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FEASIBILITY STUDY OF A TWO-BAND UHF COMMUNICATIONS SATELLITE

Executive Summary

Introduction

The work summarized here was performed under DSS Contract PL 3610-1-0622
Serial OPL 2-0005, under the design authority of the Department of Communications.
The program extends a previous study which showed that it is feasible to develop, under
specific constraints, a communications system "intended for low capacity voice telephone
services to remote areas of Canada” and presented alternative design concepts which could
be implemented in either the 225-400 MHz band or in the 1500 MHz band. The study
reported here extended the general concept and developed designs appropriate to simulta-
neous operation in the 225-400 MHz and 2.5 GHz bands.

The traffic model provided by the D.O.C. designates four classes of user as shown
in Table 1. Thus at the lower band, capability was to be provided to serve mobile and

 Bwd Service | Eclipse | Canlers :::iﬁ':fﬂ’ts Channels

225~400 MHz | Mobile 100% 1 1 1 Haif Duplex
Transportable 50% .| 2 10 Duplex

25 GHz Fixed 50% 2 40 20 Duplex
Program 100% 2 2 2 Simplex

Table 1 = Traffic Model

transportable stations with differing satellite EIRP's (Effective Isotropic Radiated Power),

while af the higher band radio program distribution and higher quality fixed station telephony

was required.

In conjunction with the Design Authority and considering the 1977 time frame for
implementation, it was decided to design to the projected Thor-Delta launch vehicle
capability of 1890 Ibs in transfer orbit. This capability was considered to have a high
probability of being available without an excessiv-. non-recurrent cost penalty to the
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program. After appropriate allowances for interstage adaptor, apogee motor fuel etc.
this resulted in designs fo an initial on station weight of 963 Ibs.

System Concepts

While the program constraints indicated a geostationary orbit, the specific operating
frequencies and dual band nature of the requirements, coupled with the statistical nature
of the major portion of the traffic (telephony) gave the possibility of several new modes of
operation, and in turn permitted application of unique spacecraft techniques. In order to
prevent major economic and/or technological penalties to the implementation program
additional design objectives were established. These objectives were:

« All flight spacecraft to be identical

+ Operational use of in-orbit spares

+ Operational use of spacecraft early-life resources
« Non-tracking ground stations

+ Maximum reliability of system.

In order to meet these objectives, the conceptual design work which is normally carried

|

out at the single spacecraft level was instead carried out on the total space segment level as
it would exist at various times in the mission i.e. single operational spacecraft, two space-
craft in orbit, early life power, end of life power, single point failures, eclipse vs sunlight
operation etc. etc. In accordance with guidance of D.O.C. the traffic model quoted was
considered to be the minimum acceptable for a viable service, and the design emphasis was
placed on protecting the minimum traffic in all foreseeable circumstances but exceeding it
to the maximum extent possible under "normal” operating conditions.

The opportunities for application of new concepts are the result of the statistical
nature of the major portion of the traffic coupled with the requirement that the ground
station antennas be of small diameter (4-6 feet). Thus at the lower band the ground station
beam widths are such that spacecraft at quite widely separated orbital stations can be simul-
taneously illuminated by the up link beam. As a result, with only slight signal loss, the low
band services can be split between two spacecraft spaced about 189 apart in longitude. Thus,
the two spacecraft are never eclipsed simultaneously and, in principle, communications
traffic can be maintained without secondary (battery) power. This "Sequential Eclipse"
offers savings in weight which can be applied to increased communications, additional fuel
etc.

However, the two spacecraft cannot operate at the same frequencies simultaneously
when in the view of a common source. Thus it is necessary that the "identical” satellites
exhibit different frequency plans, preferably without major hardware penalties. (In the
detailed design portion of the study this objective has been achieved.)

i
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In principle, it is also possible to split service, with each spacecraft operating in
only one frequency band (although supplied with transponders at both frequencies) and
carrying no redundancy. Then in the case of a transponder failure the functions of the
two satellites are reversed to maintain service. This "Criss-Cross Redundancy" provides
high protection against transponder failures although obviously not against failures of the
spacecraft suppon‘mg subsystems.

While at the higher band (2.5 GHz) the ground station directivity is such that time
spaced eclipse cannot be utilized, the spacecraft can be illuminated adequately by a fixed
pointing antenna over reasonable excursions from its station. Thus "Reduced Inclination
Control" when coupled with a technique of "Biased Inclination Insertion” provides additional

savings in fuel weight. The antenna directivity also demands that this traffic be through a

single satellite.

In order to make use of the early life power available in the spacecraft yet avoid
substantial hardware difficulties e.g. in signal combining, the concept of "Non-identical
Substitution" is incorporated providing a variable communications capability (fitting the

available power) and also fulfilling the redundancy requirements. Where identical substitu-

tion is required, as might occur near the end of spacecraft life, it is available through the
criss~cross redundancy feature.

