimation to this point has
been based on an offset-fed antenna design. It is shown in Section 2.6.3
that a center-fed design offers considerable promise. This alternate feed/
reflector geometry forms the basis of a second baseline system.

Additionally, the feed assembly weight has been estimated on the
assumption that each beam is generated from a single feed. While such an
approach is possible, it constitutes a high technical risk. Instead, a
feed-cluster approach to beam formation is adopted in the baseline designs.
It is found that different clustering arrangements are appropriate with the
center-fed and offset-fed designs.

System sizing is based on an EOL population of 350,000 subscribers or,
equivalently, 9000 erlangs of traffic. This corresponds roughly to
scenario B or D, both of which span 7 years. (Scenario E, which spans 10
years, is not considered in developing the baseline designs.) The more
conservative rate of traffic buildup corresponding to scenario B will de
adopted for the purpose of computing the MSC.

2.5.1 Offset-Fed vs. Center-Fed Satellite Design

The satellite configurations for offset-fed and center-fed feed/

. reflector geometries are shown in Figures 2-18 and 2-19. The feed assembly

contains all of the UHF electronics, including the beamformer network but
excluding the upconverters and downconverters (see Figure 2-24). It is
especially important that the UHF HPAs and LNAs be colocated with the feed
elements to minimize transmit losses in the first instance and receiver
noise figure in the second.

The solar array for either desiygn is located at the end of a mast of
sufficient length to prevent excessive shadowing by the reflector. In the
center-fed design, cabling from the solar array runs through the reflector
hub and along the main mast to the bus, to provide power to the various
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subsystems. With the exception of the reaction control subsystem (RCS),

wnich is divided between the buz and the reflector hub, the subsystems are
all concentrated in the bus.

The indicated dimensions for the two designs are the result of a
sizing exercise outlined in Section 2.5.2. The required number of ribs in
the reflector is based on the surface accuracy needed for sidelobe control.

f T* The underlying structural analysis is presented in Appendix F.
? ‘ The smaller reflector of the offset-fed design results from the use of
. 3» 4 frequency sets, arranged as in Figure 2-3. It is shown in Section 2.6.2
‘ that this frequency arrangement leads to acceptable levels of co-channel
1 interference from mainlobes as well as sidelobes of neighboring beams. The
< “ undesirable aspect of the offset-fed design is its low structural rigidity.
' e This results from the L-shaped mast structure and, in particular, the
! J 69-meter lerigth of the main mast. The mast length is the result of the
f e selected f/D of 1.5, which is required to maintain a low sidelobe profile.
ﬁ The center-fed design offers the prospect of a much more rigid

structure. However, blockage of the refliector by the feed assembly pre-
cludes the use of only 4 frequency sets. Were this attempted, high coma-
- lobe levels (i.e., the level of the first inboard sidelobe) would produce
unacceptable co-channel interference, especially for beams substantially

off boresight (see Figure 2-28). A larger number of frequency sets is
therefore required.

[memste | | - S H

o §
B

A 7-tfrequency-set beam pattern, for use with a center-fed design, is

stk i S S
-

% shown in Figure 2-20. The minimum spacing between co-channel beams is 2.65
HPBW, as compared with 2 HPBW in the offset-fed design. This increased
spacing is sufficient to avoid comalobe interference. Co-channel inter-
ference from other sidelobes is shown in Section 2.6.3 to be acceptable

| ﬂ“ from a system point of view. This analysis, however, does not account for
S S the effect of the mast and cabling. Consequently, further investigation is
- needed to validate this concept.
i
s

The size of each frequency set with the proposed center-fed design is
4/7 as large as each set in the offset-fed system concept. Consequently,

!
¥ 7/4 as many beams are required to generate the same system capacity.
'r
L
; ’ 2-87 .
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The antenna diameter in the center-fed design must therefore be larger, by
a factor of+/7/4, than the antenna in an offset-fed design.

The 46.5-meter mast length in the center-fed design reflects the lower
f/D of 0.75 that suffices with this geometry. Thus, despite the larger
reflector, the mast for this design is shorter than in the offset-fed rase.

2.5.2 System Sizing

System sizing depends on the maximum per-beam subscriber density that
must be accommodated. The per-beam subscriber density was presented on a
state-by-state basis in Table 2-i6. These densities are expressed relative
to the density for a uniform geographic distribution. They account for
variations in both beam area and subscriber density.

Comparison of the entries in Table 2-16 with a typical CONUS-coverage
beam pattern leads to the conclusion th t the maximum per-beam subscriber
density is about 2.4. If a 0.1 grade of service (rather than 0.05) is
permitted in the most densely populated beam, the corresponding traffic
increase is 9 percent with 4 frequency sets and 10 percent with 7 frequency
sets. This reduces the effective subscriber density to 2.4/1.09 = 2.2.

Additionally, it is possible to "borrow" unused frequencies from
nearby beams to stretch the capacity of a given beam. This procedure is
illustrated in Figure 2-21. 1In part A, the shaded beam assigned frequency
set #2 is assumed to saturate first. Suppose, for example, that all four
shaded beams assigned frequency set #3 have a common unused group of
frequencies. These frequencies can be used in the saturated beam, since
all ather beams assigned set #3 are more than 2 HPBW removed from the
saturated beam. Similarly, frequencies from set #1 or set #4 can be
borrowed from neighboring beams, in addition to those from set #3.

In part B of Figure 2-21, the shaded beams assigned frequency set #3
can lend any commonly unused frequencies to the shaded beam assigned
frequency set #1. This is permissible because all other beams assigned
frequency set #3 are more than 2.65 HPBW removed from the saturated beam.
In this case, frequencies may be simultaneously borrowed from any of the
6 sets not assigned to the beam that has saturated.
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The frequency-borrowing process requires coordination among the
gateways controlling the affected beams. Moreover, to maximize the number
of frequencies available to be borrowed, frequencies in a given set should
be assigned in the same order in all beams using that set.

It will arbitrarily be ascumed that the available number of carriers
per beam can be increased by 10 percent through frequency borrowing. The
effective subscriber density is thereby further reduced to 2.2/1.1 = 2.0.
Thus, to accommodate subscribers in the densest beam, the satellite antenna
must be sized for a uniformly distributed subscriber population that is
twice as large as the anticipated skewed population.

System sizing for the two baseline designs is illustrated in Table
2-21. In a 2-satellite system designed to handle an EOL traffic of 9000
erlangs, each satellite must support 4500 erlangs. The required antenna
diameter is 46 meters for the offset-fed design and 62 meters for the
center-fed design. The associated number of beams is 61 or 101,
respectively; the half-power beamwidth, 0.57 degree or 0.42 degree.

2.5.3 Feed-Cluster Approach to Beam Formation

Generation of a set of contiguous beams with 3-dB crossovers places a
maximum value on the feed-assembly area that can be devoted to each beam.
On the other hand, good sidelobe control implies a highly tapered reflector
illumination; this, in turn, requires a certain minimum feed area per beam.
Unfortunately, the minimum area of the latter requirement generally exceeds
the maximum area of the former requirement.

Additional feed-element gain (i.e., greater illumination taper) can be
realized by utilizing the dimension normal to the plane of the feed
assembly. In this way, the feed-assembly area that must be devoted to each
beam is reduced. An endfire element is illustrative of this concept.
However, the increased likelihood of electromagnetic coupling between
elements, which would degrade the sidelobe pattern, makes this a high-risk
approach.

The alternative is to generate each beam from a cluster of feeds, with
a given feed generally contributing to more than one beam (Figure 2-22).
The overlapping nature of the feed clusters is illustrated in Figure 2-23.
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Table 2-21. Baseline System Sizing
REQUIREMENT: 4,500 ERLANGS/SATELLITE
OFFSET-FED

; FREQUENCY SETS 4
; CHANNELS/BEAM 208
g
ERLANGS/BEAM (UNIFORM)* 200
] BEAM EQUIVALENTS (UNIFORM) 22,5
; BEAM EQUIVALENTS (SKEWED) a5

BEAMS 61
k HALF-POWER BEAMWIDTH 0.57°
, ANTENNA DIAMETER 46 m
; *0.05 GRADE OF SERVICE
|
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CENTER-FED

119
11
40.5
81
101
0.42°
62m
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With the center-fed design, a 7-feed cluster generates each beam., If
the feed layout is regarded as a mapping of the coverage area, each cluster
generates a beam which is coincident with the center feed. A peripheral
layer of feeds is required to complete the clusters for the outermost
beams. A total of 152 feeds is required for 101 beams.

A 4-feed cluster suffices for the offset-fed design. The beam in this
case is centrally located with respect to the 4 feeds, as shown in Figure
2-22. With the cluster oriented as indicated (i.e., the feeds that are
tangent at the beam center are aligned north-south), only half a peripheral
layer of feeds is needed along the north and south boundaries of CUNUS.
This minimizes the.number of feeds required, 84 being needed to form 61
beams.

2.5.4 Repeater Block Diagram

A block diagram of the satellite repeater is shown in Figure 2-24 for
the offset-fed design. Three-for-two redundancy is assumed. Accordingly,
each of the UHF receiver, downconverter, upconverter, and transmitter units
handles a pair of channels. Similar redundant units are provided at
Ku-band. The beamformer network operates at RF frequencies. On the
receive side, it immediately foilows the LNAs; on the transmit side, it
immediately precedes the HPAs.

As indicated previously, the beamformer network is located on the feed
array. This is not essential. However, it does reduce the number of
cables between the feed assembly and the bus to the number of beams rather
than the number of feeds.

Note that 7 distinct local-oscillator frequencies are required for
downconversion of the I'HF signals, and 7 additional frequencies for the
upconversion process. This corresponds to the (typical) assignment of
7 UHF beams to a gateway staticn, as depicted by the frequency plan in
Figure 2-6.

2.5.5 Satellite Power Requirements

The satellite power required to support the mcbile links is determined
by the power budget of Table 2-22. (Power budgets for the other system
links are provided in Appendix E.) While the EIRP/channel is identical for
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the two designs, the transmit power differs because of the difference in
antenna size. For the offset-fed design, the transmit power per channe}l is
0.17 watt; for the center.fed design, (.10 watt.

The satellite RF power requirements are develuped in Table 2-23 for
the most densely populated beam. [t is assumed that the normal complement
of frequencies assigned to each beam is augmented by frequency borrowing.
The carriers are voice-activated, except for the signaling channels (4 per
beam with 4 frequency sets, 2 per beam with 7 frequency sets). For the
offset-fed design, each UHF HPA must be capable of transmitting 16 watts of
RF power in a sufficiently linear mode to control the magnitude of the IM
products generated. For the center-fed design, the corresponding
requirement is 5.4 watts.

The DC satellite power needed to support the mobile links can only be
approximated without considerably further investigation. In general, the
maximum anticipated RF power in an indiv’Jual beam will be less than that
for a fully loaded beam. If all beams are provided with the same size HPA,
the efficiency decreases with a reduction in the amount of RF power
supplied. On the other hand, beams known in advance to support a
relatively small fraction of the maximum traffic can be provided with a .y
lower-rated amplifier, thereby improving the DC/RF efficiency.

DC/RF efficiency for solid-state power amplifiers developed by RCA for
use in (C-band) Advancsd Satcoms is claimed to be 33 percent (Reference
2-7). This efficiency is availablie, however, only for single-carrier
operation close to saturation.* It is estimated that the efficijency at a
backoff sufficient to produce a C/IM value of 20 dB with many--arrier
operation (see Table 2-1) would be about 20 percent. In general, higher
efficiency is achievable at lower frequencies. For the present analysis,
therefore, an efficiency of 25 percent is assumed.

Accordingly, a fully loaded beam requires 64 watts of DC power for the
offset-fed design and 22 watts for the center-fed design (Table 2-24).
Although the DC/RF efficiency decreases with reduced beam loading, the

* Private communication with Dr. Jack Kiegier of RCA.
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absolute value of DC power required also decreases. It will conservatively
be assumed that the total DC power requirement is given by the product of
the power required for a fully loaded beam and the number ot beam
equivalents needed to cover CONUS.

A Tower bound on the required DC power can be computed by assuming
that all carriers are generated at the DC-to-RF efficiency characteristic

of a fully loaded beam. It is seen from Table 2-24 that the lower bound is
only 40-43 percent of the previous estimate.

2.5.6 Satellite Weight Summary

A satellite weight breakdown by subsystem is given in Table 2-25.
Analysis supporting the subsystem weight estimates can be found in Appendix
Both satellite designs, inciuding a 20 percent contingency factor, are well
under the projected STS/IPS capability of 10,400 pounds.

2.5.,7 Monthly Service Charge

The required MSC for the two baseline system designs is shown as a
function of IRR in Figure 2-25. The MSC difference between the two systems
is small enough to be ignored. Preference for one system over the other

should therefore be based on considerations of satellite weight and techno-
logical risk.

[t is of interest to examine the time variation of cumulative
discounted cash flow (CDCF), which is shown in Figure 2-26 for the offset-
fed design. It is inherent to the MSC calculation that the CDCF is zero at
the defined end of system 1life.

Regardless of the IKR, capital expenqitures, expressed in present-
value terms, are fairly uniform over the 5-year period preceding the start
of operations. In all cases, a positive cash flow is first experienced in
the seventh year of the project, which is the second year of operations.
Since all cash flows are referred (i.e., discounted) to the start of the
project, the maximum negative CDCF decreases with increasing IRR. If a
15 percent IRR is taken as representative of the project risk, the COCF
reaches a peak negative value of %500 million.
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2.6 SATELLITE ANTENNA SUBSYSTEM

The antenna subsystem design is characterized by the feed/reflector
geometry and the number of distinct frequency sets into which the frequency
allocation is divided. The four combinations that were initially con-
sidered, as well as the two baseline choices, are indicated in Table 2-26.

The reflector size is a direct consequence of the number of frequency
sets. The 4-frequency-set choice is preferable, therefore, whenever per-
mitted by the RF properties of the resulting design. This is the case for
the offset-fed design, as will be demonstrated shortly. Consequently,
there would be no reason to consider the use of 7 frequency sets, even if
the resulting satellite weight were within the STS capability. For the
center-fed design, it will be seen that co-channel interference precludes
the use of 4 frequency sets.

2.6.1 Requirements

The driving requirements on the antenna design are:
1) Contiguous beams providing CONUS coverage.
2) 3-dB beam crossovers.
3) Co-channel-beam cpatial isolation >30 dB.

The latter criterion represents a theoretical value that applies to a
single co-channel interferer. The combined effect of the 6 closest
co-channel beams is typically to increase the interference level due to the
dominant co-channel beam by 3 to 5 dB. On the other hand, the allowance
made for co-channel interference in the system design is -17 dB relative to
the level of the desired carrier. Consequentiy, there is ample margin for
conditions that depart from theoretical if a single-interferer isolation of
30 dB is achieved for a mathematical model of the antenna subsystem.

Co~-channel-beam interference can result either from the mainlobe or
from sidelobes. The offset-fed reflector system inherently has the lowest
possible sidelobe levels. This results from the absence of aperture block-
age. The center-fed design suffers from blockage by the feed array.
Nevertheless, it has several attractive features wnich tend to make it the
preferred choice if it can be made to meet the RF design goals. The
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advantages of a center-fed reflector include: a shorter mast, a much
smaller feed system, a more symmetric sateilite configuration, and a more
mature deployment technique.

To compare the 2 reflector approaches from an RF standpoint, it is
necessary to define appropriate f/D ratios. With the selected reflector
sizes, beam scan angles of 6 HPBW (for the offset-fed design) to 8 HPBW
(for the center-fed design) arise. This means that relatively large f/D
values are required for both configurations for sidelobe (in particular,
comalobe) control.

The offset-fed reflector design parameters were studied extensively by
JPL for this application (Reference 2-2). The JPL-selected quantities were
an f/D of 1.5, or a parent parabola f/DP of 0.67, These same values were
selected for the offset-fed baseline approach in the present study.

For the center-fed design, f/D values of 0.5, 0.75, and 1.0 were
examined. As noted previously, higher f/D values produce lower sidelobe
levels. Hence, purely on this basis, an f/D of 1.0 or higher would be the
choice. However, for a scanned antenna system, aperture blockage increases
with %/D. For the considered f/D values, the blockage ratios are 7, 10,
and 12.5 percent, respectively. The effect of aperture blockage is to
increase the sidelobe levels. Hence, as a compromise which tends to pro-
duce the lowest sidelobes, an f/D of 0.75 was selected.

2.6.2 4-Frequency-Set, Offset-Fed Baseline

A CONUS-coverage beam pattern with 0.48-degree beams is shown in Fig-
ure 2-27.* Selection of a 4-frequency-set baseline is based on co-channel
interference experienced among the shaded frequency-set #4 beams. This
particular pattern cut was selected because co-channel-beam interference is
at a maximum in this plane.

Gain patterns in the plane of interest for the 4 shaded beams are
shown, first, in Figure 2-28 for a center-fed reflector. There are !/

E3

The appropriate HPBW for a 4-frequency-set system design, whether based on
an offset-fed or center-fed reflector, is 0.57 degree. Thus, interference
calculations based on the beam pattern of Figure 2-27 will be somewhat
conservative.
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interference modes. The first is produced by the sidelobes, of which the
comalobe is the main interferer. In fact, the comalobes peak at the worst
possible location, namely, at the 3-dB poinit of the inboard adjacent
co-channel beam. The second type of interference is a mainlobe-to-mainlobe
effect. Both types of interference increase with greater scan angles.

The mainlobe interference can be alleviated by increasing the f/D
beyond 0.75. To do so, however, would increase the blockage, thereby
increasing the comalobe levels. With the interference levels indicated in
Figure 2-28, it may be concluded that a 4-frequency-set beam pattern is not
suitable for a center-fed design.

A set of co-channel-beam gain patterns, also in a radially directed
cut from boresight, is shown in Figure 2-29 for an offset-fed reflector.
In this case, the beamwidth of 0.60 degree is just slightly larger than the
baseline value of 0.57 degree corresponding to a 46-meter reflector. In
the absence of feed blockage, the sidelobes are nearly 40 dB below the peak
mainlobe gain. Although the level of the outboard mainlobe shirt increases
with scan angle, it is at least 34 dB below the desired signal Jlevel at all
user locatijons. The 4-frequency-set/offset-fed reflector combination
therefore meets the design goal of providing more than 30 dB of co-channel-
beam isolation.

Figure 2-30 contains a schematic of the offset-fed baseline antenna.
Note that adjacent feeds are spaced by 2, whereas an effective feed size
of 4) is required to achieve the necessary sidelobe levels. Options to
meet the feed-size criterion ipclude a single-feed-per-beam approach and
the more crservative overlapping-feed-cluster approach, as shown in Figure
2-31. Several feed-cluster configurations may be considered. These range
from a triad solution to a 7-feed cluster arrangement.

Feed clusters for neighboring co-channel beams in a 4-frequency-set
beam pattern are shown in Figure 2-32. Co-channel 7-feed clusters have a
feed element in common. As a result, user transmissions intended for one
of the beams inject interference into co-channel transmissions intended for
the second beam. Six potential co-channel interferers exist for each user
transmission, one interferer being associated with each outer element of
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(A) 7-FEED CLUSTER

CLUSTERS OVERLAP; CANNOT BE
USED WITH 4 FREQUENCY SETS

(B) 4-FEED CLUSTER
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OK WITH 4 FREQUENCY SETS

4-Frequency-Set Beam Pattern

Figure 2-32. Co-channel Feed Clusters for
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the cluster. Because of this interference, the 7-feed arrangement has been
rejected for use with a 4-frequency-set system.

On the other hand, 4-feed clusters corresponding to co-channel beams
have no elements in common. The same is true of 3-feed clusters. Conse-
quently, both of these beamforming techniques are viable approaches.

Several single-feed-per-bcam approaches can be considered, as shown in
Figure 2-33. A drawback to the conventional endfire element is its
required length of 8i. The backfire antenna permits this length to be
halved. This is truly a volume-antenna concept. As$ shown in Figure 2-34,
18-dBi directivity is attributable to the 4x length of the endfire element.
By cupping the design with a 2» groundplane dimension, additional gain of 4
to 4.5 dB is generated.

The third single-feed-per-beam approach illustrataed in Figure 2-33
assumes the form of an array. The array is self-contained in that no other
beams share any of the elements. Further detail on one possible approach
to the array concept is given in Figure 2-35. Note that the center element
has a higher gain than the surrounding elements. This choice is predicated
on reducing, to the extent possible, coupling between adjacent beams.

There are many antenna feed elements which could be used with the
cluster formats. The most attractive choice, because of its versatility
and efficiency, is the short backfire element (Figure 2-36). The short-
backfire is essentially a dipole placed within a resonant cup. If addi-
tional gain is.required, a passive director element can be added.

Presented in Figure 2-37 is the arrangemant of backfire feeds in a
4-feed cluster. To determine RF acceptability of the concept, the feed

patterns of Figure 2-38 were generated. It was found necessary to taper
the power of the B elements and to add a small amount of phasing between

the A and B elements. The result is a 24-dB illumination taper in curve 1
and a comparably effective taper in curve 2.

Use of a 3-feed cluster with an offset-fed reflector would require
endfire gain. Pattern control would also be more difficult in this case

than with the 4-feed cluster.
A qualitative comparison of the feed concepts is presented in Table

2-27. The various single-feed-per-beam approaches have the highest risk
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® CONVENTIONAL ENDFIRE-ANTENNA FEED

- 8A(9) =|

® BACKFIRE~ANTENNA FEED
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® ARRAY FEED
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Figure 2-33. Single-Feed-Per-Beam Approaches
for Offset-Fed Reflector
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from the standpoint of sidelobe control. The lowest risk is associated
with the 4-feed cluster. Therefore, this configuration was selected for
the 4-frequency-set, offset-fed baseiine., The transmit beamformer sche-

matic associated with the 4-feed cluster is shown in Figure 2-39.

2.6.3 7~-Frequency-Set, Center-Fed Baseline

A CONUS-coverage, 7-frequency-set beam pattern is presented in Figure
2-40. In this case, the 0.48-degree HPBW is larger than the 0.42 degree
HPBW associated with a 62-meter reflector. To model the baseline situation
more accurately, a fictitious fourth beam assigned frequency set #1 has
been added along the indicated pattern cut. Consideration of this last
beam is equivalent to a reduction in HPBW.

Gain patterns for the shaded co-channel beams in Figure 2-40 are shown
in Figure 2-41 for a center-fed antenna system. The first observation is
that comalobe interference is not a factor. This is the result of the
2.65-HPBW spacing rather than the 2-HPBW spacing in the 4-frequency-set
case. The increased beam spacing alsé eliminates mainlobe interference.
Thus, only the ambient sidelobe levels are of concern. In all cases,
individual interferers are at least 27 dB below the desired signal.

While this single-interferer level does not quite meet the 30-dB
design geal, an argument can be made that the system interference alloca-
tion of -17 dB with respect to the desired signal will still be satisfied.
It can be seen from Figure 2-41 that the two neighboring co-channel beams
produce comparable amounts of interference. Thus, from the radial pattern
cut alone, the interference can be as high as 24 dB below the desired sig-
nal. There are four other neighboring co-channel beams lying ¢.itside the
plane of this cut. Even if the latter beams make equal interference con-
tributions at the user locations in Figure 2-41 where the interference is a
maximum, the desired signal at these locatiocns would be 19 dB abgve the
combined interference level.

Although this calculation indicates a margin of only 2 dB against
departures from the mathematical model, note that 6 equal interferers were
assumed. This, in itself, is pessimistic. If 5 of the interferers should
assume the maximum theoretical value, the sixth could increase by 7 dB
without causing the system allocation to be exceeded. Alternatively,
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if 4 of the interference levels are fixed at this value, a 5-dB increase in
each of the remaining 2 is acceptable, etc. Thus, there is good reason to
believe that a 7-frequency-set, center-fed design will prove workable.

The center-fed antenna design schematic is shown in Figure 2-42. The
feed-element spacing for contiguous HPBW beams is A. As before, however, a
larger feed dimension is required for sidelobe control, in this case 2a.

Feed approaches for the center-fed design are shown in Figure 2-43. For a
single-feed-per-beam approach using an endfire element, an element length

of 31 is required. A backfire feed would require a 2A-diameter groundplane
and is therefore not suitable for this application. The other configurations
considered are the 4-feed cluster and the 7-feed cluster.

A typical 4-feed cluster approach is shown in Figure 2-44. To achieve
good illumination-pattern control, it is necessary to lower the power to
the top and bottom feeds. When this is done, it is discovered that
slightly more individual-element gain is needed to provide the required
illumination taper. The additional gain is provided by the helices shown
in the figure,.

A 7-feed cluster design is presented in Figure 2-45. The design
contains the microstrip antenna patch elements made by Ball Aerospace and
suggested by JPL for use in 4-patch combinations (Reference 2-2). By
controlling the amplitude of the excitation to the patch elements, the
desired illumination taper can be achieved.

