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SECTION 1
INTRODUCTION AND OVERVIEW

1.1 BACKGROUND
1.1,1 PURPOSE

The purpose of this study is to explore a satellite communication system based on

the use of a multiple, contiguous beam satellite antenna and Frequency Division
Multiple Access (FDMA). Emphasis is on the evaluation of the feasibility of SS-
FDMA technology, particularly the multiple, contiguous beam antenna, the on-board
switch and channelization and on methods to overcome the effects of severe Ka-band
fading caused by precipitation. This technology is evaluated and plans for technology
development and evaluation are given in Section 6. In addition, the application of SS-
FDMA to domestic satellite communications (fixed services) also was evaluated. Due
to the potentially low cost earth stations SS-FDMA is particularly attractive for thin
route applications - up to several hundred kilobits per second - and offers the potential
for competing with terrestrial facilities at low data rates and over short routes, The
on-board switch also provides added route flexibility for heavy route systems; how-
ever, this application was not studied thoroughly because these attributes of FDMA
are well known. The key beneficial SS-FDMA strategy is to simplify and thus reduce
the cost of the direct access earth station at the expense of increased satellite com-
plexity.

The multiple beam antenna provides complete coverage of the service area such as
the continential U,S, and off-shore locations while affording the possibility of fre-
quency reuse through isolatioa of co-frequency beams by antenna sidelobe control
and possibly through the use of orthogonal polarization. Consequently, a satellite
system based on such an antenna system can have large capacity because of the fre-
quency reuse but also will have interference because of imperfect isolation. For two

way telecommunications the higher antenna resolution or gain also reduces earth




station EIRP and G/T requirements which suggests that low cost earth stations may
be achievable. A further consequence of the use of a multiple contiguous beam antenna
F is the need to route the various communication gignals received by the satellite to
; the proper destinations via the associated downlink antenna beam. The use of FDMA,
) an important subject in this study, requires that these access paths within the satellite
be dynamically selected on the basis of the individual signal's position within the avail-
} able spectrum, e,g., different destinations are provided by different frequency bands.
This routing function is provided by filtering and switching on the satellite,

; While this concept affords the possibility of both heavy route and thin route communi-

l cation systems, emphasis in this study is on thin route applications ~specially those
affording direct access to the satellite system by a small, low cost earth station some-
where on the user's premises (e.g., roof top, parking lct, field. otc,). Properly im-
plemented, such a system can be low cost, reliable, flexible with regard to service
use, bandwidth, modulation, etc., and can be implemented at any microwave tele-
communication frequency band. It can contain its own integral communication switch
independent of terrestrial tails, interconnects, long haul facilities or switches. This
study then is an inquiry into the characteristics and technology of such a direct access
system in order to:

o Define basic system characteristics and utility,

e Explore performance bounds with regard to transmission impairments,
effects of precipitation attenuation, cross talk on user channel isolation,
and the relationship of these to the system concept,

e Identify technology required for demonstration or operation in terms of
feasibility,

e Decfine potential user costs, and

e Define a program that could cvolve a systcm demonstration,

While sometimes referred to as a '"switchboard in the sky' and other terms, the system
described herein is really a new adaptation of the basic FDMA system which is the
work horse of present day communication satcllites. Conscquently, the term "satel-
lite switched'" frequency division multiple access or SS-FDMA is adopted to describe

the techknique.
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1.1,2 HISTORY

Some of the fundamental limitations in the utilization of space communications,
particularly for the U,S,, are the available electromagnetic spectrum, the usable
segment of the geostationary arc, and the flexibility, reliability, and cost of service
to the user. Satellite telephony and data services particularly have experienced con-
stricted growth because of the high cost relative to alternative terrestrial means,
caused principally by the congested C-Band which limits satellite power flux density

and earth station antenna diameter,

NASA has had extensive prior involvement in the initial development and early
evolution of U,S, space communications beginning with Syncom and Project Relay
which demonstrated satellite use of active repeaters (and use of synchronous orbit,
e.g., Syncom), to the ATS-6/CTS satellite series demonstrating the utility of satel-
lite spot beams and high power. The immediate technical problem left undone was
the method of routing signals through the satellite multiple antenna beams, in a way
compatible with low user costs. Consequently, the real payoff in low cost satellite
comraunications was never realized. So-called public service experiments on ATS-6
and CTS, reaping the technical benefits of spot beams and high satellite power were
frustrated in the transition to operational (e.g., carrier-operated) satellite systems
because these satellites were not designed to provide the requisite antennas gain ard
power, but rather were designed with wide area coverage antenna patterns and low
transponder power to favor use of large expensive earth stations designed for trunk-
ing or heavy route traffic,

1.1.3 DEFICIENCIES OF EXISTING COMSAT SERVICES

Concentration of traffic and any desired processing or switching is performed by the
terrestrial system. The satellite system with only minor exception* is relegated to

* All the satellite carriers also have direct ac:ess services via relatively expensive
terminals which show no sign of great prolifexation,

1-3




providing long haul trunk service, emulating radio relays and thus providing only a
small portior of the total communications service normally desired by users, Switching,
interconnection and interface still are provided only by the terrestrial system,

SBS is making a step forward with a system based on TDMA with a limited random
access (e.g., switch) capability; however, access to this system will still be through
terrestrial interconnects and tails, and the SBS terminals are relatively expensive,

In addition, Intelsat has made use of FDMA with microwave filtering and limited
switching which is only practical for use with heavy route systems and satellites with
relatively few beams. Also satellite switched TDMA, (SS-TDMA) also has come into
prominence (Advanced Westar), however, lov' user costs with dedicated terminals are
not favorable because of the cost of (1) stors;.e (for bursting), (2) high speed MODEMS
(60 mbps to 600 mbps), (3) high speed switching, and precise timing, (4) framing, and
(5) earth station high power amplifiers to support the high burst rate, Use of TDMA
results in ""propagating complexity,' power, backup power, safety, monitoring, con-
1-ol, alarms, upkeep are all very much complicated by the presence of the TDMA/
high power technology.

The system studied herein overcomes these problems and results in flexible routing
and low user costs. In fact, there appears to be no alternative but to relieve the earth
station of the switching and signalling burden, to concentrate these in either the satel-
lite or in a central ground facility. This requires a new approach to earth station de-
sign, emphasizing simplicity, modularity, standardization, mass production, standard
interfaces, and low EIRP and G/T, and a new approach to satellite design in which
complexity is acceptable if flexibility and reliability are preserved and earth station
design remains simple,




1.2 SS-FDMA SYSTEM CONCEPT

1.2,1 OPERATIONAL DESCRIPTION

In its simplest form the user earth station has a single communications MODEM,

and single-thread uplink and downlink microwave hardware, If the user signal is

32 kbps the MODEM (except for slight changes in rate to accommodate coding),
operates at 32 kbps and the earth station EIRP and G/T are sized for this rate - re-
quiring & nominal 2 meter antenna. Since the earth station is working in conjunction
with a multiple (contiguous) beam satellite the spectrum for the user antenna beam is
divided into RF paths. These paths define particular routes through the satellite to
the various downlink beams, In the ''n'' beam satellite each uplink beam is provided
with at lease "'n"" RF paths to the ''n'" downlink beams resulting in at ieast n® possible
routes through the satellite, These paths are not necessarily equal to bandwidth at
any instant and total path bandwidth must be changed to follow the traffic demand.

In its simplest form the user signals the satellite syster: over a common signalling
channel indicating destination, originator, and desired signal bandwidth. The common
signaliling channel responds by assigning frequencies to the originating and destination
earth terminals which are in specific frequency bands corresponding to correct RF
paths through the satellite. After call completion the frequencies are available for
similar services by other earth stations. The earth station is thus a simple SCPC-
DAMA type FDMA terminal,

Signalling emulates that of the terrestrial svstem and, ‘n fact, can be designed to
interface the satellite system into terrestri«! .acilities of comravable performance,
The signalling system is thus centralized, either at a convenient earth terminal or
even in the satellite, Called a Network Control Center (NCC), the NCC actually per-
forms the functions of a telecommunication switch, routing calls, billing, rendering
operator assistance, busying out, tracking traffic intensity, e’~. These functions
are accomplished automatically by a computer,



It may be recognized that "path' switching is a great simplification over the conven-
tional telephone switch, The latter must connect each telephone to any other telephone,
This is accomplished (for such a vast network) by switching, and tandem switching of
unbelievable complexity. This technology is not suitable for satellites in the foreseeable
future. Fortunately, it is not necessary to switch on a subscriber by subscriber basis
since the satellice access destination problem can be solved by properly routing signais
among the "n" beams, The final subscriber connection, e.g., switching in the com- ‘
munications sense, is accomplished by the SCPC/DAMA system by the assignment of
compatible transmit and receive frequencies to communication earth stations, using I L
I

a common signalling channel. In the satellite, it is only necessary tc provide RF paths

from each of the uplink beams to each of the downlink beams, A variety of communi-

cations signals may be contained within a specific path - one or more analog - ' gital .
carriers, in combination, Thus, the satellite is still a ""bent pipe." This arru-ge- |
ment allows a maximum flexibility to the user since demodulation, decoding, + * ‘n

the satellite is neither necessary or desirable, |

The on-board channelization and switching is not simple, First it must be expected

that 2 large disparity in traffic demand per beam will be experienced in any real sys-
tem, A beam that illuminates the New York City area wi!l certainly carry a large ﬂ
traffic load, and will likely be the first beam to saturate at the end of satellite life,
On the other hand, a beam illuminatin;; the northwest, say the Montana and Wyoming

area, will have relatively little traffic. If there are many beams, say 20 or more, it

is possible, particularly for a specific carrier's system, that some beams will carry

no traffic at all, This disparity of traffic amongst the beams can be efficiently accom-
modated by SS-FDMA, Second, traffic predictions are only approximate and acquisi-
tion of new users or accommodating to changing user needs may require reconfigur-
ation of the routes, For example, a route normally carrying no traffic may be re-
quired to provide occasional full motion interactive TV for teleconferencing. Such
contingencies also can be provided for in the SS-FDMA system. In essence, the routes
are made up of combinations of fixed and switched RF paths, of standard bandwidths,

say 36 MHz, 10 MHz, 5 MHz, etc, Depending on the traffic load predictions these RF
paths are assigned by switches or fixed (preassigned), The former can be fully switched
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as in a fully connected ''cross point" switch, any one input to any one output, or the
path can be provided from a "pool.!" The pooled reserve enables connection of
additional paths into needy routes having traffic demands not anticipated by the normal
evolution of traffic growth, Consequently, the carrier can be reasonably assured that
he can adapt his facilities to meet future demands. It should be roted again that a 36
MHz path can be used either for a single carrier signal such as 40 Mbps video, a 36
Mbps FDM or TDM carrier or for many carriers of differing bandwidths and modula-
tion formats.

The bandwidth of the routes (a strong furction of the number of beams "n") dictates the
onboard switch technology. For those RF paths which are 10 MHz or less, which occurs
for n > 10, the switching is done at low RF frequencies, say 10 MHz where comple-
mentary metal oxide semiconductor, silicou on sapphire (CMOS-SOS) LSI technology is
attractive - many switches can be provided on a chip. LSI technology is critical to the
implementation of the SS-FDMA system because the number of switch points can be
very large. For example, suppose we wish to provide ten 10 MHz paths from each of
20 uplink beams to each of 20 beam downlink beams. Converting all these incoming
paths, 20 x 10 = 200 in all, to a common frequency, say 10 MHz, filtering them to in-
dividually identify each route using ceramic or SAW* (Surface Acoustic Wave) filters
results in 200 input connections to a '"cross-point'" switch and 260 output connections.
Connecting any one input to any one output requires 40, 000 switches, It is apparent
that recent developments in LSI are crucial to the implementation of such switch ma-
trices, For 36 MHz paths different technology, perhaps field effect transistors in LSI
configurations can be used; in general the 36 MHz paths are substantially fewer in
number so that less dense packaging can suffice. All this is certainly new satellite
technology and the arrangement of these switches to satisfy the communication system
needs yet be compatible with satellite requirements in terms of weight, power, dis-
sipation, reliability, etc., is an important aspect of this study and of future develop-

ment,

\

* The channelization need not occur at 15 MHz.
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Finally, it should be emphasized that the on-board switch is generally not involved

with setting up individual calls, If, for example, the RF paths in the routes arc pre-
arranged to satisfy the requirements of the ""busy hour' then no on-board switching is
involved in setting up individual calls! The call setup, as discussed previously, is
accomplished solely by the ground SCPC/DAMA system. The on-board switch is
exercised only to change the routing bandwidth to adapt the satellite to a new situation,
This indirectly involves the on-board switch in the SCPC/DAMA system since the SCPC/
DAMA or signalling/switching computer also will likely control the on-board switch too,

via a common signalling channel,
1.2,2 SS-FDMA ADVANTAGES

The advantages of the SS-FDMA systcem are:
1. Low cost carth station and low user costs
2, Simple signalling and access equipment
3. Flexible routing, on demand
4. Transparent medium - ¢, g., no decmodulation or decodiug is required

5. Flexible assignment of data rate or bandwidth, this is particularly advantageous
for direct access systems because higi performance channels ivith wide band-
width can be assigned almost instantaneously - on demand; this is a service
which terrestrial systems cannot provide, The bandwidth need not be the same
in both directions.

6. Complete coverage of the service area through the usc of 2 multiple contiguous
beam antenna

7. Large aggregate traffic can be achicved even though individual user demands
are small

8, SS5-FDMA is compatible with any of the frequency bands now allocated to
communications satcllites

9. The SS-FDMA is diffuse. While not obvious at this point, the SS-FDMA sys-
tem is not as subject to single points of catastrophic failure, Shorting switch
failures merely result in pre-assigned routes, open switch failures reduce
flexibility but parallel paths are available,

10, High availability despite severe fading is feasible, Again the diffuse nature of
SS-FDMA can be used to advantage in overcoming the effects of precipitation
attenuation at Ku-Band or Ka-Band. Since ecach carrier, in general, has a
discrete origination and destination at any instant the vast majority of these

1-3




o T T T TR T TR T TR

11,

carriers are involved with earth stations not being subjected to intensive
precipitation such as that found in thunderstorms (which causes tis attenua-
tion), Consequently, on a dynamic basis, some of the margin of each of
these carriers can be applied to those carriers experiencing attenuation,
This is tantamount to giving these carriers more power, at the expense of
the others, provided by increased output from the earth station HPA which
generates this carrier (controlled by the SCPC/DAMA signalling system),
Increased HPA power also can be used to overcome the effects of downlink
precipitation attenuation. What results is a high continuity of service,

=0, 9999 even at Ka-Band, with only a modest increase in satellite power
and earth station complexity. No antenna diversity (e.g., two earth sta-
tion antennas) is envisioned.

Independent private networks can be formed with restricted interconnectively
having dedicated modulation and signalling characteristics.

1.2.3 SS-FDMA DISADVANTAGES

The disadvantages of SS-FDMA are:

1,

2.

Weight and power of on-board channelization and switching can contribute
significantly to the overall satellite weight and power.

Weight of the multiple beam antenna can be significant, as can be the impact
of the antenna geometry on the spacecraft configuration (of course this is
not endemic to SS-FDMA),

FDMA operation of the satellite output amplifier requires back off and/or
linearization to control intermodulation power., All in all this is not a
significant cost item to the user. In fact, variable power amplifiers in one
form or another which consume power more or less in proportion to the
actual traffic signals passing through them can help to minimize prime
power requirements and minimize battery ¢ncrgy for eclipse, Taken in
total this can result in a lighter overall transponder amplificr implementa-
tion than a transponder amplifier with a single FDM or TDM carrier (and
especially in a fading environment),

The antennas, switch and channclization raquire development and demon-
stration,

Spectrum Utilization, The satcllite spectrum will never fully emulate the
instantancous traffic demand and, hence, there will be wasted spectrum (a
trunking FDM-FM carrier also ""'wastes' spectrum if it is not fully loaded),
Also, path channelization will reduce spectrum efficiency further (this cor-
responds to wasted time in TDMA systems). The achievable spectrum
utilization in SS-FDMA is an important subject for futurc study,
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1.2,4 TECHNOLOGY DEVELOPMENT REQUIREMENTS

Technology development requirements are strongly related to the desired satellite
capacity (e.g., number of contiguous antenna beams to cover the service area) and to
the operating frequency band, What may be envisioned as a future operational satellite
is a 10-30 beam, Ka-Band satellite, providing perhaps as much as 3 to 10 frequency
reuses (idealized), and working in conjunction with low cost earth stations having 2
meter dishes. The following enabling/enhancing developments are foreseen,

1,2,4.1 Switch Development

Develop and test wideband (36 MHz) and narrowband (=~ 5 MHz) switch matrices, pack-

aged for space use, with controls. In essence this involves development of LSI chips.

1.2,4.2 Channel Filter

Develop and test the last stages of frequency conversion and channelization with suffi-

cient adjacent channel clements to evaluate adjacent channel effects, It should be noted
that items 1.2.4.1 and 1.2.4.2 require a substantial systems effort to develop speci-

fications, the circuit arrangement, and frequency plan so that weight and power are

minimized and spurious signals are avoided.

1.2,4,3 Multiple Contiguous Beam Antenna

The study results indicate this function can be achieved with an offset fed parabolic
antenna. While high confidence can be placed in the analysis, it seems prudent to
build and test a model to confirm performance in the prescnce of inter feed coupling
and expected mechanical misalignment and distortions, Only a portion of the feed net-

work need be active, Worst case beam interference ratios of 25 dB to 30 dB are needed,
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1.2,4.4 Satellite High Power Amplifier

Amplifiers required for a fully operational Ka-Band system with a usable bandwidth

per beam of 833 MHz, and operating with 2 meter earth station antennas and providiag
a high availability in a fading environment require a substantial amplifier saturated
power, This power cannot be precisely identified because of the myriad system choices
available and because of uncertainties in subsystem performance such as earth station
receiver noise temperatures. Estimated saturated power of the order of 100 to 400
watts are needed, * Lightweight, efficient, linearized amplifiers at Ka-Band of this
power level are not available and need to be developed, In addition, there is a need to
demonstrate multi level power operation either with a single tube or several tubes.

1.2.4.,5 Satellite Low Noise Receiver

A low noise receiver at 30 GHz is needed to minimize the cost of the earth station HPA,

A peltier cooled FET or paramp is needed and these are not presently available.

1.2,4.6 High Power Satellite Technology

The study indicates that several kilowatts of prime power is needed for operational
system, However, the diurnal variations in dissipation can be substantial if variable
power satellite amplifiers are employed. Consequently, an active thermal system
using louvers and heat pipes may be necessary. This may involve new technology or

at least test and demonstration,

1,2.4.7 Low Cost Earth Stations

The projected costs can only be achieved wita standardized configurations with stan-
dardized interfaces making maximum use of LSI and MIC (microwave integrated

* Transponder powers substantially less than that would be needed for a demon-
stration system involving thousands of earth stations.

1-11




Rk otk R o S i o e S

circuits) and by production - say thousands of terminals - in a lot, The problem is
complicated by the present state-of-the-art at Ka-Band where devices of adequate per-
formances may not yet exist. The centralized signalling and switching concept using
SCPC/DAMA and a common signalling channel also must be standardized. Thexre
problems suggest that in operational systems the carriers are likely to provide these
facilities since individual users could not be expected to use sufficient numbers of
terminals to achieve the low cost or to understand the complex system interfaces.
These suggest a radically different approach to earth station production than is now
the case where these are built one or several at a time by either a carrier or a user.
It should be noted that standardization and productization does not necessarily mean
lack of flexibility. Several standard transmission rates and single and multiple ser-
vices are envisioned and can be accommodated with the standardized concept. Since
direct user systems usec narrow band transmission the satellite and earth station
oscillators must have low phase noise and good frequency stability. This require-
ment can involve oven-stabilized oscillators and active tracking loops, which can be

significant cost items and is a subject meriting considerable study.