By appropriate allocation of hardware and functions, it has proven possible to develop
design concepts which incorporate these features yet fulfill the single satellite requirements.
Thus the practical system fulfills the traffic model requirements for a single satellite and
greatly exceeds it for the full system.

Spacecraft Alternatives

Whereas in the previous study it was found that low band services tended to be
maximized in a 3 axis spacecraft configuration while the high band services were optimized
in a dual spin configuration, it was not obvious which was the most suitable configuration
for a dual band system. In the course of this study four basic concepts were examined as to
feasibility with two detailed to a greater extent.

a) Electrically Despun.- Dual Spin

At the request of the Design Authority, this concept was examined, although beyond
the scope of the original tasks. The design was developed as a hybrid arrangement utilizing,
at the lower band, electrical despin of an antenna array over the surface of the cylindrical
solar array, with the high band services provided through a mechanically despun erectable
antenna at the top of the spacecraft. The low band antenna was a more complex and higher
gain version of the LES 6 antenna but still failed to provide sufficient gain, when coupled
with the power available at the end of life, to fulfill the (single satellite) minimum traffic
model .
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The design concept was developed to the stage of basic configuration and budgets,
but not pursued in the absence of more detailed predictions of antenna performance.

b) 3 Axis - Rigid Deployable Solar Array

This concept was put forward by the contractor as being of interest for use where
the prime power demand is in excess of that available from dual spin concepts but somewhat
less than from a flexible array such as CTS uses. The design developed was based on the
ITOS/TIROS designs as adapted by RCA Astro-Electronics Division and proposed for the U.S.
Domestic Program. Again basic budgets were developed but in the absence of detailed
design and costing information the concept was not pursued, although the concept is
considered a valid candidate for this mission.

c) Dual Spin

Dual spin concepts were examined in depth for this mission, with several differing
designs traded off as to lifetime, inclination control, eclipse capability etc. The general
conclusion is that the dual spin concept offers a wide range of design options which fulfill
the general mission requirements, and allow incorporation of the features developed in the
course of the study. Further, this concept appears to be the one which could most readily
encompass changes in launch capability should they occur and, in particular, should the
1890 Ib. transfer capability not be attained in the time frame of interest.

The design limitation for the dual spin configurations tends to be available power
although both the power and weight margins tend to zero out almost simultaneously. This
means the design makes full use of both resources. (A basic implementation margin equal
to 5% of transfer orbit weight is carried separately in accordance with good design practice.)

The dual spin concept was developed in some detail and is the basis of the budgetary
costs presented.

d) 3 Axis - Flexible Solar Array

A 3 axis concept utilizing a large extensible solar array was developed based on
the extensive CTS data available. The general concept of such configurations is applicable
where the mission demands on power are large considering the launch vehicle involved (as
for CTS). In the present mission, the trade~offs tend to become weight limited by virtue of
the secondary power demands in eclipse (if extensive use is made of the available primary
power) and because of the large weight assignments to solar array extension and orientation.

This 3 axis configuration is considered viable for this mission although there is somewhat
less range of tradeoffs than for the dual spin design, and it is also somewhat more sensitive
to launch vehicle capabilities.

This concept was developed to some depth and cost differentials relative to the dual
spin implementation indicated.



Communications

The transponder portion of the communications sub-system is the key to the opera-
tional flexibility of the overall system. As shown in Figures 2 and 3 there are two
completely separate transponders, one at each band. In fact, in the dual spin design the
only element of commonality is the antenna reflector while in the 3 axis design there is no
point of dual function.

The low band transponder (Figure 1).shows the broad band low level receiver followed
by a local oscillator mixer unit. The local oscillator is designed to put out either of two
frequencies as determined by ground command. This allows the incoming signals from either
one of two bands to be down converted to a set (80) of channelized I.F. strips. Thus two
identical spacecraft can utilize a maximum of 160 frequency assignments (i.e. 80 each)
without carrying additional 1.F. hardware or violating the requirement to be identical. A
number of these |.F. amplifiers have a gain change of 10 dB available, to provide the high
EIRP down_link signals.

After |.F. limiting and amplification, the signals are up converted and sent to one of
two power amplifiers selected by command from an assortment of different types. As shown,
there are broadband power stages carrying up to 3 high power carriers or up to 30 low power
signals. It must be noted that only one of the power amplifiers in each of the multiplexer
input arms can be powered up at one time, but because of their differing capabilities the
demand on spacecraft resources can be varied.