A qualitative comparison of the different approaches to the feed
design problem is presented in Table 2-28. A single-feed-per-beam approach
is very risky in terms of sidelobe control. Both of the clustered feed
approaches are workable. The 4-feed cluster has a much simpler beamformer
than the 7-feed cluster. However, inasmuch as some endfire gain is neces-
sary in the 4-feed approach, the mechanical implementation is more diffi-
cult than with the microstrip design. Primarily because of the mechanical
feed considerations and the illumination control versatility offered by the
7-feed design, the latter approach was selected.
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® ADDITIONAL ELEMENT GAINS, UTILIZING THIRD DIMENSION,
ARE REQUIRED TO ACHIEVE THE NECESSARY TAPER

Figure 2-44. 4-Element Cluster for Center-Fed Reflector
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2.7 SATELLITE CONFIGURATIONS AND CONTROL DYNAMICS

The STS bay Tength available ta the satellite depends on the OTV
dimensions. The baseline configurations are based on use of an IPS-type of
O0TV. The weight and length of an IPS upper-stage are shown in Figure 2-46.
Based on the projected STS 1ift capability of 65,000 pounds, the maximum
payload weight is 10,400 pounds. The IPS length for this maximum payload
is 12.5 feet.

Deployed and stowed configurations for the baseline satellite designs
are displayed in this section, together with stages in the deployment
sequence.

An error budget for satellite attitude control is developed for the
offset-fed configuration, which presents the more difficult design problem.
Various methods of controlling satellite pointing to the required accuracy
are presented, and the baseline preference indicated.

2.7.1 Satellite Configurations

The center-fed satellite configuration is shown in Figure 2-47. The
bus is separated from the feed assembly by about 5 feet to allow for feed-
panel stowage and heat dissipation. A 3-meter Ku-band antenna is located
in front of the bus. The solar-array mast is chosen long enough to avoid
reflector sun obscuration. A single solar array (rather than a balanced
pair) was chosen to bias the satellite principal inertia axis toward the
desired pointing direction, typically taken as Kansas City. By this means,
the gravity gradient imbalance is reduced to 3 degrees from the 6 degrees
that would result from a balanced design. The RCS thrusters/propellants
are the only other items not in the main bus.

Stowage of the center-fed configuration in the STS cargo bay is shown
in Figure 2-48. A margin of 9 feet is realized, after allowing for a
13-foot OTV (IFS). As shown, the antenna stows in a linear manner, with
2 folds in the feed. Deployment is accomplished, therefore, simply by
extending the mast and unfurling the reflector.

The offset-fed satellite configuration is shown in Figure 2-49. There
exists a 16-degree gravity-gradient imbalance of the principal inertia
axis. This imbalance has been minimized by shortening the solar-array mast
relative to the length required to avoid shadowing by the reflector. The
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resulting shadowing is compensated by the eclipse capability designed into
the electrical power system. '

Stowage and deployment concepts for the offset-fed design are depicted
in Figures 2-50 and 2-51. By coincidence, the 9-foot cargo-bay margin is
identical #x that previously found for the center-fed design.

2.7.2 Control Dynamics

Factors affecting satellite pointing accuracy and RF properties of the
transmissions are listed in Figure 2-52, together with the error budgeted
for each one. The allowances for defocusing and reflector surface distor-
tions are stated as fractions of a wavelength. Corresponding losses in
directivity are indicated. However, the significant RF effect of these
distortions is measured by the change in sidelobe level. It is believed
that the sidelobe effects associated with the stated directivity losses
will prove acceptable. Nevertheless, further investigation is required to
verify this fact.

The remainder of this discussion will focus on the pointing require-

- ments. The pointing error budget of 0.12 degree corresponds to slightly

more than 1/5-HPBW shift of the beam battern for the offset-fed baseline

antenna design. This allowance is not unduly stringent for current LSST
active controls technology.

The satellite's first dynamic mode is torsional. Distortions of this
type lead to a decentering effect between feed and reflector. For the
disturbances shown in Figure 2-52, decentering amounts to approximately
0.2 degree. With the addition of manufacturing and thermal effects, total
decentering is about 0.4 degree. This is more than three times the allowed
pointing error. Additionally, static and dynamic angular distortions, if
uncorrected, would contribute 0.2 degree to the pointing error.

ACS approaches to offset these distortions range from an overall
satellite pointing correction to various feed/reflector gimbal concepts, as
indicated in Figure 2-54. Choice of the former as the baseline approach is
based on the satellite torsional frequency response (expected to lie in the
range from 0.05 to 0.1 Hz) being significantly higher than the frequency of

i disturbance. This leads to long-term decentering forces, somewhat
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decoupled from the structural response period, which may be offset by

proper satellite pointing without the use of gimbals or active mechanical
devices.

To accomplish satellite pointing to the necessary accuracy, 2 feedback
systems are used: 1) monopulse sensing of a reference gateway station,
allowing the ACS to track the desired target, and 2) a laser-diode feed/
reflector position sensing system, as detailed in Figure 2-55. The
necessary ACS hardware consists of a position/rate sensing system (SAMS,
SPLRS) and pointing resolver capability, together with required software.
These techniques make maximum use of on-going technology development in
LSST controls, thereby minimizing the technical risk to a successful satel-
lite design.

0f the total uncorrected pointing error of 0.12 degree, 0.09 degree is
a relatively long-term component based on the ACS capability. The primary
effect of this component is to necessitate generation of a few extra satel-
lite beams to guarantee continuous coverage of CONUS boundaries.

The remaining pointing-error component of 0.03 degree, which repre-
sents short-term instabilities or jitter, can lead to a reduction in
received signal level during the course of a call. This is especially
significant for a user located at the relative null between beams at the
time of call origination. To account for this possibility, a loss factor
of 1 dB has been included in ghe UHF 1link budgets.
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3. SYSTEM 2

3.1 [INTRODUCTION

The System 2 configuration is similar to that of current cellular
systems in the sense that translator stations exercise control over mobile
units in their respective areas and provide a point of concentration for ~
the corresponding voice channels. It differs from the cellular systems by
providing sateliite, rather than land-line, connections between the
translator and gateway stations.

a0

System 2 requires no new frequency allocations, as the mobile units
can use the bands currently allocated to land-mobile services. There are
two such 20-MHz bands, one for the outbound (translator-to-mobile) direc-
tion and the other for the inbound (mobile-to-translator) direction. By
FCC ruling with regard to cellular systems, the land-mobile allocation is
to be shared equally in each metropolitan area by the existing wireline
carrier and an applicant to be selected from the radio common carriers
(RCCs). The competitive marketplace will then determine the number of
subscribers captured by each of the two carriers. !

Whether a similar degree of competition would be imposed on systems of
the type under study here (which can be regarded as cellular extensions
into rural areas) is not clear. A major factor in any future FCC ruling on
this matter would be the joint commercial viability of a pair of carriers
operating competitively outside the urban and suburban areas. For present
purposes, it is assumed that a single operating entity will serve the
entire subscriber population within reach of a given translator station,
This assumption is reflected both in the system costs and in the resulting
subscriber charge.

In a system of translator stations covering a major portion of CONUS,

there will be considerable variability in the number of subscribers cap-
tured by individual translators. Since the cost of a translator station
has a large fixed component, the MSC that must be charged by a regional
system operator depends on the number of translators in the system and the
total number of subscribers captured. Clearly, the MSC will be lower in a
region with higher average population density.
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MSC variations due to different population densities are ignored in
this study. In fact, the MSC is computed as if there were but a single
operating entity for all of CONUS. '

.On the other hand, it is recognized that, in the current regulatory
climate, it is unlikely that a carrier would be required to provide
coverage of areas where this cannot be done profitably. Therefore, MSC
sensitivity to the total area served will be examined. In so doing, the
total number of subscribers is not varied. This eliminates the need to
make any assumption regarding the geographic distribution of subscribers,
The rationale for this simplification is that the number of potential
subscribers eliminated by less-than-complete CONUS coverage will in all
cases be smail compared with the number of subscribers actually served.

3.2 SYSTEM CESCRIPTION

In contrast to System 1, where most of the capital expenditures are
related to the space segment, the dominant costs for System 2 are in the
ground segment. This is attributabie to the large number of translators
required for CONUS coverage, coupled with the relatively low space-segment
cost to provide communication links between the translator and gateway
stations. Because of the large fixed component of translator-station cost,
the number of translators is a key parameter in determining total system
cost. For a fixed total coverage area, the required number of transiators
varies inversely with the square of the radius-of-coverage of an individuel
transiator station.

3.2.1 Translator Coverage Area

The coverage area of a translator station depends on the antenna tower
height and the EIRP employed. Even with these parameters fixed, however,
the coverage area will vary considerably depending on the elevation of the
station and local propagation conditions. To simplify the analysis, a
uniform coverage area, corresponding to open terrain, will be assumed.

This assumption tends to maximize the coverage area and is therefore
optimistic for undulating terrain in which tr?nslator/mobile communications
is not possible from many locations.
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Of course, extremely variable terrain, as in mountainous areas, is
typically associated with Tow population density. Such areas would be
excluded from attempted coverage by the criterion of economic viability.

The question of coverage is treated statistically. An area is defined
to be covered if 90 percent of the locations in the area are covered. In
general, for an area that just meets this criterion, locations close to the
translator station are more likely to be covered than those farther away.

An antenna tower height of 500 feet has been selected as the maximum
value that can be justified economically. It is assumed that the site
selected permits a guyed tower to be erected, as the cost for such a tower
is much lower than that for a free-standing tower.

Translator ERP is assumed to be in the range of 115 to 145 watts
(equivalent EIRP is 2.3 dB higher). This is somewhat in excess of the
current FCC 100-watt ERP limitation placed on cellular systems. The mobile
ERP is assumed to be 4 watts (which is based on use of a 3-watt trans-
mitter). Both mobile and base station are assumed to be equipped with
4.5-dB noise-figure receivers. It can be shown that this combination of
parameters leads to balanced transmission — i.e., comparable inbound and
outbound received signal quality. The common transmission range is esti-
mated to be 40 miles.

The estimated 40-mile range can be substantiated by comparison with
the achievable range in cellular systems. In urban areas, these systems
typically realize a transmission distance of 10 miles with & 500-foot tower
and 80-100 watts ERP. Curves of Okumura (Reference 3-1), reproduced in
Reference 3-2, indicate that a 32-dB increase in propagation loss is
incurred, for urban-like areas, in extending the transmission range from 10
to 40 miles at 900 MHz. On the other hand, Hata (Reference 3-2) shows that
the propagation loss is reduced by 28 dB, at 900 MHz, in going from urban
to open areas. Therefore, to realize a 40-mile range in open areas, it is
only necessary to provide an effective power 4 dB higher than is found in
cellular systems.

Consider transmission in the outbound direction. The needed 4-dB
improvement is provised by the lower noise figure assumed for the mobile
receiver. The prevailing noise figure of 9 dB in cellular systems is based
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on a mixer front-end. Reduction to the previously indicated 4.5 dB is
possible through inclusion of a low-noise pre-amplifier. Additionally,
about 1.5 dB greater power has been assumed for the base-station trans-
mitter than is found in cellular systems.

Because of balanced transmission in the inbound and outbound direc-
tions, the desired range is achieved in the inbound direction as well.

If the translator coverage areas form a pattern like that in Figure
2-4, achijevement of a 40-mile transmission range results in a 34.6-mile
radius for each circle in the terrestrial pattern. The corresponding
circular area is 3770 square miles. Since the area of CONUS is 3 million
square miles, about 800 translators would be required for complete CONUS
coverage.

It will initially be assumed that System 2 service is economically
viable over 50 percent of CONUS. A total of 400 translators is therefore
required, If the cellular systems in place by the mid-1990s are presumed
to cover 10 percent of CONUS, 60 percent of CONUS will be covered by one
type of system or the other.

Transmission between mobile units and translator statijons is assumed
to follow standard cellular practice, with one variation. It has been
found that, by judiciously assi,ning frequencies according to user location
within a cell, excessive interference between cells can be avoided with as
few as 4 frequency subsets (rather than 7).* Accordingly, for the 20-MHz
land-mobile allocatijon, 166 30-kHz channels are available in each cell, of
which two would be reserved for call setup.

The same set of subscriber scenarios will be considered for System 2
as was previously considered for System 1. To judge the adequacy of 164
channels to handle the postulated voice traffic, consider scenario B, which
was the basis for the two System 1 baseline designs. The EOL traffic for
scenario 8 is approximately 9000 erlangs, or an average of 22.5 eriangs per
translator station. At a 0.05 grade of service, 28 circuits are required
to handle 22.5 erlangs of traffic.

*Pnivatéwéommunication from Dr. J. J. Mikulski of Motorola.
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The traffic load per translator will vary according to subscriber
density. To warrant the full complement of 164 circuits, the traffic load
would have to be 160 erlangs. Thus, there is sufficient capacity per
translator to handle 160/22.5 = 7 times the average traffic load with 4
frequency sets,

With 7 frequency sets, on the other hand, 95 30-kHz channels are
available from a 20-MHz allocation. If two channels are reserved for call
setup, the traffic capacity per translator is 88 erlangs at a 0.05 grade of
service. In this case, there is sufficient capacity to accommodate
88/22.5 = 4 times the average translator traffic. I[f a greater amount of
traffic were offered, the coverage area would have to be reduced, much as
the cell size is reduced with increasing traffic in cellular systems.

3.2.2 Translator/Gateway Transmission

The instantaneous traffic requirements at the translator stations are
relatively small and quite dynamic, reflecting the random nature of call
arrival times. A time-division-multipie-access (TDMA) transmission format
is assumed for the translator/gateway links. This permits aggregation of
the traffic from a large number of translator stations on a single carrier,
thereby minimizing the satellite capacity requirements. In fact, depending
on the maximum carrier bandwidth and the traffic offered, it may be pos-
sible for all transiators controlled by a given gateway to share a common
carrier.

The specific transmission parameters adopted are those associated with
Digital Communication Corporation's DYNAC terminal: 8.8-Mb/s maximum bft
rate, 30-msec frame, 4-phase-PSK modulation, 380-symbol reference burst
(for each of two such bursts), and 150-symbol preamble per terminal. When
used for voice transmission, 32-kb/s delta modulation encoding is employed.

Design of the translator/gateway links is based on leased satellite
capacity rather than a dedicated satellite. One reason for this choice is
that standard earth terminals, insofar as the RF components are concerned,
can be employed at both the translator and the gateway sites in conjunction

.with satellites similar to those in commercial service today. Addition-

ally, the capacity requirements, especially in the early years of opera-
tion, are far less than those available from a typical commercial

3-5
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satellite. Therefore, cash flow requirements can be considerably reduced
through leasing.

For the baseline subscriber scenario, for example, only 3 transponders
of the current C-band variety are required at the start of operations.
This number grows to 7 transponders at, the end of 7 years (see below). By
contrast, current C-band satellites provide 24 40-MHz transponders.
(Polarization diversity permits re-use of the 500-MHz C-band allocation.)
While scenario B requires 15 transponders at EOL, only 2 are needed in the
first year because of the slow initial rate of subscriber buildup.

Of the "fixed-satellite" frequency allocations, either C-band
(6/4 GHz) or Ku-band (14/11 GHz) would be suitable for the translator/
gateway links. C-band has been selected for the purpose of developing
satellite lease charges and earth-station equipment costs because of the
relatively mature state of satellite service at these frequencies.

In particuiar, S-band was not considered (for a dedicated satellite)
because of the limited uplink allocation of 35 MHz. To supply the needed
capacity while providing complete CONUS coverage, a multibeam satellite
antenna with approximately 30 beams would be required for the baseline
subscriber scenario. The corresponding reflector diameter is about
40 feet. Inclusion of such a satellite¢ would defeat the primary purpose of
System 2, which is to eliminate the need for a complex space structure.
Such a satellite would significantly increase the cost of the space
1 segment .,

§ .- BN TEE A s AT AR v ATy |

o il

=

' While the translator/gateway links could also be considered as a
i customer-premise-service (CPS) applicition in a 30/20 GHz system, the
existence of such a system in the U.S. during the 1990s is uncertain.

For consistency with the System 1 design, 12 CONUS gateways are
' assumed for System 2. Once again, however, the gateway costs are rela-
: tively insignificant as far as the MSC is concerned.

The transponder requirements for the baseline subscriber scenario are
derived in Table 3-1. It is assumed that all 400 translator stations will
be installed by the nominal start of operations, which corresponds to T = 0 ; 7
(see also Figure 2-16). A maximum rate of translator installation equal to
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100/year has been assumed. Therefore, 100 translators will be in place at
T= 23,200 at T = -2, etc.

Rather than allow these translators to stand idie prior to T = 0,
system operation is assumed to begin once the first 100 translators have
been installed. (This requires, of course, that all 12 gateways be opera-
tional at this point.) The number of potential subscribers in these early
years is found by extrapolating backward from T = 0 at the 20 percent
annual growth rate that prevails subsequent to T = 0. The fraction cap-
tured is equal to the fractional number of translators installed.

The number of voice channels per gateway shown in Table 3-1 corre-
sponds to 1/12 of the total system traffic, as there is a total of 12 gate-
ways. Since traffic is aggregated by gateway for the proposed TDMA trans-
mission, each vcice channel required at one of the gateways corresponds to
a distinct voice channel at the satellite. This relatively high degree of
traffic aggregation permits a small value of call blockage, namely 0.01, to
be assigned to the gateways with little impact on the amount of gateway
equipment or satellite capacity required. The grade of service (exclusive
of call blockage in the STN) is essentially equal to the sum of the call
blockage values associated with the gateway and translator stations.

The instantaneous channel needs of a translator station fluctua*te with
the random call arrivals. In each TDMA frame, a transiator is assigned a
time slot which contains one voige channel more than it currently requires.
In this way, a newly originated call can be serviced immediately. As soon
as the gateway learns that the reserve channel is in use, a replacement
channel is assigned to the translator. Similarly, the channel complement
assigned to a translator is reduced by 1 when a call is terminated.

A set of reserve channels does not affect the amount of equipment
required at a translator. It does, however, affect the equipment required
at the gateways and the satellite capacity requirement. These additional
needs are reflected in the entries of Table 3-1.

The transmission rate per gateway is based on a voice-channel bit rate
of 32 kb/s. The assumed 8.8-Mb/s capacity of a TDMA carrier is exceeded at
each gateway during the fourth year of service. Subsequent to this time,
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two TDMA carriers per gateway are required; however, the carrier
transmission rates are adjusted so that no excess satellite capacity is
utilized. '

The composite transmission rate for the system, equal to 12 times the
transmission rate per gateway, determines the required number of satellite
transponders. The indicated transponder requirements are based on the
sharing of each transponder by five 8.8-Mb/s carriers (or by any larger
number of carriers with the same total bit rate). The bandwidth spanned by
5 such carriers is 31.5 MHz.

The number of satellite transponders required at EQL is roughly pro-
portional to the system traffic at that time. The transponder requirements
for the other traffic scenarios considered are given in the table below.

Traffic Scenario No. of Transponders
BASELINE 8
A 30
B 1%
D 15
E 14

3.2.3 Gateway Description

A top-level block diagram of a gateway station is shown in Figure 3-1.
There are two principal differences between this gateway and the configura-
tion for System 1 (see Figure 2-8). First, the base-site controller has
been removed and relocated in the translator, where it functions just as it
would in a cellular system. Secondly, the array of FM modems used in
System 1 is repiaced by a single (digital) TDMA modem. In addition, a
central processor (i.e., minicomputer) provides overall network control,
including assignment of voice-channel capacity to individual translators.

The RF/IF section filters the TOMA carrier of interest from the other
carriers in the transponder and converts it to a 70-MHz IF frequency. The
TDMA equipment demodulates the digital stream and, through voice cards,
produces individual voice channels at the 4-wire level.
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The analog outputs of the TDMA equipment are digitized by the channel
banks, as in System 1, and then fed to the EMX 500 switch. The combination
of D/A conversion in the TDOMA equipment, followed by A/D conversion in the
channel banks, is necessary because the switch requires a Tl carrier as
input. Since a T1 carrier comprises multiple PCM-encoded voice channels,
and transmission over the satellite link employs deita modulation (which is
necessary to conserve satellite capacity), the two digital formats are not
compatible with one another. '

The cost elements of a typical gateway station are shown in Table 3-2.
Cost of the RF/IF section is further broken down in Table 3-3. It is
assumed that, if more than one carrier is required to handle the traffic at
a gateway, the multiple carriers operate through the same transponder so
that only a single upconverter/downconverter combination i5 required.

The gateway channel equipment requirements in Table 3-1 have been
combined with the cost elements in Table 3-2 to produce the gateway costs
shown in Table 3-4 for the baseline subscriber scenario. The costs in each
row represent incremental expenditures for equipment that must be in place
by the time indicated. These equipment requirements guarantee that suffi-
cient capacity will be available to handle the offered traffic throughout
the following year. The total gateway cost is obtained by (sequentially)
adding 20 percent program-level cost and 10 percent profit to the sum of
the major element costs. '

3.2.4 Translator Description

The major elements of a translator station are shown in Figure 3-2.
The cost orv ihese elements is given in Table 3-5. The UHF-to-4-wire sub-
system inciudes both the UHF radio and the base-site controller. The

_ channelized outputs of this subsystem are combined in a TDM format and

transmitted, in periodic bursts, in the time slot assigned by the gateway
station. The RF/IF section is identical to that of the gateway. In fact,
with a 10-meter antenna used at both the translator and the gateway, the
transmission parameters are the same in both directions.

The RF components of the translator and gateway terminals are chosen

3

to produce a bit error rate of 10°° for voice transmission with the trans-

ponder loading described in Section 3.2.2 (i.e., 5 8.8-Mb/s carriers).
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Table 3-2. Gateway Cost Elements

ELEMENT

® RF TO 4-WIRE SUBSYSTEM
® RF/IF SECTION
o TDMA EQUIPMENT

o CENTRAL PROCESSOR

® CHANNEL BANKS (A/D)

® EMX 500 SWITCH

@ BLDG., POWER, A/C

3-12

COST

® $149K

@ $60K FOR COMMON EQUIPMENT
(REDUNDANT) PLUS $1500
PER VOICE CARD

© $100K (REDUNDANT)
©'$500 PER CHANNEL

¢ $1.1M FOR FRAME PLUS
$1250 PER CHANNEL

¢ $100K
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Table 3-4. Gateway Costs (S$x) for
Baseline Subscriber Scenario

TIME,T RFTO4WIRE  CHANNEL  EMX 500 TOTAL £OST
{YRS) SUBSYSTEM BANKS SWITCH PER GATEWAY*

-3 410 34 1184 2249**
-2 62 21 52 178
-1 77 28 e4 220

0 35 12 29 100

1 41 14 34 118

2 48 16 40 137

3 119 20 49 248

4 6 23 58 198

5 81 27 68 232

6 101 34 84 289

*INCLUDES PROGRAM LEVEL COSTS @ 20% AND INTEGRATOR PROFIT @ 10%
**|NCLUDES $100K FOR BLDG., POWER, A/C

R5-002-83
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Table 3-5. Translator Cost Elements

1
i

ELEMENT cosT

©® 500-FT. TOWER (INCL. SITE PREP.), @ $100K

BLDG., POWER, A/C |
® CABLE (8 RUNS) ® $40K
{ @ ANTENNA (6-SECTOR) ® $7K
® UHF TO 4-WIRE SUBSYSTEM ® $145K PER 16-CHANNEL FRAME
[ PLUS $12K PER CHANNEL
® TDMA EQUIPMENT @ $60K FOR COMMON EQUIPMENT
| (REDUNDANT) PLUS $1500
]‘“ PER VOICE CARD
® RF/IF SECTION ® $149K
s
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This is accomplished through use of a l10-meter antenna, a GaAs FET LNA |
which results in a G/T of 29.7 dB/K, and an HPA rated at 20 watts. (The |
transmit power per carrier at the maximum 8.8-Mb/s rate is about 5 watts.)

C-band solid-state amplifiers of this size should be readily available in

the 1990 time frame. A somewhat larger HPA will be needed at the gateways

when the single-carrier capacity is exceeded.

Link power budgets corresponding to multicarrier transponder operation
can be found in Appendix E.

Channel requirements for an individual translator station are shown in
Table 3-6 for the baseline traffic scenmario and 0.05 call blockage. (The
associated grade of service, with a gateway call blockage of 0.01, is
0.06.) This set of channel requirements corresponds to a translator that
is among the first 100 installed. The deployment schedule for the trans-
lator and gateways is shown in Figure 3-3. .A translator that is among the
second 100 installed has no channel requirements at T = -3, One that is
among the third group of 100 has no channel requirements at either T = -3
or T = -2. Finally, the fourth group of translators has no channel
requirements before T = 0.

The number of subscribers (and hence the traffic) per translator in
Table 3-6 is found by dividing the total for the system by 400, which is
the number of translators at EOL. In effect, a uniform geographic distri-
bution of subscribers has been assumed. This is clearly not the case. As
has been observed frum Figure 2-13, the subscriber distribution is highly
non-uniform. However, in contrast with System 1, this distribution (within
12 50 percent of CONUS covered) does not have a significant effect on the
MsC.