1.2,4.8 Signalling and Switching (SCPC/DAMA)

A dircct access system must provide its own signalling and switching independent of
terrestrial facilities. It is believed this independence is a particularly attractive fea-
ture of direct access systems. The SS-FDMA requirements for signalling and switching
are increased over previous systems because of the need to detect and report fading,
control the carth station HPA and control the satellite switching. The provision of
signals of varying bandwidths, on demand also imposes additional requirer enis,
Dcemonstrations of these capabilities are essential to proving the flexibility and utility

of SS-FDMA for a great variety of different services,

1.2.4,9 Services

There appears to be 2 minimum constraint on services provided by SS-FDMA, Since

SS-FDMA is basically a direct user system, the traffic is composed mostly of narrow
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band signals, say 32 kbps to 56 kbps, with some smaller amounts of high data rate
signals, With DAMA all of the known telephone, data and video services can be accom-
) . modated (subject to the effects of satellite system delay), if they are attractive econom-
ically to the user. These are:
e Private line voice, data
‘ e Computer interaction
L. e Paint of sale (POS) transactions
i e Electronic fund transfer
¢ o Teleconferencing, wideband (vidco)
. e Teleconferencing, narrow band (facsimile, etc.)
L e Telemalil, etc,

Users are government, business, and public service, the latter consisting of medical

| - and educational services of various types and possibly some forms of emergency ser-
vices involving portable (not mobile) terminals. There may also be a need to trans-

‘ mit bulk (heavy route) traffic already concentrated because of economy or history.

‘- The SS-FDMA system is capable of efficiently providing these services. In fact,

it is quite possible to conceive of a satellite system consisting of SS-FDMA and some

form of trunking such as SS-TDMA to provide a mix of direct access and trunking

services. There appears to be no technical restrictions in implementing a variety

———r——

of services and systems.

S

These services or new types of services capable of implementation by SS-FDMA stem
from elimination of terrestrial facilities and their restrictions, Impulsive noise,

e

caused by power line switching, normally present on terrestrial lines is avoided, as
are the bandwidth and performance restrictions of the terrestrial lines, switches,
etc,, designed to optimize tclephone communication, Literally dial-a-bandwidth ser-

l' vices appear feasible -~ any bandwidth, anytime, anywhere - and this is truly a new
dimension in communications.

 ———
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1.3 SUMMARY OF RESULTS

—

This summary of the study results are based on evaluations of the feasibility of the
multiple contiguous beam antenna, on-board LSI switching, narrow band channeli-
zation (such technology evaluations formed the largest part of the study effort) in the
context of a high capacity operational Ka-Band satellite having either 10 or 100 beams
covering the 48 states, However, each major problem area has been investigated
sufficiently so that the technical problems are well understood. While much technology
development, test, and demonstration remains to be done, there are no discernible

breakthroughs needed to realize the performances predicted herein for SS-FDMA,

1.3.1 ANTENNA

Computer performance predictions for multiple contiguous beam antennas indicate
cochannel sidelobe intexference levels in the range of 25 to 30 dB, While this inter-
ference must be taken into account in system operation, these levels are generally
acceptable., A number of aittractive beam topologies (arrangements and combinations
of beams) are identified, All antenna configurations are based on offset feed parabolic

reflectors with multi-horn feeds which are recommended for this application,

1.3.2 SWITCH

Requirements for the switch vary according to the number of antenna beams and the
system capacity. There appears to be a need for several different path bandwidths,
namely 36 MHz and something of the order of 5 - 10 MHz, the latter enables "trimming'
the route bandwidth in order to conserve spectrum. For low frequency switching
CMOS-SOS technology enables fabrication of crosspoint switch arrays of minimum
weight and power. Smaller numbers of wideband (36 MHz) switches can be fabricated
using more conventional PIN diodes or FETS becausc weight and power are less
critical, Both switch types necd to be demonstrated. Frequency conversion and fre-
quency synthesis arc also challenging engineering problems and should not be neglected.
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1,3.3 CHANNELIZATION

Surface Acoustic Wave (SAW) filters are the preferred solution for both wideband and
narrow band paths. These filters are lightweight, and can provide the performance
needed to channelize the RF spectrum with high spectrum use efficiency. Other filters
such as quartz or ceramic bulk filters also may be uscd but are heavier,

1,3.4 SIGNALLING

A conventional SCPC-DAMA signalling system is envisioned, with added capability to
control the earth station HPA power level and to control the satellite switch matrices.
The latter requirements do not add significantly to the processing or signalling equip-
ments. A dedicated MODEM is likely to be required for signalling so that signalling
functions (such as fade compensation) can be provided even when the communications
MODEM is in use, Signalling can use the same HPA and LNR as the communications
channel, Signalling paths are only between each earth station and Network Control

(e.g., the System Routing Center) so many such paths (as needed) can be provided in
parallel,

1.3.5 RAIN COMPENSATION

In SS-FDMA statistical advantage is taken of the many individual carriers to alleviate
margins on a dynamic basis, These carriers undergoing either uplink or downlink
fading (due to precipitation attenuation), are given more power. This is achieved by
dynamically increasing earth station HPA power, Downlink fading at 20 GHz can be
compensated such that availabilitics of 0, 9999 can be achieved at most U, S, locations
except those in the vicinity of the Gulf of Mexico, Uplink fading at 30 GHz can also

be compensated to achieve similar availabilities; however, a tube (TWT) type
amplifier may be needed depending on the earth station antenna diameter and the num-
ber of satcllite antenna beams. With a 2 meter earth station antenna and a 10 beam
satellite, a 30 GHz HPA power in the range of 5 - 10 watts is needed for 32 kbps,
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1,3.6 USER COSTS

Using previous studies to predict earth station and s:.'tellite costs, user end-to-end
annual costs were computed for various situations. Figure 1-1 depicts such costs vs
earth statior antenna diameter for a postulated range of single MODEM earth station
costs from $10 K to $30 K, with and without DAMA, The scales at the right of Fig-
ure 1-1 represent existing 2,4 kbps, 9.6 kbps and 32 kbps tariffs. The end-to-end
user costs using SS-FDMA are very competitive with terrestrial wideband facilities
even at short route miles, SS-FDMA appears competitive cven at 9,6 kbps rates pro-
vided earth station costs are between $10 - 20 K, Figure 1-2 shows similar results
for an SS-FDMA earth station with ten 32 kbps MODEMS and two 64 kbps MODEMS,
(448 kbps total), In this case the SS-FDMA system is competitive at rates as low as
2.4 kbps at very short route miles, Actually, earth station costs could be significantly
higher without affecting overall competitiveness.
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Figure 1-1, Single MODEM Earth Station
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Figure 1-2, Multi-MODEM Station

1.3.7 TRUNKING SYSTEMS

While SS-FDMA can also be used for wideband trunking this case was not analyzed
specifically in order to emphasize the direct to user application, SS-FDMA can im-

prove the connectivity and flexibility of trunking FDMA systems; however, an ex-

amination of present tariff structures for interconnects or ''talls'" revealed the latter

are dominant costs. Consequently, it may not be important in terms of user costs

whether FDMA or TDMA is used (the former generally increases satellite costs while

the latter generally increases eaith station costs),

1,4 ORGANIZATION OF THE REPORT

Section 2 contains an initial tutorial description of the SS-FDMA system concept based
on multiple contiguous antenna bcams. Both satellite and carth station overall

1-17




characteristics are described as well as an initial operating scenario. This is in-
tended as an introduction to SS-FDMA systems and does not represent the results of
a detailed system study. In fact, the report emphasizes the onboard switch and
multiple contiguous beam antenna technology. However, some system optimizations
were performed to illustrate the potential advantages and benefits of the SS-FDMA,

A major section compares terrestrial systems, trunking satellitc systems and direct
access satellite systems under a variety of circumstances and draws important con-
clusions regarding potential benefits derived from the application of advanced tech-
nology. Section 2 concludes with a description of a method to overcome the effects
of Ka-Band precipitation attenuation fading so that high availability, approaching 0,9999
can be achieved with single antenna earth stations with minimal acceptable system
and satellite complexity and minimum cost,

Section 3 describes the technology and performance of the contiguous multiple beam
antenna starting with beam topologies which offer different values of frequency reuse
and untenna self-interference. Practical antenna technology is described and examrles
of mechanical configurations given, Included in this section is an earth station antenna
design capable of reducing adjacent satellite interference such that 1° satellite spacing
can be envisioned, An example of a mechanical configuration also is described.

Section 4 describes the on-board filtering and switching technology including the assum-
ed system performance requirements. Limitations of LSI switch implementation are
described and physical features given. An example packaging design is presented,
Channel tiltering based on Surface Acoustic Wave (SAW) filters and ceramic piezo-
electric filters also is described. Methods for controlling the switch, performing
frequency coaversion and frequency synthesis also are described,

Section 5 describes the operational characteristics of a future, hypothetical Ka-Band
SS-FDMA system. Satellite concepts for 10 and 100 beam configurations arc sum-
marized and costed. Typical user terminals also are identified and costed, and total

user cosis in terms of 1980 dollars arc computed based on various operational scenarjos,
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These are compared with existing terrestrial tariffs in order to identify future attrartive
satellite services and applications and to further identify salient system features which
can provide guidance to the technology development. Section 5 concludes with a sum-
mary of SS-FDMA system characteristics regarding service flexibility, user cost, ;
technical feasibility and operational advantages. |

Section 6 describes recommendations for further development of the SS-FDMA system
with emphasis on enabling technology and suggestions for flight experiments.

An appendix deals with the ramifications of SS-FDMA technology to potential applications
of satellite aided land mobile systems.
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SECTION 2

SYSTEM CONCEPTS, SS-FDMA

2,1 OVERALL CONCEPT

Future U.S. communications satellites will make use of multiple beam antennas in
order to provide more frequency rense and therefore higher capacity satellite sys-
tems. A concommitant }.=r:fit of frequency reuse through multiple beam antennas
is increased satellite antenna gain enabling a corresponding reduction in earth
station antenna aperture. However, an access problem is then created in the
satellite relating to the routing from the corresponding uplink beams to the
corresponding downlink beams, Each uplink signal arriving at the satellite through
one of several antenna uplink beams must find its way to the desired downlink
antenna beam, These signals, are those associated with two way communication,
either telephony or data, between two, (or just a few) earth stations. Distribution
of television signals over wide coverage areas, another DOMSAT application is

generally not benefitted by spot beam antenna systems.

While multiple antenna beam systems are not new, the number of antenna beams
needed to carry the traffic can have a profound influence on satellite and system
design. In a multiple beam FDMA satellite such as Intelsat V (to be launched in
1980) the routing is accomplished by assigning different transponders (e.g.,
different frequency bands) to different beams. Sophisticated switching is included
to change the FDMA routing to accommodate the traffic demand. The switching
(millisecond speed) is accomplished by a microwave switch network, switching

36 MHz and 72 MHz transponders. In a multiple beam TDMA satellite such as
Advanced Westar (to be launched in 1981-1982) the routing is accomplished by
assigning different time slots to different routes. Sophisticated on board switching

connects each uplink beam to each downlink beam on a sequential non-interferring
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basis such that sufficient time is allocated to each route. This switching, (at
nanosecond speeds) also is accomplished by microwave switch networks, switching
RF paths containing 40 MBPS to 600 MBPS data streams.

Because of high earth status costs, conventional SS-TDMA systems are associated
with trunking systems, e.g., systems having heavy routes or concentrated bundles
of traffic. Consequently, the numbers of antenna beams of approximately 10-15
result in realizable practical satellite switch networks by present technology
standards. Attempts to broaden the application of this technology to thin route or
direct access terminals must involve techniques for reducing earth station costs.

GE has performed a conceptual study for Western Union(l)

using a combined
TDMA/FDMA concept having the potential application to low cost earth terminals

using TDMA.,

FDMA on the other hand is widely used for both heavy route and thin route appli-
cations. Inthe former, single and multiple carrier transponders and digital or
analog carriers form the basis for these systems., Thin route systems using single
channel per carrier, (SCPC) with digital or analog modulation, and with and without
DAMA are available, The Intelsat SPADE System is a digital SCPC/DAMA system

used for thin route application. Algeria also has installed such a system for domestic

applications but with a centralized processor. The General Electric Company has
pioneered in the development of SCPC - DAMA using a centralized processor, The
U.S. domestic carriers also use SCPC for thir: route and direct access applications

although, except in unusual circumstances such as in the Alaskan system, they have

(1) Low Cost Earch Station Study Final Report, J. Kiesling and J, Swana, by
General Electric Space Division for Western Union Telegraph Co., Contract
WU 4748A (R-4-76).




not found wide application because of cost, All these SCPC systems are based on
single antenna beam systems.

FDMA has considerable appeal for thin route and direct access systems because of
the low potential cost of such earth terminals, Particularly in direct access sys-
tems where the user may have to bear the entire earth station cost (perhaps even
the cost of two or more earth stations), earth terminal cost is critical, Use of
FDMA earth terminals have the following advantages:

1, Narrow band: The incoming data or voice stream is transmitted to and
received from the satellite at the same rate except for minor changes in
rate due to error correction coding, signalling, etc. This translates to
low MODEM cost and low power amplifier cost,

2, Equipment Simplicity: There is no complicated TDMA framing, satellite
timing and no burst MODEMS as in TDMA, Signalling to accomplish
DAMA is also simple and low cost at least with regard to user terminals
when central routing processors are used,

3. SCPC earth terminals avoid the "propagating complexity'' of TDMA
terminals - these are additional costs incurred for power (hack-up
power for high-powered amplifiers), monitoring, alarm and control,

The inherent simplicity and low cost of an SCPC terminal suggests that it is an
appropriate selection for thin route or direct access systems where terminal costs
dominate overall transmission costs. In considering the adaptation of SCPC to
multiple beam satellites, a satellite solution is sought which preserves the sim-
plicity and low cost of the SCPC terminal even at the expense of higher satellite
complexity, weight and cost. This is exactly the approach taken in the study, and
the acronym satellite switched frequency division multiple access or SS-FDMA is

coined to describe the general method,

2,2 SYSTEM ROUTING CONCEPT

While thin route or heavy route services can be provided by SS-FDMA through the
use of isolated multiple satellite beams as evidenced by Intelsat V a more general

application consists <f direct access service to an area covered by a mosaic of




contiguous satellite antenna beams as illustrated in Figure 2-1, Similar mosaics
can also provide off-shore coverage, however such considerations are obvious and
will not be cdnsldered further in this report. Frequency reuse is achieved in the
arrangement of Figure 2-1 if the co-frequency beams are sufficiently far apart so
that adequate isolation is achieved, either through sidelobe level isolation, or
through the use of orthogonal polarization or both, The closer the co-frequency
beams, the more frequency reuse is achieved, however, in general the interference
levels also are higher, The insert in Figure 2-1 is an example of frequency reuse
achieved only through sidelob= isolation. The available bandwidth is divided into
three parts, labeled "1", "2 _ 1 "3" and only one of these three bandwidths is
used in any one beam} Total bandwidth available is 3132 where: N = number of
beams, B = available bandwidth, A 100 beam satellite with a 2500 MHz allocation

can have a total available bandwidth of 83250 MHz! Co-frequency beams in
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Figure 2-1, Concept of Two-Way Communications Service to a Coverage
Area Through The Use of a Mosaic of Multiple Contiguous
Antenna Beams

* The total bandwidth available to an earth station is B/3.
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Figure 2-1 are less than a beam width apart and the co-frequency interference level
can be high, Alternatively, orthogonal polarization can be used to gain additional
isolation. Unfortunately, at Ka Band, the orthogonality is severely degraded in
rain so that equal level, co-frequency, co-beam but orthogonally polarized signals
can have nearly the same magnitude during heavy rain. On the other hand,
orthogonal polarization can be used to achieve additional isolation between two
different beams where isolation also is provided by sidelobe level control. Such
arrangements, both singly and dually polarized, called beam topology, are an
important subject of this report and are described in Section III with regard to
topologies that maximize frequency reuse, or minimize interference or combi-

nations thereof,

Figure 2-2 depicts the SS-FDMA satellite concept. Each uplink beam of a con-
tiguous multiple beam antenna contains a 30GHz receiver which essentially es:ab-

lishes the input noise temperature and which converts the received band of FDMA

SATELLITE ARRANGEMENT
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Figure 2-2, Satellite Arrangement for SS-FDMA
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signals to a convenient intermediate frequency. Correspondingly, each 20GHz

downlink beam is driven by an amplifier/frequency converter which amplifies the
FDMA carriers for that beam to the proper power level while providing control of

intermodulation noise, The routing of the FDMA signals through the satellite, i
e.g., each uplink signal from each uplink beam, to its destination downlink beam |
is controlled by the FDMA network. The arrangement resembles that for SS-
TDMA hence the acronym SS-FDMA, However, the FDMA routing network
actually contains networks of frequency changers, RF filters and switches to ac-
complish the routing function, all controlled by the Satellite Control System which {
also contains elements of the system Common Signalling Channel, and telemetry

and command functirns, ;

At first glance, the SS-FDMA system appears to be a ''switchboard in the sky', an '
old icea advanced to emulate terrestrial systems., However, this approach, which
involves a switch to connect any subscriber to any other subscriber is a very com-
plex technology, even in terrestrial systems and is a hopeless proposition for space

implementation in the foreseeable future. And it is not necessary. In SS-FDMA, it

Ao g s g

is only necessary to route the signals properly amongst ''n'' beams, the remaining
subscriber connectivity can be provided by action of the earth station network, To
accomplish this, RF paths are set up by the FDMA network through the satellite to
the proper downlink beams, FDMA signals for the '"ij' route are merely assigned
frequencies within the bandwidth of this route, call a "path', If the path band-
width is not adequate to satisfy the instantaneous requirement, additional '"paths'
can be switched in--perhaps at the expense of other paths where the demand is
lighter, In concept, the available spectrum within each antenna beam can be

divided (on an FDMA basis) into distinct bandwidths or paths as illustrated in

Figure 2-3. A single carrier or multiple carriers may be assigned within each

path depending on the subscriber or user demand., Most of the traffic in a Direct

o e iimn . o o

Access System is at moderate speeds say in the range of 2,4KBPS to 56KBPS,

however, there may exist heavy routes of 'bundled" or multiplexed traffic or a
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Figure 2-3. Concept of FDMA Path Allocation in Representative Antenna Beam

demand for occasional high speed service such as interactive television (40MBPS),

Therefore, there is a need to provide combinations of path bandwidths, The exist-

" ence of 36 MHz paths does not necessarily mean that these allow only single carrier

services because it also is convenient, in very aciive paths, to assign multiples of
slower data rate carriers to these wider band paths, e.g., if the total required band-
width is large--even though this is composed of many slower speed carriers--it is

more convenient to provide a single wider bandwidth path then to connect several

narrow band paths,

Within the satellite, the FDMA spectrum illustrated by Figure 2-3 is routed to the
other beams on a path by path basis, In Figure 2-2b, beam "i'" received paths are
distributed by a switch network (not shown) to ''n'' downlink heams, some downlink
beams will be provided with a lot of paths, perhaps of differing bandwidths while
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others may be provided with substantially less, or with none, depending on the in- ‘!
stantaneous traffic demand. In essence, the satellite switch behaves as a '"bent

pipe", e.g., no demodulation or decoding takes place, and within any given RF

path, any reasonable user format (analogue or digital modulation and/or coding)

can be accommodated, at any speed, provided the satellite path has adequate band-

width,

The satellite design problem then is to define these paths and switch them to the
proper (destination) downlink beam. In essence this is accomplished by down con-
verting the RF path to frequencies which are low enough so that convenient light-
weight filters can be used to separate each individual path from all the others, and
" that advantage can be taken of LSI (large scale integration) to construct large switch
matrices. An example arrangement is depicted in Figure 2-4 which illustrates a
contiguous FDMA stack of RF paths applied to a bank of mixers supplied with
oscillator power from a frequency synthesizer. Each RF Path is converted to the
same frequency where it is filtered or channelized and then applied to a cross-
point switch (fully connected n by n switch) where each individual RF Path is con-
nected to a new FDMA ''stack" in its destination beam. In general, each incoming
RT Path can be connected to any downlink beam, although in practice this is not
always necessary, Figure 2-4 is {llustrative only, a detailed design for a specific
application may indicate the need for several down conversion steps, differing
bandwidths of RF paths, several different switch networks, etc, However im-
portant technology development is indicated by the Figure 2-4 concept., The

switching network can consist of thousands of switch elements with tens of thou-

sands of filters and of course, the frequency conversion step itself, while not
requiring new technology is in itself a challenging engineering problem, However,
the RF path switching has significant advantages for a satellite implementation
which are worth summarizing here,

1. RF path switching substantially reduces channelization and switching
requirements so that implementation in the foreseeable future is
feasible,
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3.