The 2.5 GHz transponder (Figure 2) is more convent’ 1l in concept. It is a single
translation, all r.f. repeater having two channels. Program material is carried in a
transistor power amplifier capable of either 2 or 3 carriers. The telephony traffic is carried
through a 20 watt Travelling Wave Tube amplifier (1 for 1 redundancy). The TWT proposed

is an adaptation of a tube developed for S Band operation in the Apollo mission. It features -

dual mode operation (10 or 20 watts) and thus the demand on spacecraft resources can be
reduced for eclipse or similar purposes.

The transponder specifications are summarized in Table 2.

The antenna portion of the subsystem differs according to the spacecraft configuration
under consideration. In a dual spin design (Figure 3) the antenna consists of an erectable
rib and mesh parabolic reflector 130" in diameter. This is about the largest diameter which
can be carried in the fairing without complex mechanical arrangements. The feed is a
structural amalgamation of a horn~type linear feed at 2.5 GHz with a reflector backed
crossed dipole feed providing circularly polarized low band illumination.

For the 3 axis design the antennas are separate at high and low bands. The high band
is a simple parabola with horn feed while at 300 MHz the antenna is a quad helix array
(Figure 4).
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2.5 GHz SUBSYSTEM

Type Single Frequency Conversion

Operation F.D.M.A,

input Uncooled Paramp

Muitiplexing Graphite Fiber Epoxy Composite

Waveguide Filters

Weight 20 ibs.

Services Telephony Broadcast
Number of Carriers 90 3
Output Device THT Transistor
Output Power (dBW) 9.2 39
Eclipse 50 % 67 %

300 MHz SUBSYSTEM
Type Dual Frequency Conversion
: Fully Channelized at I.F.

Operation F.D.MA

input Low Noise Amplifier

Muitipiexing Interdigital Fiiters

Weight 70 Ibs.

Services Mobile Transportable
Number of Carriers (Max.) 3 0
Number of Carriers (E.Q.L.) 1 20
Output Device Transistor Transistor
Output Power (dBW) (Max.) 16.1 16.1
Eclipse 1 10

Table 2 - Specifications for the Dual-Frequency Transponder
(Single Satellite Service)
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3. Conclusions and Recommendations

On the basis of the study it is concluded that not only is a dual band spacecraft
feasible within the constraints of this mission, but that, by unique spacecraft design,
attractive operating modes can be incorporated in the system, improving the cost effective-
ness. Table 3 summarizes the traffic model achieved for the two design concepts detailed
(in the course of the study, while Table 4 gives their respective "top level" specifications.

The dual spin configuration (Figure 3) shows the greatest range of viable trade offs
of the four concepts examined and thus the greatest adaptability to other mission constraints
which might be developed. The design presented comes close to limiting simultaneously
~across all constraints imposed by the launch vehicle (weight, fairing limits on power,
antenna height etc.) and thus appears to be simultaneously close to an optimum and an
' Upper limit under the chosen and given constraints.

| The 3 axis CTS based configuration (Figure 4) also fulfills the basic mission require-

i ments but lacks some of the dual spin flexibility in design. It is basically weight limited
and only limited advantage can be taken of the large power per pound coefficient (for power
increases) made possible by the flexible solar array.

The other configurations examined show antenna gain limitations in the case of the
electrical despinning or for the 3 axis ITOS configuration capabilities intermediate to those
of the preferred designs. On the basis of the limited depth examination either of these last
- two configurations could probably fulfill the basic mission requirements.

Because of the proposed system operating modes all the designs have more severe
- thermal problems than normally encountered in communications spacecraft, in that the
. thermal sub-system must maintain the appropriate equipment environment despite a highly
- variable heat load developing at different locations within the spacecraft. This problem,

particularly in the 3 axis configurations may require application of active thermal control
techniques. '

Budgetary cost estimates have been developed for a program based on procurement
to a performance specification and following good commercial space practice. For a fully
Protected 10-year system (3 operational spacecraft plus standby) the spacecraft costs
including development and profits are estimated to be $52.9 M.
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300 MHz 25 GHz
High Power | Low Power | Broadcast | Low Power
Single Salellite 8oL 3 0 3 90
EoL, S.8. 1 K | 3 90
Min. Eclipse - - 2 L)
Dual Sateltite System Sun 4 80 3 90
Min. Eclipse 1 30 2 45
(a) 3.Axix
300 MHz 2.5 GHz
High Power | Low Power | Broadcast | Low Power
Single Satellite N BOL 3 k. 3 90
" oL, s 1 2 3 %0
Eclipse 1 10 2 45
Dual Satellite Sun 3 50 3 90
Eclipse 3 k| 3 90

(b) Dual Spin

Table 3 —~ Traffic Capability Channels




Diameter: 86'° @ Height: 157.5''/221.5"

1820 Ibs. in transfer; Initial on orbit 963 Ibs.; End of Life: 813 Ibs.
Dual Band Transponder
Canadian Coverage

Power: 360 Watts E.O.L. (S.S.); Eclipse: 243 Watts

8-Year Life

Table 4(a) — Spacecraft Characteristics — Spin Stabilized Configuration

-8l -



@ Diameter: 71'" @ Height: 116’ /116"

® 1820 Ibs. in transfer; Initial on orbit 948 Ibs. End of Life: 800 Ibs.