The cost assoc{ated with the translators can be divided into fixed and
variable components. The total fixed cost depends only on the number of
translators. While the variable cost for a particular translator depends
on the number of subscribers served, a modified subscriber distribution
merely shifts the variable costs among the translators without changing the
total. Therefore, as long as all 400 translators belong to a system for
which a single MSC is computed, the subscriber distribution is immaterial.
For simplicity, a uniform geographic distribution has been assumed.
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Table 3-6. Translator Channel Requirements
for Baseline Subscriber Scenario
TlME. T SUBSCRIBERS/ ERLANGS/ CHANNELS/
(YRS) TBANSLAT’OR TRANSLATOR TRANSLATOR*
.' -3 72 1.9 5
5 -2 87 2.3 6
: -1 104 2.7 6
i 0 125 3.3 7
;i 1 180 3.9 8
b
f 2 180 4.7 9
k 3 216 5.6 10
E 4 259 6.7 11
{ 5 311 8.1 13
% 6 373 9.7 14
' 7 447 11.6 17
o
i *0.05 CALL BLOCKAGE
%
o 3-18
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Equipment costs corresponding to the channel requirements in Table 3-6
are gfiven in Table 3-7, The total cost per translator is obtained by
adding a 20 percent program level cost and a 10 percent integration protit
to the sum of the jndividual element costs.

3.3 MONTHLY SERVICE CHARGE

The total cost of deploying the earth segment is shown in Table 3-§.
The entries for the gateways were obtained by multiplying the entries in
the last column of Table 3-4 by 12, the number of gateways. The expendi-
ture profile for the translators is the sum of four separate expenditure
prafiles, one for each group of 100 translators,

Note the time period designated for each gateway and translator entry
in Table 3-8. In previous tables, equipment requirements were specified
according to the time at which the hardware had to be in place. The speci-
fied times ranged from T = -3 to T = 7 and included T = 0, the nominal
start of operations and the point at which there are 50,000 subscribers in
the baseline scenario.

In Table 3-8 it is assumed that expenditures for equipment required at
a particular time are made during the preceding year. Accordingly, the
first-column entries for which there are earth-segment expenditures range
from year -4 to year 6, with all years referenced to T = 0.

The satellite lease charges, on the other hand, are assumed to be paid
in the year in which service is received. Therefore, the corresponding
entries in the first column of Table 3-8 range from -3 to 7. The assumed
lease charge is $2 million/year, which is approximately the current rate
for a "backed-up" C-band tran$ponder. The amount of capacity leased during
a particular y=ar is based on the year-end requirement. In year 1, for
example, 4 transponders are reserved, corresponding to the capacity
requirement at T = 1 in Table 3-1.

The MSC required with the baseline subscriber scenario is given by the
Tower curve in Figure 3-4. Sensitivity of the MSC to variations either in
total coverage or in single-translator ccverage is illustrated by the upper
curve. By the first interpretation of this curve, 70 percent of CONUS is
covered, with each translator again capable of communicating with mobiles
40 miles distant. A total of 560 translators is required in this case.
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70% CONUS COVERA(GE
— 40-MILE RADIUS
OR
50% CONUS COVERAGE
34-MILE RADIUS
50% CONUS COVERAGE
40-MILE RADIUS
| I
15 20 25
10 RATE OF RETURN (%)
Figure 3-4. MSC Sensitivity to Coverage Variations
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If, instead, the translator radius of coverage is reduced to 34 miles,
560 translators are needed to provide the original 50-percent CONUS cover-
age. The number of subscribers ceptured is assumed to be the same as in
the previous case, since the subscriber density can be expected to diminish
rapidly onice the most profitable 50 percent of CONUS has been covered.
With an identical subscriber scenario, as well as identical equipment
costs, the MSC is the same for the two cases.

The complement of 560 translators represents an increase of 40 percent
over the original 400 translators. Yet the MSC increase is only 2( percent
for a j0-percent IRR, increasing to 23 percent for a 25-percent IkR. The
smaller percentage increase in MSC is attributable to the sizable variable
cost component of an individual translator station. This component depends
on the number of subscribers supported by the translator. Since the total
subscriber population is assumed invariant to the number of translators,
the system-wide total of the variable cost components is the same for all
cases considered.

MSC sensitivity to cost variations in the different system segments is
shown in Figure 3-5. The translators are clearly the dominant cost factor
in the system. The satellite lease charges constitute the least signifi-
cant factor.

The alternate traffic scenarios previously considered for System 1 are
repeated in Figure 3-6. Earth-segment costs for these scenarios were
computed in a similar manner to those for the baseline scenario, with one
exception., Because the traffic at T = 0 is such a small fraction of the
EOL traffic, it was assumed that no revenue is derived prior to T = 0. As
a consequence, satellite capacity is leased beginning at T = 0.

The MSC profiles for the alternate traffic scenarios are shown in
Figure 3-7. Because the revenue stream for scenario E stretches over
10 years, the MSC in this case increases more rapidly with increasing IRR.

Reference

3-1 Y. Okumura et al., "Field Strength and Its Variability in VHF and UHF
Land-Mobile Radio Service," Review of the Electrical Communication
Laboratory, Nippon Telegraph and Telephone Corporation, Vol. 16,
September-0October 1968.
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— e emee GATEWAY COST +50% /
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Figure 3-5. MSC Sensitivity to Cost Variations
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Figure 3-6. System 2 Traffic Scenarios

3-26
R5-002-83

e e e e e T

L L T . L . e o i S bR s i o A8 i 5 2 e e o a2 e

10




SOLJARUIIS DJLIJBA| JUBUBILLQ 40 ISW “/-F dS4nbid

(%) NHNL13Y JO 31VvH
74 0 Sl oL

I |

B

>
=
| mm“u
W; <
Lo
]
F n
N 0 h ~
=0 < o
ad 3 o
oy m
: (o N'G) 0
]
]
m
]
OIHVYN32S 4
3INI3ASvE
4
;

R5-002-83

q n & n 3 +
[ Saem=msl] P meemais frmes | S | snemas | Ny,

&J THH T,Hr! m.uﬁw..ﬁ mw%ﬂ:uu | o [ —"1 P—— e = -

o el e o ol e oo .

]
m i
| : S S b bed Bl bl Eed

- s

Wn . " t % o N o o e i TR i b e ihs o




-

3-2, M. Hata, "Empirical Formula for Propagation Loss in Land Mobile Radio
Services," IEEE Transactions on Vehicular Technology, Vol. 29,
August 1980, wp. 31/-325.
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4. SYSTEM 3

4.1 [INTRODUCTION

System 3 is a hybrid system. From a user point of view, it operates
in the same manner as System 2 in those areas serviced by translator sta-
tions. Outside these areas, users communicate directly through the satel-
lite, in much the same manner as in System 1. For reasons that will become
clear shortly, the equipment used by the latter group of subscribers will
be referred tc as "transportable" urits. This is in contrast to the
"“mobile" equipment of the former group of subscribers.

A dedicated satellite is required to service the transportabie units.
This group is anticipated to be small in number. Consequently, the satel-
Tite should be made as simple as possible to minimize the per-unit space-
segment cost attributable to the transportables.* One way to accomplish
this is to provide complete CONUS coverage with a single satellite beam.
Although a single beam may provide adequate capacity for the transportable
pspulation, the reduced satellite antenna gain implies large per-carrier
transmit power for both the sateilite and the transportable unit. These
power levels can be kept manageable only by increasing the transportable-
unit antenna gain.

The achievable antenna gain, for a practical installation that has to

operate while the user vehicle is in motion, is limited. (For example, a

gain of about 8 dB can be realized over an elevation-angle range of 20 to
60 degrees with a 3 x 3 phased array which is 18 inches on a side.) For
this reason, the antenna for the transportable units is required to operate
only while the vehicle is at rest. However, it must be capable of rapid
deployment and stowage; hence the term "transportable".

The antenna selected for the transportabie units is a collapsible
helix. When extended, it has a length of 3.5 feet. A means must be

*The space-segment costs attributable to the transportable units can be
found by subtracting, from the cost of a dedicated space segment designed

to serve both transportable and mobile users, the System 2 lease charges
for the mobile user alone.
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provided to point this antenna in the direction of the satellite while the
vehicle is at rest. A boresight gain of about i5 dB is achievable with an
antenna of this type.

4.2 SATELLITE REQUIREMENTS

The satellite requirements are obtained by associating with each of
the System 2 traffic scenarios for the mobile users a traffic scenario for
the transportable users,

4,2.1 Baseline Subscriber Scenario

The baseline mobile population comprises 180,000 users at EOL. In the
System 2 configuration, mobile units communicate with the translator sta-
tions using the standard cellular-system transmission format. In particu-
lar, the carrier spacing is 30 kHz.

The EOL transportable traffic associated with the baseline mobile
scenario is the maximum amount compatible with single-beam CONUS coverage.
This number depends on the carrijer spacing assumed for transportable trans-
mission. At the point in the study when this question was first addressed,
alternate modulation formats to the cellular format had not yet been con-
sidered. Consequently, the carrier spacing was taken as 30 kHz.

The frequency band specified for transportable transmission is
821-825 Miz. The complementary band for the sacellite transmission is
866-870 MHz. This spectrum allocation permits 133 carriers at a spacing of
30 kHz. After allowances for signaling channels and call blockage, the
satellite capacity is approximately 120 erlangs of voice traffic. This is
only 2.6 percent of the EOL baseline traffic pustulated for the mobile

¢ users.

As derived‘in Section 3.2.2, the mobile traffic can be handled by 8
transponders of the current C-band variety. The dedicated satellite
designed for System 3 operation would include a payload of this type for
the mobile users. Initial operating capability for this satellite is
scheduled for 1995, the time at which the mobile population reaches 50,000,
Prior to that time, translators already deployed would operate through
leased satellite capacity. By this means, the revenue profile for the
System 3 mobiles is maintained identical to that’for System 2.

4-2
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Despite the much larger volume of mobile traffic, the satellite power
requirements are dominated by the transportable traffic. (The power
requirements are derived in Appendix E.) This can be attributed to the
large anvenna gain of the translator stations compared with that of the
transportabie units (50.5 dB versus 15 dB). It is shown in Appendix E that
the FLEETSAT bus is well matched to the baseline-scenario power require-
ments., FLEETSAT has a 12-foot antenna that provides (single-beam) COUNUS
coverage.

4.2.2 Alternate Traffic Scenarios

A common transportable traffic scenario (specified by NASA) is asso-
ciated with mobile scenarios B, D, and E. This is a voice/data mix com-
prising 120 erlangs of voice and 120 erlangs of data. The data are con-
stituted as follows: 40 percent at 56 kb/s and 60 percent at 9.6 kb/s.

The voice carriers are assumed to be spaced by 12 kHz (corresponding
to 5-kHz peak-deviation FM), while the data-carrier spacing is 40 kHz or
8 kHz, respectively, correspondiny to QSPK transmission. It is readily
verified that these values Jead to a total bandwidth occupancy of 4 MHz, so
that frequency re-use is not required. (For simplicity, erlangs and chan-
nels are considered synonomous.)

A non-cellular-compatible modulation format for transportable voice
transmissons is not nearly so objectionable as a noncompatible format for
mobile users. In the remote areas where transportable units are expected
to operate, cellular compatibility may have little significance.

The transportable traffic corresponding to scenario A (also specified
by NASA) is a voice/data mix comprising 300 erlangs of voice and 300
erlangs of data. The data are divided, as in the previous case, between
56-kb/s and 9.6-kb/s carriers. Since a single-beam is just adequate for
the transportable traffic associated with mobile scenarios B, D, and E, the
transportable traffic associated with mobile scenario A requires a 2.5-fold
re-use of the 4-MHz allocation. This is accomplished through use of
4 frequency sets and a beam pattern that places 10 beam equivalents within
the boundaries of CONUS. (A uniform geographic distribution of transpor-
table units is assumed.) A total of 17 beams is needed in all. These are
generated by a 20-meter satellite antenna.

4-3
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Thus, the System 3 satellite far scenario A could be made similar to
the offset-fed baseline for System 1, except that the number of beams is
much smaller. The satellite would also contain a sufficient number of
C-band transponders‘for the mobile traffic,

At EOL, the mobile traffic in scenaric A would fill 30 transponders;
for scenarios B and D, 15 transponders; and for scenario E, 14 transponders
(see Section 3.2.2).

As is the case with the baselinz scenario, the satellite power require-
ments for scenarios B, D, and E are dominated b& the transportable traffic.
The required power is virtually identical in these three cases and about 65
percer® higher than that for the baseline scenario., The TDRS bus is a
suitabl2 vehicle for these scenarios. It uses a pair of 16-foot antennas,
symmetrically illuminated, for eastern and western CONUS coverage. The
minimum gain over CONUS is 2.5 dB greater than that achieved with the
12-foot FLEETSAT antenna and is comparable to the parformance realizable
with a single shaped beam covering CONUS. The latter approach would require
a 25-foot antenna at the frequencies of interest.

Because of the multibeam configuration proposed for scenario A, the
satellite antenna has considerably more gain than the single-beam antennas
suggested for the other scerarios. As a result, the power needed to sup-
port the transportable traffic is only half that for the baseline scenario,
despite the four-fold increase in traffic level. However, substantially
more power is needed for the mobile traffic, in accordance with the larger
required number of transponders. The net result is that the total satel-
lite power required for scenario A is about equal to that for the baseline
scenario and 2/3 that for scenarios B, D, and E. Full details can be found
in Appendix E.

4.3 MONTHLY SERVICE CHARGE

Two extreme approaches are possible in computing an appropriate MSC
for a mix of mobile and transportable subscribers:
1. Keep the mobile MSC the same as in System 2 by making the
transportable users bear the burden of all space-segment costs

over and above the satellite lease charges for the System 2
mobile users.

2. Impose a common MSC on mobile and transportable users.

4-4
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These approaches are represented by the end points of the solia curve
in Figure 4-1, which shows the trade-off between mobile and transportable
MSCs for the baseline subscriber scenario and a 10 peréent [RR. All points
on this curve produce identical total revenues in each year of system
operation, (The mobile and transportable populaticns are assumed to grow
at the same 20-percent annual rate.) Because of the preponderance of
mobile users and the large Systcm 3 space-segment costs in comparison with
the System 2 satellite lease charges, a prohibitive MSC results from making
the transportable users pay for the cost differentjal.

The dashed curve in Figure 4-1 results from narrowing the carrier
spacing to 12 kHz (i.e., from using 5-kHz peak-deviation FM). The number
of transportable users that can be acccmmodated in a 4-MHz allocation is
increased by a factor of 2.5 by this means. However, the transportable MSC
is still far too large to be supportable, if the mobile users are required
to pay no more than in System 2.

On the other hand, a common MSC for the two user types would be set at
$210 for a carrier spacing of 30 kHz, and $204 for a carrier spacing of
12 kHz. The latter figure represents an increase of 57 percent over the
System £ MSC of $130.

Wnile any point on the curves in Figure 4-1 could be used as the basis
for MSC selection, it is not possible to significantly reduce the mobile
MSC without greatly increasing the transportable MSC. Therefore, a common

MSC has been adopted as a ground rule, both for the baseline scenario and
for the alternate scenarios.

The MSC for the baseline scenario is shown as a function of IRR in
Figure 4-2. The three curves correspond to different spacings for the
transportable carriers. In addition to the two FM cases, linear predictive
coding (LPC) is represented. This is a relatively recent digital develop-
ment. It has been shown (Reference 4-1) that satisfactory transmission can

be accomplished in only 5-6 kHz of bandwidth using 2.4-kb/s voice encoding;

It remains to assess the quality of the reconstructed voice signal versus
that for FM transmission.

Because of the relatively small transportable population, even with
LPC, not much reduction in the MSC is possible. The principal benefit of

4-5
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introducing a narrower modulation format is, simply, that a larger
population can be supported in the postulated 4 MHz allocation.

The effect on the MSC of varying the cost of the different system
segments by +50 percent is shown in Figure 4-3. As in System 2, the trans-
lators represent the largest capitai investment. However, the satellite
cost is a close second in this case. This is consistent with the
57-percent increase in MS. for System 3 over that for System 2.

In deriving the MSC for alternate traffic scenarios, the same charge
per-unit-bandwidth was established for data as for voigg. In all cases,

however, the MSC is presented for a voice subscriber (i.e., a subscriber
that contributes 0.026 erlang to the busy-hour traffic load). The MSC for
full-time use of a 9.6-kb/s data channel (by transportable users) would be
(8/12)/0.026 = 25.6 times the MSC for a voice subscriber. The first factor
is the bandwidth ratio for the two channels.

The transportable-traffic annual growth rate for the alternate sce-
narios was taken as 20 percent. This is different from the mobile-traffic
growth rate for these scenarios (see Figure 3-6). E

The MSC for traffic scenarios A, B, D, and E are shown in Figure 4-4. ' R
The charge for scenario A bears approximately the same relation to the '
charges for the other scenarios as was the case for System 2. This is
noteworthy inasmuch as a different satellite approach was required for
scenario A because of the frequency re-use factor. v

It was previously indicated that the FLEETSAT bus suffices for the 1
baseline scenario, while the TDRS bus is required for scenarios 8, D, and ;
E. There is not a significant cost difference between the two satellite ‘
derivatives, however. Therefore, the estimated cost of the TDRS derivative
was used for the baseline scenario as well as scenarios B, D, and E.

The satellite for scenarios B, D, or E requires about 15 transponders
for the EOL mobile traffic. On the other hand, there is sufficient band- :
width for 24 40-MHz transponders in the 500-MHz allocation at either C-band il
or Ku-band (with polarization diversity). The possibility of including 24
transpondeérs and leasing those not needed for mobile communications has not
been considered to this point.

4-8
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Financial arrangements for the lease of extra transponders are indi-
cated in Figure 4-5. The 9 transponders that would be available for the
7-year satellite life are shown at $2 million/year, which is approximately
the current C-band lease rate. The,k lease charge for the remaining trans-
ponders is assumed to be $1 million/year, for as many years as they are
available. As can be seen from the figure, the MSC is reduced only
slightly by transponder leasing.

Reference
4-1, S, Carney ond D. Linder, "A Digital Mobile Radio far 5-6 Kilohertz

Channels," Proc. Int, Conf. on Communications, Pniladelphia,
13-17 June 1982, paper 5B.3.

4-11
R5-002-83




-

ORIGIN/ .. PAGE &
OF POOR QUALITY

400
TRANSPONDER LEASE CHARGE SUBSCRIBER
o $2M/YR FOR FIRST 9 TRANSPONDERS SCENARIO B
o $IM/YR FOR EACH ADDITIONAL
TRANSPONDER

& 300

<)

% WITHOUT LEASE

-

Q

(¥7]

Q

>

[

% 200

WITH LEASE
100 ¢
10 15 20 25
RATE OF RETURN (%)
Figure 4-5. MSC Reduction From Lease of Unused Transponders
4-12.
R5-002-83




[ v—sade §

ey
b

-

ST RE LA e AR s SR OT T
e

A
womry
1 k]

PSS
¥ 14

-l

5. CRITICAL TECHNOLOGY IDENTIFICATION

5.1 INTRODUCTION

Of the three system configurations considered in this report, only the
space segment of System 1 incorporates technology that is not expected to
exist in 1990 in the absence of LMSS. System 2 requires leased satellite
capacity, while the TDRS bus can handle the System 3 traffic for scenarios
B, D, and E. (The baseline scenario and scenario A will not be considered
further.)

Additionally, a modem development is required for the gateway stations
in System 1.

A new mobile unit is required for the baseline System 1 configura-
tions, and also for the transportable users in System 3. The System 1
mobile unit utilizes 5-kHz peak-deviation FM, while the characteristics of
the System 3 modem depend on the modulation format selected.

This section of the report will focus on the satellite technology for
System 1. The méjor portion of the critical technology is associated with
the large space structure (LSS) aspect of the satellite design. This
technology is conveniently divided into three major subdivisions:

1. Configuration - relates to launch vehicle, orbital transfer
vehicle (01V), and possible manned participation.

2. Structures - involves determination of environmental
parameters, reflector and mast requirements, materials

requirements, analytical modeling, and testing.

3. Attitude Control - includes active and adaptive controils, and
the required measurement system.

The other significant area requiring technology development is the
antenna feed systzm. From an RF standpoint, this includes the mast design
as well as the feed/beamformer combination.

The remaining subsystems use presently available or near-term tech-
nology. Although the UHF solid-state amplifiers play a key role in the
system design, the technology is mature; consequently, tailoring of
existing technology to the application at hand, rather than new technolbgy
development, is involved.

5-1
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S.2 LARGE SPACE STRUCTURE

5.2.1 Configuration Technology

The dominant configuration technology drivers for the selected
baseline designs (offset-fed and center-fed, wrap-rib reflector) result
from use of the STS as the launch vehicle. Three STS-associated technoiogy
issues, and their probable development by the late 1980s, will be discussed
in this section: (a) STS launch vehicle capability, (b) orbital transfer
vehicle, and (c) possible use of STS manned capability.

STS Launch Vehicle

MSAT is configured to "fit" in the orbiter cargo bay, together with
its 0TV, in a single launch to lTow-earth-orbit (LEO). A 9-foot margin in

cargo-bay length exists for each of the baseline designs. Weight estimates
for these designs are:

Center-Fed Offset -Fed

Satellite 8,340 9,035

(Incl. 20 percent contingency)

IPS (OTV) ' 40,000 43,200

Airborne Support Equipment (ASE) 5,000 5,000
Total Lift-Off Weight 53,340 57,235 (1b)

With the on-going STS modifications, in excess of 60,000 pounds (65,000~
pound target) is allowed at launch. The previously imposed satellite

weight limit of 10,400 pounds corresponds to an STS capability of 65,000
pounds.

It may be concluded that neither cargo-bay volume nor launch weight is
critical, except for 0TV capability, which is discussed separately.
distorical growth of complex satellite systems suggests that the satellite
weight margin with respect to the assumed STS capability may not be '
excessive, especially for the offset-fed design.

Future national space programs require STS derivative vehicles with
increased weight and size capability. This increased payload capability
would ease MSAT weight targets and allow less costly component selection in

5-2
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weight-sensitive systems such as structures and power. Boeing/NASA STS
(unmanned) studies project up to 125,000-pound capability in LEO in the
early 1990s.

Martin-Marietta/NASA designs, based on a cargo fairing located aft of
the external tank, increase the allowable cargo diameter from 1& feet to
over 30 feet. This increase would have a dramatic impact on feasible
antenna deployment and stowage concepts. Simpler configurations, such as
the TDRS antenna, cr even highly efficient, rigid-surface (sunflower)
reflectors could be considered.

Such STS improvements are still in the feasibility stage. Some of
these improvements should materialize by the end of the decade, and should
be monitored because of their potential impact on the MSAT desiagn.

Orbital Transfer Vehicle (OTV)

Presently approved, STS-compatible 0TVs are not adequate for MSAT.
The satellite baseline designs are based on the availability of either a
wide-body Centaur or an integral propuision system (IPS) OTV. Ongoing
NASA/DoD studies of high-energy upper stages for STS tend toward IPS tech-
nology. Also, IPS is competitive in weight and length with Centaur.
Availability of an IPS, or equivalent, OTV is critical to MSAT development.
With present national needs, such an OTV should be available by the late
1980s.

Another 0TV issue relates to a low-thrust transfer from LEQ to geo-
synchronous orbit (GEQ), allowing deployment and checkout of MSAT in LEO.
The benefits would be risk minimjzation, cost reduction (less redundancy),
and satellite retrieval and refurbishment. IPS is close to meeting the low
acceleration levels required. Consideration should therefore be given to
making this capability a requirement.

Unmanned OTVs with remote manipulator capability, such as Teleopera-
tor, may be available in GEO in the 1990s. This technology would make it
possible to replace failed modules or upgrade sateilite performance.
Multi-Mission Spacecraft (MMS) type modular designs to take advantage of
teleoperators are state-of-the-art and would reduce satellite risk and
cost.

5-3
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Manned Participation

The MSAT configuration is based on a self-deploying satellite in 2EO.
NASA/DoD interest in a manned OTV (MOTV) or sortie vehicle may result in
such a system by the 1990s. Alternatively, with an unmanned low-thrust
0TV, MSAT can be deployed in LEO, close to the STS. In either case (manned
OTV or STS support), the MSAT configuration is enhanced by manned presence.
For example, deployment mechanisms can be "backed-up" or even fully acti-
vated by man, failed modules can be replaced, the system can be upgraded,
and critical reflector surface control implemented.

Taking man's participation even further leads to active assembly of
MSAT in space. Very large box-truss members can then be efficiently used,
increasing dynamic stiffness to the point where state-of-the-art ACS
systems are feasible.

At this time, there are no clear results indicating a choice between
automated or manned orbital operations in future systems. As STS matures
and NASA/DoD develop additional STS elements (Teleoperator, Space Station,
MOTV, low-thrust QTV), this issue will be resolved.

5.2.2 Structures Technology

Large space structure technology (LSST) affects the satellite design
in the following respects: structural design criteria, deployable struc-
tures, materials characterization, dynamic analysis, and testing. These
topics will be discussed in turn.

Structural Design Criteria

Experience is quite limited in dealing with the types of disturbances
tnat will affect a large space system such as MSAT. From ground testing

‘through space operations, the structural design criteria (loads, stiffness,

and environmental effects) are unique.

On the ground, 1g gravity, air currents, and temperature gradients,
even within an enclosed building, constitute major disturbances to the
structure. Special handling and orientation criteria must be developed for
the various system elements.

STS integration and launch loads, for either test flights or
operational launch, must be understood for "folded," highly flexible

5-4
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structural elements (cabling, mesh) to prevent snags or undue settling of
the stowed reflector.

STS-attached testing may impose orbital loads that are a magnitude
higher than operational loads. This results from STS thruster activation
(Yimit cycling, attitude control) or crew motion while in orbit.