RF path switching, by avoiding demodulation and decoding (and remodu-
lation and recoding) in the satellite imposes minimum restrictions on
user formats; within a broad range of possibilities the user may use
analogue or digital modulation at any bandwidth or rate,

RF path switching can enhance reliability since multiple paths are pro-
vided for many routes and additional paths can be switched in on demand.,
Switch failures, or in general path failures reduce flexibility and eventually
capacity, but do not cause catastrophic failure of the network,

A key to the achievement of these advantages is operation at sufficiently low

*
frequencies such that new solid state technology (SAWS, ceramic-piezoelectric

filters and LSI) may be applied.,

In summary, the SS-FDMA routing concept, apvlicable to a multiple beam satellite

is a new system concept offering potential benefits to user systems, Some of these

benefits are:

1
2,

3.
4,

5.
6,

7

It avoids the expense of complex TDMA terminals,

It avoids the need of high-powered amplifiers in earth stations because no
bursting is required. 1 and 2 suggest that SS-FDMA favors the use of direct
access terminals,

It has the potential for high flexibility and rel.ability,

It has thc potential for use either as a direct access or trunking system and
can support heavy route or thin route traffic (or high or low data rates).

The RF paths (bent pipe! do not limit user modulation and coding formats,

The application of SS-TDMA to a direct access satellite with SCPC-DAMA
provides the system with a complete switching capability which is com-
pletely independent of terrestrial facilities (interconnects, entrance lines,
switches, etc).

\WVhile not fully discussed yet, SS-FDMA also offers advantages to Ka Band
or Ku Band systems because of carrier power sharing so that availabilities
in the range of 0,999 to 0,9999 can be achieved with single antenna earth
stations in all but the most extreme U, S, climates, with little cost impact
to the user,

*Surface acoustic wave or SAW filters.
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8. Satellite amplifier linearization to control intermodulation noise (through back-
off, feed forward or feed back techniques) is a FDMA penalty, however, if
the VOX factor is considered along with the power sharing for fade compen-
sation, and the ability to adjust the amplifier RF and DC input levels to satisfy
the traffic demand also is considered the penalty for linearization is not signifi-
cant, A FDMA transponder even though '"backed off" <will weigh less and con-
sume less power than a TDMA amplifier. Batten weight also can be reduced if
the eclipse time traffic is small and the transponder power can be reduced dur-
ing these periods.

9, If desired the carrier level at the earth station can be adjusted so that the
satellite carrier EIRP is the same no matter where in the satellite beam the
destination earth station is located,

Disadvantages of SS-FDMA are that it significantly increases the complexity of the
satellite--in switching, channelization, and frequency conversion, While these re-
quire the further development of new but existing technology there does not appear

to be a substantial increase in satellite cost above that of an SS-TDMA direct access
satellite (both with multiple beam antennas), Thus, there appears to be an opportunity
to demonstrate improved satellite communications system through the application of
R&D,

2.3 DIRECT ACCESS SYSTEM USING SS-FDMA

2,3.1 INTRODUCTION

Since SS-FDMA permits the lowest cost earth station a truly cost effective direct
access system might be attzinable using this access method, Bydirect access we
mean an earth station located on the user premises which communicates directly
with its destination earth station via the satellite with no intervening terrestrial
facilities. Most of the present satellite carriers operate some direct access

terminals, mostly high-speed pre-assigned data terminals., However, the bulk of
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the traffic is carried by so-called trunking systems in which the traffic is first con-

centrated at the earth station via terrestrial lines, At C-Band, additional entrance ;
links are required because the terminals are located outside cities, away from RF |
conjestion. Trunking stations contain a lot of multiplex equipment either FDM or

TDM for the purpose of '"bundling' the traffic into heavy routes, The question

naturally arises, given a user having a certain data rate, use factor and route

distance, concerning the best communications media; an all terrestrial system,

a trunking system or a direct access system. It is difficult to analyze the question

in a general sense because users have complex service requirements, e.g., different

traffic requirements to different cities and users often use combinations of different §
facilities to satisfy their needs. However, some insight can be gained by a general

comparivon of the three generic configurations, Figure 2-5 illustrates the three
configurations, The terrestrial systems, consisting of complex tandem connections

of wires, switches, radio relays and multiplexing can be represented for traffic pur-

poses by a simple line, The trunking system illustrates that access is provided by

terrestrial facilities, In the following, it is assumed that the three services have

comparable performance characteristics, and satellite delay is not a factor,

2.3.2 SATELLITE COSTS

Satellite costs used in this analysis are conjecture, Present use of 56 Kbps direct-
access systems results in about 100 circuits per $1,.2M transponder or costs of
approximately $ 12K/year, However, the values used in these analyses presume a
satellite system designed specifically for SCPC/DAMA using small earth terminals.
For bandwidth limited operation ($1.2M, 36 MHz) the following results for both trunk- |

ing and direct access satellites using representative present day charges.

for 56 Kbps $2700/circuit/year
9.6 Kbps - $462/circuit/year g
2.4 Kbps $116/circuit/year v ! :
t
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Figure 2-5, Communications Facilities
These assume preassignod channels, Operation with VOX/DAMA can substantially
reduct these charges. Satellite charges used for the analyses of direct access sys-
tems are assumed to be $11,7K or § 1, 17K per year for 56 Kbps and $2000 or $200
per year for either 2.4 Kbps, 4.8 Kbps or 9,6 Kbps (the latter assumes these data
rates will use 9.6 Kbps as a standard rate, with buffering if necessary). These
charges straddle the range of possibilities and enable an evaluation of the sensitivity
of user end-to-end costs to these charges. At this point in the study the range of
satellite charges is quite arbitrary and will need to be reviewed later.

With regard to full video services the charges in Table 2-4 are too high for inter-
active services such as teleconferencing, Consequently, a direct-access or con-
centrated satellite system will obviously be more cost effective provided DAMA is
used,

y

T P

T P . P

el o




T T T

- e~ —-—" TR e

2,3.3 TERRESTRIAL SYSTEM COSTS (TARIFFS)

Table 2-1 lists our understanding of the present standard AT&T tariffs for DDS/MPL
(Digital Dataphone Service/Multiple Private Line) for 2.4 Kbps, 4.8 Kbps, 9.6 Kbps,
and 56 Kbps. R should be noted at the onset that tariffs are analogous to prices, and
are not necessarily costs, There are two important charges, one relating to distance
(so-called mileage charge) and a second relating to terminating the lines at a user's
premise, (a third charge relating to installation is £:nall and is neglected).

Table 2-2 lists similar charac’eristics for the Series 8000, a medium speed data
service, and Table 2-3 lists the characteristics of Telpak "C'* and '"D"', high speed
data services, Telpak 2y be discontinued subject to a present court dispute be-
tween the Government and AT&T. In any event, it 1s not availuble to new customers
(since 1977).

Table 2-4 lists the Series 7000 tariff for continuous and occasional TV, It is
apparent that these are too expensive for direct-to-user services such a telecon-
ferencing.

Using a hypothetical 500 mile, 2-way teleconferencing link the Series 7000 tariff for
preassigned service results in a monghly charge (mileage, termination and local
charges) of $60,000. If occasional service, say & hours per week, is assumed then
the monthly charge (mileage/hourly, termination and local charge) is $37, 240,

The various data service tariffs are plotted in Figure 2-6 versus mileage. These
are characterized by a fixed termination charge (per pair of ends), called herein To'

and a mileage rate T over a mileage distance L, For a di:rect-access system to break

even the comsat charge must equal 'I‘o + TL, e.g., there is a break-even distance at
which the two services are equivalent {n projected charges. The situaticn is different
for trunking systems which concentrate the traffic at the carth stations. In this

case, a pair of terminations is required at each earth station to connect each cir-

2-14
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cuit. For Break-even, the trunking systems must reduce the long haul charges
sufficiently \o overcome the effect of the extra termination charge. Adding more
circuits only adds more termination charges. In fact, it is shown that the

TABLE 2-1, DDS/MPL (2 WAY) TARIFFS

(monthly charges)

e TATTETRETEET YR

(A-A City) (A-B City) (B-B City)
370 cities Not Available Not Available 56 Kbps
Mileage Schedule 1 Schedule 2 Schedule 3 DDS
0-1 51 52 53 225
2-14 51+ 1.80/mi 52+ 3.30/mi 53+4.40 255 + 9/mi
15-24 764 1.50/mi 98.20+ 3.10/mi 114.60+ 3.80 372 + 7.50
25-39 91.20+1.12/mi {129.20+2.00/mi | 152.60+2.80 450 + 5.60
40-59 108 +1.12/mi 159.20+1.35/mi | 194.60+2.10 534 + 5.60
60-79 130.40+1.12/mi | 186.204+1.35 236.60+1.60 1646 + 5.60
80-99 152.80+1.12/mi |213.20+1.35 268.60+1.35 758 + 5.60
100-99% 175 + 0.67/mi 240.20+0.67 295.60+0.68 870 + 3.35
>1000 769.20+0.40/mi | 834.20+0.40 . 907.60+0.40 3885 +.2.0
(12400  $84/mo/end
MODEM (2016/yr) $25/end/mo Same as 2 $650/mo/end
rorms % 4800 160 (no MODEM) (15600)
ermina:
tion (3840) Install
9 (6752)
+
Install $54.15/end Same as 2
$128.75/end
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TABLE 2-2, SERIES 8000 (2 WAY) - 40,8 - 650 ..BPS

e
12 Ckts (11 Data + 1 Voice)

Loy

$16, 20/mi/no/ to 250 miles

11,40 251-500
8.15 7500
Termination + MODEM $460/end/mo
Installation $216/end

TABLE 2-3. SERIES 5000* (TELPAK)

Telpak "'C" Telpak "D"

60 Ckts or 240 kHz (743 Kbps) 240 Ckts or 960 kHz (3 Mbps)

Mileage $32.50/mi/mo 92, 05/mi/mo
Termination $43, 30/end/mo/ckt 43,05/end/mo/ckt
Installation $5415/end/mo 54, 15/end/mo

*Not available with independent companies for example in Rhode Island or
Vermont,
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TABLE 2-4, SERIES 7000

TV (1 Way Only) .
Continuous - 525 Line, + Audio
Mileage $55/mi/mo |
Termination  $1500/mo/end

Local Charge $1000/mo/end

Occasional Service - 1 Way

$0, 75/hour/mile, 1 hour minimum

Termination Charge $80/hour/end

Local Charge $500/ch/day/end - min. charge
$500/day/end
max $1000/end/mo
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ANNUAL COST — TERRESTRIAL FACILITIES

Ihaedipuina

100K
DDS .
K 3PS
seriEs 8000 408
10K
MPL SCHED 1 9.6 KBPS

2.4 KBPS
MPL SCHED ¢

A
19°
%
N\

1 10 100 : 1000
MILEAGE
Figure 2-6. Various Tariff Schedules vs, Mileage

termination charge (or interconnect charge) is a significant cost parameter for con-

centrated systems, This break-even relationship can be approximately expressed

as:
P
2(nT+ e)+nS'=nLT+nT
o = o
3
where
Pe = earth station installed cost
= number of circuits (e.g., two-way)
T 0 = termination charge per circuit (both ends)
St = satellite charge per circuit
L = break-even mileage
T = average mileage rate for an equivalent terrestrial link
2-18
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For the direct-access system the break-even relationships can be expressed as:

2Pe + nS* = nLT + nT
-—-3 0

Note that in both cases, earth station installed costs are multiplied by 0. 83 to obtain
annual costs (Including depreciation, O&M and return on investment), These equa-
tions can be manipulated to show important relationships concerning economic
viabflity,

2.3.4 RESULTS OF COMPARISON

Figure 2-7 shows such relationships for a data rate of 2,4 Kbps, plotting earth
station installed cost versus break-even distance. Both trunking networks and

direct-access networks are shown, A postulated value of $20,000 is shown for a

n = 100 CIRCUITS

™ r )
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100K
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10K

SATELLITE CHARGE = $200/CKT // 5
% Y //’ 7 s
% / D/{a/é(ﬁccess%// % =%
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iz | 1

1 10 100 1000
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Figure 2-7, Breakeven Cost Comparison 2.4 Kbps MPL
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typical direct-access terminual and $400, 000 for a typicel terminal with concentra-
tion, located within a city in its service area. An out-of-city trunking station
costing $5M to $10M including radio relay and multiplex {s believed to be typical of
that situation, The trunking terminals have a mileage asymptote setting a minimum
break-even distance, typically around 500 to 1000 miles, Even if the pro-rata cost
of the satellite portion of the link is zero there is still a break-even distance, when
To = LT, e.g., break-even is determined essentially by the terrestrial system,
This may be viewed as the terrestrial mileage necessary to overcome the cost of
the extra pair of terminations in the trunking system., The break-even distance
cannot be less than this, There is no asymptotic break-even for direct-access
systems, However, there is a cost break-even; for an earth station cost of $20,000
(beyond present state of art and experience), the break-even distance is approximately
1000 miles. For trunking systems, break-even is 500 to 800 miles for about 109
circuits depending on the satellite circuit charge. For 2,4 Kbps, concentration is
the only practical satellite solution since direct-accers earth station costs sub-

stantially below $20, 000 are not believed to be feasible, *

However, the slope of the curves for the direct access system are small; a re-
duction of earth station cost, from $20,000 to $10, 000 changes the breakeven
distance substantially--to approximately 100 miles! This might be achieved in a
situation requiring two 2,4 Kbps lines, e.g., $20,000 earth station with two channels,
or a charge of $10,000 per earth station, Note that the satellite charge also is
critical because of the srall slope. Reduction of satellite charges to several hundred
dollars per circuit, by advanced satellity technology, or DAMA, or both can be
significant, The trunking system characteristics on the other hand have large

slopes around 1,000 miles, Changes in earth station costs or satellite charges

have almost no effect on the breakeven distance. This does not mean that the

*Even an "occasional' service, in whicl. the space segment charge approaches zero
does not change the break-even distance significantly.
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trunking system is not cost effective, At an earth station cost of $400K, and with

100 2.4 Kbps trunks, the trunking system is competitive provided the average mileage
is greater than 1,000 miles. In essence, the abscissa of Figure 2-7, the mileage,
also is proportional to user cost, Thus, an important implication of Figure 2-7 is that
the direct access system has high potential for reducing user costs providing the re-
quired earth station costs and satellite charges can be achieved.

Figure 2-8 shows similar results for 9.6 Kbps, In this case for a $400K trunking station
at least 100 circuits are needed for the trunking system to achieve a break-even distance
of 1000 miles with an asymptote of 580 miles*. The direct-access system with a $20,000
earth station, on the other hand, breaks even between 500 and 900 miles,

™~

n = 100 CIRCUITS

& -
CLES $400K TRUNKING
2 J & —— EARTH STATUS

SOAS (TYPICAL)
s ;’
AN\

100K —

n = 10 CIRCUITS

$20K DIRECT
~—~w——— ACCESS EARTH

STATION

(TYPICAL)

SATELLITE CHARGE - $20Q/CKT

. Z 7 DIRECT ACCESS SYSTEM
'/ 0 2 & & kil

EARTH STATION INSTALLED COST §

n=1CIRCUIT

K | |
1 10 100
DISTANCE, MILES

Figure 2~-8, Breakeven Cost Comparison 9,5 Kbps MPL

* The 10 circuit case for trunking requires an earth station cost und~r §$ 100K which is
not believed to be achjevable,
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Again, the direct access system achleves a low breakeven distance if its earth
station cost can be reduced to $10, 000 (either by a $10,000 earth station cost or by
the use of two 9,6 Kbps channels in a $20, 000 earth station). Again there is a large
payoff to reducing the satellite charge. In fact, breakeven distances less than 10
miles can be achieved, The trunking system can never achieve these low costs be-

cause of the terrestrial interconnects,

Figure 2-9 shows similar results for 56 Kbps considering the use of both DDS and

Series 8000 as interconnect and DDS for long haul. For concentrated traffic, a

trunking system breaks even at 10 circuits at about 1100 miles, With iower cost

interconnections (Series 8000) this is reduced to 600 miles with an asymptote of

310 miles, Note that the lower priced interconnects are just as effective as lower

satellite costs in reducing overall costs. Figure 2-9 also shows that a $10M trunking
$10M TRUNKING

——— EARTH STATION
10M — COST (TYPICAL)

} n= 100 CIRCUITS

DDS INTERCONNECT
~— = SERIES 8000 INTERCONNECT

»
[
8 mp
Q
8 } n = 10 CIRCUITS
-
2 $400K TRUNKING
s —— EARTH STATION
2 COST (TYPICAL)
2
[=]
7
A
T 100K |-
& |
g ‘ n=1CIRCUIT
$1.17K/CKT
7 $20K DIRECT
7 ACCESS EARTH
% ///c/r//téc/ﬁ/é SYSTEM STATION
DIRE ) —— (TYPICAL)
$11.7K/CKT
10K L
1 10 100

DISTANCE, MILES
Figure 2-9, Breakeven Cost Comparison 56 Kbps DDS
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terminal also can break even but at a level greater than 100 circuits. The direct- ’
access system break-even is attractive at 100 miles or less. With sufficlently low ‘
satellite chargeé the direct-access system has the apparent potential of providing

intra-city traffic (with Series 8000 or Telpak this woula i:ut be true). In fact, wlth

break-even distance less than 10 miles, the direct-access system is by far the

lowest in cost. '

Again, the direct access system has the best potential for providing low user costs

and in providing a real alternative to the use of terrestrial facilities, Multi service
(more than one channel per earth station and/or use of DAMA) can significantly im-
prove this situation. Inall three situations (2. 4 Kbps, 9.6 Kbpsand 56 Kbps), thedirectuser
system has the potential for lower user costs than a trunking system--irrespective

of network size. Consequently, a serious review is warranted of the significant
economic factors--the potential satellite charge of an SS-FDMA satellite and the
potential cost of the direct access earth station,

Present day direct access C-Band terminals cost of the order of $100, 000, (less
for telephony, more for data). Figures 2-7, 2-8 and 2-9 show that even with lower
satellite charges than are attainable today (satellite charges are high for this ser-
vice because the satellite transponders do not have sufficient power to operate with
smaller earth station antennas, even if these were permissable at C-Band), these
earth station costs result in breakeven distances considerably greater than 1,000
miles and costs that are higher than those of trunking systems. Consequently they
are attractive for use only in situations where the average circuit length is high,
the data rate high (approximately 56 Kbps) and where trunking facilities are not

available, Lower earth station costs can only be achieved by higher performance

satellites which reduce the earth station antenna and amplifier costs (in bands where
small earth station antennas are permitted) and by maximum application of LSI
(large scale integration) and MIC (microwave integration circuits) to large volume
pro;iuction of standarized terminals.
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The direct access and trunking systems also can be compared directly; this can

i
|
]
|
l provide additional insight into the salient characteristics of the two systems. [

This can be evaluated by finding the concentration factor (n circuits) and other key !
parameters at which the two approaches break even, This 18 given by: h

1
n = and results are shown in Figure 2-10,

(P, "-3T ) - 3/2 (S'-S")

where

-

‘ Pe' = earth station acquisition cost for concentrated traffic
Pe" = earth station acquisition cost for direct-access
S = corresponding satellite circuit annual charges

35F
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—-—
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BREAKEVEN INTERCONNECT ANNUAL COST
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20 40 60
DIRECT ACCESS EARTH STATION COST

Figure 2-10. Interconnect Cost vs. Direct Access Terminal Cost for n = «
for 56 Kbps Circuit
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2.4 USER EARTH STATION CHARACTERISTICS

2.4.1 INTRODUCTION

Several different earth stations are required to provide service. The most critical
with regard to cost is the single MODEM (or single service earth station), When
additional services are added, additional MODEMS, CODECS, etc., also are added,
and the HPA power also increases, however, there is still much equipment not re-
quiring alterations such as the antenna, low noise receiver, converters, signalling
system, etc., so that the earth station installed cost per MODEM (and its corre-
sponding annual cost) is reduced as services are added.