While operational in GEO, gravity-gradient and solar-wind distur-
bances, which are minor in their effect on existing satellites, will induce
structural torques and possibly produce dynamic coupling with MSAT.

Thermal gradients will distort MSAT sufficiently to be of concern; under-
standing sun shadowing and thermal behavior of multimaterial masts and
reflectors is required to predict satellite response.

ACS operation (CMGs, thrusters) induce loads and frequencies which,
although of secondary importance in present satellite structures, are
critical for MSAT. Combined ACS/structures criteria must be developed to
ensure decoupling of the two subsystems.

In summary, technology development is required o classify and
quantify the various ground, testing, and orbital lnads, disturbances, and
environmental factors to generate a comprehensive set of MSAT structural
design criteria.

Dexloyable Structures

NASA and industry technology prdgrams related to deployable light-
weight structures have been in progress for several years. The areas of
present interest are deployable reflectors (46 and 62 meters) and masts
which are compatible with launch of MSAT in a single STS flight.

LMSC's wrap-rib reflector, 10 meters in diameter, was flown in the
early 1970s on ATS-6. Present technology development effort is directed at
scaling up this design, increasing its stiffness by material and shape
selection, and dynamically modeling the larger reflector. A 15-meter
reflector development is planned. Fabrication of full-size scale ribs was
completed in 1981. Demonstration of the wrap-rib reflector on an STS
flight experiment will establish the proof-of-concept required prior to
starting full-scale MSAT development in 1990.

5-5
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The principal reflector development issues are surface accuracy and
analytical modeling. To achieve the surface accuracy goal, the ribs must
be stable and must’deploy consistently, and the mesh supports and preloads
must be managed to produce the desired effact when deployed. Unlike the
ATS-6 10-meter reflector, MSAT cannot be readily tested in the lg ground
environment.

High-stiffness deployable mast technology is paralleling reflector
development. Articulated and telescoping designs, to achieve rigid
longerons, have been demonstrated on short masts. STS testing is being
planned to acquire zero-g dynamic response data., Present state-of-the-art
for coilable mast technology (as exemplified by Astromasts, which are in
use in several programs) is fully mature; however, coilable masts have
diameter and stiffness limitations that preclude their use on MSAT, other
than for appendages (solar arrays).

Rigid longeron mast .concepts are not new deveiopments, but the size
and dynamic stability required for MSAT are technologically challenging.
The mast complexity results from the longeron multiple pinned joints and
unpredictabiiity of the stabilizing tension in diagonal members. Joint
hysteresis (free-play), precise deployment and consistent preload of
diagonal cables, and scalability of ground test data in a lg environment
are problems to be resolved in the next few years.

Materials Characterization

Materials technology requirements relate to the need for low weight
and a high degree of stiffness. In addition, the MSAT application requires
that the materials be used in unique ways.

Cabling is usec for the mast diagonals and for reflector surface
control. These cables may be up to 10U meters in length, with constant
preload required throughout system 1ife. They have to bend or reel for
stowage, probably for a long period. Cabling materials must be dimen-
sionally stable (thermal, preload) and lightweight, and must not unduly 3
block the RF field. Cable performance, reliability, and predictability are i
essential. “

Present technology efforts for cabling are concentrated on graphite -~
and quartz. Materials properties are being derived, but the issues of size
and stability remain to be investigatad.
5-6
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For the reflector ribs and the mast columns and battens, graphite-epoxy
(GR-E) is the leading candidate. GR-E i3 in wide use, but further develop-
ment is needed'to achieve the minimum possible gauges and improve properties
predictability.

The satellite weight is sensitive to the number of GR-E layers in
structural elements. Three or more layers are required to provide
structural /thermal stability in multiple directions. Further, layups tend
to show properties scatter in inverse proportion to the number of layers
used, For the present application, a minimum of three layers will be used
for tubes (longeron) or ribs.

In addition to the problems of cabling and thin layups, materials
development for RF compatibility is required. For example, in the center-
fed configuration, mast blockage must be considered. Fiberglass has been
suggested as a replacement for GR-E. This material so2lection issue could
be of critical importance for the center-fed design.

Joining techniques (bonding, mechanical) must be examined to automate,
as much as possible, the assembly operations. This is desirable because of

the large number of elements and the need to reduce properties scatter in a ]
repeatable manner. !

Structural /Dynamic_Modeling

Inability to full-scale test the satellite structure on the ground
places a premium on analytical modeling to predict the dynamic response of
the system. None of the analysis techniques available today meets the
stringent requirements imposed by MSAT or other large space structures,

The'analytical capability that must be developed relates to: (1) the
large computer program required and the need to resolve it into smaller
component parts, and (2) dynamic modeling of nonlinear, large deflections.
Solution of the first problem depends on improved modal aralysis and inte-
gration of multiple structural models {masts, reflector/ribs/mesh, main
bus, appendages, etc.). The second problem requires the ability to account
for the nonlinear behavior of joints and tension cabling.

In present satellite systems, these problems are resolved by
analytical approximation (if full solution is not practical), followed by
test correlation and parameter adjustment. For convenience, the damping
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constant of the structure is usually the model parameter adjusted. For
MSAT, damping may be a dominant aspect of system behavior (because of mesh
behavior and the number of mast joints involved) and must be known accu-
rately. Testing prior to flight may be impractical. To minimize ACS
requirements to stabilize the satzjlite, therefore, accurate analytical
modeling is required.

The analytical model must also incorporate the effect of the various
disturbances in a distributed manner to accurately predict the satellite
response,

Testing

Ground testing of MSAT is limited by the lg environment to either
scale tests or tethered full-scale tests. Scalability of the test data is
severely limited by the damping and preload characteristics induced by
gravity and tethers, if used. Scaling a structure dynamically requires
compromises regarding the scaling parameter to be used. Issues to be
considered include balancing of extensional (area) versus flexural (bend-
ing) stiffness, joint sizing, and cabling and mesh preload selection.

The ground environment results in drag effects on the moving structure
and excitation by air currents. The test model must accurately predict
these effects if vacuum dynamic testing is not feasible. In systems that
have multiple responses in a narrow band, as does MSAT, these ground
effects may mask the desired system response.

Once the ground test is complete, a LEQ test of the same test specimen
will produce the required correlation between zero-g and lg environments.
The STS is a natural vehicle for this test, and plans exist to tast-fly
masts and reflectors in the mid-1980s. In performing STS testing, consid-
eration must be given to Orbiter-induced disturbances (ACS, thrusters) and
their isolation.

Use of STS for deployment and dynamic testing requires added test
hardware for manned flight safety. This could lead to a test specimen
design that is more rigid than is required for a free-flyer. Also, it is
desirable to bring the test specimen back to earth. Re-stowing a large
reflector would pose a much more complex mechanical problem than deploy-
ment. This results from the requirements to: (1) automatically re-stow
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the mesh, and (2) provide all locking joints (masts, hoops, rib roots) with
an unlock capability.

Careful analysis of the ground and ST5-supported test requirements
must be made early in the development cycle. Design goals include
scalability of the data and the determination of structural requirements
imposed by either 1g ground tests or STS safety, loads, and re-stowage
requirements.

5.2.3 Attitude Control System (ACS) Technology

Many operational satellite systems incorporate flexible appendages,
but the appendage mass is relatively small when compared to that of the
satellite. Also, in present satellites, the payload (antennas, optics) is
rigidly mounted or gimbaled to the bus. Control technology for these
systems is mature. Large space structures require new technology or
improvements over current performance levels. For MSAT, this is because of
the long flexible mast that connects the feed ind the reflector, and which
leads to large relative motions between them.

The satellite baselines do not use active gimbals or feed/reflector
alignment. Rather, they are based on the ability of the ACS to sense the
required pointing (RF signal), the present state of the structure (measure-
ments), and to predict the near-term modal response of the satellite
(algorithms). With this capability, the ACS steers the dynamically excited
structure to maximize the RF signal.

Four control technology areas are covered in this section: active
controls, adaptive or robust controls, impulse and momentum devices, and
feedback measurement systems. This breakdown was chosen to describe MSAT-
peculiar controls implementation. For the most part, mature ACS functional
aspects are not discussed here.

Active Controls

Active control implies a feedback system (RF signal, position sensors)
that provides data to an ACS controller, which in turn commands mechanical
devices to alter the position of the controlled element. Various feedback-
controlled active méchanica] pivots, gimbals, and tension control cables
are discussed below. In addition, active structural damping or stiffness
enhancement is addressed.
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The satellite baselines do not use gimbals, since the satellite is
controlled as a single unit to provide the required pointing. Inasmuch as
this technology is not yet proven, alternate ACS approaches may be
required. Thus, gimbals may be needed at either the feed or the reflector
hub for proper pointing., With the exception of the required feedback
sensors (discussed later), this technology already exists if the driven
mass is smaller than the gimbal support base. An example is the feed
(Yower mass), which is gimbaled off the main bus (higher mass). On the
other hand, the reflector mass is larger than that of its supporting mast.
Use of a gimbal between them could result in instability unless a complex,
reactionless gimbal system is employed.

Active controls can also be used to enhance structural stiffness and
natural damping. On the mast, the diagonal cabling tension can be con-
trolled to damp out excitation modes. On the wrap-rib reflector, mechan-
ical components (dampers, motors) can be used to alter the rib response.
These mechanisms must be controlled by the ACS from measurement feedback.
Implementing this technclogy wouid make the satellite response "stiffer"
and lead to rapid damping of disturbances. Small-scale feasibility ground
tests (plate tests) have been conducted, and NASA/DoD plans exist for an
STS flight-test experiment incorporating adaptive-control and measurement
technologies (discussed below).

Adaptive Controls

MSAT flexible body control dynamics require that: (1) the ACS con-
troller be updatable in orbit, and (2) it be possible to resolve the satel-
lite complex response modes, through ground processing, to maintain control

-

authority over attitude. The need for this adaptive capability results
from inability to fully characterize the modal response in ground testing i
because of earth gravity effects.

Technology development (NASA/DoD) is proceeding to: (1) enhance ¥
bandwidth capability and adaptability of the controller (robust systems),
and (2) characterize orbital disturbances and structural modal response
using a satellite measurements system coupled with ground data reduction
algorithms. Several methods have been proposed and plans are proceeding to
test such a concept on the STS.

5-10 -
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Adaptive controls must be demonstrated prior to commitment to MSAT
development in the late 1980s. Areas of development should include:

1. Stability-ensuring design methodology, which maintains system
stabi]ity in spite of system modal uncertainties. A design
which is robust in a stability sense may nevertheless have poor
pointing accuracy. As system knowledge improves, through
analysis and/or test, contral system design can be enhanced to
provide more accurate pointing.

2. On-orbit system identification. Because the satellite cannot
be tested on tiie ground in 1ts fully deployed form, a method of
estimating system parameters from on-orbit experimental data is
needed.

3. Control system/structure tradeoff. Attitude control can be
achieved either by means of additional software, resulting in a
lighter structure, or with less software and a heavier
structure.

Impulse and Momentum Devices

The ACS controller provides commands to the MSAT rcaction wheels (RW),
control moment gyros {CMG), and reaction control subsystem (RCS), which
together form the controlling authority to torque or displace the satellite
as desired. Other devices that may be used include magnetic torquers, ion

thrusters, etc.

RCS technology is mature. What is required is a tailoring of the
thruster pulse-shape and amplitude to decouple the output from the satel-
lite dynamic response. This is critical since the thrusters constitute, by
an order of magnitude, the major orbital disturbance to the satellite. Low
thrust, smooth on-off slopes are required. Development of other control
devices will also benefit attitude control. Such devices may include mass
proof actuators (linear momentum exchange), active/passive dampers,
position/rate sensors, etc.

Measurement Systems

A unique feature of an LSS system such as MSAT is the requirement to
measure the shape (position) and rates of motion of the entire satellite,
over distances up to 100 meters. Tnese data are provided to the ACS
controller to close the feedback loop and result in corrective commands.
The measurement system consists of (a) a monopulse pickup antenna that
tracks an earth signal (pointing direction), (b) a feed/reflector distance
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and angular-position measurement system, (c) a reflector-surface
measurement system, and (d) accelerometers and strain gauges, distributed

over the structure to provide mcdal response information (initialization).

Monopulse tracking and modal response instrumentation technology is
mature. Range and angular measurement sensors are being developed by NASA
based on pulsed laser technology.

Angular sensor concepts such as the TRW surface accuracy measurement
system (SAMS) have been proven on the ground. Range measurement, such as
the JPL self-pulsed laser ranging system, lags the SAMS only slightly in
development. For MSAT, these two systems, or their equivalent, will be
required in the mid-1980s as part of the required STS flight demonstration
tests.

Location of the acceleromaters and strain gauges is critical for the
data to be useful. Selection of instrumentation locations depends on
accuracy of the analytical model. As discussed above under Structures
Technology, LSS analysis will only yield approximate results required for
instrumentation definition. Modal synthesis testing techniques will be
used to define the instrumentation.

5.3 ANTENNA FEED SYSTEM

Thevantenna feed system for MSAT is unique in several respects.
Requirements for multibeam antenna systems exist for a number of satel-
lites, such as the INTELSAT series and the proposed Advancea Communications
Technology Satellite (ACVS), the latter to operate at 30/20 GHz. However,
each of these systems operates at higher frequencies and with significantly
smaller antennas. The MSAT multibeam antenna involves low-frequency
antenna feed technology, in which physical size, weight, and deployment
capability (in addition to RF performance) are important design considera-
tions. Presently configured multibeam antennas at higher frequencies
employ waveguide technology with no requirement for feed subsystem
deployment.

It is not anticipated that other satellite systems requiring similar
large multibeam antennas will be developed in this decade. If this tech-
nology is to be available by 19490, therefore, it will likely be only
through expenditure of funds for this specific application.

5-12
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Technology development is required in two key areas: the RF
feed/beamformer combination and the mast that connects feed and reflector.
The mast has been dealt with extensively from a structural point of view.
It is no less important, however, that the mast c¢onfiguration and materials
be selected such that RF performance is not significantly impaired. Nomi-
nally, this is a problem only for the center-fed design. However, it may
be desirable, to avoid structural difficulties associated with the L-shaped
mast in the offset-fed design, to consider mast configurations that could
result in some degree of reflector blockage.

Feed/Beamformer Network

From an RF standpoint, Tow secondary sidelobe levels imply good feed
illumination pattern control. This control can be guaranteed only by
hardware verification. Among ‘the parameters to be determined are the feed-
element spacings required to produce the desired secondary beam placements.
Element spacing will vary with scan angle, to account for variations in
beam deviation factor. It must also account for the effect of mutual
coupling between feed elements.

In addition, appropriate excitation (amplitude and phase) for the
elements of each feed cluster must be determined. There is a nominal set
of excitations associated, say, with a cluster located on boresight. This
set of excitations has to be perturbed, as a function of scan angle, to
compensate for the variable element spacing referred to above.

Finally, the beamformer design must be relatively insensitive to the
effects of mutual coupling, thermal changes, and stress variations.

In -addition to RF considerations, the feed/beamformer combination must
be designed with deployment in mind. There are two beamformer networks
associated with the feed system, corresponding to the transmit and receive
functions. The beamformers are mated to the feed system through diplexers
at each of the feed elements. With the large number of feed elements in
both baseline designs, numerous interconnects are required. (The power
amplifiers must also be situated close to the diplexers and therefore will
be mountrd on the beamformer substrate.) Because of the RF circuitry
complexity, mechanical implementation is of critical concern. Means of
folding -and deploying the feed/beamformer network must be devised to ensure
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RF integrity. Additional, environmental constraints must be built into the
design to ensure that both thermal and stress forces can be controlled for
RF integrity.

Because each beam is generated from an array feed cluster, the ampli-
tude, phase, and voltage standing wave ratio for each antenna element must
be preserved. I[f these parameters are not preserved to some predetermined
set of values, the sidelobe levels will degrade. Variations in any of
these parameters will affect mutual coupiing mechanisms and impact adjacent
feed elements as well.

Mast Design

In the center-fed design, the mast joins the reflector apex to the
feed assembly. The mast is an open triangular truss, presumably fabricated
from a nonmetallic material, which intersects the feed system at three
points. DC power cables are routed from the solar array through the truss
structure,

A number of issues must be addressed with this concept. First, what
is the effect of the open truss structure on sidelpbe performance? Is it
more advantageous to use a nonmetallic structure such as fiberglass, or a
lessy RF material such as the graphite-epoxy layups; or might a metallic
tiruss be the ba2st choice? Several RF mechanisms are at play which must be
understood. These include the concern that the mast might be excited by
the feed structure and act as a surface-wave carrier, in addition to the
possibility that the truss structure might simply be a predictable aperture
blockage.

The DC power cables are the next issue. Insight into the effect of
cabling can be gained through investigation of the mast effect. Cabling
produces a thin metailic line blockage between feed and reflector. This,
by itself, should not be a serious concern. However, the effect of cabling
in the context of the mast truss structure must be understood.

It is possible to alleviate the RF problems associated with the mast
structure at the cost of introducing a degree of mechanical complexity.
Two possibilities, in addition to the baseline arrangement, are shown in o
Figure 5-1. ;
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The baseline offset-fed reflector design contains an "L" shaped mast
composed of two sections. The first section starts at the back of the
reflector centroid and extends for approximately 75 feet., The second
section is about 250 feet long, extending to the focal point of the reflec-
tor system, where it intersects the payload compartment and the feed array.
This mast assembly is complex because of its length, elbow joint,
structural rigidity requirements, and need to be deployable.

One possible means of easing the mechanical difficulties associated
with the mast is depicted in Figure 5-2. This concept calls for the most
direct mast path between the reflector centroid and the payload/feed
systems. This mast configuration greatiy alleviates structural and ACS
problems by reducing length, eliminating the elbow joint, and allowing the
use of more mature deployment techniques. The mast in this configuration
would constitute an RF blockage to the antenna system. The effect of this
blockage on sidelobe performance would have to be determined. Of particu-
lar interest is whether comalobe levels would permit the use of only four
frequency sets, as is the case for the L-shaped mast.

5.4 UHF SOLID-STATE AMPLIFIERS

Capability of the satellite UHF amplifiers affects system design and
performance in two important respects: (1) the allocation that must be
made for intermodulation (IM) noise, and (2) the DC power needed to support
the UHF downlinks. The required RF power, and consequently the DC power,
varies inversely with the downlink thermal noise allocation in the link
noise/interference power budget. Thus, improved IM performance, which
permits an increase in thermal noise allocation, serves to reduce the
required DC power, for a fixed DC/RF conversion efficiency.

On the other hand, improved IM performance is achieved by increasing
amplifier linearity, which aza2rally implies reduced DC/RF conversion
efficiency. In the present baseline satellite designs, DC/RF efficiency
varies from beam to beam (i.e., from amplifier to amplifier). It is
generally highest in a fully loaded beam and decreases with reduced beam
loading. (This variability can be reduced somewhat by using lower-rated
ampiifiers or beams with lower anticipated traffic requirements.) It is
not clear, therefore, to what extent a reduced IM allocation decreases the
required DC power.
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Tha problem is further complicated by the dependence of the IM power
affecting a given carrier on the specific frequency plan adopted. Assume,
for the moment, that each beam is generated from a single feed. If the
carriers in each frequency set (i.e., in each beam) are uniformly spaced,
all IM products within the carrier band will fal] on assigned carrier
frequencies., By contrast, if the frequency sets are chosen in a random
mannzr, only (1/N)th of the IM power generated by a given amplifier will
fall on frequencies found at the amplifier input. Here, N is the number of
frequency sets. For the offset-fed baseline design, where N=4, a 6-dB
reduction in effective IM power results. For the center-fed baseline,

where N=7, the reduction is 8.5 d8.

This argument overstates the IM reduction due to a random frequency
assignment. A given carrier can be affected not only by IM products in its
own beam, but also by IM products in the six neighboring beams. For uni-
formly spaced frequencies, the IM products generated in the surrounding
beams are not co-channel with the carrier of interest. With a random set
of frequency assignments, however, all beams contain the same. IM power at
any specified frequency. The total IM power affecting a carrier, there-
fore, depends on the satellite antenna gain for each of the surrounding
beams at the location of the user to which the carrier is assigned.

For a single-feed-per-beam antenna design, the received IM power, like
the received carrier power, is 3 dB below the peak value at the beam cross-
over points. Where each beam is formed by a cluster of feeds, however, the
3-dB IM contour lies outside the 3-dB carrier contour, because of the lack
of coherence between IM products generated in different amplifiers. This
facior reduces the apparent IM advantage resulting from a random set of
frequency assignments over a wide range of user positions. .

It is evident from the foregoing discussion that optimum UHF amplifier
design and operation depends on a thorough communications system analysis.
A key input to this analysis is the tradeoff between IM performance with a
multicarrier input and DC/RF conversion efficiency, for a solid-state
amplifier operating between 800 and 900 MHz. Solid-state amplifier design,
particularly at these frequencies, is a mature tecﬁnoiogy. Moreover, the
specific design problem posed above is not uncommon. A technology break-
through that would significantly improve performance cannot be anticipated,
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therefore. What is needed is a fine tuning of existing amplifier design
techniques, with the measure of performance carefully chosen to reflect the
system implications of a particular ampiifier design.

It i5 relevant to ask, at this point, whether achievable amplifier
performance has been properly reflected in the baseline system designs.
Three assumptions have been made with respect to performance:

1. Carrier-to-IM power ratio of 20 dB
2. DC/RF conversion efficiency of 25 percent

3. Total DC power computed as the product of
a. OC power for fully loaded.beam, and
b. Number of beam equivalents.

Assumption 3 is felt to be conservative, although it becomes less so as the
amplifier is operated more linearly to improve IM performance.

The first assumption may turn out to be optimistic. It was based on
the choice of a random set of frequency assignments. As explained above,
the advantage of this technique is reduced by IM products generated in
neighboring beams, particularly with a feed-cluster approach to beam
formation.

A possible increase in IM allocation can best be accommodated by
reduction in a pair of allocations:

1. Intersatellite co-channel interference
2. UHF downlink therma} noise.

Because of the corniservative nature of assumption 3 above, a limited reduc-
tion in thermal noise allocation can probably be accommodated with no
increase in required NC power,

Finally, it should be noted that the electrical power and (feed-
assembly) thermal-control subsystems for the two baseline designs are of
modest proportions, as determined from the satellite weight breakdown.
Therefore, a moderate increase in DC power requirements, if necessitated by
an increase in the IM allocation, can readily be accommodated.
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In summary, the state-of-the-art in UHF solid-state amplifier design
is not likely to improve significantly in the future. However, the ampli-
fier requirements based on the baseline designs can be satisfied with at
most a slight adjustment of the link noise/interference allocations. Thus,
the amplifier technology is not critical to a successful system design.

5.5 OTHER SUBSYSTEMS

The principal subsystems not already covered include: electrical
power, thermal control (for feed assembly), and reaction control. Tech-
nology for the latter two subsystems js mature. The electrical power
subsystem envisioned for the baseline satellite designs includes NiH2
batteries and GaAs solar cells. Both of these technologies are in a
developmental stage. They are currently available 6n1y in small
quantities. By 1990, however, the two technologies should be mature.

5.6 SUMMARY

The various technologies required for implementation of the baseline
satellite designs are summarized in Tables 5-1 to 5-5. In Table 5-1,
dealing with Configuration Technology, the added benefits that would derive
from enhancement of the STS capability or manned participation at LEO or
GEQ are pointed out. In this chart, only the 65,000-pound STS capability
and the MSAT-compatible OTV are essential for the baseline designs. In the
remaining charts, all cited technologies are needed, except for certain
active controls items in Table 5-3.

5.7 PRIORITIZATION OF CRITICAL TECHNOLOGY

Certain technology items, such as the STS and the 0TV, are obviously
essential to a successful MSAT mission. However, their development is not
dependent on the desire to implement MSAT. Moreover, at the present time,
adequate STS and OTV capabijlity by 1990 seems reasonably assured. Conse-
quently, launch and orbital-transfer vehicles will not be considered among
the critical technology items.

Instead, attention will be focused on technologies for which there do
not exist compelling applications. In these cases, technology development
hinges to a substantial degree on MSAT motivatior. This is not to say that
such technologies will not be undertaken in the absence of MSAT develop-
ment. In fact, large-space-structure technology has been in the
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development stage for a number of years under NASA sponsorship. However,
continued funding is not assured in the absence of strongly desired appli-
cations. For these technologies, MSAT can help to provide the necessary
motivation.

In this vein, technology prioritization wili be based on the absence
of current development efforts, as well as the importance of the technology
to a successful MSAT mission. By these criteria, the following ordering
has bezn established, with the most critical item heading the list.

1. Feed Assembly/Beamformer Network. No plans to develop this
technology presently exist. Control of co-channel inter-

ference, in particular, must be established to validate the
frequency re-use plan a Jpted.

2. Mast Configuration - RF Properties. No plans exist for the
development of this technoiogy either. It may be crucial to
the feasibility of a center-fed design or, for that matter, to
any alternative to the L-shaped mast of the offset-fed design.

3. Analytical Modeling/Testing. Analytical modeling, in combi-
nation with ground testing of scale models, is an essential
prerequisite to zero-g STS testing. Continued funding must be -
provided.