Figure 2-11 is a simplified block diagram of a single service earth station consisting
of an antenna, 'single thread'" microwave and ''single thread'' MODEM, CODEC and
DAMA, It may be used for a variety of services such as those indicated, but only one
at a time, at the MODEM rate and to a single destination, Additional flexibility can
be provided by a smart multiplexer, a processor-controlled time division multi-
plexer that can accept a variety of simultaneous inputs provided the MODEM rate

is not exceeded. Several channels of data or voice also can be provided with such a
configuration (again provided the MODEM rate is not exceeded) but if the destinations
are in different beams of the satellite multiple beam antenna then additional switch
capability is needed in the satellite in order to switch the single carrier

(or multi-destination carrier) into two separate downlink antenna beams. This dis-
cussion indicates that such a terminal is very flexible and the flexibility is provided
by the multiplex which is not a costly item since it is amenable to production via LSI,
While more sophisticated earth stations with many MODEMS also will be needed, say
to handle communications for large complexes of people and computers etc., the

cost per MODEM channel will be even less since the common equipment items will
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Figure 2-11, Low Cost User Typical Earth Station Configuration

be shared among many channels. Consequently, it is particularly pertinent to deter-
mine the cost of the single service (e.g., single MODEM) earth station type, This ]
problem will be addressed in subsequent paragraphs,

2.4.,2 SYSTEM OPTIMIZATION

The achievement of low cost earth stations through system optimization is beyond the

scope of this report, although it will be apparent that certain optimizations have been

attempted, for example in earth station antenna/satellite sizing and in overcoming

the effects of precipitation attenuation.

The satellite system parameters can be arranged to result in a low earth station cost
and (hopefully simultaneously) achieve a low user cost. For example, the satellite
must have adequate power to permit a cost effective earth station antenna, For a
bogey $20K goal (1980 dollars) this antenna should be in the range of 1 meter to 3

e e am s e A e e hs e e o A s A m e EaAe B

meters, otherwise antenna cost, including its shipping and installation cost will be ' |
too high, Actually we are interested in the G/T of the station (antenna gain, divided
by the system noise temperature) however previous studies indicate that a transistor

low noise receiver using GaAsFets will likely be the most cost effective configuration,
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Such devices are harely in the laboratory test phase now, but presumably will be
available in quantities for operational Ka-Band systems, The satellite also must be
designed for use with small earth stations, This normally means high power, or to

be more precise, the system should be designed so that it is not power limited and
with sufficient capacity so that the satellite charge is smell, Assignment of channels
on demand, or DAMA also can help since this enables the users to efficiently share

a limited fecility, Finally a balance between earth station antenna diameter (and hence
cost) and satellite charge should achieve a minimum user cost. If the earth station
antenna is too small the satellite charge can be too great, if the earth station antenna
is too large then the earth station cosi will be too great,

A small earth station antenna can also increase the cost of the earth station high power
amplifier or HPA, It has been shown to be a secondary consideration to optimizing
G/T. However, it is desirable that the HPA be solid state to improve reliability and
life and reduce maintenance, Solid state amplifiers, either GaAsFets or IMPATTS

can be considered for use in future operational Ka-Band systems but again, the system
must limit the power levels to several watts. Fortunately, the use of satellite multiple
beam antennas reduces earth station HPA requirements so that it appears that simple
configurations of solld state amplifiers can be considered, For multi~service earth
stations where the earth station must generate several simultaneous RF carriers, it
may be necessary to paraliel amplifier stages consisting of solid state devices, or multi-
plex single carrier amplifiers at the microwave band, (which places limitations on fre-
quency planning) or resort to tube types such as traveling wave tube amplifiers with suf-
ficient power to allow backoff for linearization purposes. Fortunately, the multi-gervice
earth station can have a high cost and still be economical in terms of user costs.

Operation at Ka-Band also is characterized by severe precipitation attenuation fading
due principally to local, intense rain activity characterized by thunderstorms, Since
most telecommunication users require real time services of high availability, say in

the range of 0. 999 to 0, 9999 methods for overcoming precipitation attenuation effects must be
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provided at the system level so as not to require two earth station antennas and con-
necting links e.g. space diversity. Such a solution imposes too high a cost burden
on the user earth station, Similarly, fixed margins imposed on the satellite design
would likewise substantially increase its cost, At Ka-Band, this also could mean
difficulty in developing enough transponder power or prime power or both, in the
satellite, Fortunately there is a soiution for the direct access system that allows
use of single antenna earth stations by dynamically balancing the available margin for
both fading and non-fading carriers. This is discussed subsequently in Section 6,

Earth station availability also is impacted by equipment reliability. The postulated
cost is based on a single thread design so that availability is dependent both on equip-
ment failure rate and time to repair it. This requires careful analysis., Present
experience with single purpose terminals indicates that availabilities better than

0.999 are attainable with solid state designs., Perhaps these can be improved.
Probably the least reliable item is the MODEM/CODEC itself because of the large
plece-part count and the complex functions performed. Possibly, MODEMS can be
simplified by using noncoherent PSK; this might be acceptable if satellite charges are
low. This is another example of a system method for reducing hardware complexity.
Finally, it should be noted that users of terrestrial facilities normally do not duplicate
their computers or processors or MODEMS or lines for the sake of higher avalilability
and therefore may be willing to accept equipment availabilities in the postulated range.
It should be noted that the situation is quite different in trunking systems or in terres-
tiial common facilities such as radio relays or switches, Where bundles of traffic
exist, reliabilities and availabilities must be very high., In the direct access system
concentration exists only in the satellite which must be very reliable from cost con-

siderations alone.




2,4,3 MICROWAVE INTEGRATED CIRCUITS (MIC)

Microwave integrated circuits are a technology for reducing production costs, Trans-
mission lines and reactances, device connection and matching, and certain special
functions such as DC blocking;, bias circuit filtering, etc. are capable of implementa-
tion in MIC format, Production costs are lowered to the point where piecepart costs
dominate and circuit tolerances are capable of being precisely controlled. Low noise
transistor receivers, solid state transistor or IMPATT an. '‘fiers, frequency con-
verters and interconnecting transmission lines, impedance transformers and isolation
filters can be combined into ‘'super components'' to minimize hand assembly and test
operations. Another important consideration is the frequency stability or drift and
phase noise contributed by various earth station and satellite subsystems which are
particularly critical in (relatively) narrow band systems such as direct access sys-
tems. In present SCPC DAMA systems satellite and down converter oscillator errors
are tracked out using active pilot carrier loops. Once locked up, simple offsets are
used to tune to the desired channel, While the design of th: frequency system is beyond
the present scope it is clear that operation at Ka Band will impose more stringent
requirements on both satellites and earth station oscillators. It may be necessary to
dynamically control the satellite oscillators to eliminate long term drifts, and derive
earth station uplink and downlink carriers indirectly from the satellite, possibly using
the common signalling channel whose pilot carrier is always present in each beam.

It is clear that the entire system design, both satellite and earth station must achieve
high stability but also must be amenable to low cost earth stations, Improvements in
phase or short term stability of approximately five times is believed to be within the
state of the art.

2.4.4 LARGE SCALE INTEGRATION LSI

There exist today examples of CODECS, multiplexers, and frequency synthesizers

which have been reduced to LSI form, Once this is accomplished, circuit production

2-29




e i c Ak R T ST S T
- : o ,

. -

- TR ——r

costs and testing costs are small, The MODEM itself is the most difficult subsystein
to accomplish in LSI because so much of it is composed of analogue circuits--frequency ’

changers, filters, mixers, etc. Also present narrow band MODEMS are non-standard

because the market for their use is small. However, it is believed that, given the \
proper production incentive, and corresponding standardization, much could be done

to reduce the manufacturing and test costs of these devices. Perhaps in conjunction ) o
with a standard MODEM rate such as 32Kbps for either voice or data, a multiplexer-- - i
a relatively simple low cost device-als, could provide for 2.4, 4.8, 9.6 Kbps inputs.
This is especially attractive if the satellite charge for transmission at buffered rates

is not significant. The cost characteristics of Section 5 indicate this is the case.

For the present, using Reference (2) a compendium of earth station costs can be
computed to at least indicate the range of possibilities. This report, based on work

performed in 1975 and 1976 is based on vendor equipment surveys, literature

research and experience factors to predict the cost of various earth station subsystems
and components at different performance levels, for different production quantities

and where applicable, different frequency bands. Assuming similar component and
subsystem costs at Ku~Band and Ka-Band the cost of several representative earth

stations can be computed. These are given in Table 2-5 for:

e A single modem 32Kbps earth station

o A multi-modem earth station with 10 32Kbps MODEMS, 2 64 Kpbs MODEMS |
and a 60 watt TWT HPA, '

o An interactive full motion high quality color TV teleconferencing station.

Table assumpi’ 'ns are based on:

e Mass production and test of single design or standardized earth stations in
lots of 1000,000 (1000 for TV).

e Factory test of antenna and antenna mounted equipment (microwave circuits)
and of user located equipment (MODEMS, CODECS, Interface etc),

e Low cost installation by carrier-trained technicians (of relatively low-grade
skill) using standardized mounting techniques, followed by turn on and checkout
with Network Central. This is assumed to be similar to installation tests
performed by telephone installers.
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e Low-cost O&M provided by automatic periodic diagnositc test of earth stations
and modular (card) replacement of defective subassemblies. The module= or E
cards are returned to a depot for repair.

e Automatic functional control of earth stations by Network Control, The only
user function is to dial his destination, he exercises no control over his
terminal and does not have access to the equipment, '

"
PR
vt

{
The sbove outlined concept is not new with regard to the communications and broad- f
casting industry but there has been little experience or incentive in the U. S, DOMSAT . l 1
industry for mass production and widespread maintenance. It does appear however | %
that the standardization requirement, and the requirement to buy in lots, and the
single signalling interface with the Network Central (switching and billing center) and R
the problem of O&M, that the earth stations will likely be owned by the carrier and |

not by the user,

It is not certain at this time whether the prices listed in Table 2-5 are achievable for

Ka-Band earth stations. Much work remains to he done even to identify all the func-

tional requirements and specifications that SS-FDMA systems will impose on them.
In this report, the single service station is assumed to range in price from $10,000
to $30, 000 and the multipurpose earth station from $30,000 to $50,000 because it

is much too premature to predict this proce accurately. As background, GE was ‘ 'j

under contract with the Government of Iran to build prototypes of an earth station

that would be built in large lots at a later time -- the total production being 10,000

terminals, Each Ku-Band terminal had a two-meter antenna, 4 watt solid state
HPA and a low noise GaAs Fet receiver, Modular in construction each earth sta- ) ,
tion could receive up to four television broadcast cahnnels and also provide
up to four SCPC/DAMA subsystems at 32 Kbps for telephony. Examination of this ?
design and related manufacturing cost data indicates that a single MODEM ecarth

station (no TV) would cost approximately $22,000, More intensive application of

MIC and LSI technology than was then contemplated plus benefits from the advanc-

ing state-of-the-art in MIC and LSI promise to reduce these costs further. On the
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other hand, the availability of Ka-Band devices at production costs, or even reason-
ably accurate predictions concerning these are not expected to be available in the

near future and this creates a degree of uncertainty and concern.

2.4.5 COMPARISON WITH TDMA

Use of conventional TDMA or SS-TDMA (as discussed previously) for direct access
systems is not favorable because of high earth station costs, TDMA common equip-
ment, for burst rates of 40 Mbps to 600 Mbps is expensive, costing in the order of
$100, 000 to $300, 000 per redundant terminal. Second, the high burst rate requires
high power amplifiers (TWT's or Klystrons) which with the present state of the art are
of the order of 1 Kilowatt in order to provide the peak burst power. These cost in the
order to $100,000 with redundancy. Monitoring, switching (for redundancy), fault
detectors, safety, backup power, etc., are examples of ""propagating complexity' that
add further to the station complexity, operation and maintenance problems and cost.
The analysis of direct user services in Section D identifies an allowable earth station
cost. If a multi-service earth station consisting of ten 32 Kbps MODEMS, (AVD) and
two 64 Kbps data MODEMS for a total data rate of 448 Kbps was ever implemented via
conventional TDMA technology, the earth station cost--in small quantities--will be
approximately $400,000 (1980 dollars), or approximately $29,000 per 32 Kbps channel.
The tariff comparison indicates such a terminal can be cost effective, at least for the
higher data rates, However, the service is limited to the few biggest system users.
An FDMA implementation will cost substantially less and therefore will compete with

less traffic per earth station.

Previous studies have indicated that lower cost TDMA terminals can be built by using
combinations of TDMA and FDMA. In this case, the earth station burst rate is reduced
and simultaneous bursts are ''stacked" in an FDMA format to fill the desired spectrum,
This reduces MODEM costs and HPA costs and still maintains the simplicity of a TDMA
or SS-TDMA satellite, (albeit satellite transponder efficiency now corresponds to

2-33




B s 2 A O S L e o B geit Sasi T arid o 40 TRESTY Y Ty

multi-carrier FDMA), Further cost reductions can be achleved by restricting the flex-
ibility of the earth station, However, if it is recognized that system flexibility for
either FDMA and TDMA systems is advantageous and it is desirable not to restrict the
DAMA capability unnecessarily it is hard to believe that the TDMA terminal cost can
be less than that for an FDMA terminal based on the following considerations.

e TDMA MODEM rate will be much higher, tens of megabits per second vis
a vis 50 Kbps to 100 Kbps for FDMA,

e HPA costs will still be higher at the higher burst rates, tube type amplifiers
are likely to be required.

¢ TDMA MODEMS must be designed for bursts, e.g., fast turn on and fast
lockup. The FDMA MODEM is essentially continuous except for conversa-
tional modes--lock-up times can be tens of milliseconds,

e Burst timing must be precise--of the order of microseconds, and timing
caused by satellfte drift around its prescribed station must be compensated.
For direct access terminals this timing and correction can be provided by
a master station (timing error corrections are different for different geo-
graphically located terminals).

e Use of carrier power diversity, discussed in Section F will likely not work
well because there may not be enough FDMA carriers,

e Route reconfiguration requires frequency and timing changes which may
effect all the earth station simultaneously.

This supports the basic precept of this study, which is at the heart of the SS-FDMA con-
cept which is identifying the importance of any technique or concept which lowers the
cost of the direct access terminal. FDMA does result in the lowest cost terminal and
the results of Section 5 show that corresponding increases in satellite complexity and
cost are not significant, It should be noted that the satellite costs are high in absolute

terms principally because the satellite is high powered. A direct access system based
on TDMA/FDMA would evidence similar costs.
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2.5 SIGNALLING/SWITCHING

2.5.1 INTRODUCTION

Signalling i{s important for a Direct Access System because it allows, through switching,
for a flexible interconnection (on demand} of the system users. Better interconnectivity,
and more efficient use of the available facilities results. In the latter case, users share
common facilities on demand so that the satellite can handle many more users than it
could if its trunks were pre-assigned. The user benefits because he pays for the satel-
lite trunks only when he uses them. In the context of this study, the communications
signalling and switching functions are carried out principally by the SCPS/DAMA System,
augmented to include the satellite on-board switching, and to control the earth station
HPA power. The signalling and switching concept outlined herein is a first cut at sucn
a design concept, emphasizing overall systems design, which is by no means optimized
for use by a particular carrier. The design is in sufficient detail so that basic system

characteristics and hardware implications can be understood.

In the conventional SCPC/DAMA signalling and switching system using centralized net-
work control, each user communicates to network control via a common signalling
channel, normally a twe-way dedicated channel. Netowrk control responds to call
requests by assigning complementary frequencies to the caller and called staticas.
This sets up the call. After completion, the complementary frequencies are available
for other calls. In the conventional SCPC/DAMA system, the process of signalling
and frequency assignment invoives the whole generic signalling and switching process
in the communications sense. Thatis, SCPC/DAMA is a signalling and switching
system, and as far as the user is concerned, he is connected to a fully connected

signalling and switching system.

Additional signalling and switching functions must be performed in a SS/FDMA system.

In general, each area covered hy a satellite beam must have a common signalling
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channel: all of these are routed to network control. In addition, the network control
must control the satellite on board switch so that the RF routes or pathg are adequate
to meet the instantaneous traffic demand. Since the system is not constrained as in
SCPC/DAMA to a single bandwidth, but can assign bandwidth on demand, the network
control must have a plan by which these assignments can be made while preserving
FDMA efficiency. Finally, network control must receive earth station precipitation
"_attenuatlon information so that the HPA levels may be controlled through the common

signalling channel.
2,.5.2 SIGNALLING FUNCTIONS

Two functions of signalling are:
e Supervisor (Initiate, terminate connections and show call status)
e Address Signalling (Indicate destination of call)

In telephone systems, this was done historically by DC, e.g., simple on-off or +
signalling, later by SF (Single Frequency) signalling, basically in the on-off mode,
and finally by MF (Multiple Frequency) or a series of tones in the voice band, which
provides 10 digits of address and up to 6 control signals. While all signalling is
initially performed with the telephone "off hook,' once a thorough connection is
attained no further signalling is possible, and such a system is vulnerable to inter-
ference (and fraud). Recently, the Bell System has added CCIS (Common Channel
Interoffice Signalllng)(l) containing stored program control in a dedicated communi-

cations channel.

Some of the signalling functions presently required are:
o Identification of sender and receiver
e Priority calls

(1) CCIS, BSTJ, November, 1960, PGS 1381-1444,

2-36

JEVICN

s wrmim e



[ e ey

e Change routing

Billing information (standard plus automatic, collect calls, calls billed to
a third party, or credit card calls)

Maintenance data

International dialing, via No. 6 Signalling System
Path continuity

Blocking signals

Dual verification

Path continuity, call set-up verification

Normally, the signalling functions are completed in ahout two seconds. However, in
some terrestrial networks, signalling can take up to 20 seconds. Satellite facilities,
despite earth-satellite delays, can be equally fast because there are no tandem net-
works. Reliability in signalling is very important. Error correction via retrans-
mission, requiring error correction, or forward error correction, are needed to
achieve acceptable common signalling channel performance. A raw BER of 10-5 with
a coded error rate of 10-8 is typical. However, some errors (presumably billing
errors) require undetected signal error rates of 10 ‘10. Reliability requirements also
are high, particularly in the common portions of the system. For example, earth
station malfunctions, including malfunctions in the earth station signalling system,
are acceptable if the station availability is typically better than .995. On the other
hand, failure of the signalling/switching computers or similar devices which cause
the 2ntire system to fail are of a catastrophic nature and must be minimized. In this

case, yearly outages are measured in minutes, even seconds.
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2,5.3 MODIFIED SCPC/DAMA SYSTEM

Signalling System Functions and Features

The operating signalling and switching system has the following functions and features:

1.
2,

3.

15,
16.

Fully variable (automatic) DAMA, including bandwidth request

Central control via (mini) computer, including rapid update and network
expansion

Certain control functions shared in earth stations using microprocessor
(for example earth station alarms, HPA power control, etc.)