4, Adaptive Attitude Control. This involves development of a
controiler and the capability for modal characterization. It
is primarily a software development. Continued funding is
necessary.

5. Reflector/Mast Development. The critical reflector development
1S 1n the area of mesh management. Al] aspects of mast
development listed in Table 5-2 require attention. Funding
must be continued.

In this listing, the subject of active controls has been omitted, as
it is not incorporated in the baseline designs as currently envisioned. If
active damping end/or mast cabling should prove necessary, these would rank
Jjust below adaptive attitude control in priority.

Finally, the range and angular sensors included in the attitude con-
trol measurement system, structural materials, and the structural design
criteria have not been listed as critical items. While some additional
development is needed in these areas, the effort required is considerably
less than that for the listed technologies. ’
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6. TECHNOLOGY DEVELOPMENT PLAN

6.1 INTRODUCTION

The critical technology needed for the MSAT system was identified in
Section 5. In this section, plans will be described for the development of
these technologies. Task schedules are provided in this section, while
estimated development costs are defer~ad to Appendix H. Technology devel-
opment should be compieted in 1990 to enable launch of an experimental MSAT
in the 1995 time frame.

Each of the tubsystems involved will be examimed to determine the need
for flight verification. If required, flight testing will be an integral
part of the development program to be completed by 1990.

Development plans presented here are confined to satellite-associated
technology for System 1. As pointed out previously, special-purpose modems
have to be developed for use in the gateways of System l. In addition, a
new mobile-unit is required for the System 1 baselines, as well as for the
transportable units in System 3.

6.2 LARGE SPACE STRUCTURE

In Section 5, the technologies discussed typically apply to more than
one structural element. Structural development will be described in terms
of the two principal elements, reflector and mast. The attitude control
system and the measurement system will be discussed separately.

6.2.1 Reflector

A wrap-rib reflector has been selected for both the 46-meter offset-
fed antenna and the 62-meter center-fed design. Although a 10-meter wrap-
rib reflector was flown on ATS-6, Tittle of the experience gained from the
experiment is applicable to MSAT. The larger MSAT reflectors are very
flexible and are unable to support their own weight in a lg ground-test
environment. In addition, the MSAT reflector's dynamic characteristics
cause it to have a much greater influence on the spacecraft than the much
smaller ATS-6 reflector.

R5-002-83
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The objectives of the wrap-rib reflector development program are to:

(1) verify that analytical modeling has the zapability to accurately pre-

"dict the reflector's structural response, and (2) verify, through orbital
flight test, the capability of the reflector to deploy successfully.

i The development approach is to combine structural response characteri-
zation and deployment verification objectives into a single plan. Elements
of the development plan are illustrated in Figure 6-1. Low-key wrap-rib
reflector development is taking place at LMSC. Full-scale ground deploy-
ment tests on four ribs (three gores) have been performed. In addition,
analytical dynamic/control models are being developed for various large
space systems (LSS) applications. As shown in Figure 6-1, this effort
leads into a 1985 start for MSAT refiector development.

Ground testing of a scale model of the reflector is recommended for
the following reasons:

1) The size of the facility required to house the reflector makes
ground testing of a full-scale model impractical. Note that
the facility must tether the reflector, as well as close]y
control air currents and thermal environment.

A S A A T S T R

Al
~N
~—

A scaled reflector up to 15 meters in diameter may be tested
ideally in existing vacuum chambers. This would allow thermal
as well as dynamic tests.

3) The MSAT reflector is part of a larger family of LSS struc-
tures, rather than an isolated development. Confidence
acquired in the ability to predict full-scale behavior from
tests performed on scale models would benefit all LSS
applications.

o 5 TETETEE TR TN RGN e T R TR TR PR TR 3R TR

| 4) Recent computer developments (and storage capacity in particu-
g lar) make possible the sophisticated analysis tools needed for
> MSAT structural, thermal, and control models. These tools,
which are very cost effective once developed, permit the pre-
diction of full-scale performance from test results of scaled-
down models.

Ground testing of the reflector is illustrated in Figure 6-2. There
are aspects of the ground environment, however, that make it necessary to
supplement ground tests with flight tests. These are listed in Table 6-1.

It is seen that, except for the scale-model recuirement, the ground }imi-
tations are eliminated in the zero-g, vacuum conditions of space.
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Conversely, the concern for safety in STS testing is satisfied by

. using the same 15-meter model that has previously undergone ground testing.

This procedure also contributes to test predictability and tends to
minimize development costs. The remaining limitations of STS testing are
overcome through performing the tests in drift flight.

Use of the same reflector for ground and flight testing also makes
possible direct correlation of test results. Hopefully, with increased
experience, it will be possible to perform a greater portion of the needed
tests on the ground.

Use of the STS for flight test of a large deployable reflector was
originally proposed by JPL in the late 1970s. Alternately, TRW and other
aerospace firms have suggested that the Space Station could be empioyed to
develop large space antennas for application to communications and scien-
tific missions., Space Station would permit much more extensive testing of
the MSAT antenna than is possible while attached to the STS. However, it
is anticipated that, with suitable prior ground testing, STS testing over a
period of 6 to 12 hours will provide the needed empirical data. Also, it
is worth pointing out that the projected 1990 launch data for Space Station
coincides with the point at which MSAT development should be completed.

With an STS-attached test, full retrieval capability is proposed.
More detailed analysis is required to show that this choice is clearly more
effective than a non-retrievable free-flyer experiment. The combined
reflector and mast flight test is illustrated in Figure 6-3.

The reflector development schedule is shown in Figure 6-4.

6.2.2 Mast

Coilable masts, such as the Astromast, and other types of mechanical
deployable structures have seen extensive use in space. The MSAT mast
application is unique from two standpoints:

1) Stowage and stiffness requirements have resulted in mast
designs with large diameters (up to 3 meters), with many

articulations (joints) needed to maintain a straight, rigid
longeron after deployment.

6-6
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2) Unlike previous spacecraft, the MSAT mast couples two major
masses, namely, the main bus/feed and the reflector. Dynamic
response of the satellite is critically dependent on structural
characterization of the mast.

The objective of this development plan is to verify the deployment,
thermal, and structural-response characteristics of the articulated masts,

and to develop the analytical tools required to support these activities.

O0f the two baseline satellite designs, the offset-fed is the more
critical because of the L-shaped mast configuration. The mast connecting
to the reflector and that attaching to the bus are 23 meters and 69 meters
long, respectively. The development plan is based on this configuration.

The overall approach is given in Figure 6-5. Development rationale is
the rcame as stated previously for the reflector., The "short-leg," 23-meter
full-scale mast is selected for development. This size will not allow for
thermal vacuum testing. Dynamic and deployment/retraction tests are accom-
nlished on an air-bearing surface, or with the mast suspended from a test
fixture. This arrangement is illustrated in Figure 6-6.

The STS verification flight uses the 23-meter mast in conjunction with
the 15-meter reflector and feed system to provide a low-cost flight test of
all MSAT critical systems, as shown in Figure 6-3.

6.2.3 Attitude Control Subsystem (ACS)

The MSAT size and structural flexibility require that the ACS be able
to control satellite pointing without Yull knowledge of the structure
response characteristics. Some of the critical first mndes will be within
the ACS contro1'bandwidth, and the ACS must remain stable in their pres-
ence. Once the system is depioyed, a measurement system will help to
define the response modes, but a degree of uncertainty will remain. The
ACS controller is updated on the basis of the measured response, so that
eventually more accurate operational pointing is achieved. This procedure
is unlike that for other spacecraft programs, where ACS and dynamic
response are decoupled, with verification achieved on the ground prior to
flight.

The objective of the ACS controller/processor technology developmeht
plan is to design a stable, low-bandwidth, reconfigurable control system,
in support of an MSAT go-ahead decision in 1990.

' 6-10
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An overview of controller development is shown in Figure 6-7. The
critical step is to select a controller configuration based on on-going LSS
technology effort. TRW has in-house efforts underway, and NASA has sup-
ported numerous controller studies with industry under its LSS program.
Factors affecting the selection of controller configuration include:

o Degree of dynamic structural identification

® Expected scatter in structural damping knowledge
e Scale-test correlation_ to full-scale ACS

o Control-law stability and adaptability

Once the controller configuration has been selected, its dynamic char-
acteristics must be defined through the following types of tests:

¢ Open-loop response - linearity with increased input signal
e (losed-loop response - phase and gain margins

e Disturbance rejection, tuning

e Adaptability tn system malfunction

With the controller characteristics defined, a test program can be
undertaken in conjunction with the reflector and mast development. This
would include both ground and flight tests. The test program would be
designed to verify:

e Stability during deployment

e Pointing performance before and after reconfiguration (i.e.,
structural charactarization)

e Stability during disturbances (e.g., solar pressure, thermal
changes)

e Compatibility with Orbiter disturbances (e.g., jet firings)

The schedule for the controller development is shown in Figure 6-4.
This plan parallels the structural development and uses structural tests to
develop and verify controller performance.

6.2.4 Mgasurement System

The measurement system must provide real-time position data of struc-
tural elements to aid in characterization and control of structural

6-13
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response. This system must perform to an accuracy measured in millimeters,
at ranges approaching 100 meters. It must perform this function without
influencing the structural response of the system.

Conceptual design of an MSAT measurement system has been developed as
part of this study and is described in a separate report. A typical mea-
surement configuration, as applied to the reflector, is shown in Figure 6-8.

The key technology drivers in the development of a measurement system
are:

e Data rates and data-reduction techniques to provide adequate
model response characterization

e Size and weight of telescope sensors

e Discrimination capability against star background or sun

The measurement system development schedule to support other MSAT
development is shown in Figure 6-4.

6.3 UHF ANTENNA

The antenna development is concerned primarily with the feed/beamformer
combination. In addition, however, a mast structure must be devised which
leads to acceptable RF performance while minimizing structural aspects of
the attitude control problem. Reflector development has been considered in
Section 6.2, under the Large Space Structure heading. Satisfactory RF
performance of the reflector can be guaranteed by satisfaction of structural
and thermal specifications.

Two baseline satellite designs were presented for System 1, one
offset-fed and the other center-fed. The center-fed option is the pre-
ferred configuration, provided satisfactory RF performance can be achieved.
Some RF degradation will result from mast effects. It is suggested, there-
fore, that mast tests precede feed/beamformer development. Otherwise,
parallel center-fed and offset-fed developments would be required. This
may be necessary to a limited extent anyway, to avoid having the schedule
jeopardized by possible rejection of the center-fed option.

The development schedule for the antenna subsystem is shown in Figure
6-9. It is important to note that there is no requirement for flight
testing in any of the tasks.
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6.3.1 Feed/peamformer Network

The major goals of the feed/beamformer development are:
o Co-channel beam isolation greater than 25 dB
o Beam peak-gain efficiency greater than 40 percent
o Beam scan capability of 8 HPBW

o Configuration beam spacings (i.e., crossovers) at the HPBW
contour
Completion of the development plan will result in the following design
information: reflector shape parameters, recommended feed-element type,
feed-cluster arrangement, feed-element placements, beamiormer configura-
tion, beamformer phase and amplitude distribution per beam location, beam-
former performance, and antenna performance.

RF performance of the multibeam antenna system is substantiated by a
combination of analysis, hardware design, and measurement. Analytical
modeling is used to determine the reflector parameters and ali pertinent
feed parameters. Hardware design, fabrication, and test is employed to
deveiop a breadboard scale-frequency model based on the analytical model.
Hardware verification is essential because of the high co-channel beam
isolation requirement and the inability of analysis to accurately predict
sidelobe levels.

The farthest scanned beam locations provide the most difficulty in
meeting the combined gain and beam-isolation requirements. Therefore,
essentially the full feed system needs to be modeled for test purposes. A
full-scale breadboard feed/beamformer development will verify the electri-
cal and mechanical design based on the scale-frequency development. One
objective is to demonstrate the capability of folding and deploying the
feed array, transmit beamformer, receive beamformer, and diplexer
combination, while preserving electrical integrity.

The feed parameters determined through analysis include required feed-
element radiation patterns, feed spacing, number of elements in each
cluster, and power and phase distribution as.a’function of scanned beam
location. With these parameters defined, several candidate feed elements
can be identified. A convenient scale frequency needs to be selected so
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that each candidate feed system can be easily tested and secondary tests
run. To test a feed system, a beamformer model needs to be designed,
fabricated, and tested. (This beamformer is used for test purposes only.)
The scale-frequency beamformer can be as simple as. & set of coaxial lines
cut to specified electrical lengths, combined with power dividers or
hybrids, and possibly coaxial attenuators. Another test-beamformer
approach is to simulate the full-scale design to ascertain if undefined
problems are present and to gain insight into beamformer performance
capabilities.

The candidate feeds must be tested as individual elements and also in
a clustered arrangement. The purpose of these tests is to determine the
effect of mutual coupling between feeds. Next, the candidate teed clusters,

- together with the test beamformer, need to be examined for pattern and gain

characteristics. (The arraying of individual elements in a cluster tends to
negate the effect of mutual cross-coupling.) The feed-cluster data obtained
from the latter measurements are then input to the theoretical models for
feed-element selection. After feed-element selection, it is necessary to
fabricate nearly the entire feed-element array for testing with a reflector.

Secondary pattern and gain tests with a reflector constitute the final
feasibility demonstration. Performance contour data are required on one-half
of the beam array to correctly define co-channel beam isolation for an offset-
fed reflector, The reason is that the offset-fed reflector exhibits different
perfarmance characteristics when a beam is scanned upward, as opposed to down-
ward, in elevation. For a center-fed reflector system, which is symmetric in
all directions, only a quarter of the beams need to be tested to determine the
full performance. Final co-channel beam isolation is obtained by reflecting
the measured beam performance about the boresight and reducing the sidelobe
data.

Packaging of the transmit and receive beamformers, together with the
associated diplexors and RF amplifiers, constitutes a difficult design
task. As presently configured, these units are physically attached to the
feed-element structure and must withstand extreme environmental temperature
changes, in addition to surviving the deployment process. The approach
required to demonstrate performance and mechanical integrity involves the
design, fabrication, and test of a full-scale feed/beamformer system.
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Beamformer development begins with the selection of candidate
concepts. Possible approaches will be influenced by selection of the feed-
element type and cluster arrangement. Therefore, beamformer development
should be delayed until the feed system has been defined.

The next step is to develop detailed designs of one or two of the
concepts. Analysis of the candidate designs will lead to a selected con-
cept. At this time, it must be determined how much of the feed/beamformer
system needs to be modeled for verification purposes. Once this decision
is made, fabrication of the unit will disclose any manufacturing or assem-
bly probiems.

The full-scale breadboard beamformer unit should be tested for the RF
parameters of VSWR, loss, amplitude distribution, and phase distribution.
Mechanical tests of folding and unfolding the feed assembly will ensure RF
integrity under deployment conditions. The uhit should also be subjected
to environmental conditions to determine if the materials can withstand
thermal-cycle stresses.

6.3.2 Mast(Center-Fed Design)

The offset-fed satellite design, with its L-shaped mast, does not
present an RF design Jroblem. An alternate, single-mast design, which
provides a direct coni.ection between the reflector apex and the offset feed
location, has been suggested as a means of alleviating the structural
problems of an offset feed/reflector geometry. To assess this possibility,
the RF effect of such a mast must be determined.

The feasibility of the center-fed zatellite design, by comparison,
depends on developing a mast configuration that degrades RF performance
only minimally. Sidelobe performance of a center-fed antenna depends on
feed blockage, feed/mast coupling, and reflector/mast coupling.

To minimize feed/mast interaction, the preferred mast design is a
triangular open truss configuration. A suitable tie-in to the multiple-
feed system must be chosen. One approach is to have the tie-ins terminate
in truss tubes which are positioned orthogonally to the feed assembly. The
length and diameter of the tubes, as well as the truss diameter and
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material, must be chosen to minimize RF coupling effects. A key question
to be answered is: must the truss material be RF transparent (e.g., Tiber-
glass), or can it be a graphite-epoxy layup or perhaps aluminum?

Understanding of the mast configuration must be obtained by test.
Theoretical analysis has not progressed to the point where coupling effects
can be modeled with sufficient accuracy to verify the low sidejobe levels
required. Scale-frequency model tests are the most reliable for selection
of an appropriate mast design. It is reasonably simple to design a mechani-
cally acceptable feed/reflector test system that can handle a variety of
interchangeable mast configurations. The reflector size, in terms of wave-
length, need not be as large as that anticipated for MSAT. Mast effects
measured on an electrically smaller reflector can be used to predict
performance on an electrically larger design.

To test a series of mast configurations, test feed systems and beam-
formers must be devised. A cursory analytical trade is needed to determine
a test feed-cluster configuration in terms of element spacings, number of
feed elements, and the required amplitude and phase excitations. Low
sidelobe performance should be the principal criterion in this selection.
With this approach, the far-lobe region can be monitored for RF effects.
Therefore, the selected test feed system need not produce the close-in low
sidelobe levels. The least risky approach would be to use the suggested
7-element array of microstrip elements. This cluster arrangement could be
used to test variants of the offset-fed mast as well as center-fed mast
candidates.

Once the theoretical reflector/feed-cluster trades for the test system
are complete, the feed elements must be fabricated and tested individually.
A relatively large number of elements is needed to provide for off-axis
beam tests and to ensure validity of coupling effects. The test beamformer
would be constructed from coaxial lines, coax attenuators, controlled line
lengths, and power dividers.

Reflector/feed-cluster tests without a center mast need to be made to
establish a baseline set of contour patterns. Different beams locations
from boresight to the farthest scan beam lccation need to be characterized.
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Measurement of sidelobe performance with various mast configurations is the
Jast task. The initial configuration is the open triangular truss configu-
ration described above. Other approaches are possible if difficulties
arise with the baseline :ast configuration. The other approaches involve
configurations that intersect the feed system from the back side.
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7. CONCLUSIONS

The technical feasibility of LMSS depends on the size of the
subscriber population and the gecsynchronous payload capability of the
Jaunch vehicie. The system concepts investigated in this study will be
assessed yn terms of scenario B, which projects a subscriber population of
350,000 at the end of a 7-year system life (corresponding to the year

2002). The satellite designs are based on a 10,000-pound payload
capability. |

System 1 will be considered first. Two distinct regulatory environ-
ments were examined: one in which a pair of 10-MHz exclusive allocations
is granted for LMSS, and a second in which LMSS shares the two 20-MHz
cellular bands. For the latter case, it was concluded that.compatibility
cannot be achieved using 5-KHz peak-deviation FM (PDFM), the narrowband
alternative to the 12-kHz PDFM employed in cellular systems. However,
digital techniques such as LPC offer the promise that compatible operation
could become a reality.

With a 10-MHz exclusive allocation, it was found necessary to: (1)
abandon cellular compatibility in favor of the narrower FM format, and (2)
employ multiple satellites, to accommodate 350,000 subscribers geographi-
cally distributed in accordance with the non-SMSA population of CONUS. The
requirement for multiple satellites forces the user to employ an antenna
designed for satellite discrimination. A preliminary analysis indicates
that a phased array of reasonable proportions is not suitable for this pur-
pose. However, satisfactory discrimination can be realized with a mechani-
cally steerable antenna, abcut 2 feet in length, which maintains the
desired pointing direction through a monopulse tracking system.

This relatively complex user antenna can be avoided by adopting a
digital format such as LPC. The latter requires 6-kHz carrier spacing as
compared with 12-kHz for 5-kHz PDFM. Halving the carrier spacing permits
the EOL s:stem traffic to be carried on a single satellite, rather than the
pair of satellites envisioned for FM transmission. In a single-satellite
system, the user antenna need only provide sufficient gain, at elevation
angles greater than 20 degrees, to hold the required satellite power to a
manageable level. '
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With a shared frequency allocation, the required frequency re-use
factor is independent of the modulation format, because 30-kHz carrier
spacing is needed for frequency interleaving with the cellular system.
Thus, despite the use of LPC, 2 satellites are required to accommodate
350,000 subscribers. In fact, the satellite design is similar to that for
the baseline, exclusive-allocation system, which employs 5-kHz PDFM.

One distinction should be observed, however. A mobile unit in a
shared-allocation satellite system must be prevented from operating in this
mode whenever it is within the range of a cellular-system base station. If
the user also subscribes to the cellular service, the unit may be switched
to base-station control at these times.

With an exclusive LMSS allocation, on the other hand, there is no
possibility of interference between the two systems. Thus, a satellite
mobile can continue to communicate through the satellite regardless of its
Tocation. It will be Timited only by propagation factors such as shadow-
ing, which can be extremely severe in an urban environment (Reference 7-1).

Two different satellite designs were developed for a 2-satellite sys-
tem based on 5-kHz PDFM and a 10-MHz exclusive allocation. Une employs an
offset-fed reflector, and the other a center-fed reflector. The reflector
diarmeters are 46 meters and 62 meters, respectively; the corresponding
mein-mast lengths are 69 meters and 46.5 meters. Both designs are based on
use of a wrap-rib reflector.

The offset-fed design has very little structural stiffness. Conse-
quently, maintaining the proper feed/reflector geometry is a difficult '
technical problem. vonsiderable large-space structure technology develop-
ment is required in this area.

The center-fed design, by contrast, is relatively rigid. However, its

1
scrsTroaa

sidelobe properties fc~ multibeam operation are inferior to those of the
offset-fed design. Further investigation is required to substantiate this
aspect of performance. .

Finally, a sizable development effort is required to design the feed
array and associated beamformer network for either satellite configuration.

The MSC for the baseline System 1 configurations is shown in Figure
7-1. The specific curve shown corresponds to the center-fed design; however,
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there is little difference between this curve and the one for the offset-fed
design. In addition to the MSC, an LMSS subscriber incurs a per-call charge
for the gateway/iand-user portion of the circuit. It is estimated that the
latter charge will typically add $80 to a user's monthly bill. It should be
emphasized that the MSC depicted in Figure 7-1 does not include the cost ot
leasing the mobile unit.

In 1ight of the recent NASA petition to the FCC requesting a pair of
4-MHz exclusive allocations for LMSS, it is appropriate to assess the
implications of such a bandwidth constraint. The factor-of-2.5 reduction
in bandwidth necessitates a similar increase in the frequency re-use factor
for the system, if it is to serve the same EOL population. Whereas 2
satellites are needed for a 10-MHz allocation with 5-kHz PDFM, 4 satellites
would nominally suffice with a 4-MHz allocation, because of the weight
margin in the baseline designs. However, because of the high subscriber
density in Eastern CONUS and the need to maintain a large longitudinal
separation between satellites for user discrimination, the desired capacity
would not in fact be achieved.

The scenario B EOL population can be accommodated in a 4-MHz alloca-
tion by adopting the narrower-bandwidth LPC format. Two satellites would
be required in this case, necessitating the more compiex forn of user
antenna.

A single-satellite system, permitting use of a simple user antenna, .
would be appropriate with a 4-MHz allocation only if the EOL subscriber
population is substantially reduced. The problem with such a system design
is the relatively high associated MSC. This can be appreciated by co.-
sidering the total space-segment cost, which includes a substantial non-
recurring component, as well as both ground and on-orbit spares. In
reducing the number of operational satellites from 2 to 1, the total space
segment cost is only reduced by 18 percent, while the revenue stream is
halved (assuming that the number of subscribers in each year is nalf that %
for a 2-satellite system). =

Regardiess of the frequency allocation that may ultimately be made for ;
LMSS, the advantages of minimizing the carrier spacing are obvious. LPC, =
in combination with FSK modulation, has been suggested as an embodiment of ot
a narrower transmission format. The specific development referred to
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(Reference 7-2) uses a voice-encoding bit rate of 2.4 kb/s. The recon-
structed voice quality must be assessed in comparison with that resulting
from FM transmission.

Further development of narrowband digital techniques can be expected
in coming years, since bandwidth efficiency will be a prime requirement for
non-telephonic applications of land-mobile radio. It is quite possible,
therefore, that corresponding mobile-unit development will have progressed
to the point where only relatively minor modifications are needed for LMSS.

The space-segment costs required to extend radio-telephone service
beyond the areas served by cellular systems can be greatly reduced by
utilizing translator stations to concentrate the mobile-unit traffic in the
manner of System 2. Based on a 40-mile-coverage radius and a system of
translators that covers 50 percent of CONUS, the required MSC is substan-
tially reduced from the MSC associated with System 1 (see Figure 7-1).

There are uncertainties associated with the propagation aspects of
System 2, however. A closer look at the coverage area attainable with a
500-foot tower (and reasonable EIRP values for the translator and mobile
units) in the less remote, rural regions is needed to substantiate the MSC
values. If, for example, the translator density must be increased by 40
percent (corresponding to a coverage radius of 34 miles), the MSC increases
by slightly more than 20 percent.

On the other hand, a higher density of translators in certain rural
areas might be accompanied by a greater-than-average subscriber density.
This combination would tend to reduce the required MSC in these areas.

The increase in space segment cost occasioned by provision of LMSS to
(transportable) users outside the regions that can profitably be served by
System 2 has a significant impact on the MSC (see Figure 7-1). It is
assumed that the "transportable" service is subsidized by the System 2 sub-
scribers, to the extent that a common MSC is imposed on both user classes.
Otherwise, the charge for transportable service would be prohibitive for
the great majority of prospective subscribers.