Common channel signalling

At least one duplex signalling RF channel per beam

1-second polling cycla

Rapid call set-up, several seconds; operator assist, where necessary
Logging (calls, trouble reports, etc.)

Supervisory traffic servicing and network maintenance functions
Status read out, control of each earth station

Earth station HPA control

Ancillary control of satellite switch

Traffic monitors

Centralized automatic fault diagnosis

Network status and traffic intensity

Blockage of 0.01 (typical)

Centralized Control

The heart of the centralized signalling and switching system is a fully redundant and

switchable computer system controlled by software (added channels, users are accom-

modated quickly by software changes in user date base, e.g., number plan, call

constraints, etc). This computer is connected via a common signalling channel to the

controller of each earth station in the network operating in the DAMA mode. A cen-

tralized system is envisioned for a situaiion where earth station cost is the paramount

economic tradeoff parameter.
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Centralized control also is compatible with large earth station networks, Centralized
DAMA is recommended because of the following considerations, Low cost includes
capitalization, reconfiguration, and maintenance, Simplicity is the key. The addition
of a centralized DAMA capability to an SCPC earth station is estimated to be approx-
imately $100 except for the added cost of the signalling MODEM, The complicated
computations (logging, etc.) are thus performed by the centralized network control.
Any processing which could be performed centrally, but is not, must be performed in
each earth station. The centralized DAMA control system offers major cost advan-
tages in network implementation flexibility, since these are accomplished via software
in the central computers., No changes to the earth stations are required. Call set-up
times are not sabstantially penalized by central control., Set-up times of 2.5 seconds
or less are achievable and these compare favorably with terrestrial systems, using
rotary dial instruments, The networks themselves will be composed of subnetworks
of private systems which may require isolation, e.g., it may be required that one
subnetwork not be able to communicate to others, This can be controlled by the look
up tables in a centralized DAMA system:

2.5.4 DESIGN CONCEPTS

The baseline system is depicted in Figure 2-12, The MCC controls all circuit switch-
ing activity via dedicated satellite channels that are terminated at the NCC and at
each (DAMA) earth station with Signalling Transmission Units (STU). Signalling and
supervision relating to originating trunk/users are sent to the NCC on the Common
Signalling Channel (CSC). Control mussages, along with signalling and supervision
messages, are transmitted from the NCC to the earth stations on the common sig-
nalling channel. The CSC functions as a polling channel, polling each earth station
each second or so, Since the satellite has N beams, there are N CSC's: however,

all terminate at one end at the NCC,
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Figure 2-12, Block Diagram Concept for Centralizer
Signalling and Switching System.

Consequently. all signalling, control logging, and status information is available to
the NCC, which is located within one of the N satellite beams. The NCC processes
information for display of important network functions. These capabilities are indi-
cated in the block diagram of Figure 2-13, showing fully redundant, switched com-
puters and peripherals, including a capability to interrogate particular earth stations
for fault diagnoses and maintenance. The interreliability of these functions is
depicted in Figure 2-14,

The earth station controller, depicted in Figure 2-15 and 2-16 controls the frequency
synthesizer and the signalling display, and is controlled in turn via the common sig-
nalling channel by the NCC and by the dialer. Normally, in on hook condition, the
MODEM guards the dedicated frequency of its common signalling channel in its
subnetwork, with the network covered by one of "'N'" satellite antenna beams. Call
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request, set-up, and ringing are provided via the CSC, culminating in the actuation of
the frequency synthesizer to tune in the assigned frequency pair (for receive and
transmit) at which time the common signalling channel is disabled (until call comple-
tion). After call completion, the frequency synthesizer is reset so that the common
signalling channel for that earth station is restored. An alternative, particularly for
multi-MODEM earth stations, or earth stations with critical traffic, is to provide a
dedicated MODEM for continuously available common signalling channel. Note that
all earth stations communicaie directly only with the NCC. A sequence of events

might be as follows:

An off-hook signal to a channel unit results in a dial tone automatically being sent to
the calling party. Off-hook signals are also sent to the NCC via the CSC., The NCC
logs the number of the calling channel unit and its earth station, and then awaits the
arrival of the dialing digits identifyinc the called earth station. The NCC checks its
dynamic files to locate a compatible channel unit or MODEM (in bandwidth) at the
called earth station; if available, the NCC seizes it via a control word. At the same
time, a pair of frequencies are selected from a dynamic table of frequencies, and
these assignements are transmitted to the channel unit controllers before the called
party answers. This allows the voice path to be present while ringing and when the

called party answers.

The NCC logs the off-hook at the called channel unit for traffic statistics and billing
purposes. At the end of the call, the channel units receive on-hook signals from the
calling or called party and transfers this condition via the CSC to the NCC, The NCC.
acknowledges the on-hook status and transmits termination control words to the chan-
nel unit for rclease of the assigned frequencies. The channel units and op - ting tre-

quencies are the - removed from the “'lists" of those being used.

Typically, the NCC may consist of a 16-bit word, medium size mini-computer, Core

‘size varies with the size and traffi~ intensity of the network, However, core can be

added in 8K word modules.
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Network mafntenance is provided by several facilities. Each earth station {s mon-
ftored with regard to status (or health), and this information is telemetered back
to the network control via the common signalling channel. Status of such items as
temperature, voltage, security (tampered seals), AGC, various signal levels such
as HPA power, receiver AGC, phase lock loop lock, etc. indicate the health and
general dynamic state of the earth station, In addition, various telemetry points
also should indicate the status of the channel units, e.g., on-hook, off-hook, etc.

2.5.5 TYPICAL CALL SEQUENCE

Table 2-6, showing a typical earth station call sequence, is divided into 5 columns:
the Calling Party, Calling Channel Unit (CU), Network Control Center (NCC), Called
CU, and the Called Party. The signals are assumed to originate from typical
telephone dialers, however, the actual call may involve automatic dialing between

computers.
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2,5.6 SIGNALLING STRUCTURE

The design of a signalling system is very complex and depends heav:iy cu the system
characteristics. What will be indicated here are the salient features of such a system
and some suggested solutions. Important considerations are:

e Number of satellite beams and resultant geographic area covered

¢ Number of earth stations per beam

e Number of che= el units per earth station and mix of preassigned and DAMA
units and intended use (data or volice and typical conversational durations)

e Traffic intensity of subnetwork or erlangs

e Sundry characteristics such as dialing or answering delays, number of
premature hangups, number of busy's, number of no answers, etc.

e Dialing plans including routing

e Telco interface (compatible signalling)

e Operator service and assist

¢ Party lines, or party connections
In the KaBand systems envisioned herein, a single antenna beam can have a band-
width of 833. 3 MHz (2,500 MHz allocation with one-third frequency reuse factor),
which can result in an availability of 33, 000 preassignec half-trunks using 32 kBPS
variable slope delta modulation and 4 ¢ CPSK modulation. If these trunks wére all
used for telephones, the system capacity, based on 100 second calls should approach
one million callis per beam during the busy hour, with blocking of approximately
.01, Some of the capacity is undoubtedly preassigned, and some of this capacity is
for wide band data at rates of 32 kBPS or more, and where typical call durations,
such as in teleconferencing, telemail and computer interaction will be much longer
than 100 seconds. The largest MODEM community is likely to be at 32 kBPS, In
order to gain an understanding of the signalling requirements, suppose there are
100, 000 earth stations with at least one 32 kBPS MODEM. Consequently it requires
16 bits to identify each earth station. In addition, there are i, 000 maximum possible
frequency pairs or 12 bits if 833 MHz were accessible to the 32 kBPS MODEMS, The
principal requirement for signalling capacity is the call set up itself. This involves 32
bits for earth station identification and 12 bits for frequency assignment plus a few bits
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for controls - ringing, dicl tone, busy signals, etc. A corresponding amount is re-

- quired for ending the call. In addition, the earth station status is polled at regular

intervals to ascertain its health, This might consist of 3 bits of HPA level, 8 bits
for receiver signal level (CSC carrier) and perhaps 40 bits of go-no status bits, If
this is read out each hour in a routine, this is an insignificant load for the CSC (and
can be prempted during the busy hours). On the other hand, a change of status due to
preciptitation attenuation or system failure triggers an automatic dial up, however,
this will not occur often compared to ordinary communications signalling and there-
fore, still represents an insignificant load to the CSC, The principal CSC load then
is telephone signalling, The total dialing message setting up the call is of the order

of 100 bits compared to 3,200, 000 bits for a typical 100 second call. If all 100, 000
100 bits x 100, 000
3,600

= 2,780 bits per second if idle time could be avoided, (which it cannot). Idle time

earth stations were active in one hour the total signalling throughput is

" arises because it is not useful to preassign each earth station to a CSC, With a TDMA

time frame of one second, at 32 kBPS, a maximum of only 320, 100-bit messages can
be transmitted each second, per CSC carrier, with, one the average 28 (100, 000 per
hour) earth stations per second contending for the 320 slots, The probability of being
blocked from the CSC (which should be less than the probability of trunk blocking,
e.g., inadequate satellite capacity), depends on the network characteristics described
previvusly. Onc particular problem arises because groups of earth stations may be
assigned to confirmation by the NCC, without confirmation an earth station will con-
tinue to transmit its signalling message and therefore can seize a time slot thereby
blocking all other earth stations assigned to that slot, This is avoided by a strategy

that allows a blocked earth station to contend for a different slot.

2,6 PRECIPTATION ATTENUATION COMPENSATION (ADAPTIVE POWER SHARING)

2.6.1 INTRODUCTION

Any system operating a Ka-band will occasionally experience deep r1ades due to rain

attenuation, In order to maintain a high grade of service, any system design must

T
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have a large available margin, on the order of 20 to 30 dB, One approach to this
problem is to design the link with a constant (fixed) 20 or 30 dB margin., This, un-
fortunately, requires the spacecraft transponder to handle 100 to 1000 times .nore

power,

A more attractive approach is to design the link with a relatively small fixed margin
to overcome any small, high probability fades., Then, when an occasional deep
carrier fade is experienced, the affected carrier's power can be increased to over-
come the fac>, The increased power is accomplished through increasing the output
power of the earth station providing the carrier, This remedy serves for either
uplink or downlink fades,

In essence each earth station measures the level of the fixed power common sgig-
nalling channel; reductions in this level are interpreted as earth station fades, and
the quantized level changes are transmitted back to the centralized Network Control
for action, :I‘he Network Control may respond by communicating with the appropriate
earth stations (in general this is the earth station detecting the fade (uplink fade) and
the earth station transmitting toward the earih station encountering a fade (downlink
fade) as appropriate, The transponder, linearized to control intermodulation power,

operates at constant gain,

The advantage of this scheme for FDMA lies in the large number of carriers ampli-
fied by each satellite transponder which gives a statistical advantage in that only a
few of the total number of carriers can be affected by severe fading at any given
time, (severe fading is caused by local thunderstorm activity). In addition, the

cost impact is small for measuring the fade, signalling this information to Network
Control, analyzing a proper response and signalling the appropriate earth station
HPA's, because this signalling capability already exists. The principal cost impact
results from providing the ""excess'" HPA power capability, The cost impact will
vary according to the desired link availabilities, transmission bandwidth, and number

of satellite beams (satellite antenna gain). -
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Since the satellite transponder is not ideal, any link which is in the "excited'" state
will increase the intermodation power experienced by any other station using the same
transponder. In addition, due to finite antenna sidelobes (and cross polarization
isolation) on both up and downlink, stations in nearby satellite beams reusing the same
frequency as an excited station, will experience increased cochannel interference. Both
of these effects will deplete the fixed margin of unexcited, unfaded stations. Note,
however, that, while the fixed margin is decreased (and perhaps even entirely de-
pleted), the signal strength seen by these unexcited, unfaded stations remains un-
changed., Since ony a signal fade will cause a station to boost its signals, an un-
excited, unfaded station may lose all its margin to intermods and interference and
remain unexcited, Improperly designed, the fixed margin of an unexcited station
could be exceeded. The probability that this will happen must be made very small,

We can do this by making the fixed margin sufficiently large. A properly designed
margin will then be able to overcome not only the small atmospheric fades, but also
maintain the link under even the worst intermodulation and interference conditions
caused by other stations which are excited. It is apparent that a power balance is
being achieved between unfaded and faded carriers, so that the performance of each

is being maintained; large amounts of satellite transpondcr power is being diverted

to a few faded carriers at the cost of depleting a small fixed margin applied to the

majority of unfaded carriers.
2.6,2 THE WORST CASE

The worst case for this analysis does not occur when a carrier is excited due to a
fade, In this case, intermodulation and cochannel interference is no longer a problem
siuce these are now reduced 20 to 30 dB below the ""boosted' signal. As long as

there is sufficient signal strength in thé dynamic margin to overcome the fade, the
link performance will be realized. It is important, however, to assure that any un-
excited, unfaded link dues not become unusable due to intcrmodulation and inter-

ference from a number of excited links,
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The peak number of excited links is determined by probability theory and fade char-
acteristics. Given the peak number of 2xcited stations, the fixed margin must be
determined which permits any unexcited, unfaded link under the corresponding peak
interference conditions. In addition, additional margin is needed above and beyond
the interference margin to handle any atmospheric fades which leave the link unex-
cited. Interference margin is defined as the margin required to overcome inter-
modulation and interference 99,99% of the time and fade margin as the margin re-

quired to overcome the small atmospheric fades described above.

The total fixed margin is the sum of the interference margin plus the fad: margin,

It is desirable to minimize the total fixed margin in order to minimize the satellite
transponder power, It is apparent that such a minimum exists. If a very small

fade margin is chosen, the probability of excitation is large and the peak interference
will be large (e.g., many excited carriers) requiring a large interference margin,

If a large fade margin is chosen the interference margin can be small, however, the

transponder power must increase in order to provide the large fade margin.

2.6,3 OPTIMUM FIXED MARGIN WITH INTERMODULATION DISTORTION ONLY
The overall quiescent (no excited station) CNR is
1

Y= 1725 Y+ Yy @
where
¥y = overall link CRN
Yy = quiescent intermodulation ratio
YN T overall link signal to (thermal) noise

The weighting factor of 2,5 is the "VOX'" factor, assuming the traffic actively is

similar to two way voice,

As an example consider yI =YNT 30 dB.
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Then equation 1 becomes

1
Y = 1 1

2.5x1000 & 100C

vy = 28,54 dB

Now, if several stations become excited the transponder power increases and the in-
termodulation level will ircrease correspondingly, with the cube of the increase in

transponder power. Thus, if the required transponder power increcases by 10%, that

P

is P = 1.1, the new overall CNR becomes:

o

1
Y= 1 1

3
D) 2 sx1000 * To00

Thus, the intermodulation has ircreased by the factor (1. 1)3 due to a 10% increase in

transponder power,

Next an expression is derived for the increascd power duc to excited stations,

P Np + N, (D -1)
P, N

T

where

N., = total number of carriers in the transponder

N AS number of carriers in the excited state
Do = dynamic margin
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The dynamic margin, Do, is the amount of signal is boosted when a fade greater than
the fade margin is experienced, For this simple analysis, & dynamic margin of 20 dB
is assumed, (In an operational system several different values of Do might be more
optimum,)

For example, if there are 12 excited carriers (levels increased by 20 dB) out of 1000
carriers using a particular transponder, then

_P__ 1000+12: (100-1)
P 1000

= 2,19

e

The transponder will be called upon to deliver a little more than twice it's quiescent
power,

The equation for overall CNR becomes:

y =
3
P 1 1
() +
Po 2.5 ‘)’1 'J’N
or:
1
y = rE— (2)
NT + NA (D°~1) 1 1
( N ) 2.5 % * Y
T * 1 N
and in the example:
1 )
Yy = 3 1 1 = 22,"4dB
219 S5x1000 T Tooo
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Thus, if no carviers are excited (N, = 0) we have the quiescent CNR of 28. 54 dB.
If 12 carriers out of 1000 have increased levels by 20 dB, the intermodulation
noise will have increased, reducing the overall CNR to 22, 84 dB,

Equation 2 can be plotted, showing the rclationships between overall CNR (y), the
number of excited stations (N A) for a given total number of stations (N,r), a given
quiescent thermodulation ratio ('yl) and a given quiescent signal tc thermal noise
ratio (yN). Such a plot is shown ir Figure 2-17, 'yN can be varicd to generate a
family of curves, Notice that as the number of excited stations (out of 1000) in-

creases, the interference increases, and the overall CNR (y) decrecases.
49~
INTERMODULATION PERFORMANCE

30 SIGNAL TO THERMAL NOISE QUIESCENT INTERMODLLATION 26 dB
‘0 dy N, ~ 1000 CARRIERS, TOTAL

OVERALL SIGNAL TO NOISE, ¥, (dB)

0 1 1 1 1 .
L] b v h 24 2h E{]
NUMBER OF EXCITED CARRILRS, Ny

Figure 2-17. Overall Signal to Noisce Ratio vs,
the Number of Excited Carricrs ]

Figure 2-17 is plotted for a quicscent intermodulation level of 26 dB, ncluding the
VOX factor of 4 dB, this means ‘hat the overall CNR can aot exceed 30 dB,
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Using Figure 2-17, the minimum signal to thermal noise ratio can be chosen consider-
ing the interference and fade margins., To do this, the peak interference and hence the
required intexrference margin must be determined. These are related directly to the
maximum number of excited carriers which depends on the probability. of any one
station being excited, considering a given fade margin. Recall that a carrier will
become excited if its signal strength fades by more than the fade margin, Thus, the
probability that a carrier is excited equals the prcbability of a fade equal to or greater
than the fade margin.

Rain fade statistics for our range of interest (0 - 5 dB) are not readily available,
therefore, the probability distribution listed in Table 2-7 is used. For example, the
probability that a rain fade will equal or exceed 2,0 dB is 0.361%. Thus, if we chose
a fixed margin of 2,0 dB, the probability that any given carrier is excited is 0.361 %.
If we assume that each carrier's excitation is independent of all other carriers, the
total number of excited carriers is a sum of independent Bernoulli trials. A sum of
independent Bernoulli trials generates a binomial distribution. Next the 99,99% level
(or better) of the binomial distribution is evaiuated. For example, from Table 2-7,

a fade of at least 2.0 dB occurs with probability 0.361%. If there are 100 potentially
excited carriers in the transponder, then, (from the third column of Table 2-7), the
maximum number of excited carriers (with 99.99% confidence) is four (e.g., the
probability of more than four excited carriers, which will exceed the interference
margin, is less than 0,01%). Thus, given a 2,0 dB fade margin and 100 carriers,

it is prudent to plan for four excited carriers, e.g., the link interference margin
must be sufficient for N AT 4, If there are 1000 carriers, then only 12 excited
carriers should be anticipated (again from Table 2-7) and the link interference margin
must be sufficient to handle 12 excited carriers. A base assumption is that carrier
excitations are independent, This may not be strictly true for small fades, If the
assumption is incorrect, then the peak number of excited carriers will be larger
resulting in a larger fade margin, Also note that in the probabilities listed in Table
2-7, the probability of a fade 0.0 dB or more should actually be 100%, not 1.2%.

Fortunately, this has no practical impact on the calculations,
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TABLE 2-7, RAIN FADE STATISTICS USED IN THE ANALYSIS,
THE PROBABILITY OF A FADE EQUALS THE PROBABILITY
ANY SINGLE STATION IS EXCITED

Fade Magnitude Prob. of Fade Num. of Excited Links (99.99% level)
(dB) (%) N¢=100 N¢=1000
0.0 1.200 7 27
0.2 1.064 7 25
0.4 0.944 6 23
0.6 0.837 6 21
0.8 0.743 6 19
1.0 0.659 5 18
1.2 $.589 5 17
1.4 0.518 5 15
1.6 0.459 5 14
1.8 0.408 4 13
2.0 0.361 4 12
2.2 0.321 4 12
2.4 0.284 4 11
2.6 0.252 4 10
2.8 0.224 3 10
3.0 0.198 3 9
3.2 0.176 3 8
3.4 0.156 3 8
3.6 0.138 3 7
3.8 0.123 3 7
4,2 0.097 3 6
4.6 0,076 2 6
5.0 0.060 2 5

Finally, when a fade exceeds the fade margin, two tarriers actually become excited,
the carrier of the station experiencing the fade (uplink fade), and (assuming a duplex
link) the carrier of the station communicating with the faded station, (downlink fade).
Since the full dynamic margin of the excited, faded station is not experienced by the
spacecraft transponder, (assume that the fade is more or less compensated by the
increased carrier level), only the excited, unfaded station situation is considered.
For full accuracy, some allowance should be made for the additional intermodulation
generated by the excited, faded staticn, For simplicity, only excited, unfaded

stations are included in this analysis.




It is assumed that & minimum CNR = 13 dB is sufficient (49 CPSK), If the CNR falls
below 13 dB an outage has occurred. In many cases the signal is still usable so this

is an over simplification,

In the above example, if the fade margin is 2.0 dB, then the overall CNR (¥) must be

. at least 15 dB, even when there are up to 12 excited carriers (1000 carriers per

transponder),

Referring back to Figure 2-17, for N A
thermal noise ratio (-yN , the overall CNR () is 16,89 dB. This exceeds our require-
ment of 15 dB (13 dB + 2, 0 dB fade margin), Alternatively, rewriting equation 2,

= 12 excited carriers, and 20 dB signal to

1
YN " 3 (3)
N_+N, D -1) 1
T Ao =
' N 2.5
T

I~

YN may be found directly.

If the fade margin is 2,0 dB, then the overall CNR is 13 + 2 = 15 dB, under the worst
case interference. With a fade margin of 2 dB and 1000 carriers per transponder, the
worst case is with N AT 12 (from Table 2-7) excited carriers. Letting the quiescent
intermodulation ratio %= 26 dB, the dynamic margin Do = 20 dB (that is, an excited

carrier will have 100 times more power than an unexcited carrier) then:

1
YN T 3 4)
1 (1ooo + 12,99, 1
31.62 1000 ' 2.5x 400

i

16.75 dB
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In Figure 2-17 for W= 16.75 dB and NA = 12 the overall link CNR (including inter- \ :
modulation) is exactly 15 dB, Thus, given a quiescent intermodulation ratio of 26 dB
an overall CNR of 15 dB can be met for 99, 9¢% of the time, |

The signal to thermal noise (as calculated above for a fade margin of 2 dB) versus fade
margin is plotted in Figure 2-18 for quiescent intermodulation levels 7= 26 dB, a
dynamic margin of 20 dB and 1000 total (NT) carriers., The optimum fade margin

can then be chosen.

From Figure 2-18 a fade margin of 2 dB is optimum although it is apparent that the
choice is not critical, When a fade margin of 2 dB is specified, it means that any
time a carrier fades by 2 dB or more its level will be increased by 20 dB, Further,
from Figure 2-18 the unexcited carrier will have at least that 2 dB fade margin
99,99% of the time, even under peak interference conditions if we provide the link
with a 16,75 dB signal to thermal noise ratio.

OPTIMUAM FADE MARGIN

DYNAMIC MARGIN J0 a8
INTERMOD RATIO 6 dB
1000 CARRIERS

10 }—

REQUIRED THERMAL SNR (dB)

0 = ol 1 1 J

FADE MARGIN (dB)

Figure 2-18, Thermal Carrier to Noise Ratio vs, FFade Margin
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In the next section thc effects of cochannel (antenna) interference will be added.
2.6.4 OPTIMUM FIXED MARGIN AND COCHANNEL INTERFERENCE

In the previous section the maximum interference generated by increased intermod-
ulation distortion from excited carriers was considered. A fade margin was specified
which determines when a carvier becomes excited. Also a thermal CNR was specified
such that a fade margin exists even with maximum interference from intermodulation
distortion.

The same algorithm used in the precceding section for intermodulation distortion can

also include the effects of cochannel (antenna) interferencc.

This interference is from two souvces, unwanted reception from antenna sidelobes of
the same polarization and unwant>d reception due to loss of polarization isolation

(perhaps induced by a rain fade)., The first case is examined.

Cochannel antenna sidelobe interference occurs or both up and downlinks, With all
stations in the quiescent state, there will be a quiescent level of cochannel inter-
ference, ¥ c This additional irterference must be included in the previous expression

(Equation 2) for overall link CNR,

For cochannel interference, there arc a limited nuniber of potentially disruptive inter-
ferers, It is unlikely that any of them will be excited, However, it is wise to design
the link to handle at least one excited cochannel link, Using a 20 dB dynamic margin
as before and assuming one of six cochanncl stations is excited, the increase in co-

channcel interference over the quiescent state is, by inspection

= 17.5 times more cochannel interference
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If it is assumed (worst case) that one cochanne!l interferer is alwiys excited, then

Y= "3 (5)
o N N cu Yop

where there is one excited cochannel interferer on both up and downlink, Combined
with the worst case P/Po (from the previous section), Equation 5 can be used to de-
termine the optimum fade margin and the required thermal CNR to achieve that fade
margin under peak interference conditions. Before doing that however, Equation 5
can be further modified to include the effects of degradation in polarization isolation.
Since this effect can be severe at Ka-Band, it is assumed that each antenna beam is
singularly polarized, then the degraded isolation is the sum of the degraded polari-

zation isolation and the antenna sidelobe isolation,

A detailed investigation of this loss of isolation is beyond the scope of this analysis,
PD’ the up and downlink
minimum polarization isolation actually experienced, (not quiescent isolation). Then

consequently Equation 5 is modified to include Ypy and ¥

fade margin versus required thermal signal to noise for several values of polarization

isolation can be examined to ascertain design objectives. Equation 5 now becomes:

1
Y = 3 (6)
(PE) 2;7*'1"'17'5(71 PR 1+71
0 S T cu Yo Tru PD

As an example of Equation 6 let

‘}’I = 26 dB

')‘N = 20 dB

7CU = ‘yCD= 30 dB
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YPU = 26 dB
VPD = 30 dB
1_)11 = 2, and
o
Yy = 12,48 dB

With the above conditions a thermal CNR (‘yN) of 20 dB provides an overall link CNR
(including intermodulation and interference) of only 12,48 dB. In this case interference
has depleted the entire CNF icaving no fade margin,

It is more direct to solve Equation 6 for W and plot it as a function of fade margin
directly; therefore

YN = )

Equation 7 is considered in the next section.

2,6.5 OPTIMUM FADE MARGIN FOR VARIOUS SYSTEM CONFIGURATIONS

Given various system parameters (dynamic margin, quiescent intermodulation ratio,
quiescent cochannel interference and actual polarization isolation) an optimum fade
margin and thermal CNR can be specified to satisfy availability requirements under
worst case interference. The optimmum fade margin is defined as the fade margin
requiring the smallest thermal CNR, (by definition, whenever the signal fades by the

fade margin, the carrier becomes excited).
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First a set of standard link and transponder parameters will be defined, The optimum
fade margin will then be determined for the standard link, Then the standard link

parameters will be varied to determine parameter sensitivities, »

The standard link is defined as:

1. Quiescent intermodulation distortion ratio ()’I) = 30 dB,

2, Quiescent up and downlink cochannel interference ratio = 30 dB,

3. Dynamic r.argin= 20 dB.

4, Number of excited cochannel links, 1 each, up and downlink.

5, Actual polarization isolation ratio, up and downlink, = 30 dB, each,

6. Interference level chosen such that it will not excced 99, 99% of the time.

Item 4 above requires the standard link to handle 2 simultaneous excited cochannel
carriers. Fortunately, two excited cochannel carriers and worst case intermodu-
lation is an unlikely occurrance. For example, the model predicts that there is a
probability of 0,459% that any given carrier is excited wl.cn we specify a fade margin
of 1.6 dB, If therc are twelve significant potential cochaniel carriers (that is, six
nearby antenna beam cells fall in, say, the first antenna sidelobe on uplink and another
six on downlink), the binomial distribution predicts that no cochannel carriers will be
excited with probability 94,63%. One cochannel carrier will be excited with probability
5.24% and two cochannel carriers will be excited with probability of 0,13%, Thus,

two cochannel carriers excited and worst case (99.99%) intermodulation is extremely
unlikely. Therefore, if the thermal CNR is sufficient for at least two cxcited cochannel |
carriers and worst case intermodulations simultancously and still maintain a fade
margin (with high probability), then the availability corresponding, to the 20 dB

dynamic margin is achievable.

Figures 2-19 through 2-26 were gencrated using Equation 7 and the above parameters,
These figures are identical to Figure 2-18 except cochannel interference and polari-
zation isolation arc included in addition to intermodulation distortion. In all figurcs,
the solid line represents the standard link described above. The dashed lines arc

variations made in the standard link to determine parameter sensitivity,
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Figure 2-20, Thermal CNR vs Fade Margin
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Figure 2-22, Thermal CNR vs Fade Margin
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In Figure 2-20 the optimum fade margin for the standard link and 1000 carriers is 1,6
dB, This fade margin can be realized under maximum interference with a thermal
CNR of 26.06 dB.

The dashed curve in Figure 2-19 i{llustrates the effect of reducing the intermodulation
radio from 30 dB to 256 dB, The link plus fade margin is still realized under the maxi-
mum interference conditions, However, the thermal CNR must be increased in order
to overcome the poorer transponder performance; specifically, N = 32,68 dB with a
fade margin of 3.2 dB, If smaller fade margins are chosen, the maximum number of
excited carriers increases, thus increasing interference. If a sufficiently small fade
margin is chosen, the maximum interference is so great, the link (plus fade margin)
cannot be realized with maximum interference, regardless of thermal CNR,

Figure 2-20 alsc depicts the effect of changing polarization isolation, The standard
link has 30 dB of polarization {solation (degraded polarization isolation plus sidclobe
isolation) on buth up and downlink. That is, the ratio of signal to the sum of all in-
terference due to imperfe ~t polarization isolation is 30 dB. The standard link, as
before, is indicated with the sclid lice, If ihe ,solarization isolation is 25 dB on up
(or down) link and 30 dB on down (or up) link, the thermal CNR must be increased to
account for the poorer isolation, In this case the minimum required thermal CNR is
28, 54 dB and the fade margin is 1.6 dB.

If the system has even less isolation, say 25 dB on both up and downlink, Figuie 2-20
indicates the required thermal CNR is 35 dB. The optimum fade margin is still 1.6
dB. Clearly it is becoming more and more difficult to compensate for poorer isolation
by simply increasing the thermal CNR,

Figure 2-21 indicates the sensitivity to intermodulation distortion levels which cffect
satellite transponder linearization considerations,

Figure 2-22 depicts cochannel excitation sensitivity. The standard link (solid linc)
assumes the unlikely situation that two cochannel carriers are cxcited causing greatly

2-69




A A A D L T TR

increased interference via the antenna sidelobes, Since there is no cochannel link
excitation most of the time, a curve for no cochannel station excited (i.e., the factor
of 17.5 in Equation 7 is set equal to 1) is plotted. Of course, the link interference
margin should not be determined assuming that there are no excited cochannel sta-

tions,

The previous calculations are repeated for a 100 carrier transponder. The 100
carrier transponder with quiescent intermodulation of 30 dB cannot realize the link
plus fade margin with worst case intermodulation and two simultaneous excited co-
channel carriers. For this reason the standard link was changed to allow no excited

cochannel carriers, The effect of excited cochannel carriers wiil be treated separately.

In figure 2-23 the solid line represents the standard link (with no excited cochannel
links), with a quiescent intermodulation ratio of 30 dB, The standard link plus 2,8 dB

of fade margin can be realized under worst case interference if 'yN = 21,05 dB,

If intermodulation is increased to 25 dB then ')/N = 24,29 dB in order to overcome in-
creased worst case intermodulation., The fade margin must be increased to 4.6 dB to

keep the peak number of excited carriers to a minimum,

Figure 2-24 compares the standard link (30 dB polarization isolation) with other de-
graded polarization isolations, as before. The system is nearly independent of polar-

ization isolation, due to the lack of cochannel excitation stress.

Figure 2-25 depicts cochannel interference sensitivity., Only a small effect occurs if
the total cochannel interference increases by 5 dB, since there are no excited co-

channel links,

In Figure 2-26 the cochannel interference is increased by allowing two excited co-
channel carriers and a level of intermodulation (determined by the number of excited

stations using the same cell) which will not be exceeded 99% of the time (rather than
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99,99%). Since the probability of two excited cochannel stations is about 0, 13% the
probability that this and the 99% level interrvods are exceeded (probability = 1%) is on
the order of 0,01%. Alternatively, under stressed conditions the potential cochannel
interference can be blocked via the DAMA system (e.g., not assigning the cochannel
interference slot). This will have a negligible effect on the system blockage even
during the busy hour,

Figure 2-26 illustrates sensitivity of the link to excited cochannel stations. The solid
line is again the standard link and the dashed line is the required thermal CNR under
the worst case interference conditions described above. This curve has two minimums
(due to the discrete nature of the binomial dis:ribution), the minimum at a fadc margin
of 3.6 dB is chosen since the minimum at 1.8 dB is too close to an unstable region,
From Figure 2-26 the fade margin of 3.6 dB is rcalized with ')'N = 29 dB under the

maximum interference conditions described above,

From the preceeding discussion, it should be clear that a 100 carrier transponder
will not work as well as a 1000 carrier transponder* (especially quiescent intcrmod
ratio). The reason for this is that a greater percentage of stations will be excited in
the 100 channel transponder than in the 1000 channel transponder under peak inter-
ference, Recall that the binomial has a mean = Np and a variance = Npq., Reducing
the total number of stations by a factor of ten will cause the mean (Np) to decrease
by ten, but the standard deviation Wg- ) will deerease by a factor of only VTO-
Thus, _perccntagcwiso, the number of excited carriers in a 1000 c..annel transponder
will be a factor of V10 better (less) than the 100 char.acel transponder. Therefore,
the adaptive link excells with high capacity transponders and becomes more difficult

to reliably implement with lower capacity transponders,

* The average transponder capacity described herein for the 75,000 trunk casce is 15, 000
carriers,
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2.6,6 ANCILLARY CONSIDERATIONS

Since the FDMA power sharing technique is complex and difficult to analyze certain
simplifying assumptions werc made. In particular, with regard to cochannel inter-
ference no attempt was made to take advantage of interstitial carricr spacing. In
addition, the satellite beam bandwidth was assumed to be filled; this occurs only

during the busy hour in saturated beams. Since the intermodulation maximum occurs
infrequently (e.g., a maximum of excited carriers), these events do not necessarily
occur during the busy hour so that potential cochannel interferors can simply be avcided
by assigning differcnt channel frequencies. Also, the 20 dB dynamic fade is cxceeded

at 20 GHz for only 0, 01% of the time in the Middle Atlantic States. In a DAMA type

FDMA system undergoing exponential capacity growth,reserve capacity is available
cxcept during the busy hour of the last system operating year. That is, the situation
described herein is that of the busy hour during the last year of system operation,

In all preceeding years the availability will be significantly better., Even if capacity

is constant, the FDMA characteristics are such that maximum power demand, due to

fading does not necessarily correspond to the busy hour. Thus, the 20 dB value at
20 GHz is not 0, 01% but more like €.003%, (the probability of a fade occurring during
a busy hour period of, say, 6 hours is 1/3).

T

It is appurent from these considerations that significant further optimizations can be

accomplished.

Since it is desired to minimize the fade margin it is important to identify the rainfall
statistics in the 1 to & dB range to determine the influence of wide arca rainfall which
could "trigger"” the network into a state having too many excited carriers. While

this, in any casce, will increase the fade margin, network overrceaction can be avoided
because the Network Control (by receiviig the carrier levels measured at cach of the
carth stations) can ascertain the nature of the rain characteristics and can consequently

cnable a "measured response’ to the situation,
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2.6.7 STABILITY CONSIDERATIONS
The system as described possesses an inherent instability., One source is called co-

channel interference instability and the other is called intermodulation distortion in-
stakility.

Cochannel Interference Instability

Cochannel interference instability is the first to appear and is the more berign of the

two. This will occur when several links on any given channel are excited. If the re-

sulting cochannel interference is sufficient to use all the fixed margin of any of the
remaining unexcited cocha.nnel‘ stations, those stations will also become excited even
though they are unfaded. Once these stations are excited, the cochannel interference
will increase to the point where every station using that channel in every cell will be-
ccme excited, However, the channel will still be usable as most (but not all) links
will still realize acceptable signal to cochannel interference ratios, The dangerous

aspects of cochannel interference instability is that it contributes to another kind of
instability.

Intermodulation Distortion Instability 3

When all links on a given channel are excited by the cochannel interference instability,
each transponder (assuming one cell per transponder) will have one additional excited

link, The increased power required by the transponder for this link will result in in-

creased intermodulation distortion for the entire cell. Once enough links become
excited by means of the cochannel interference instability, the cell will begin to see
links excited to do intermodulation distortion, Note that since the cochannel interference
instability is on a per-channel basis, when one cell experiences intermodulation dis-

tortion instability it is likely that there are several other cells sharing the same

T P U L WSy 7

channel which are also on the verge of intermodulation distortion instability. When a cell

becomes unstable via intermodulation distortion, all links in that cell will become excited.
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This situation, unlike simple cochannel interference instability will render the entire
ceil useless, In addition, cochannel interfercnce for all other neighboring cochannel
cells will then increase making cochannel inteference instability more likely in cells
which, up to now, were stable (a similar effect may be caused by reduced transponder

power or poor satellite pointing).

Ultimately, it can be seen that all links in every cell will become exciled leaving the
entire system hopelessly mired in interference and distortion until the Network Control
can observe the situation and override the excited state via the common signalling
channel.,




A

SECTION 3
SATELLITE AND EARTH STATION

- ANTENNA TECHNOLOGY

PN

2 —




 SECTION 38
SATELLITE AND EARTH STATION ANTENNA TECHNOLOGY

3.1 INTRODUCTION

Frequency spectrum conservation i{s a key element in the design of a contiguous, multi
beam antennas,

The geographical area is taken as the lower 48 states. Extension to include Alaska,
Hawaii and Puerto Rico increases the system complexity somewhat, however, this

does not affect the overall conclusions, and hence will not be considered further.

110° West satellite longitude is assumed for the location of the synchronous orbit

satellite. This is nearly optimum for the stated geometrical area.

For the selected examples the total average communication capability is identical.
This total capacity can be distributed nearly uniformly within the angular gain of the
coverage, however, such a uniform distribution is neither practical, nor desirable.
The distribution of required communication capacity typically is proportional to the
population density or density of industrial activity.

Propagation effects and spacecraft positioning errors, aftfect the availability of a
communication channel and other parameters are not negligible, but their considera-

tion is beyond the scope of this section.

The assumed frequencies are 18 and 28 GHz. The actual bandwidth available for the
down and uplink is a function of the specific antenna configuration (beam topology
plan).

e




In the following discussions an attempt will be .nade to survey the possible system im-
plementation alternatives, calculate their potential characteristics, determine their

implementation configuration and technology development requirements,

The discussion will start with a list of assumptions and definitions followed by a des-
cription of a number of beam topology plans. An exhaustive discussion of the various
beam topology plans is not possible within the scope of the present study, but all the
major canonic types are defined and analyzed. Characteristics of other beam topologies
can be derived by interpolation from the treated examples. The discussion then will go
on to present the detailed radiation characteristics of the various topologies. These
characteristics are discussed in two groups. The first group of data includes the
primary computed main and crosspolarized gain contour characteristics for the various
antenna beams required to realize the different beam topology plans. The second group
of data includes the derived characteristics, between beam and polarization isolation,
antenna size, gain slope at the contour of coverage, and number of spectrum reuses.

A series of antenna circuit block diagrams where necessary, give a better insight into
associated circuit complexities and problems. On the basis of the presented information
the various systems are compared and rated. From these processes one of the more
attractive systems are selected and its operation described on the basis of a more de-

tailed block diagram.