Two comments are in order regarding the use of Figure 7-1 tovcompare
the economics of the three systems considered. First, the MSC for each
system should correspond to an IRR that reflects the risk inherent in the
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project. It might reasonably be argued that the large space structure in
System 1 represents a larger technological risk than is found in System 2, g
and that System 3 falls somewhere in between from a risk standpoint. It v
follows that the actual MSC disparity between systems is larger than that
obtained by consideration of a fixed IRR.

Secondly, the MSC depends on the subscriber scenario. If the annual
percentage growth of the subscriber population is assumed to be the same
for all three systems, the subscriber scenario may be characterized by the
EOL population. Identical EOL populations were assumed for all three
systems (namely, that corresponding to scenario B). Clearly, however, the
actual number of subscribers will vary inversely with the MSC imposed.
Therefore, a difference in MSC between systems can only be accentuated by
taking into account the demand elasticity for land-mobile satellite
communications.
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APPENDIX A - MONTHLY SERVICE CHARGE COMPUTATION

The flow diagram of Figure A-1 shows the method by which the MSC is
calculated. This is an iterative process. It is also a comprehensive
process in that system traffic, revenue, costs, taxes, and cash flow are
assessed against the present value criterion. The correct MSC is obtained
when the present value of the system cash flow is zero, when discounted at
the required rate of return.

The diagram contains two distinct loops. The primary loop is on the
right side (from "Start" to “System Present Value") and represents the
accounting and discounting of cash flow. The left side of the diagram is a
subordinate process which reflects the calculation of taxes and time-phased
costs. Total Revenue is a factor in both processes; thus the loops are
interdependent.

The time distribution of revenue, cost, and expenses is denoted by the
subscript "t" in the diagram. Time invariant quantities include MSC,
system present value, economic life, schedule, and total acquisition cost.
The MSC adjustment varies with the degree of closure in the iteration. Al}l
other variables are evaluated for each period of time (year) and are
subject to the summation loop of the right-side process.

A detailed explanation of the various items required for the MSC
calculation is provided below.

Cash Flow Process

Start-Service Charge. An initial guess at the appropriate MSC
starts the iterative process.

Traffic. Traffic in year t is taken from the designated traffic
scenario and multiplied by the MSC to calculate nominal revenue.
Traffic and revenue will be zero during the years of system
acquisition prior to operations.

Salvage. This is the residual value of system assets at the end of
the system 1ife cycle. It will be equal to depreciable cost minus
depreciation taken throughout the life cycle. It is an addition to
revenue, representing the sale of the system, occurring in the
final year.

Total Revenue. The sum of Traffic times Service Charge, plus
Salvage, for year t. An input to the Tax calculation.

A-1
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Taxes., Taxes to be paid in year £, based on Revenue minus Expenses
(see below).

Costs. Actual costs incurred for development, production, or
operations and maintenance in year t,

Investment Tax Credit, 10 percent of the actual investment, taken
immediateiy.

Net Cash Flow. Total Revenue minus Taxes minus Costs plus
Investment Tax Credit. The net amount of cash received in year t.

e'rt. The continuous discounting factor which adjusts the Net Cash

FTow of year t to present value in year 0. The parameter r is the
real rate of return on investment required by the investor.

Present Value Cash Flow. The present value of the year-t cash flow.

System Present Value. Sum of the Present Value Cash Flow for all
years t 1n the system life cycle, leading to the net return on
investment, If this value is positive, a return greater than r is
being earned and the MSC initial guess was too high; and vice
versa. A better estimate of the MSC is made and the process is
repeated unti] the System Present Value is reasonably close to
Zero.

Tax and Time Phasing Process

0&M Costs. These costs are combined with Depreciation in year t to
yield Total Expenses. The latter is subtracted from Total Revenue
to yield Taxable Profit, which is multiplied by 0.46 to obtain
Taxes in year t.

Depreciation. The result of analyzing Total Acquisition Costs, the

Economic Life of the asset, and the Schedule of asset introduction.
Straight-line depreciation is assumed.

Acquisition Cost. Results from the time-phasing of Total

Acquisition Cost in accordance with the Schedule.
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APPENDIX B =~ INTERFERENCE IN SHARED-ALLOCATION SYSTEM

In the probosed shared-allocation system, both the sateliite mobiles
and the terrestrial mobiles transmit in the 825-845 MHz band, while the
satellite and the base stations transmit in the 870-890 MHz band. Carrier
spacing in either system is 30 kHz. However, the carrier frequencies in
one system are interleaved with those of tha other to provide a minimum
spacing of 15 kHz between carriers of the two systems. Additionally, a
more narrowband modulation is used in the satellite system, to further
reduce interference between the two systems.

For the given frequency allocations, there are four interference
modes:

1, Sateilite mobile into terrestrial base station
2. Terrestrial base station into satellite mobile
3. Satellite into terrestrial mobile
4. Terrestrial mobile into satellite.

These will be considered in turn. The various quantities that enter into ‘;
the calculations are defined in Table B-1.

The feasibility of a shared-allocation system will be analyzed for the
case where the satellite system uses 5-kHz peak-deviation FM. Tolerable
carrier-to-interference (C/I) ratios, based on "slightly perceptible"
interference, have heen measured for this situation. The following results
were obtained:*

1. For interference from the satellite system into the terrestrial
system, the minimum acceptable C/I is 3 dB.

2. For interference from the terrestrial system into the satellite
system, the minimum acceptable C/I is O dB.

In establishing these C/I criteria, the interference was the dominant
degradation present; in particular, thermal noise was negligible by
comparison.

*
Private communication from Dr. James J. Mikulski of Motorola.
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Table B-1. List of Symbols
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Interference-to-noise ratio for terrestrial base station

Interference-to-noise ratio for terrestrial mobile

Interference-to-noise ratio for satellite mobile

Satellite uplink carrier-to-interference ratio

Minimum carrier-to-noise ratio to access terrestrial system

Minimum downlink carrier-to-thermal noise ratio

Satellite-mobile EIRP toward base station

S8

ETH = Terrestrial-mobile EIRP toward horizon

GSS = Satellite-mobile antenna gain in satellite direction

GSB = Satellite-mobile antenna gain toward base station

GTH = Terrestrial-mobile antenna gain toward horizon

GTS = Terrestrial-mobile antenna gain in satellite direction

NFS = Satellite-mobile noise figure

NFT = Terrestrial-mobile noise figure

ALP = Reduction in §ate11ite mobile/buse station propagation loss
during satellite call

L;g = Satellite pointing loss for terrestrial mobile

LLU = Terrestrial-mobile multipath loss with respect to satellite
transmission

Lg = Propagation loss due to shadowing of terrestrial mobile

B-2
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For interference from terrestrial mobiles into the satellite, a C/I
estimate is readily calculated. For the other three interference modes
Jisted above, it is more convenient to compute the ratio of interference-
to-thermal noise power (I/N). Values of I/N equivalent to the required C/I
values are obtained by observing that I/N = (C/N)/(C/1), where C/N is the
required carrier-to-thermal noise ratio. The latter quantity will be taken
as 12 dB for either system. Accordingly, the maximum acceptable I/N values
are:

1. For interference into the terrestrial system, 9 d8
2. For interference into the satellite system, 12 uB.

Since the permissible levels of interference were established with no
other significant sources of noise or interference present, the above I/N
values must be regarded as optimistic. Furthermore, should the required
C/N values exceed 12 dB, the corresponding I/N values would have to be
raised accordingly.

Satellite Mobile into Terrestrial Base Station

The term satellite mobile refers to a unit that has the capability to
communicate via satellite. It is assumed that such a unit will request a
satellite circuit only after having fried and failed to access the
terrestrial system. In any event, satellite operation must be precluded
when the user is within range of a terrestrial base station. Accordingly,
a satellite mobile which is just outside the range of a terrestrial base
station presents the greatest interference potantial to the terrestrial
system. i

The interference introduced by a satellite mobile in this situation
can be expressed in terms of the maximum carrier-to-noise ratio at the base
station for which an access attempt is unsuccessful (or, equivalently, the
minimum carrier-to-noise ratio, (C/N)T, that results in a successful access
attempt). Since the mobile switches to a different antenna for satellite
transmission, the interference power received by the base station differs
from the carrier power received during the terrestrial access attempt by
the difference in mobile EIRP in the two cases. The mobile EIRP toward the
herigen while in the terrestrial mode is assumed independent of azimuth.

{r the satellite mode, however, the mobile EIRP will generally vary with

B-3
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azimuth whenever the mobile antenna exhibits significant directivity. The
mobile EIRP toward the base station while in the satellite mode is denoted
by ESB; the horjzon value in the terrestrial mode, by ETH‘

Because of the motion of the mobile, propagation conditions between it
and the base station during a satellite call may vary from the conditions
prevailing during the unsuccessful attempt to access the terrestrial
system. The symbol ALP is used to represent the reduction in propagation
loss during this period.

The I/N value corresponding to a satellite mobile just outside the
range of a terrestrial base station is:

I C
= = - Epy + Eqp + AL (B-1)
N 18 N 1 TH SB P

No interference reduction is assumed to result from the polarization
difference between the two systems (circular for the satellite and linear

for the terrestrial) because of the unknown axial ratio of the satellite
mobile in the direction of the base station.

The value of ESB is obtained by modifying the uplink EIRP of the
satellite mobile for the lower antenna gain in the direction of the base
station. The uplink EIRP for the baseline mobile-unit antenna design is
12.8 dBW (see Table E-2). Therefore:

Eqg = 12.8 - Ggg + Ggg (B-2)

where GSS and GSB are the values of the mobile anternna gain in the
direction of the satellite and base statiom, respectively.

The carrier-to-noise ratio required to access the terrestrial system
is approximately 11 dB. Also, for a 3-watt mobile transmitter, ETH is
typically 8.2 dBW. Therefore, the interference-to-noise ratio for the base
station becomes:

I

R TB
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The difference in mobile-unit antenna gain, 4G = GSS - GSB’ depends on
the type of antenna used. For the mechanically steerable antenna suggested
in Section 2.3.5 for use with multiple-satellite systems, AG varies over a
wide range, depending on the azimuth of the base station relative to the
azimuth of the wanted satellite. If the two azimuths are the same and the
antenna boresight is fixed at an elevation angle of 45 degrees, AG can be
as small as 2 dB. On the other hand, for a 90-degree difference in
azimuth, AG is more than 20 dB.

If it is assumed that ALP = 0, it can be seen from equation B~3 that
the required 9-dB value of (I/N)TB is met if 4G > 6.6 dB. With the 2-dB
worst-case value of AG, (I/N)TB is too large by 4.6 dB. A reduction in
(I/N)TB by this amount requires an increase in mobile-unit/base-station
distance by a factor of 1.3. With a nominal cell radius of 8 miles,
satellite mobiles more than 10.4 miles from the base station meet the
interference requirement.

Terrestrial Base Station into Satellite Mobile

The interference received by a satellite mobile that has just failed
to access the terrestrial system is given by (C/N)T - GTH + GSB’ where GTH
is the mobile antenna gain toward the horizon when in the terrestrial mode.
The terrestrial system is normally designed for balanced transmission
between base station and mobile units, based on comparable noise figures at
either end. The unsuccessful terrestrial access attempt is therefore
presumed to have occurred with the equivalent of a terrestrial-system
receiver employed in the satellite mobile, This noise-figure distinction
results in greater satellite-mobile sensitivity to base station
interference, '

The interference-to-noise ratio for the satellite mobile is given by

I _|cC .

where ANF = NFT - NFS is the noise-figure differential between the terres-
trial and satellite systems. Typically, aNF = 9 - 3 = 6 dB, Consistent
with previous assumptions, GTH = 3.4 dB. The worst-case (i.e., maximum)
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value of GSB is about 7 dB, corresponding to a base station at the same
azimuth as the mobile-antenna boresight.

For this worst case, and with alp = 0, (I/N)SM = 20,6 dB, This is
8.6 dB greater than the value corresponding to "slightly perceptible”
interference. A reduction in the level of the interfering signal by this
amount would result from an increase in mobile-unit/base-station distance
from 8 to 13.1 miles.

Satellite into Terrestria] Mobijle

The interference presented to a terrestrial mobile can be computed
from the design parameters of the satellite downlink. The carrier power
received by a satellite mobile depends on its location with respect to the
center of the assigned satellite beam (i.e., on the pointing loss) and on
the multipath loss encountered. The minimum downlink carrier-to-noise
ratio, with these effects accounted for, is represented by (C/N)td'

The reduction due to multipath of the interference seen by the
terrestrial mobile will be reprosented by L;u. The interference level is
further reduced by any shadowing, Lg, of the terrestrial mobile. It is
also reduced by 3 dB as a result of the difference in polarization between

the satellite and terrestrial systems.

The interference-to-noise ratio for a terrestrial mobile near the
center of one of the satellite beams is given by:

l_) + (Q) - LT - LT - Gee + Gye + NFo - NFL + 7 (8-5)
( N/ m N/ ed Mu S SS TS S T

where GTS is the antenna gain of the terrestrial mobile in the direction of
the zatellite, and the satellite-system maximum pointing loss and multipath
allowance are both taken as 5 dB.

The terrestrial mobile antenna has a broad gain pattern. Since the
satellite may be at a low elevation angle, GTS will be taken as 3.4 dB, the
value previously assumed for the gain toward the horizon.

While shadowirg in urban areas can be extremely large (Reference B-1),
it is strongly dependent on the line-of-sight direction to the satellite.
Shadowing is far less likely in suburban or rural areas. The term LS is
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therefore set equal to zero in estimating the interference into an
individual terrestrial mobile. With the aim of computing a worst-case

value of (I/N)TM, LT will also be taken as zero.

According to Table E-5, the values of (C/N)td and GSS are 14.5 dB and
9 dB, respectively. The corresponding value of (I/N)TM is 9.9 dB. This is
0.9 dB higher than the value corresponding to slightly perceptible inter-
ference. However, since worst-case assumptions were made in several
respects, it is likely that noticeable interference would be reported by a
relatively small percentage of terrestrial mobiles.

Terrestrial Mobile into Satellite

The final interference mechanism, and the one likely to prove most
troublesome, is from the terrestrial mobiles into the satellite. In this
case, the interference will be assessed by the uplink carrier-to-
interference ratio, (C/I)SU

In general, a number of cells of the terrestrial system will be
encompassed by a single satellite beam. Interference can therefore be
received simultaneously from several terrestrial mobiles at the same
frequency. Moreover, with the carrier frequencies of the satellite system
interleaved with those of the terrestrial system, two sets of co-channel
carriers (one on either side) contribute to interference experienced by a
given satellite-system carrier. Finally, it should be noted that the
terrestrial-system carriers are gener&lly not voice activated, so there is
no corresponding dilution of the interferance power.

The effrct of any single interferer can be evaluated by comparing the
wanted and unwanted received signal levels at the satellite. The
satellite-mobile EIRP in the direction of the satellite is 12.8 dB (see
Table E-2). Consistent with previously stated assumptions, the
terrestrial-mobile EIRP in the same direction is 8.2 dBW. The satellite
pointing loss at the location of the satellite mobile is assumed to be the
maximum value of 5 dB. Furthermore, the wanted signal is assumed to
undergo a multipath loss equal to the full 5-dB allowance. On the other
hand, the unwanted signal undergoes a 3-dB polarization loss. The
resulting carrier-to-interference ratio is given by:

B-7
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(T-)S = LPg + LMu + Ls - 2.4 (B~6)
u

where ng is the satellite pointing loss for the terrestrial mobile. It is

seen that the carrier-to-interference ratio for a single interferer can be

. quite variable, depending on the values of the three loss terms.

Up to this point, the terrestrial-mobile EIRP has been treated as a
constant, namely 8.2 dBW, corresponding to a 3-watt transmitter, However,
the terrestrial base stations have the capability to reduce mobile transmit
power with decreasing distance, so as to maintain a more nearly constant
received signal level. Within a cell of maximum size, exercise of this
capability will reduce the average EIRP by only about 2 dB. However, as
the larger cells are subdivided to provide increased system capacity,
sizable transmit power reductions can result. Since these power reductions
will be occurring as the number of terrestrial subscribers is increasing,
the net effect will be to 1imit (or conceivably reduce) the level of
interference- seen at the satellite.

TR T e R o AETTARE R S

For simplicity, each terrestrial mobile will be assumed to transmit
either at maximum power or at negligible power. The carrier-to-
interference ratio experienced with N effective interferers can be written
as:

T MR SRR SR TR T e e T

c) _(T) (T)
- = (L + (L - 10 log N - 2.4 (B-7)
( I sy P9/ av Muj ay

where the indicated averages are taken over the N interferers and where
shadowing effects are assumed negligible. The average pointing loss is "3 :

ST TR R R T
ES
S |

1-2 dB. It will arbitrarily be assumed that the average multipath loss is
2 dB. It is then approximately true that:

C) =1 -10 10
=1- g N (B-8) ..
(%), _

! The number of effective interferers on a given frequency can be
estimated from the anticipated terrestrial subscriber population. On
E average, the capturable market is estimated to be at least 0.5 percent of
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the total population.* The number of subscribers lying within a single
satellite beam will be greatest in the northeast part of CONUS. With 20
Miiz of spectrum available, about 60 beams are needed in a 2-satellite
configuration to providé system capacity corresponding to subscriter
scenario B (see Figure 2-15). In the Northeast Corridor, as much as 10
percent of the subscriber population (about 125,000 users) could be
captured in a single satellite beam. With each subscriber generating an
average of 0.026 erlang of traffic during the busy hour and 666 carrier
frequencies available, there will be an average of 5 users per freguency.

Several of these subscribers (e.g., in the New York City area) can be
expected to operate in cells of reduced size. If it is assumed that half
the subscribers produce negligible interference, there will be only an
average of 2.5 effective interferers (i.e., those operating in cells of
max imum size) on any frequency.

In the areas covered by most other satellite beams, there will be
less need for frequency re-use within a cellular system. Consequently,
although the number of subscribers per beam will be smaller than in the
Northeast Corridor, there may be a comparable amount of interference in
many cases._

Because the proposed set of frequencies for the satellite system is
interleaved with that 4r the terrestrial system, there are 2 frequencies in
the latter system that can interfere with each frequency in the former
system. In all, therefore, there will be 5§ effective interferers with each
carrier of the satellite system.

For 5 effective carviers, (C/I)Su = -6 dB. This is 6 dB less than the
required value. Moreover, if base stations should not exercise power
control in the cellular systems, (C/I)Su would be 3 dB Tower. Finally, it
should be pointed out that some prospective cellular-system operators pro-
ject the eventual market to be several times higher than the 0.5-percent-
of-the-population estimate made here. If these more optimistic projections
should materialize, the interference experienced at the satellite would be
correspondingly higher. '

*Sdggésted by Mr. Jim Caile of Motorola.
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APPENDIX C - USER ANTENNA REQUIREMENTS

The feasibility of the multiple-satellite concept hinges on the
protection that can be provided against co-channel signals from other than
the assigned satellite. A set of 5 extreme locations within CONUS was
selected as a means of testing the adequacy of any proposed user antenna
design. These are indicated in Table C-1, along with the satellite/user
coordinates for the 3-satellite configuration and the line-of-sight (LOS)
separation between pairs of satellites. Similar data for the 2-satellite
case are given in Table C-2. The separation between adjacent satellites,
as seen by the user, ranges from 35 to 38 degrees, while the angle between
the outer satellites in a 3-satellite configuration always exceeds 70
degrees.

The proposed antenna concept is shown in Figure C-1. It consists of a
}inear array of 4 microstrip patches, which can be rotated through
360 degrees. The patches are fed in phase. Consequently, when the LOS to
the wanted satellite is normal to the line through the patch centers, the
gaiﬁ toward the satellite is 6 dB higher than that of a single patch,
provided the patches are excited equally. A typical gain pattern for a
single patch is shown in Figure C-2.

The normal to the plane of the antenna is tilted away from vertical so
that, when the antenna is rotated to the azimuth of the wanted satellite,
the max imum elevation-angle difference between the satellite and the
antenna boresight will tend to be minimized. To hold the loss of gain from
boresight to 1 dB, the elevation-angle difference should be less than
25 degrees. Thus, a pair of (semi-permanent) user-selectable, tilt-angle
settings of (say) 45 and 60 degrees might be appropriate. A choice between
these values, which correspond to boresight elevation angles of 45 and
30 degrees, would be made on the basis of user location.

The direction of the unwanted satellite with respect to the user/
wanted-satellite geometry varies considerably, depending primarily on the
difference in Tongitude between user and wanted satellite. At the very
least, good co-channel rejection should be provided in the (azimuthal)
plane defined by the LOS to the wanted satellite and the line through the
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patch centers. The unwanted satellite(s) lie close to this plane when the v
user and wanted satellite are at the same Jongitude.

Gain patterns in the indicated plane are shown in Figure C-3 for the v
case where the LOS to the wanted satellite coincides with the antenna
boresight. The four curves shown correspond to different amounts of taper- b
ing (i.e., reduced illumination) of the two outer elements. Note that a
5.3-dB decrease in relative sidelobe level can be achieved at the cost of a
1,5-dB reduction in peak gain for a 3-dB taper. The maximum sidelobe gain
in this case is -19.5 dB relative to the peak gain, while in the range from
35 to 38 degrees off-axis, the relative gain is no greater than -25.5 dB.
Because of this superior spatial isolation, the 3-dB tapered configuration
was selected for further study.

The mobile antenna must maintain its orientation (i.e., boresight
azimuth) despite any vehicle motion. It is evident from Figure C-3 that a
relatively small pointing error can result in a considerable increase in
intersatellite interference. The antenna orijentation is controlled by a
monopulse tracking system that makes use of a 180-degree hybrid as shown in
Figure C-1. The output of the hybrid is shown in Figure C-4 as a function
of azimuthal error, To hold the pointing error within *+3 degrees, for
example, it is only necessary to maintain the tracking system output within
a 13-d4B range.

Before the monopulse tracking system can effectively control the
antenna orientation, the antenna must be pointed in the general direction
of the wanted satellite. Satellite selection is done by the master control
station as part of the call-setup procedure. This information is commu-
nicated to the user along with the assigned pair of carrier frequencies.
To eliminate the need for knowledge of the user-vehicle orientation, a
scanning procedure is employed to provide initial satellite acquisition.

Evaluation of the proposed mobile antenna requires examination of an
arbitrary user/satellite geometry. The reievant coordinates are defined in
Figure C-5, in which the Z-axis coincides with the antenna boresight and
the X-axis passes through the centers of the microstrip patches.

C-6
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Gain patterns for the special case where the antenna horesight and the
LOS to the wanted satellite coincide are showr in Figure C-6, The ¢ = 90°
pattern, which corresponds to the elevation plane, gives the reduction in
gain toward the wanted satellite that would result from raising or lowering
the antenna boresight.

Gain patterns for elevation-angle differences of 20, 40, and 50 degrees
between the wanted satellite and the antenna boresight are shown in Figures
C-7 to C-9. It can be inferred from Figures C-7 and C-8 that, to maintain a
gain of no less than 9 dB toward the wanted satellite, the elevation-angle
difference should be held to about 25 degrees. For a 2-satellite system,
where the minimum satellite elevation angle is 21 degrees, the antenna
Boresight should be pointed no higher than 46 degrees. For a 3-satellijte
system, where the minimum satellite elevatiun angle is 10 degrees, the
boresight should be pointed no higher than 35 degrees.

To determine the user antenna gain toward an unwanted satellite, the s
and ¢ coordina es of the satellite must be established. This is done in
Tables C-3 and C-4 for the 3-satellite and 2-satellite cases, respectively.
Only three of the five extreme locations selected to illustrate the user/
satellite geometry in Tables C-1 and C-2 are repeated in Tables C-3 and
C-4, because of the symmetry introduced by the choice of satellite longi-
tudes. While the magnitude of ¢ depends only on the user/satellite geome-
try, its sign depends on the relative elevation angle between the boresight
and the wanted satellite. The values of ¢ given in Tables C-3 and C-4
assume a higher elevation angie for the antenna boresight.

For a lower boreui~ht elevation, the sign of ¢ should be reversed. If
the antenna boresight points directly at the satellite, the sign of ¢ is
irrelevant because of the symmetry of the gain pattern about the LOS to the
satellite.

For the purpose of illustration, assume a 3-sateliite system with the
antenna elevated at 45 degrees. Consider a user located in Maine communi-
cating through the satellite at 90 degrees. This satellite is seen at an
elevetion angle of 29 degrees (see Table C-1). The gain patterns of Figure
C-7, which correspond to an elevation-anglie difference of 20 degrees,

c-10 <:; - L~(
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provide a good approximation to the patterns for the actual dijfference of
16 degrees. For an unwanted satellite at a longitude of 64 degrees,

¢ = 22° and @ = 37° (see Table C-3). From Figure C-7b, the isolation in
the direction of this satellite is close to 30 dB. On the other hand, an
unwanted satellite at 130 degrees has coordinates ¢ = 24° and e = 35°, The
isolation for this satellite (from Figure C-7a) is 22.5 dB.

More generally, it can be seen that the potential for significant
co-channel interference is greater the larger the magnitude of ¢. Further-
more, the interference generated by a satellite can be significant only
with respect to the adjacent satellite (i.e., in a 3-satellite system,
interference between the satellites at 64 and 130 degrees is insignifi-
cant). Of the (4,8) combinations shown in Table C-3, therefore, the
greatest interference occurs for a user in Florida and a satellite combi-
nation of (130°,97°). The next highest level of interference occurs for a
user in Texas and satellite combinations of (64¢,47°) and (130°,97°).

Consider a user in Florida, with an antenna elevated 45 degrees from
the horizon. If the wanvad satellite is at 130 degrees, the appropriate
gain patterns are well approximated by the curves in Figure C-7. For an
unwanted satellite at 97 degrees, the isolation is only 10.5 dB.

For a Texas. user communicating through the satellite at either 64 or
130 adegrees, an antenna elevated 45 degrees will point almost directly at
the satellite. The isolation with respect to a satellite at 97 degrees is
about 15 dB.

The inadequate isolation between certain satellite pairs as seen from
southern user locations can be alleviated through use of polarization
diversity. In a 2-satellite system, right-hand circular polarization is
used with one satellite, and left-hand with the other. In a 3-satellite
system, the middle satellite uses the opposite sense of polarization from
the outer two satellites. The mobile equipment is switched between the two
polarization senses according to the identity of the wanted satellite.

The use of both polarization senses will improve the intersatellite
isolation by a minimum of 10 dB, depending on the axial ratios of the
satellite and user antennas. Thus, even in the worst case, the net
isolation will be at least 20 dB.

C-20
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The analysis presented has assumed nominal positioning of the mobile
antenna with respect to the wanted satellite., The azimuth of the antenna
boresight will generally differ slightly from that of the sétellite,
depending on ths accuracy of the tracking system. For example, a 3-degree
azimuth error can increase the adjacent-satellite interference by 1,5 dB
for a Florida user and the (130°,97°) satellite combination, depending on
the direction of the error. Nevertheless, it may be concluded that the
mobile antenna design presented, im combination with polarization diversity,
provides the necessary isolation between satellites.
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APPENDIX D - SCENARIO C SYSTEM DESIGN

Four of the five scenarios considered for System 1 (see Figure 2-15)
are assumed to be all-voice. The exception is scenario C, which is evenly
divided between voice and data, in units of erlangs.

The data channels are al] 56 kb/s. The bandwidth occupancy of gact
such channel is about 40 iHz with QPSK transmission, as compared with 12
kHz for voice, Equally important, the C/N requirements are 4 dB higher for
data than they are for voice. In addition, each erlang of data results in
continuous transmission in both forward and return directions (as con-
trasted with voice-activated transmission). Thus, despite the low traffic
volume in erlang terms, substantial satellite resources of both power and
bandwidth are required to handle the data.

The driving requirement for the satellite design is available band-
width. Accordingly, two designs are developed, corresponding to 10-MHz and
4-MHz allocations. The latter allocation is the basic assumption under-
lying the design of System 3 (for "transportable" users), as well as being
respresentative of several alternate System 1 configurations. No a priori
assumption is made regarding the type of user antenna (i.e., whether suit-
able for mobile, or only transportabie, users). Therefore, the user
requirements determined in the 4-MHz case will establish whether the system
is appropriate for a mobile user population.

The problem posed by data transmission is immediately evident from the
C/N requirements. For a BER of 10'5 and uncoded QPSK transmission, C/N
must be at least 14 dB. (This value is 2 dB above "theoretical", a dif-
ference that is required for "implementation" margin. No system margin has
been included, however.) This contrasts with a C/N requirement of 10 dB
for voice.

On the other hand, the nonthermal interference sources assumed in the
previous system design work include, for the gateway-to-mobile direction of
transmission:

¢/

uplink carrier-to-co-chainnel interference ratio
20 dB

D-1
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C/ICd = downlink carrier-to-co-channel interference ratio
= 17 dB
C/IM = carrier-to-intermodulation noise ratio

20 dB

]

The combined carrier-to-interference ratio for these three interterence
sources is 14 dB. With uncoded QPSK transmission, therefore, the noise
budget is fully allocated, with no allowance for thermal effects.,

Two strategies are available to reduce the C/N requirement: 1) use
BPSK in place of QPSK, or 2) use coded, rather than uncoded, QPSK. The
first option, which reduces the required C/N by 3 dB but doubles the
required frequency re-use factor, is the preferred choice with a 10-MHz
allocation, It also has the advantage of not requiring a codec (i.e.,
coding and decoding equipment) as part of the mobile unit.

A single satellite consistent with the STS/IPS capability can handle
the scenario C traffic with BPSK transmission and a 10-MHz allocation. An
offset-fed reflector is assumed, so that only 4 frequency sets are needed.
A satellite antenna diameter of 42 meters provides the necessary frequency
re-use factor., It is found, however, that a more directionai user antenna
than has previously been associated with a single-satellite system is
required to hold the satellite power to a manageable value.

For this reason, a user antenna gain of 9 dB has been assumed. This
is the value associated with the mechanically steerable antenna proposed
for multisatellite systems. It is not necessary, of course, that this type
of antenna be used in the present instance, since discrimination against
co-channel transmissions from other satellites is not a requirement. In
fact, comparable gain can be realized from a 3x3 electronically phased
array with 0.5\ spacing between elements.

A weight breakdown, by subsystem, for a satellite with the features
Jjust described is given in Table D-1. The total weight of 9700 pounds,
including 20 percent contingency, leaves a margin of 8 percent with respect
to the STS/ITS capability of 19,400 pounds.

With a 4-MHz ailocation, more bandwidth-efficient modulation than BPSK
is required for a singie-satellite system. The use of rate 3/4 convolu-
tional coding with Viterbi decoding. in conjunction with QPSK transmission,

R5-002-83
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significantly reduces the C/N requirement (to 8.8 dB) while expanding the
bandwidth only modestly (by a factor of 4/3). This approach requires,
however, that a codec be incorporated in the user equipment.

A single satellite designed to accommodate the scepario C traffic in a
4-MHz allocation requires a 56-meter antenna, If the user is again
equipped with a 9-dB-gain antenna, the satellite RF powe: requirement is
only 40 percent of that for the design based on a 10-MHz allocation. This
power reduction results from the larger satellite antenna, coupled with the
lower C/N requirement. ’

From the weight breakdown in Table D-1, it js seen that the satellite
weight (including contingency) slightly exceeds the STS/IPS capability. It
was therefore decided to explore a 2-satellite solution to the problem of a
4-MHz allncation.

Since each satellite must now provide only half the system capacity,
it is possible to consider using uncoded BPSK, for which the C/N require-
ment is 11 dB. With more than one satellite, however, an additional inter-
ference term must be considered, namely, intersate]l%te co-channel inter-
ference. In previous work, C/I for this source of interference was
assigned a value of 17 dB. In combination with the other, previously
mentioned interference scurces, this leaves 17.1 dB for the carrier-to-
thermal noise ratio in the forward direction.

Because of this rather meager thermal-noise allocation, the satellite

RF power requirement would be undesirably high if the user antenna gain
were unchanged from the 9-dB value assumed in the previous cases. For this’
reason, the 15-dB antenna gain previously associated with a transportable
user has been assumed in the present case. It is seen from Table D-1 that
the resulting weight of each satellite in a 2-satellite system is well

below the STS/IPS capability.

Scenario C link budgets are presented in Tables D-2 and D-3. As
explained above, the satellite RF power requirements are largely those
associated with the data traffic. Consequently, a single link budget for
voice transmission, shown in Table D-2 for the 10-MHz allocation case, is

) D-4
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provided for reference purposes. A data link budget for the same case is

also given in Table D-2, while data 1ink budgets for the two 4-MHz cases
are shown in Table D-3.

The total RF power requirements for both voice and data are presented
in Table D-4. Since there are 1000 erlangs each of voice and data, the
total power is obtained by multiplying the per-carrier power by 1000 in the

case of data and by 400 for voice, corresponding to a voice activation
factor of 0.4.

To compute an MSC for the different system designs, it is Essumed that
the charge per-unit-bandwidth is the same for both voice and data. Thus,
an equivalent number of voice subscribers is computed, as it the total
bandwidth required for both voice and data were occupied exclusively by
voice traffic. The resulting charge per voice subscriber is shown in
Figure D-1 as a function of the required rate of return on invested
capital. '

The charge for full-time use of a 56-kb/s data channel is found by mul-
tiplying the service charge for a voice subscriber by (80/12)/0.026 = 256
for uncoded BPSK, and by (53.3/12)/0.026 = 171 for coded QPSK. The first
factor is the bandwidth ratio for a data channel vs. that for a voice
channel. The second factor is the busy-hour traffic of (i.e., fractional
channel use by) a voice subscriber. For a 10-percent IRR, the MSC would be
$36.4K or $38,7K for uncoded BPSK, according to the frequency allocation;
for coded QPSK, $29.9K.

The charge to a user requiring only fractional channel occupancy
would depend on the data traffic statistics. If a data channei were shared
by the same number of users as a voice channel, the average monthly rate
would be 80/12 or 53.3/12 times that for a voice subscriber for uncoded
BPSK and coded QPSK, respectively.
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APPENDIX E - LINK ANALYSIS FOR BASELINE SYSTEMS

sttem 1

Link budgets for the two baseline configurations are given in Tables
E-1 to E-5. The link noise allocation, shown in Table E-1, provides a set
of requirements on the various carrier-to-thermal noise ratios. In the
gateway-to-mobile direction, a C/Ntd value of 14.5 dB is the smallest com-
patible with the assumed levels of co-channel interference (both intra-
satel]ite and intersateilite) and intermodulation noise. The value of
C/Ntu’ namely 23.2 dB, is the remaining allocation needed to yield a compo-
site link C/N of 10 dB.

In the mobjle-to-gateway direction, a 3-watt mobile transmitter
results in C/Ntu = 27.8 dB for the offset design, as shown in Table E-2.
This allows C/Ntd = 17.2 dB, after the co-channel interference and inter-
modulation terms are accounted for. In the center-fed case, the higher
C/Ntu of 30.1 dB reduces C/Ntd negligibly, to 17.1 dB; consequently, only a
single satellite-to-gateway link budget is shown (Table E-3).

The primary determinant of required satellite power is the mobile
downlink. As shown in Table E-5, the required power per carrier is
0.17 watt for the offset-fed design and 0.10 watt for the center-fed
design. The beam-jitter loss of 1 dB corresponds to a short-term antenna
instability of 0.04 degree for the offset-fed design and 0.03 degree for
the center-fed design. The receive-system noise temperature is based on a
3-dB noise-figure receiver and a 290 K noise background.

A detailed accounting of the satellite UHF antenna gain at the down-
link frequency of 871 MHz is given in Table E-6. For the 46-meter offset-
fed reflector, the efficiency (including the effect of scan loss) is
37 percent. For the 62-meter center-fed reflector, it is 34 percent.

By comparing Tables E-3 and E-5, it is seen that the gateway links
require only 1.3 percent of the power needed for the mobile links with the
offset-fed design. For the center-fed design, the fraction is 2.2 percent.

System 2

Translators communicating with a common gateway share a carrier in a
TDMA mode. Depending on the subscriber scenario, the traffic at a gateway

E-1
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may build up to the point where the capacity of a single carrier, assumed
to be 8.8 Mb/s, is exceeded. In this case, the gateway would have to
transmit 2 or more carriers simultaneously. A single transponder on a
typical C-band domestic satellite has a capacity of five 8.8-Mb/s carriers,
or 44 Mb/s.

The link budgets in Tables E-7 and E-8, which are valid in either
direction between translator and gateway, are computed for a carrier
operating at the maximum 8.8-Mb/s rate. The single-carrier saturated EIRP
of 34 dB on the downlink is typical of current U.S. domestic satellites.
The output backoff of 5.7 dB has been optimized to balance thermal and
intermodulation noise for the composite translator/satellite/gateway link.

The composite 1ink C/N requirement of 13 dB is based on a QPSK

transmission of delta-modulated voice at a BER of 10'3.

System 3

There are 3 distinct traffic scenarios for the transportable units in
System 3. The transportable traffic associated with the baseline System 2
subscriber scenario consists ¢f 120 erlangs of voice traffic. This is the
maximum amount that can be accommodated in a 4-MHz allocation without
frequency re-use, assuming cellular-compatible, 30-kHz carrier spacing.

Associated with scenarios B, D, and E is a voice/data mix comprising
120 erlangs of voice and 120 erlangs of data. The data are constjtuted as
follows: 40 percent at 56 kb/s and 60 percent at 9.6 kb/s. The voice
carriers are assumed to be located at 12-kHz centers (corresponding to
5.xHz peak-deviation FM), while the data-carrier spacings are 40 kHz and 8
kHz, respectively. It is readily verified that these values lead to a
total bandwidth occupancy of 4 MHz, so that frequency re-use is not
required. (For simplicity, erlangs and channels have been treated as if
synonomous ).

Fing]]y, corresponding to scenario A is a voice/data mix comprising
300 erlangs of voice and 300 erlangs of data. The data are apportioned as
in the previous case between 56-kb/s and 9.6-kb/s carriers. A 2.5-fold
re-use of the 4-MHz allocation is therefore necessary.

Link analysis will be performed first for the traffic mix correspond-
ing to scenarios B, D, and E: 120 erlangs voice plus 120 erlangs data. A
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power budget for an individual voice channel with 11-kHz noise bandwidth
(12-kHz channel spacing) is given in Table E-9. The required downlink C/N
has been set at 12.5 dB, which is also the design value for System 1. As
there is no co-channel interference (i.e., no frequency re-use) in this
case, a lower value than 12.5 dB could be used. However, the power
required for the voice carriers is almost insignificant when compared with
that needed for data transmission. Consequently, the link budget of Table
E-9 serves primarily to establish a reference point for the data
requirements,

The satellite anterna gain of 27.5 dB is the minimum value typically
associzted with a shaped beam covering CONUS. At 871 MHz, a 25-foot diame-
ter would be required if the shaping is to be done with a single antenna.
An alternative is to use a pair of 16-foot antennas, with symmetric illumi-
nation, for eastern and western CONUS coverage. It happens that TDRS is so
equipped; consequently, the power requirements will be compared with TDRS
capability.

The user antenna is assumed to be of the endfire type. Specifically,
a collapsible helix is envisioned, which extends to a 3.5-foot length when
the user vehicle is stopped and the antenna deployed. The antenna gain is
taken as 15 dB. Because of the relatively high directivity in this case,
the allowance for multipath loss has been reduced to 3 dB.

The satellite transmit power for an individual voice carrier is 0.5
watt. With 120 erlangs of voice traffic, 40 percent activated, the RF
power requirement is 24 watts. This traffic can be handled by a single
solid-state amplifier,

The power requirements for data transmission will be established in
relation to those for the voice case. The total bandwidth occupied by the
data carriers is 2.5 MHz. With a carrier-spacing/QPSK-symbol-rate ratio of
1.5 and a carrier-noise-bandwidth/symbol-rate ratio of 1.15, the composite
noise bandwidth of the data carrier is 1.92 MHz. This compares with
1.32 MHz for the voice carriers.

Next, it is necessary to establish the data downlink C/N requirement.
A BER = 10"5 will be assumed. Accounting for QPSK transmission and allow-
ing 2 dB for implementation margin leads to a required C/N of 14 dB in the

E-11
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carrier noise bandwidth., If a carrier-to-intermodulation power ratio of
20 dB is assumed, the downlink C/N requirement becomes 15.3 dB.

The RF power required to support the data carriers can now be computed
as follows:

Power for voice carriers (24 watts) 13.8 dBW
Bandwidth ratio (1.92/1.32) 1.6 dB
Difference in C/N requirements (15.3-12.5) 2.8 B
Absence of voice activation 4.0 dB
Power for data carriers 22.2 dBW

Thus, the data carriers require a combined RF power of 166 watts. With the
voice carriers included, the power requirement is 190 watts.

The RF power for the baseline scenario is simply computed. Since the
traffic is all voice, the power per-unit-bandwidth would be identical to
that for the voice traffic in scenarios B, D, and E if ‘the TDRS bus were
used., (The fact that the carrier noise bandwidths differ in the two cases
is irrelevant.) Because of the lower power requirement associated with
voice traffic, the FLEETSAT bus is usad in place of TDRS. A single 12-foot
antenna provides CONUS coverage; consequently, the antenna gain is lower by
2.5 dB than with TDRS. With the bandwidth allocated to voice equal to
4 MHz rather than 1.44 MHz, the required power is 13.8 + 10 log (4/1.44) +
2.5 = 20,7 dBW, or about 120 watts.

The scenario A traffic has the same proportions of voice and data of
ezch type as the traffic for scenarios B, D, and E. A multibeam antenna
generating about 17 beams (10 beam equivalents) is needed to accommodate
the 600 erlangs of total traffic. Because of the large antenna gain asso-
ciated with the narrow beams, less satellite power is required for the
transportable traffic of scenario A than for the smaller traffic load of
the other scenarios. The relevant calculation is as follows:

E-13
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Power for scenarios B, D, E (240 erlangs) 22.8 dBW

Gain for CONI'S-coverage beam 27.5 dB
Peak gain for 20-m antenna (42 percent eff.) -41.3 dB
Pointing error 4,0 dB
Beam jitter 0.3 dB
Traffic ratio (600/240) 4.0 dB
Power for scenario A 17.3 dBW

Thus, scenario A requires a total RF power of 54 watts,

The satellite power requirements for the different subscriber scenar-
jos are summarized in Table E-10. A DC/RF conversion efficiency of 25 per-
cent is assumed for the UHF solid-state amplifiers (i.e., for the transpor-
table traffic). Mobile traffic operates according to the link budgets of
Tables E-7 and E-8. On the downlink to the translators, the 34-dBW EIRP
corresponding to single-carrier saturation is based on the use of 5-watt
final TWTAs. Although considerabiy less power than 5 watts would be trans-
mitted in a multicarrier mode, the required DC power is assumed to be
unchanged from that needed for single-carrier operation at 35 percent DC/RF
efficiency.

The DC power shown in the last column of Table E-10 is the regulated
power needed in direct support of the satellite links. The required power
from the solar panels is developed in Table E-11 for all but scenario A.
(The satellite in the latter case was sized using the techniques previously
applied in System 1.) The power requirement for the baseline scenario, on
thé ane hand, and that for scenarios B, D, and E, on the other hand, are
seen to be within the FLEETSAT and TDRS capabilities, respectively.

A 1ink budget for a singie voice channel transmitted by a transpor-
table unit is shown in Table E-12. The uplink C/N is essentially equal to
the C/N value for the composite transportable/satellite/gateway link. The
value of 20.3 dB, corresponding to a 3-watt transportable transmitter, is
well above the nominal 10-dB FM threshold.

E-14
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On the other hand, the uplink C/N for a 56-kb/s data carrier (32,2-kHz

noise bandwidth) is only 15.6 dB.

Moreover, the C/N requirement for data

was shown to be 14 dB. Therefore, a 3-watt transmitter is barely suffi-

cient for 56-kb/s transmission.
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APPENDIX F - SATELLITE ANTENNA STRUCTURAL DESIGN

The principal satellite antenna elements are the reflector, masts, and
feed assembly. Four different antenna configurations are considered, with
the following three based on the LMSC wrap-rib reflector design:

1. Direct offset-fed
2. Center-fed
3. Offset-fed Cassegrain,

The fourth configuration is the Harris hoop-column, which can be used in a
muitiple-aperture (direct offset-fed) or single aperture (center-fed) mode.

The mast analysis is based on articulated, expandable mast concepts
for large space structures currently in a developmental stage. These
concepts are described in References F-1 to F-3.

A1l analytical results are presented parametrically, as a function of
the reflector diameter, Diameters between 15 meters and 100 meters are
considered.

Wrap-Rib Reflector Analysis

The three antenna configurations based on the wrap-rib reflector are
shown in Figures F-1 to F-3. The graph insert in each figure shows the
feed-assembly dimensions as a function of reflectcor diameter. For the
Cassegrain configuration, the secondary reflector dimensions and the
distance between reflectors are also shown. The mast length for the direct
offset-fed and center-fed designs is chosen to provide an f/D of 1.5 and
0.75, respectively., '

The reflector geometry is depicted in Figure F-4, in which the
important parameters are defined. The logic path by which the reflector
analysis is performed is shown in Figure F-5. It is assumed that indeter-
minate twisting of the ribs in stowage is not permitted; the stowed length
of the reflector is therefore given by the indicated formula. A constant
frequency response is maintained for the entire range of diameters, based
on an initial design for a 160-foot reflector. The requirement for con-
stant frequency response, together with the peak allowable surface error,
determines the reflector weight.

F-1
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The reflector weight is a function of the required number of ribs.
This number, in turn, depends on the surface accuracy needed to provide the
requisite RF performance. The surface accuracy is conveniently specified
by the peak surface error, which occurs at the reflector edge. (Note that
the tolerable edge error depends on the taper of the feed illumination --
i.e., greater taper permits a larger edge error.) The number of ribs is
shown as a function of the antenna aperture, with peak surface error as a
parameter, in Figure F-6a. The surface error is expressed as a fraction of
the wavelength. '

For a given number of ribs, the reflector weight depends on the
required structural stiffness. With a constant-dynamic-respcnse ground
rule, the weight is as shown in Figure F-6b for a range of peak surface
errors. The result of varying the rib root depth is also shown. The
fraction of the total reflector weight accounted for by the ribs is shown
in Figure F-6¢.

The stowed reflector length depends on the amount of "twisting"
allowed as the ribs are wound around the hub. LMSC has demonstrated the
ability to stow a single rib within its root depth; this is accomplished by
twisting the rib to conform to the hub. The present stowage analysis pre-
sumes no twisting, because of (1) the susceptibility of graphite epoxy to
stress cracking and creep, and (2) the fact that muitiple ribs are stowed
on top of each other. The stowed length under these conditions is shown in
Figure F-6d.

The allowable peak surface error is determined by relating that quan-
tity to the loss in antenna directivity. 7The directivity loss serve. as a
proxy for sidelobe performance; it has been found, through experience, that
degradatior of sidelobe performance is minimal if the loss in directivity is
held to 0.1-0.2 dB. From the relationships in Figure F-7, it is seen that
the surface accuracy must be maintained to a value between A/16 and A/8.

LMSC wrap-rib design data are also shown in Figure F-7. About a
factor-of-2 discrepancy exists in terms of the required number of ribs
relative to the results of the present analysis. There appears to be no
simple explanation for this discrepancy. However, the LMSC analysis is
based on specification of the rms surface error, rather than the peak
surface error,
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Wrap-rib reflector design parameters for the three antenna configura-
tions under consideration are shown in Figure F-8. The curves are drawn
for peak surfa:e errors of A/16 and 1/8, and for a rib root depth of
1.5 feet. The center-fed design affords a modest reduction in number of
ribs, and consequently in weight, over a direct offset-fed design for the
same reflector diameter. The latter provides a more significant advantage
over the offset-fed Cassegrain design.

For a 150-foot diameter, for example, the weight differential betwzen
the Cassegrain and the direct offset-fed reflector is about 250 pounds.
The differences in stowed length, on the other hand, are small. At the
same diameter, the center-fed design requires 1.4 feet more space than the
direct offset-fed design; the Cassegrain, 0.5 foot more than the direct
offset-fed reflector.

[t is seen from Figure F-6c that, for diameters exceeding 100 feet,
the ribs account for more than 50 percent of the reflector weight. Possi-
ble approaches to minimizing the number of ribs include (1) second-surface
mesh shape control and (2) rib "branching" to reduce edge errors. The
weight can also be reduced by decreasing rib height and, consequently,
stiffness. This would necessitate dynamic control of the reflector sur-
face, however,

Mast Analysis

Two prime considerations in the design of the mast system are weight
and stowed dimensions. In addition, the design must meet minimum stiffness
requirements.

A larger bay size always results in greater mast stiffness. Minimum
stowed length may imply a bay size either larger or smaller than that
needed for constant stiffness, depending on the feed/reflector geometry and
the reflector diameter. Consequently, the bay size will be computed for
both minimum-stowage and constant-stiffness designs and the larger value
selected, subject to an upper limit imposed by the STS cargo-bay diameter.

Parameters describing the mast structure, as well as the stowage f
concept, are defined in Figure F-9. The aspect ratio of the mast bay, i
which is the ratio of length to width, is chosen to be unity. The common
bay dimension is represented by the letter h.
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The STS places an upper limit on the mast bay size, which is different
for the two feed/reflector geometries. The offset-fed design is more
constrained because of the stowage requirements of the feed assembly. As
can be seen from Figure F-10, the max i mum bay sizes are 10 and 11.5 feet
for the offset-fed and center-fed designs, respectively. Mast stowage for
the Cassegrain antenna is not considered, as it s later shown that the
weight of this configuration is excessive.

The mast stowed length is shown as a function of deployed length in
Figure F-11, for several values of bay size and two values of longeron
diameter. These results are in agreement with Reference F-2, except for
the canister constraint on minimum stowed length. An allowance of 0.5 foot
is made for drives, guides, and structvral/mechanical supports.

It is evident from Figure F-11 that, for given values of mast deployed
length and longeron diameter, there is a well-defined minimum stowed
length. Moreover, this minimum stowage is achieved only by proper choice
of the bay size, h.