3.2 ASSUMPTIONS AND DEFINITIONS

The assumptions and definitions for the present study are summarized in Table 3-1,

A spot of shaped beam is formed by one or more "component' beams, A component becam
in turn is associated with an individual antenna radiating element (horn), However, for the
purpose of reducing sidelobes and the angular derivative of the pattern at the coverage con-
tour ("'slope'') the beams are gencrally intentionally shaped and formed by more than onc
component beam. These component beams can be divided into two types, (1) A "main com-

ponent beam' whick is excited close to the maximum power level and (2) An "auxiliary

3=2
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TABLE 3-1, ASSUMPTIONS AND DEFINITIONS ;

Satellite position: 110°W ,
Coverage: 48 States, USA 4
Nominal uplink band: 28 GHz

Nominal downlink band: 18 GHz
G, = peak gain of satellite antenna shaped beam

AG, = contour gain below peak gain
aVPD = loss in output VPD (Variable Power Divider) circuit of satellite antenna
aSD = loss in satellite downlink antenna circuit
D = gatellite antenna diameter
n = number of feed horns or component beams in satellite antenna
AF = total up or downlink band occupied by the communication system :
(allocation bandwidth)
B = maximum contiguous frequency band available in one shaped beam
(channel) }
ng = -A"'f = total bandwidth to channel bandwidth ratio
Co =n.B = composite system bandwidth
Co ncB |
N = AF = AF = number of spectrum reuses i
FB = total maximum bandwidth available in component beam 3
o = cell diameter or component beam center to center separation i
Ng = number of beams
S = slope of the pattern at its contour coverage ;
€ = angle between a point of observation and the location of peak of the
beam (degrees) 7
C/1 = carrier to interference noise ratio |
gt = attenuation of feed circuit of the satellite beam j
total total signal degradation, including earth station receive losses |
8ya = Scan angle of the beam in azimuth j
Oy = Scan angle of the beam in elevation i!
1
1

component beam' which is excited typically 10 db to 25 db below 2 main component beam and

N

its function is strictly sidelobe level (beam) isolation control,
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In the following it is assumed that for best spectrum autilization and isolation both
polarizations are used. However, only one polarization is used per spot beam in order
to avoid the interference effect that otherwise would be caused by deterioration of polari-

zation orthogonal during fading and isolation.

3.3 BEAM TOPOLOGY ALTERNATIVES

The basic problem in a multibeam antenna design is the selection of a beam topology
plan which optimally meets the desired system objectives of maximum frequency reuse
and maximum isolation, The beam topology provides a plan in which the number, cell
size, relative location, frequency band and polarization assignment of individual com-
ponent beams are arranged in a given manner. The beam topology itself is not con-
cerned with the physical implementation, but the evaluation of a specific topology plan

does require the knowledge of physically realizable radiation characteristics.

Possible beam topology plans can be divided into contiguous and non~contiguous plans,
For the contiguous plans the sum of the shaped beam coverages cover the entire com-
munication area, Such plans require the use of two orthogonal polarizations or/and
the subdivision of the overall frequency band into subbands. Generally not all the

subbands are available in all the component beams. The noncontiguous plans can be

operated with one polarization and one frequency band but some of the component
beams may not be available for communication, because they are needed for sidelobe

control.

Eight basic topology plans are described for contiguous coverage. Additional deriva-

tives and some noncontiguous plans also will be discussed.
The main characteristic in which these variants differ from each other is the normalized

guard angle, (or adjacent beam separation) which is the angle from the maximum of the

component beam to the point where the sidelobe level falls below a given value K

3=4
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For two component beams of identical frequency and polarization, and given adjacent
beam isolation I‘Ba ay’ beam separation must be such that at the edge of contour
of beam 2 the radiation level from beam 1 is

tBa a = Ac +x, This is the worst case beam to beam interference.

Ac is the power difference between the contour value and peak for beam 2. If for
instance IBa d =27 db and Ac =-1 db, then « =28 db and the corresponding ¢ angle

is determined. When N beams make up the entire system, then the adjacent beam is-
olation between the first and kth beam is

Tpadsik = %c1 * i

and the resultant beam isolation is
N
Ig= ;aBadj) 1k

Generally the radiation of a given spot beam, say spot beam 1 will be formed from
more than one component beam, Some of these component beams will cover the in-
tended coverage region of shaped beam 1, and are called main component beams, The
other component beams of shaped beam 1 may be used to control the resultant sidelobe

level and are called auxiliary component beams. Since the auxiliary component beams

are directed outside the coverage region of spot beam 1, they generally fall into the
guard regions between coverage regions or into the coverage region of another beam.
When a component beam is used by more than one spot beam, then it may be called a

coupled component beam,

Table 3-2 defines 8 different beam topologies. These plans can be divided into different

“groups on the basis of

a. Use of polarization

b. Use of component beams in the shaped beams

c. Existence of beam overlap
The systems can use single polarization (Plans 1, 4, 7) or dual polarization (Plans 2,
3, 5, 6, 8). Spot beams can be formed from one component beam (Plan 1, 7) or more

than one component beam (Plans 2, 3, 4, 5, 6, 8). The shaped beams can be nonover-

lapping tvpes (Plans 1, 4, 6, 7, 8) or overlapp’:g types (Plans 2, 3, 5).
3=5
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TABLE 3-2. TOPOLOGY CHARACTERISTICS OF STUDIED BEAM PLANS (Cont'd)

Examples for Various Beam Topology Plans

Note: Parenthesis indicates approximate co-channel »eam scparation and Rl the frequency

re-use factor.




When multiple component beams are used to build a spct beam the number of main
horns in practical systems of interest can be 2 (doublet), 3 (triplet), 4 (quadruplet),

7 (septet) or 9 (nontet). Larger systems can be also considered but the beam isolation
characteristics for essentially symmetrical component beam configuration do not change
drastically beyond the septet.

While the above listed categories are important the kev characteristic of all the vlans
listed in Table 3-2 is the ¢/a ratio, which characterizes the smallest separation be-

tween identical frequency and identically polarized shaped beams. The beam isolation
is increased with increasing € /a , with increasing number of component beams in the
spot beams with increasing ''symmetry' of the spot beam, Also shown in Tahie 3-2 is
the approximate frequency reusc factor; e.g., how much of the {req. :: 7 allocation is
available for each beam. Table 3-3 summarizes the main chacacterisiics of the beam [

topology plans with regard to pexrformance,

Figures 3-1 through 3-8 depict the eight typical topology plans defined in Table 3-2, !
The figures show how the layout of the plans vary with the cell diameter, in the

TABLE 3-3. FOUR CHARACTERISTICS OF BEAM TOPOLOGY PLAN PERFORMANCE

1. Angular Separation Between ldentically Polarized Identical Frequency Cells.
2. Angular Separation Between Qrthogonally Polarized 'dentical Frequency Cells,

3. Number and Configuration of Cells Forming Coverage /reas,

4. Crossover Level Between Nonidentical Fiequency Cells,

3-8
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Figure 3-la. - Beam Plan 1: triangular layout of singlets, single polarizationm.
a =1.5% n =10, NB = 10, N = 3.33.
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Figure 3-1b. Beam Plan 1: triangular layout of singlets, siagle polarization.
a=1° 0 =19, NB = 19, N = 6.33.
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Figure 3-1lc. Beam Plan 1l: triangular layout of singlets, single polarizationm.
a=.,5°, n =68, NB = 68, N = 22.67.

' vl 4 7 Y WW3Y2Y1Y3 “”\( 3
2 L1 A3\ 2 1!)L3 2 X1 A3 ° L‘ﬂ — L2 AT AN
3 2L N3 2 L1 a2 Lq 1321 ’;\J:H 3] 1) 3
N 1Y 4 S
3Y2/][1)3 13
aLJ 3IAZANAS A2 [T 2A0 L3
17132 2(r3)J211]13[2))1
P e ol AN v
21132 l;\ 312)1
\l > -—‘3\«‘\.*\ =y
211 3
. e ~ 3 ‘k/
I 1 ]
\rz 3‘/
\3 I
Figure 3-14. Beam Plan 1: triangular layvout of singlets, single polariza:cien.
a = ,25° n = 251, N, = 251, N = 83,67.

B

3=10



- AT RETaenR AT R A A A e et L i i e bt SRl 2o 2, dl O TN P L ) o D AT T T

Figure 3-2a. Beam Plan 2: East-West overlapping layout of novets, dual
polarization, polarization reuse strips.
a=1% n =19, NB = 35, i = 2.5,

Figure 3-2b. Beam Plan 2: East-West overlapping layout of novets, dual
polarization, polarization reuse strips.
a=.5% n= 68, NB = 22, N = 11.
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Figure 3-2c.

Beam Plan 2: East-West overlapping layout of novets, dual
polarization, polarization reuse strips.
a = ,41°, n = 97, NB = 23, N = 11.5.
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Figure 3-2d.

Beam Plan 2: East-West overlapping layout of novets, dual
polarization, polarization reuse strips.

a=.,37°, n=117, NB = 29, N = 14.5.

o GRAND CELL

Figure 3-2e.

Beam Plan 2: Eas:t-West overlapping layout of novets, dual
polarization, polarizaticn reuse strips. )
a= ,25° n = 251, NB = 94, N = 47, 3=-12
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Figure 3-3a. Beam Plan 3: East-West layout of overlapping linear triplets,
dual polarization, polarization reuse strips.
a=1° n =19, NB = 12, N = 6.

Figure 3-3b. Beam Plan 3: East-West layout of overlapping linear triplets,
dual polarization, polarization reuse strips.
a=.5% n= 68, NB = 20, N = 10.
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Figure 3-3c. Beam Plan 3: East-West layout of overlapping linear triplets,

dual polarization, golarizaticn rruse strips.

a = ,25%, n = 251, NB = 74, N = 37,
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Figure 3-lLa. Beam Plan 4: triangular layout of septets, single polarization.
a=1° n =19, NB=6,N=2.

P{ipure 3-lb. Beam Plan 4: triangular layout of septets, single polarizatlon.

a=.5%, o= 58, NB = 14, N = 4,67,




Figure 3-lc. Beam Plan 4: triangular layout of septets, single polarization.
a= ,3° n=178, NB = 35, N = 11.67.
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Figure 3-Ld. Beam Plan 4: triangular layout of septets, single pclarization.

a=,25° n = 251, N, = 45, N = 15.
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Figure 3-5a. Beam Plan 5: overlapping layout of rhombic quadruplets, dual

polarization.
a=1° n =19, NB = 30, N = 3.75.
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Figure 3-5b. Beam Plan 5: overlapping laycut of rhombic quadruplets, dual
polarization.
a=.5°, n=68, Y =87, N=10.87.
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“igure 3-5c. Serial No. designation of component beams for = = .5° n = 68.
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Figure 3-5d.

Figure 3-5e.
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_ Serial No. designation of shaped beams for a = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in NB = 64 and N = 8.
Channel 1.

Serial No. designation of shaped beams for a2 = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in NB = 64 and N = 8.
Channel 2.
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Figure 3-5f. Serial No. designation of shaped beams for = = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in N_ = 64 and N = 8.
Channel 3. 8
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Figure 3-5g. Serial No. designation of shaped beams for x = .5° Plan 35 and

for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in ﬂB = 64 and N = 2,
Channel 4.



Figure 3-5h.

Figure 3-5i.
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Serial No. designation of shaped beams for a = ,5° Plan S and
for modified Plan 5 (in brackets). Modification is for

reduction of system complexity, resulting in N

8 = 64 and N = 8,
Channel 5.
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Serial No. designation of shaped beams for 1 = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of svstem complexity, resulting in HB = 64 and N = 8.
Channel 6.

3=21




1‘ m
A % AQOO; €

. Q)
s T@'ﬂ%}%@
(;?n::___ - ‘:@ & n 0 AO 0

(@)
QO R

(3 VO A L()";\

Figure 3-51. Serial No. designation of shaped beams fcr a = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in N_ = 64 and N = 8, i
Channel 7. B 1

Figure 3-5k. Serial No. designation of shaped beams for a = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system ccmplexity, resulting in SB = 64 and N = 8.
Channel 8.
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Serial No. designation of shaped beams for 2 =
for modified Plan 5 (in brackets). Modification is for

reduction . . system complexity, resulting in N_ : 64 and N = 8.
B
Chanrel (1)

.5° Plan 5 and

Serial No. designation of shaped beams for 2 = .5° Plan 5 and
for medified Plan 5 (in brackets). Modification is for

reduction of system complexity, resulting in N_ = 64 and N = 8.
B
Channel (2}
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Figure 3-5n. Serial No. designation of shaped beams for @ = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in N_ = 64 and N = 8.
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Figure 3-50. Serial No. designaticn of shaped beams for 2 = ,5° Plan 5 and

for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in NB = 64 and N = 8.
Channel().

3=-24




Figure 3-5p. Serial No. designation of shaped beams for 2 = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
raduction of system complexity, resulting in N_ = 64 and N = 8.
B
Channel @

Figure 3-5q. Serial No. designation of shaped beams ar a2 = .5° Plan 5 and
for modified Plan 5 (in brackets). Modirication is for

reduction of system complexity, resulting in N_ = 64 and N = 8.
B
Channel@
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Figure 3-5r. Serial No. designation of shaped beams for a = .5° Plan 5 and

for modified Plan 5 (in brackets). Modification is for

reduction of system complexity, resulting in N, = 64 and N = 8.
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Figure 3-5s. Serial No. designation of shaped beams for 1 = .5° Plan 5 and
for modified Plan 5 (in brackets). Modification is for
reduction of system complexity, resulting in NB = 64 and N = 8,
Channel
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Figure 3-6a. Beam Plan 6: triangular layout of doublets, dual polarization,
polarization reuse spots.

a=1.3°, n= 14, NB = 10, N= 3.3,
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Figure 3-6b. Beam Plan 6: triangular layout of doublets, dual polarization,

polarization reuse spots.
a=1°, n =19, NB = 14, N = 4.67.
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Figure 3-fc. Beam Plan 6: triangular layout of doublets, dual polarizationm,

polarization reuse spots.

a=.,5° n = 68, NB = 45, N = 15.
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Pipure 3-0d. Beam Plan 6: triangular layout of doublets, dual polarization,

polarization reuse spots.
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Figure 3-Ta. Beam Plan 7: rhomboidal layout of singlets, single polarization.
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Figure 3-Tb. Beam Plan 7: rhomboidal layout of singlets, single polarization.
a = ,75°, n= 32, NB = 32, N= 3,55,
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Beam Plan 7: rhomboidal layout of singlets, single polarization.

a=.50° n =68, Ny =68 N=7.55.

Figure 3-Tec.
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Beam Plan 8: rhomboidal layout of triangular triplets, dual
polarization.

Figure 3-8b. Beam Plan §: rhomboidal layout of triangular triplets, dual
polarization.
a=,5° n= 68, Ng = 28, N= 7,
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Figure 3-8c. Beam Plan 8: rhomboidal layout of triangular triplets, dual
polarization.

o= ,30° n=178, NB = 67, N = 16.75.
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1° 2 q >.25° range. In Table 3-2 and in the figures the bold and light or circled and |
uncircled numbers within a component beam footprint represent orthogonally polarized

channels. For Plan 5, which has some particularly attractive characteristics all the

derived shaped beams are also shown separately. In this plan the total spectrum of the
communication system is divided into 8 channels, resulting in channel numbers 1, 2,

« « « 8 for the vertically polarized and 1, 2, ... 8 for the horizontally polarized

channels. These channels are typically reused about 6 times, each such channel reuse

is indexed to indicate the number of reuses., For instance the shaped beam
providing the 3rd reuse of the horizontally polarized channel 2 is shown as 2 3°
All the plans listed in Table 3-2 provide contiguous coverage. Noncontiguous coverage
for example, for off shore coverage, can be derived from these plans by simpiy omit-
ting the unnecessary component heams. As will be shown later such noncontiguous
plans allow the realization of larger beam isolation with the same plan than for con-
tiguous coverage. Thus some plans may become acceptable for this case, while they

are unacceptable for contiguous coverage.

Generally beam isolation can be improved by 1) increasing the antenna diameter and
using increasing aumb::rs of component beams in a shaped beam, 2) increasing the
number of reflectors and thus reducing the scan angle requirement of the component

beams, 3) increasing the feed diameter for a given reflector size. 'The last method

leads to a rapid increase of antenna area. For instance an increase of feed diameter
by 2 requires an increase of the number of antenna reflectors by 4. In noncontiguous
systems feed diameter increase may be implemented with no or only modest increases |
in the number of required antenna reflectors. Thus noncontiguous coverage systems

generally can be designed with much more flexibility.
Figure 3-9 shows examples for noncontiguous beam plans which provide 10 to 12 spot

or shaped beams with the use of main and auxiliary horns. The figures also exhibit

the percent of total frequency band available in the individual shaped beams, It is
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Figure 3-9a. Example for noncontiguous beam plan, assuming "large horn"
implementation.
a=,5° NB =12, N= 9,

ems—— HOR. POL. (4 BEAMS)
—— VERT.POL. (8 BEAMS)

Figure 3-9b. Example for noncontiguous beam plan, assuming shaped beam
implementation using a total of 13 main and 31 auxiliary horns.
a= ,41°, n = 44, NB = 10, N = 10.
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interesting to compare the capability of such a noncontiguous plan with a contiguous
configuration with non uniform traffic distribution based on Plan 5, in Figure 3-10, It
can be seen that the available bandwidth in the "heavy route' cells corresponding to
Figure 3-9a 1s reduced by a factor of 0,37 to 0.88, but in the 'thin route' cells an
average of 12, 3% of the total system bandwidth is still available.

3.4 COMPUTED GAIN CONTOURS FOR VARIOUS BEAM TOPOLOGIES

According to the data presented in the previous section the contiguous coverage of the
lower 48 states with the use of cell size component beams 1° 2 a >.25° requires 19 >

n 2 251 component beams. From earlier studies it is evident that the offset fed
paraboloid reflector with F/D near unity and illuminated by a multi-element feed

array is a good candidate for this application. Indeed this optical configuration has

such flexibility in the synthesis of its radiation field that its acknowledged disadvantage
in asymmetry can be nearly compensated. Once the effect of asymmetry is compensated
its advantages, like simplicity, low loss and lightweight comparc very favorabley with
other configurations like symmerrically fed lenses or phased arrays using high-
directivity individual elements. The offset fed antenna also is capable of large band-

width, and its mechanical configuration is usually convenient for satellite applications.

On the basis of these considerations the present study considers only offsct fed optical
structures, (the generalization of the results to symmetrical optics (lenses and arrays)

is straightforward).

The assumed basic optical configuration is shown on IFigure 3-11. In this arrangement
the antenna is characterized by the following parameters:

D = the projected aperture diameter of the paraboloid

F/D = focal length to diameter ratio

Q = offsct or distance between axis of paraboioid and its closest point to the
axis '

3=34




¥{gure 3-10.

'y [] r;! ’ N xt
12 \2 : : i BAAZ AR ;‘rﬁiﬂ:", .
) 1 2 " s 1" 2 28 '5ll s >
10 4 $ ;3 28 L] !
s 3 6 12 4 7 ? s ] —;.-z\ ‘\1
2 4 78 s o 5 P LAY AT
10 6, 619 | 4 2 s s . ”
s 1 12 ~A 8 A 28
, & 3 Y isY S0 \Vie 1Y 2 \V,\5 )
3 4/\4 |7 78 \ls 3 L] ¢ 1 2
WA D. Y,
73 3y34 4? 8 - Bacd
X TSy s 3AVATTY 7 S
s 1 2 29 Ass 7 28) \
2 s s )
) oA
2 [
. ? , 2 2 8y ¢ g Y e\4
4 ) 49N\ 4,4,
\
3 '3
s

Example for contiguous beam plan providing traffic density
matched bandwidth capability. Nonuniform channel distribuzion
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Figure 3-11. Basic Geometry of Antenna Configuration Using
Offset Ied Paraboloid Optics,

d = diameter of feed horn

¢ = 1ilt anglc between axis of feed horn and axis of paraboloid

n = number of feed horns

61\1 = angle between axis of paraboloid and axis of the component beam associated

to a feed horn (scan angle).