This relationship can be understood by observine that, for deployment
purposes, each canister (there are two in the offset-fed case) must be no
shorter than the bay size plus 0.5 foot. For fixed deployed length, on the
other hand, the stack height of the mast decreases with increasing bay
size. Minimum stowed mast length is achieved, therefore, when the bay size
is chosen so that the mast stacks to a height equal to the minimum canister
length (Figure F-12). For stiffness-critical designs (large bay size), the
canister is not completely filled. On the other hand, for lightly loaded
masts, as in the center-fed antenna, a small bay size results from applying

a dynamic response criterion, resulting in "overfill" of the canister.

The latter condition is illustrated in Figure F-13, where, in the
center-fed case, the bay size for constant stiffness is less than that
required for minimum stowage, for all antenna diameters less than 400 feet.
For the offset-fed design, the reverse is true for diameters larger than
140 feet. Maintaining constant dynamic response in the offset-fed case
causes the STS constraint on bay size to be reached at an antenna diameter
of 190 feet (58 meters). Thicker longeron walls, resulting in a moderate
weight penalty, are required to maintain constant stiffness with larger
antennas.
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Composite curves showing the minimum stowed mast length for the
center-fed and offset-fed design, subject to STS and stiffness constraints,
are shown in Figure F-14. Formulas for the stowed length at constant
stiffness are given in Figure F.15,

Because of the small weight difference between unconstrained-minimum-
stowed-length and constant-response mast designs, the weight of a constant-
response mast system will be taken as representative of either design. The
weight of the mast system is derived by assuming minimum-gauge (4-layer
graphite epoxy) thicknesses for battens and longerons. The longeron diame-
ter is assumed to be 3 inches. With a 5-percent allowance for integration,
the weight of the mast/canister combination for the three antenna configu-
rations is given by the formulas in Figure F-15.

The bay size, which is needed to compute the mast system weight,
depends on the reflector diameter, total satellite weight, and the distri-
bution of that weight. The assumptions made regarding the weight distribu-
tion for the three antenna designs are shown in Figure F-15. The resulting
bay size is shown in Figure F-16a for constant system dynamic response.

The reference value for the dynamic response is based on the following set
of parameter values: D = 160 feet, h = 7 feet, and W = 9000 pounds.

The mast system weight corresponding to the bay size in Figure F-16a
is shown in Figure F-16b, for each of the three antenna configurations.
Strictly speaking, the two parts of Figure F-16 should be used in an itera-
tive manner, since the satellite weight must be known to compute the mast
bay dimension. However, an approximate value for the satellite weight
permits the bay size to be computed with reasonable accuracy.

Feed Array

A folded stowage concept has been developed for the feed array, with
hinge points at the 1limit of the cargo bay (Figure F-17). With 3 inches
of clearance on each side, the maximum occupied diameter is 14.5 feet. It
foilows that the maximum developed length for the feed array is 43 feet.
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This places the following restrictions on the reflector diameter that can
be used with the different optical configurations:

Direct offset-fed < 200 feet
Center-fed < 300+ feet
Offset-fed Cassegrain < 110 feet

Only the Cassegrain configuration is significantly limited in size by
stowage considerations.

The feed assembly is assumed to have a 4-6 inch honeycomb core with
fiberglass or graphite epoxy facesheets. The weight of this structure is
assumed to be 1 lb/ftz. This accounts only for the assembly structure; it
does not include the feeds, or any of the attached electronics or thermal-
control elements.

Total Antenna System Weight

A weight comparison of the three antenna configurations based on the
wrap-rib reflector will be made for a 150-foot antenna diameter, using the
data presented above. The results are shown in Table F-1. With an assumed
satellite weight limitation on the order of 10,000 pounds, the Cassegrain
design is prohibitively heavy. The large weight difference between it and
the direct offset-fed design is attributable to the size of the feed array.
For a given f/D, the linear dimension of the Cassegrain feed is twice that
of the direct offset-fed feed; hence the area, and consequently the weight,
is about four times as large.

Hoop-Column Antenna

A satellite configuration based on the hoop-column refiector is shown
in Figure F-18. Three separate apertures are fed in an offset manner from
the centrally located mast struéture. Each aperture provides one-third of
the required number of beams. As a result, the available area per feed on
each of the corresponding feed assemblies is three times what it would be
with a single aperture. Because of this increased feed area, it may not be
necessary to cluster freds to obtain the desired aperture illumination,
thereby eliminating the need for a beamformer network.

Offsetting this advantage, however, is the relatively large weight of

a hoop-column antenna. Available data on hoop-column LSST designs are

F-23
R5-002-83




~x

a3
(

ORIGINAL, PAGE ¢
OF POOR QUALIT"

S0S€

0501

- -

G181 101
s6LL a5l a8y EET)
00z - - HO193143u8NS
oLs sL1 0£s 1SvW
oooL ozt 008 40193143

NIVHOISSYD i} @34-135440

Q34-135440 0347Y3LINID 193u10 SUELLERE

101931434 33-051 403 JUBLON WAIsASGNS euusuy -4 3Lqel

o B VER e+ A daie e n Bk . o

N g ARl Rk e i

o alaa®oa g Lo oa o

F-24

R5-002-83




uoLieanbijuo) waysAs uwnjoj-dooy -g|-4 34nbiy

DT Y . T VT g SRRV ————.

\ SAVHHVY HVI0S
as

$278VI T041NOD
30V4HNS

ORI

1SVW H3IMO

3718v)
1H40ddNS dOOH _

[
F-25

aovo-H3l13IWvIa
JHNLY3AV

._ / 30v4HNS
anH - ./\
\

378VI 1H0d4dNS dOOH 1SV H3ddn
7~

SOH Z + SNY NIVW
1SYW owuu\\

(Q34IND3Y £)

AT8W3SSY a334
EAIEE

SAVHHY HVI0S

a ‘H313wvia
VNN3LINVY

JHNLY3I4V IHL

R5-002-83

R




summarized in Reference F-4. Data from this report, together with !
previously published work, were used to generate weijght and stowage
characterjstics. These are shown in Figures F-19 and F-20.

A weight and stowage comparison of a 50-meter wrap-rib antenna with an *r
equivalent tri-aperture hoop-column antenna is shown in Table F-2. LMSC .
wrap-rib data are included for comparison. The disadvantage of the hoop-

column design, from the standpoint of both weight and stowed length, is
apparent.,

Since the hoop-column antenna can also be used in a single-aperture,
center~fed configuration, comparison with a center-fed wrap-rib design is
also provided in Table F-2. While the weights are comparable, the stowed
length is considerably smaller with the wrap-rib design.
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APPENDIX G - SATELLITE SUBSYSTEM WEIGHT ANALYSIS

The various subsystems were developed to a level that enabled
satellite costing. This involved identifying subsystem components and
estimating their weight and technology level. Four different methods were
used for weight estimation:

1. Comparison with subsystems'in other TRW designs (Space Piatform,
TDRS, Defense Satellite Program, MILSTAR, etc.)

2. Parametric studies wherein subsystem (or partial subsystem)
weights were calculated for different performance levels or sizes

3. Calculations of unit weight and multiplication by the number of
units

4, Direct calculation.

Method 1 was used for electrical power system components :xcept for
batteries and solar array, attitude control system except for control
moment gyros (CMGs), data handiing system, communications other than
Ku-band and UHF transmissions, cabling, and propulsion components. Method
2 was used for the reflector, masts, CMGs, thermal-contro® radiators, feed
structure, and propellant. Method 3 was applied to the beamforming net-
work, UHF electronics, and radiating elements, while the solar array and
batteries were sized by Method 4.

A breakdovn of the satellite weight by subsystem is presented in Table
G-1 for the two baseline designs. Each subsystem will be discussad in
turn. Note that a contingency factor of 20 percent is included. For an
integral propulsion system, which is projected to have a geosynchronous
capablility of 10,400 pounds, margins of 2000 and 1225 pounds are available
for the center-fed and offset-fed designs, respectively.

Reflector and Masts

Reflector and mast weights were taken from Figures F-8 and F-16, for a
peak reflector-surface error of A/8.

Communication and Data Handling

The communication and data handling system consists of three separate
subsystems: an STDN-compatible S-band subsystem used for launch, orbit
injection, checkout, on-orbit anomalies, and lost-bird mode; telemetry and

G-1
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command subsystem; and the Ku-band subsystem to tHe gateways. The weight
of these subsystems is essentially independent of the antenna diameter and
the satellite configuration.

The S-band system is fully redundant, with omnidirectional antennas,
and weighs 147 pounds including harness. Th: .'ata handling system, alsc
redundant, weighs approximately 140 pounds inciu:ing the Orbiter interface
unit. These values were taken from modified Power Station data. The
Ku~band electronics were estimated to weigh 53 pounds; the Ku-band antenna,
20 pounds. The total subsystem weight was therefore taken as 360 pounds
for both configurations.

UHF Feed Assembly

The feed assembly consists of several subsystems, with their weights
shown in Table G-2. The center-fed design has 150 feeds, while the offset-
fed design has 84 feeds. These feed arrays generate 101 and 61 beams,
respectively.

The radiating elements for the two configuraticns are shown in Figure
G-1. The per-feed dimensions of the microstrip-patch/ground-piane combina-
tion (suggested by JPL in conjunction with an offset-fed design) are only
half as great (one-quarter the area) as would be required with an offset-
fed reflector of the same size and comparable RF performance. Based on
this comparison with the JPL published weight data, the per-feed weight of
the radiating elements is estimated at 0.46 pound for the center-fed
design.

By contrast, the weight of the short-backfire element used in the
offset-fed desiygn was found by adding weight estimates for each of its
component parts. The total was 1.5 pounds per element.

The repeater block diagram is shown in Figure G-2 for the offset-fed
design. (The repeater for the center-fed design differs only in the number
of beams generated and the feed-clustering arrangement.) The UHF repeater
components will be located on the feed assembly. Note that 3x2 redundancy
is used for all active components. The weight breakdown for the UHF elec-
tronics is given in Table G-3. The upconverter/transmitter is heavier in
the offset-fed design because of the larger power transmitted and, there-
fore, dissipated.

G-3
R5-002-83




gis6Le

0LS

ovvy

0S¢c

GEE

SSY

iR R-TA

a34-13S440

471 0891

0€c

0Le

0sE

oSl

095

a10L

d34-H31N3D

umopxyea.g Jybram Ajquessy pasy 4Hn  z-9 ajqey

1V1iOL ©

JHNLINYILS o

TOHLNOD TVINHIHL o

ONITBYD A B 4Y o

G-4

(VLva 1df NO Q3SYE) YHOMLIN HIWHOIWVYIE e

(AONVANNQ@3H Z HCd £€) SOINOYL2313 o

SAN3IN3T3 ONILVIAGVYY e

R5-002-83




Sjuswa (3 burjerpey 4Hn  *|-9 34nb

e

AGL

AIN3IW3IT3/8T1 51

OF POOR QUALITY

ORIGINAL p

1INJHID G334

HO4 1HO0ddNS

SSV19H3814 AX0d3

(..S00°0) wwyzL 0
i

- wlZ

(AOTV "NN TV St
HIIHL ..S000)

(AOTV 'NNTYVY
AJIHL ..1000)

SWOJA3INOH
031VvHO44H3d
(..L°0) wwgz"y

(IHIANIVE-LHOHS)
d34-138440

(z14/S3ONNO 2) ,W/B% 190
H3dd0 WOH4 3HOL3
1INJHID a334

L4

IN3IW3IN3/8719%0

(INVId ONNOYD) SSY1OHIAIA
AXO0d3 (..S50°0) ww/Zi'0
NO G31VNIWVT H34400

(z14/30NNO 1) zw/8% 90€0

(WVHOVIQ 1dr-dIHLSCHIIN)
034-H31IN3D

G-5

R5-002-83

PR T T TTTTIRTRRRRTN.,



19
1 -"‘(

'

L

ORIGINAL PA(
OF POOR QUALI

]

0334 Alvn!'ﬂA.l S# SRS

03

(Aduepunpay zxg “ubisag Pa4-195430)

weaberq yooyg 433eaday aji(ajes

LELIEREL)
WilWiIANOINMOQ
'™ oNva =y

P — e — —

oy,
" —p ¥IMIIN
¥31¥3AN0INMOQ
i - onve ey
i
0,

o

HIllwsvyl
HILINIANGIN

]
o0,

¥

p— — — — — —

HILIImSNvYNL
WilWIANODIN
w ONve *»

s

*2-9 w;:awu
w.' ¥ILW3ANDIN r“ FE———
e mn
xnwmio _-. T o T
|
Yoy, ..3. “ _
| + + | I
W
L.' vivaasem | 07 -"eun..-"u ! “
s e — wvis |
L, o e
I” Yoy, Yoy, | _
I 2R 2 |
.I_.~Y wilvaawodan | 2 ¢ P ]
un
" NN L. p -
' ' '
.3. Yo V4N WON4
‘«s " 4
MA.A ¥I1WIANOINMOO A.w ” - i a0 ¥ 0334
- . e e " Je[Tr im0 Jeb oo ans
wanemod | r " -3 T
! . ' ¢ | | |
0, ‘m, | _ |
.:!o.h.. Ll * + | - — | “
N ¥IlN3ANOIMMOO | ¢ NUOMLIN |
e . lwml | |
Ll gy, | ‘ I le# van
I %oy, ‘'oy, | | v
LA B N |
) e o4 o w0334
t  |v3iv3Awodmmon | ¥ ] wamaaw
M . ' A.L » - A@t W oI
'

G-6

R5-002-83



R & A

&

ORIGINAL PAwG
OF POOR QUALITY

81 09S

St

S¢S

05t

a1z

a34-¥31IN3D

a1 Ssvy

Gt

ocy

ol

e

C34-135440

SOLU04303LT 4HI; 40 IYDLON

viol
H3HI10

SJOINOYHL1I31T3 4HN
$3d334 40 'ON

(SG334 40 Hivd H3d) Tv1i0L

(41vd LNVAONNQ3IY Z X € d3d)
HIL1INSNVH1/HILHIANOIIN dHN

(4Ivd ANVAONNQ3Y Z X £ ¥3d)
H3IAI303H/HILHIANOINMOC ZHN

(Sa334 40 HIVd Y3d) HIX3AdIa

"€-9 9lqel

~ - stk

G-7

e S e St 5

R5-002-83

s s e had i A i T B bRt e S




LY

The weight of the beamformer network is assumed to be proportional to v
the structure area. For the offset-fed design, therefore, the JPL weight ;
of 4 1b/feed-element was taken as directly applicable. OQn the other hind, G

the feed-array dimensions for a center-fed reflector are only half those
for an offset-fed reflector of the same size. In this case, the beamformer
network weight was taken as 1 1b/feed-element.

RF and DC cabling was taken as 3 1b/feed-element for the offset-fed
design and 2.33 1b/feed-element for the center-fed design. Thus, only a
slight area dependence was attributed to these cables,

Thermal control subsystem weight is a function of the heat that must
be radiated from the feed assembly. Heat pipes and radiators were selected
since a passive system would not suffice. Radiator area and thermal sub-
system weight are shown in Figure G-3, Assumptions incorporated into these
curves include:

l. Equipment maintained at 25° + 15°C

TR AT RATAERETT IR - % A%~ T

2. Fin efficiency of 0.8 (a compromise between weight and area)
3. Silver teflon radiator surfaces: a« = 0.3 at EOL, ¢ = 0.76 C
: 4, 5°C rise between radiator and equipment

5. Weights include honeycomb, saddles, heat pipes, and skins.

1
[T

With 25-percent DC/RF transmitter efficiency, the radiators must
} reject 1230 watts for the center-fed design and 2355 watts for the offset-

fed design. The respective radiator areas are 80 ft2 and 120 ftz, while "§

5 the thermal sub-system weights are 270 and 440 pounds.
§ The area of the feed structure is a function of the reflector diameter §
e

and the f/D ratio. The feed array is irregularly shaped, corresponding to
the outline of CONUS. The structure weight is given in Figure G-4, based
on a per-unit weight of 1 ]b/ftz.

i od

Attitude Control System

e

The attitude control system (ACS) must determine and control satellite
attitude and position. It must nod the satellite to compensate for the
absence of north-south stationkeeping, maintain beam pointing within 1/4

£
P 1

beamwidth (approximately 0.1 degree), and store momentum due to solar

G-8 , .‘
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pressure, gravity gradient, and other sources. Sun sensors, star sensors,
rate gyros, and electronics (based on current technology) are used for
attitude determination. The solar-array drive is also current technology.
These items will be the same for both baseline designs.

Momentum due to satellite disturbances is stored in CMGs, which are
unloaded by the reaction control system (RCS) when they become saturated.
Figure G-5 shows the baseline weight of the various components (taken from
the Space Platform Study) and the CMG weight as a function of reflector
diameter. The large difference between the center-fed and offset-fed
designs results from the asymmetry of the latter, which produces larger
gravity-gradient and solar-pressure torques.

Reaction Control System

The RCS provides the aV for initial injection-error correction, colli-
sion avoidance, and east-west stationkeeping. The AV requirements are
independent of satellite configuration and size; consequently, the propel-
lant needed depends only on sateliite weight. The RCS also provides the
torque for unloading the wheels and for correcting the ellipticity of the
orbit caused by solar pressure. The propellant required for these two
functions does depend on satellite size and configuration.

Orbit ellipticity due to solar pressure is accentuated by the large
UHF antenna area. When the satellite is approaching the sun, the retarding
force due to solar pressure slows the satellite, thereby lowering the
altitude in the opposite half of the orbit. Conversely, when the satellite
is receding from the sun, solar pressure tends to speed up the satellite,
thus increasing the altitude in the original half of the orbit. This
continued action causes a circular orbit to become elliptical, with the
different velocities at apogee and perigee producing an apparent east-west E
motion that must be corrected. g

Figure G-6 shows the weight of the complete RCS system, including the
hydrazine, tanks, thrusters, and piping. The hardware weight is assumed ta
be approximately 22 percent of the total weight.

Thermal Control S-stem (Body) ]

The body thermal control system must dissipate approximately 600 watts %
of power. Another 100 watts is allowed for heaters in the cold condition. ;
G-11 ‘
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Thermal control can be done passively with insulation, paint, and

conduction paths. A weight of 100 pounds is assumed for these items,
including heaters.,

Electrical Power

The electrical power subsystem must supply the communications payload
and the supporting subsystems with electrical power to operate during day-
light and eclipse. Power is generated by solar arrays during daylight and
stored in NiH, batteries for use during eclipse.

Table G-4 shows the payload power requirements during both the busy
hour and eclipse, as well as the power requirements for the various sub-
systems. (Battery charge and margin are exciuded,) The payload power is
obtained by applying a DC/RF conversion factor of 0.25 and a regulation
factor of 1,15 to the “equivalent" RF power for the satellite as a whole.

The latter quantity is introduced to avoid, at this level of analysis,
the difficult question of how the DC power on a per-beam basis varies with
beam loading. Equivalent RF power is defined as the product of the RF
power for a fully loaded beam (corresponding to maximum subscriber density)
and the number of beam equivalents needed to cover CONUS. The equivalent
RF power during the busy hour is found to be 440 watts for the center-fed
design and 720 watts for the offset-fed design. The corresponding values
of payload powe? are larger by 18 percent and 10 percent, respectively,
than those indicated in Table G-4, As a result, the EPS weight is
understated by about 50 pounds and 30 pounds in the two cases.

It is assumed that during the 1.2 hours of eclipse, which occurs
around midnight, the payload DC power requirement falls to 25 percent of
its busy-hour value because of the reduced traffic level,

A computer program was developed to calcujate battery and solar array
sizes and weights. This program takes account of the battery-charging
power requirements and the 10-percent margin. It computes array require-
ments at both solstice and equinox, and accounts for radiation degradation
at geo-synchronous altitude.

Both GaAs and thin silicon cells were considered for the sclar aray.
Thin silicon cells of 15-percent efficiency, as propsed for MILSTAR, were

G-14
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selected to reduce cost and risk. An array specific weight of 0.63 ]b/ft2
was assumed. This is the value on TRW's TDRS array; it results in a
specific power of 60 W/kg.

Nin batteries were chosen over NiCd because of the large weight
saving and greater temperature tolerance, A battery specific-energy-
density of 66 W-H/Kg was used for sizing purposes.

Additional weights associated with the solar array include the inter-
facing weight (50 pounds) and the mast weight (1 1b/ft).

In addition to the solar array and battery, the power system includes
components such as battery charger, power distribution unit, and power
control unit. The combined weight of these components was taken as 130
pounds, based on a comparison with Space Platform requirements.

Table G-5 summarizes the electrical power system, showing beginning-of
life (BOL) and 7-year end-of-life (EOL) array capability, array area,
number and size of batteries, and system weights. The battery was sized
for a depth of discharge (DOD) of 54 percent with all three batteries
operating, and for 80 percent with one battery failed. This is within the
limits of N1’H2 cells. A l0-percent increase in battery size (=10 1b) would
provide 50- and 75-percent DOD for the 3- and 2-battery conditions,
respectively.

Electrical Cabling

Electrical cabling can represent a sizable weight. Cabling weights on
several existing satellites were reviewed and a value of approximately
100 1b/kW was obtained. However, these examples do not include cases where
the array is located at a distance from the bus or where power must be
distributed over a large area like the feed array.

The weight of cabling associated with the feed array has been included
with the feed assembly. The specific weight of cables from the array to
the bus was taken as 1 1b/ft. The offset-fed configuration has a rela-
tively short distance of 40 feet from the mast to the bus, The center-fed
array, which is behind and above the reflector to prevent shadowing,
requires 100 feet of cable to reach the antenna hub and another 150 feet to
reach the bus, for a total of 250 feet.
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The EOL array power is a measure of the power that must be distributed
to the bus components., Using the values of EOL array power in Table G-5, a
total cable weight of 540 pounds is found for the center-fed design and 480
pounds for the offset-fed design.

Stiructure and Integration

The bus structure involves conventional aluminum construction and,
possibly, graphite composites in some areas to reduce weight. The struc-
ture and integration requirements were assumed to be 11 percent of the
weight of all other components or; equivalently, 10 percent of the total
satellite weight.
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APPENDIX H
TECHNOLOGY DEVELOPMENT PLAN COST ESTIMATES

Cost estimates for the various phases of the technology development
plan are presented in Tables H-1 and H-2. A variety of methods was used to
obtain these estimates. The cost of major hardware elements (i.e., reflec-
tor and mast) is based on vendor quotes. Other hardware, such as the ACS
and measurement system, was costed by a combination of engineering esti-
mates and cost estimating relationships (CER) with other development
efforts. Test costs were derived from a bottoms up estimate.

The development of satellite antenna technology was obtained largely
by analcgy with the 30/20 GHz antenna development performed at TRW.
Factors taken into account include similarities between developments (e.g.,
feed cluster approach to beam formation), physical extent of feed array,
and duration of development program.

The following ground rules were observed in developing the cost
estimates:

o All costs in 1982 dollars

¢ No fee included in costs

o Estimates based on wrap-rib design only

e No. costs included for the basic ground facility, which is
assumed to be available for other large space structure
activities in the mid-80s

e No STS pallet costs included.

Development costs for the structures and control technology is
presented in a manner that permits integrated development of the four key
technology areas, yet still allows for a gradual implementation short of
the total flight program. The four technologies are:

1) Mast design and assembly, including ground structural and
dynamic testing

2) Reflector design and assembly, including ground structural,
dynamic, and thermal testing

H-1
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3) ACS controller development and assembly of the STS flight
experiment controller )

4) Laser measurement system development and assembly of the STS
flight experiment system.

Integrated testing consists of the following two phases:

1) Ground integrated testing of the mast, reflecto~, ACS con-
troller, and measurement system. This qualifies the antenna
system for STS flight testing. This test provides the baseline
data to be compared with zero-g testing.

2) STS integration and flight testing, including all safety, data

acquisition, and experiment control electronics and structure.

For the RF technology development, the analysis needed to design the

frequency-scaled feed/beamformer is shown as a separate cost item.

Development of the scale model is an iterative process, between analysis

and test, which leads to RF validation of the selected concept. The full-

scale breadboard development verifies RF integrity of the feed array in an
operational environment, including the effects of the deployment process.
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3 Table H-1. Structures and Control Technology Development Plan Cost ($82M)
: ¢ PROGRAM LEVEL 74
® MAST (GROUND STRUCT/MECH TESTING)
) — DUMMY MAST 0.2
— FULL-SCALE SHORT MAST 2.1
- AI&T 1.2
,, TOTAL 35
i ® REFLECTOR (GROUND STRUCT/MECH TESTING)
) — FULL-SCALE 4 RIBS 0.3
H — 1/3 SCALE REFLECTOR 7.0
— AI&T 1.2
‘ z; TOTAL 8.5
. ® ACS 38
T
‘ ﬂ ® MEASUREMENT SYSTEM 33
o ® GROUND INTEGRATED ANTENNA TEST (AI&T) 1.7
|
E : ® STS FLIGHT TEST
" — ASE ELECTRONICS 34
| ~ ASE STRUCTURE 1.0
. —~ GROUND SUPPORT EQUIPMENT 05
frl - AI&T 11
! TOTAL 6.0
% ‘ TOTAL 3.7
7
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Table H-2. RF Technology Development Plan Cost ($82M)

e PROGRAM LEVEL 1.2
® MAST 0.8

e FEED/BEAMFORMER
— ANALYSIS/SIMULATION 0.5
~ FREQ-SCALED BREADBOARD 1.5
~ FULL-SCALE BREADBOARD 2.0

TOTAL 4.0

TOTAL 6.0
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