Given the above geometrical parameters and the ficld excitement in the aperture of

the horns the radiation performance of the antenna is uniquely determined,  The field
excitement in the horns usually is given by the type, polarization and reiative complex
amplitude of waveguide modes in the aperture., Generally more than one waveguide mode
is nccessary to characterize a desired secondary pattern.  The most frequently used

maodes are the Tk (basic) moude apd the '1‘1\11.‘ ’ 'l‘E2

1 and TMOI higher oraer medes.

1
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The following discussions are restricted to F/D 1. In this case the use of higher

order modes is not important up to about d A~ 1l.8and D x ~ 67. For such conditions
the peak crosspolarized power level in the secondary pattern will be better than -28 db
for circular polarization (CP) and better than -25 db for linear polarization (LP) below
the peak of the main beam, However, for larger antenna directivities or better cross-
polarization levels the use of the TM,, mode is desirable for CP and additionally the use
of the TE,; and TMy) mode is desirable for LP depending on whether the direct of the
main polarization is in tue plane perpendicular or parallel with the plane of the offset,
Table 3-4 show some typical polarization characteristics achievable with solid surface

reflectors.

A few results will be given for higher order mode excitaticns, but. most of the calcu-
lations were carried out only for TE11 mode excitatioa. This restriction does not
significently influence the results for the main polarization but reduces the cost of
computations. Furthermore it will be shown that for the type of beam topologies under
consideration even the crosspolarized levels are acceptable with TE11 mode excited
circular borns.

All the calculations were made using a GE developed vector field based computer pro-
g.am. This program neglects the phase error in the aperture of horns and treats them
like open waveguides. Furthermore it neglects mutual coupling between horns or the
effect of currents flowing on the outside wall of the horns, rear of the reflectors or
supporting structures, However, all other effects were considered, resulting in a
peak gain accuracy of better than 0.3 db and sidelobe level accuracy at the -30 db

level of approximately 2 db.

Figure 3-12 shows the main and crosspolarized gain contour plots of a so-called low
sidelobe singlet. This is achieved by using a single, large, multi-mode horn. (See
the mode power ratios in Figure 3-12.) Note, that for the exhibited ideal (unscanned)

case the first sidelobe level is about -32 db and the peak crosspolarized level is about
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TABLE 3-4. PEAK CROSSPOLARIZATION LEVELS IN SYMMETRICAL AND
OFFSET FED PARABOLOIDS USING CIRCULAR APERTURE FEEDS

Feed Diamater: d=)Nin
Parzboloid Diameter D= 9% L " L34 tn (F/D = 1)
Paradol L
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- YR
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Ty, ¢ 0172 [20° ™)) ¢ .00) [-90°* ™QeI2s (136 8.0 Y
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Vert. Pol.
TEy ¢ L0172 £20° ™™y, + .00) /-70° m.,*r: 134 0.8 .5
Secondary Pattern _rosspolarization delow Main Polacizacion \db) Measured "olarizer
Axia
Ratio of
. Polarizer
Waveguide Mode in Feed Aperture o) SO LR RS
Y!“ .0 ﬁ!“ 812 AL 3.7 1). 0%
TE, ¢ L0172 200 ™ 8725 .29 n.a 9.5
Hor. Pol.
TE, ¢ 0172 [20° ™, .0 [1l0° e, | 872 N 0.8 NS TY
Ver. Pol.
T, ¢ o 200 ™y, 003 f-t00 ™ | 6729 28 | ) vw
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Figure 3-12a. Gain contour plot of an unscanned, low sidelobe level singlet
achieved by a large diameter (d, = 4.0l1) multimode horn.
Main polarization.

Figure 3-12b. Gain contour plot of an unscanned, low sidelobe level singlet

achieved by a large diameter (d\ = 4.01) multimode horn.
Cross polarization.
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-35 dB. Such an antenna is usable for noncontiguous beam plans, however, con- 1
tiguous applications require about 7 separate reflectors. For instance for Plan 1, 1
a =1,15° the n, = 15 component beams can be implemented by 7 reflectors. Since

for Plan1, e€/a =1.23, at € =1.41°, at the angle the sidelobe level is about -25 dB.

zation isolation (with 7 reflectors!) is only 21 dB. This example clearly shows the

i
13
i
Since the worst beam coutour level is -4 dB for such a scheme the achievable polari- H
t
limitation of the otherwise very simple Plan 1.

Figures 3-13 and 3-14 shows the effect of reduction in the size of the multi-mode horn.
In this case the size of the horn is only d = 1. 82 in., twice what can be fitted for con-
tiguous coverage. Such an antenna requires only four reflectors for the implementation
of Plan 1, However, since more horns are associated with a reflectnr, larger scan
angles are required for some of the beams. Figure 3-13 shows that for the center,
unscanned beam -32 dB sidelobe level is still schievable, (this is about the same

value as for Ficure 3-12), although the polarization was changed from horizontal to
vertical and the required mode distribution is different.) Figure 2-14 exhibits a
singlet which is scanned to 8, = 2,95° and GME = 1.30° causing a considerable
distortion of the main beam. If such a singlet is used for Plan 1, @ =,5°, € =

1.23 a =,615° and the sidelobe level is only about -13 dB and the beam isolation

is only .9 dB. This example illustrates that the achievable beam isolation rapidly
deterioriates as the number of reflectors are reduced for the "large horn' im-
plementation of Plan 1, It may be noted that the situation is somewhat better for

the "'multiple horn cluster' implementation of Plan 1, but the basic limitation remains
because of the small € /a ratio, (for the multiple horn cluster implementation, i.e.,

one main and several auxiliary horns, see Reference 1.)

Up to now the horn generating the singlet beam was excited by an ideal combination of
higher order modes. In the following TEqq mode excitation will be assumed. Figure
3-1a shows the topology layout for Plan 1 using @ = 1,5°, For such a large a angle

the required maximum beam scan is only BM/G ~2 thus the beam distortion is
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Figure 3-13a. Gain contour plot of an unscanned, low sidelobe level singlet,

achieved by a large diameter (d\ = 3,08 ) multimode horn.
Main polarization.
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Figure 3-13b. ~ Gain contour plot of an unscanned, low sidelobe level singlet,

achieved by a large diameter (dA = 3.08 ) multimode horn.
Cross polarization.
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Gain contour plot of a scanned, low sidelobe level singlet,

achieved by a large diameter (d

Main polarization.

Figure 3-1la,
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Figure 3-1lLb. Gain contour plot of a scanned, low sidelobe level singlet,

achieved by a large diameter (dx = 3,08 ) multimode horn.
Cross polarization.
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relatively moderate. The necessary component beamwidth can be realized with

D =33 in, When d = .94 in. all the beams can be realized with a single reflector,
Figures 3-15 and 3-16 show the calculated main and crosspolarized gain contour

plots. It can be seen that for the relatively unscanned beam 1, the edge of contour

is at -8 dB (at the triple crossover point of three adjacent beams) while the sidelobe
level of this beam at the -6 dB contour of the 15 beam is at 20 dB, Thus the achievable
adjacent beam isolation between these two beams is about 14 dB. The crosspolarized
level within the 1 beam is -28 dB and within the 15 beam it is -40 dB. Since Plan 1 uses

only one polarization the crosspolarized power level is irrelevant.

Figures 3-17 and 3-18 shows the sidelobe levels caused by 15 and 14 into the coverage
of 15, The limitation is from the most scanned 13 beam resulting in -17. 5 dB sidelobe
level and 11,5 dB adjacent beam isolation. Th~ effect of the 1 4 beam in comparison

is nearly negligible resulting in about 24 dB beam isolation.

Figure 3-19 shows the resultant interference power of 1, 13 and 1, into the coverage
area of 1. The calculations were done in two different manners. Figure 3-19a shows
the resultant level on the basis of power addition of the interferences. The resultant
level reaches -17,5 dB within the -8 dB contour of the beam, yeilding 9.5 dB re-
sultant beam isolation, Figure 3-19b exhibits the results if the fields are added with

a random phase attached to the three interfering channels, The result for this model
is -16 dB peak sidelobe level or 8 dB beam isolation, It can be seen that the re-
sultant beam isolation, whether it is calculated on the basis of power or randomly
phased field addition is in the range of 8 dB to 9,5 dB even for a @ = 1,5° when only
one reflector and a single horn per singlet beam is used. This proves that Plan 1

cannot be realized with acceptable beam isolation in such a simple manner,
Figures 3-20, 3-21 and 3-22 exhibit the results of additional singlet calculations for

@ =5° The worst edge of contour gain is -7 dB and -6 dB relative to the maximum

of the singlet for the minimally scanned and maximally scanned beams respectively.

3-45



VERTICAL POLARIZATION
33" OFFSET DISH P/D = 1
d = 04" (TE,, MODE)
G=43.648i

EDGE GAIN = 33 dBI

EDGESLOPE = 16.7 dB/DEGREE
= .835¢8/.08

Figure 3-15.

Gain contour plot of beam 1; in wain beam region of beam 1, for
Plan 1, a = 1.5°. Antenna employs D = 55.88Xx reflector
diameter, F/D = 1, d = 1.54) horn diameter, TE,, mode excitation.

Horn diameter allows contiguous coverage with ilteflecCQr.
Main polarization.
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Figure 3-16. Gain contour plot of beam 17 in main beam region of beam 1. for
Plan 1, 2 = 1.5°, Antenna employs D = 55.88: reflector
diameter, F/D = 1, d = 1.54) norn diameter, TE); mode excitatica.
Horn diameter allcws contiguous coverage with 1 reflector.

Cross polarization.
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Figure 3-17. Same as Figure 3-15 for beam 13 in main beam region of beam 12.
Main polarization.

Figure 3-18. Same as Figure 3-15 for beam 1), in main beam region of beam 1.
Main polarization. )
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Figure 3-19a. Combined interference level caused by beam 1), 13 and 1, in
main beam region of 1, using gain contours shown on Figures
3-15 - 3-18. Calculation is based on power addition.

CH. =1 NORTH

NSHZHA
Ry N
G ™
| A
1 o’ 1’ 2’ AZ 3
Figure 3-10b. Combined interference level caused by beam 11, 13 and 1; in

main beam region of 1, using gain contours shown on Figures
3-15 - 3-18, Calculation is based on addition of fields
with random phases.

3-48




"uojlezyierod ssoid ¢ g+ - Mg “ g = Ry

‘oSt =1 f ygcr = Yp
‘T =a/4 “95°291 = Ya -weaq 3278n1s jo sinojuood uyes

‘Q0g-E SanIrg

S

0
Uik ;< VH /G
j\\ SN Y
e\

\ r4 4
,.\L. \1//.; uig
N/ /\

e

Bp.

v

8

- .O‘

p—"0%~

‘uoyjezyaejod uprm ¢ ¢ = mzc L - <z0
‘oSt =V ‘e[ = Yp
‘T =a/4 ‘957791 = Yg ‘weaq 31378ujs jo sinojuod ujen

*B0Z-t SanATy

. N IE =P
('t NVId) 13TDNIS

3-49




ruorjezyaefod ssoi1d ¢ _¢G°1 = m:c ‘oSYT = <:c

‘eSS T =

‘T = G/4 ‘96°Z91 = Ya@ -weaq 3ay8urs jo

*QIg-t Sandig

vyt = Yp
sanojuon uien

AR YR

*uvoyiezyaejod urew ¢ _¢C°1 = 0 ‘.S%1 = )
*oG =1 ygep = Yp

= (/4 ‘96°Z91 = ,= *weaq 12[duls Jo Sanojuod ujen

"Bl2-f dNIi4

THO 02

iy
NI L6 =P

('L NV d) L3 TONIS

3=50




‘uorjezyaerod ssoid ¢ g°T = mzc “06°C = <=¢ "uoriezrierod uyem ¢ g7 = mzo ‘e6°C = <zm
- . oS " =0 yerr = Yp : ‘ AN e
T =a/4 “95°791 = Yg ‘-weaq 3378uys jo sinojuod uyen T =a/4 °95°291 = Yag -weaq 32{8uys jo sinojuod uyes

‘qzz-f aan3ry ‘Bgg-t eaniiy

NIVW "Y0d 'HOH

SSUYD 104 "LH3A

PP LR
8z="
(WV38 QINNVIS XVW) S =0 2HO NZ
ap 9z'c = Su¥u 'ap vos = %o )
L=ard 3y
NIL9=D NI LG =P

NIgS6=0a ('L NVd) LITONIS



This yeilds 13 dB (Figure 3-20) and 8 dB (Figure 3-22) adjacent beam isolation for the
minimally and maximally scanned component beam when Plan 1 is employed. When
Plan 7 is used, then the same figures result in 26 dB and 23 dB adjacent beam iso-
lation. The results illustrate the improvement in adjacent beam isolation with an

increasing € /a ratio,

Figures 3-23 and 3-24 exhibit the beam contours for two differently scanned doublets
as they are required for the implementation of Plan 6, It Is interesting to note the
improvement of sidelobe levels in the longtitudinal direction of the doublet, However,
in the plane orthogonal to this direction sidelobes are about 4 dB poorer than for the
corresponding singlets,

Figures 3-25 and 3-26 exhibit the gain contours of differently scanned triplets. The
main beam cross section becomes more axially symmetrical and the sidelobe level is
low along the lines connecting the center of the triplet with the center of a component
beam maximum, In between these directions the sidelobes are poor. This feature of

the triplet is utilized advantageously when it is employed for Plan 6.

The next higher order shaped beam is the quadruplet. This can be arranged into a
rhombic or into a square configuration, Here only the rhombic layout quadruplet

will be discussed for which the results are exhibited on Figure 3-27 and 3-28, It

may be noted that the quadruplet is the first higher order shaped beam for which beam
overlap can be practically considered, (topologically the triplet already allows beam
overlap). However, the implementation of such an overlap requires a very large
number of channels, i.e., subdivision of the allocation bandwidth.,) In the case of
quadruplets beam overlap can be realized with 8 channels provided that both
orthogonal polarizations are utilized.

Figure 3-27b is a repeat of Figure 3-27a but shows the relationship between beam

cell contours and contours of the shaped beam, Figure 3-22d shows 4 adjacent

shaped beams, It can ve seen that such a system assures contiguous coverage with
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Figure 3-23d.

Figure 3-23c.
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Figure 3-28a.

Gain contours of quadruplet beam, D, = 162.56, F/D = 1,
dx - 1.5“’ Q= .5.-
QHA ="2:8%%; OME = 1.05°, Vertical Pol. Main.
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Figure 3-28b.

Gain contours of quadruplet beam, D, = 162.56, F/D = 1,
dy = 1.54, a =, 5°,
OMA = 2.85°, @, = 1.05°, Horizontal Pol. Cross.
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no lower than about -2 dB level relative to the peak of the beam, The high beam con-
tour level and its associated low contour slope is probabily the most attractive
characteristics of overlapping type beam topologies. Figure 3-28 shows an ex-
ample for a quadruplet with substantial scanning.

The quadruplets shown on Figures 3-27 and 3-28 are part of a 7 quadruplet system
necessary to implement the 7 shaped beams carrying channel 1 for Plan 5 when @ =
5°. Because of the attractive characteristics of this configuration some amount of
detail is included for this case in Figure 3-29 showing the various ways of interference

combination,

In the 2nalyzed case (see Figure 3-5) there are four quadruplets (11, 12, 13 and 16).
1 doublet (15),

gain contours that all these shaped beams are implemented with main horns only.

and 2 singlets (14 and 17). It is assumed for the calculation of the

A preliminary survey of the situation indicates that the worst interference situation
occurs inthe 0 € 6, < 1.5° azimuth and 0 < g S 1.65° elevation angles window,
which contains the shaped beam carrying channel 13. Thus the interference is cal-
culated as the resultant sidelobe level from 11. 1, 1 40 15, 16' and 17 in this

window,

Figure 3-29a shows the results when all of these channels transmit the same absolute
power and the fields are added in phase, This is not a likely condition, but it does
represent the worst possible case. Since for a contiguous coverage the quadruplets
must be used down to their -2 dB contour the resultant sidelobe power occurs at the
-2 dB contour of beam 12. At this contour, the sidelobe level is -22,7 dB, re-
sulting in 20, 7 dB beam isolation, Figui- 1-29b shows the resultant sidelobe level
when the fields are added in random phase. In this case the limiting sidelobe level

is at -22 dB yeilding 20 dB beam isolation. Figure 3-28¢ shows the resultant sidelobe
level when the beams are added on power bases. In this case the resultant limiting
sidelobe power is about -23.3 dB and the beam isolation is 21,3 dB, When the

3-62
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transmitters are adjusted to produce the same maximum EIRP as beam 12 and the
phases are equal the resultant limiting sidelobe level is -23 dB and the beam isolation
is 21 dB, (see Figure 3-29d). The same results are obtained when the fields are added
with random phase, (see Figure 3-29c¢). For the same condition but using power ad-
dition the limiting sidelove level is -25 dB and the beam isolation 23 dB, (see Figure

3-29no

Figure 3-29g shows the resultant sidelobe level when the most interfering beam, the
15 doublet is omitted, the transmit EIRF's are equalized and the fields are added with
random phase. In this case the peak sidelobe level is about -25. 8 dB and the beam
isolation is 23.8 dB, (in practice the 15 beam can be "omitted' by uniting it with

another quadruplet, for instance with 15).

The following conclusions can be drawn from the above charts:

a. For the relatively large shaped beam numbers (6) the in phase, random
phase and power addition give about the same results, 20,7 dB, 20 dB and
21,3 dB respectively.

b. [Equalization of the transmit EIRP improves isolation from 21,3 dB to 23 dB.

c. Omission of the most interfering beam (doublet) improves beam isolation
from 23 dB to 23. 8 dB.

The next higher order shaped beam worth considering is the septet, which can be
used for Plan 4, Figures 3-30, -31, and -32 show the gain contours for @ =,3" of
a substantially scanned shaped beam (8 yp = 2. 5°). It is evident from the plots
that the decay of sidelobe level with this configuration is quite good, but the system
requires a relatively large reflector. For Plan 4 % = 2,5, thus € = .75, the side-
lobe level is around -24 dB and the beam isolation is about 14 dB.

3.5 ANTENNA RELATED SYSTEM CHARACTERISTICS

The most important characteristics derived from the calculations presented in
Section 4 are the variations in sidelobe level as a function of angle for the various

topology plans.
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Gain contours of septet beam, D
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SEPTET (PLAN 4) D = 160 IN.

d=1.2IN. G=152 IN.

7511 F/D = 13356

VERT. POL. MAIN Gy =505 db

20 GHz a = .3%° (MAX. SCANED
SHAPED BEAM)

XX

Figure 3-32c. Same as Figure 4.22a, but showing relationship between
component beam cells and contours of resultart septet
beam.

3-70




It is convenient to express this angle, € as measured in the 8 A azimuth and GE
elevation angle coordinate system between the maximum of the outermost main
component beam to a typical direction, If the '"'shaped' beam is using one com-
ponent beam, as in the case for Plans 1 and 7 then the angle € is identical to the
conventional angular argument of the antenna pattern function, For a higher order
shaped beam, for instance a septet, which may contain 7 main beams and 12 aux-
iliary beams around them, ¢ is measured from the center of an outer main com-
ponent beam in the plane presenting the slowest fall off of the sidelove level. In
order to make the results generally usable it is convenient to normalize € to the
cell size a. In the following the €/a ration will be presented for a given sidelobe

level .

It is obvious that the sidelobe level of a realizable shaped heam is a function of the
angular position or scan relative to the axis of the optical system (axis of paraboloid).
This angular position, -GM is defined as the angle between the axis of the paraboloid
and the direction of maximum field. Again the normalized GM /a angl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>