@ Dual Band Transponder

@ Canadian Coverage
® Power: 437 Watts E.O.L. (S.5.); Eclipse: 160 Watts

® B8-Year Life

Table 4(b) - Spacecraft Characteristics ~ 3-Axis Configuration
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1.0 INTRODUCTICN

1.1 Background

The work reported here under DSS contract FL3610-1-0622 Serial
OFL2-0005, "Feasibility Study of a Two Band UHF Communications Satellite",
under the design authority of the Department of Communications, is in
concept, although not contractually, an extension of the "Consulting
Services for Cost Studies of UHF Satellite Communications Systems"
under DSS ‘contract OFL1-0005. Because of this relationship, it is
important to note the similarities and differences between the two
contracts, and particularly that much of the present study is based
on data developed in the course of the early contract.

1.2 The Previous Study (OFL 4-0005)

The earlier contract was basically to study a total system (earth
and space segments) "intended for low capacity voice telephone services
to remote areas of Canada®. As such, the system was envisaged to com=-
prise a large number of terminels accessing a satellite trensponder in
a single channel per carrier,frequency division access mode, with two
classes of users considered in the traffic modele The study* required
that two alternative systems be considered, one operating in the 225-
400 MHz (low) band and the other in the 1500 MHz (high) band, with
enphasis placed on the latter. Late in the course of the study, following
the 1971 WARC meeting, it became apparent that the high band allocation
would most likely be at 2500 MHz and some indications of the impact of

this change were incorporated in the study. It must be noted that the

T This study report - "UHF Communications Satellite Systems, Vols. I, II,
and III" is referred to as reference A throughout this report.
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study considered implementation of the totp.l traffic model in either
one or other of the bands, although some consideration was given to a
bus configuration capable of accepting e transporﬂ?r at either of the
two frequencies.

As a result of this first study, it was suggested that the traffic
model could be implemented at low band as a 3 axis stabilized spacecraft
based on the CTS technology; or at 1500 (or 2500) MHz as a dual-spin
design. Considering the Thor Delta launch vehicle considered most
likely to be available in the 1975 time frame (1550 1b transfer
capability), it was suggested that the 3 axis design was weight limited
and that lifetime would be iimited by reliability and secondary propulsion
fuelings As a result the lifetime was quoted as 5 years and no inclination
correction was incorporated. In addition it was suggested that the required
eclipse capability would not be fully met because of the weight limit-
ationse

Reference A showed that the duel spin configuration was feasible
at the high band with & reasonsble weight margin for implementation,
even with full enlipse capsbility. Both concepts developed in the first:
study made use of biased inclination at launch and reduced N-S station-
keeping to minimize secondary propulsion fuel requirements.

It may be noted that the different configurations proposed for
optimum implementation at the respective frequency allocations largely
excluded the conocept of a bus which could carry either one of the two
transponder designs. It also may be noted that the study required the
development of concepts for an operational system having twelve years
of performance, which turned out not to be economically matched to the

predicted individuwal sa.tellite‘ lifetimes. The main charaéteristics of



these two design cdncepts are sumarized in Table 1.1 (from Reference 4).

1«3 Present Study

In the presently reported study, the required traffic model is
similar in concept i.e. providing low capacity telephone and radio
program services to remote areas, and again two primary classes of
users are specified, although four distinct types of signal are involved.
However, the traffic model requires simulteneous implementation within
two distinct frequency bands. Table 1.2 summarizes the traffic model
in terms of number of chamnels and required single channel EIRP!s
for both these studies. The modified traffic model for the present
study is in accordance with guidance provided by the Design Authority
in the course of the studye. It may be noted that there are special
traffic requirements in the present study which make 1t necessary to
define the number of simultaneous carriers present in the transponders
and whether voice activation or push to talk techniques are permissible.
This is discussed in more detail elsewhere.

The general scoi:e of the study was reduced from that earlier, in
that the tasks pertained only to the space segment. The details of the
present study were modified from those previously, by the choice of a
somewhat later implementation-launch period and the designation of the
system as pre-operational, giving some flexibility in the system conceptse.

144 Report Layout

The next section discusses launch vehicle capsbilities end interstage
requirements, extrapolating to the 1977-time frame of interest.
Section three discusses the system aspects and particulerly the

operational configurations which would provide the maximum flexibility



TABLE 1,12~ Spaceoraft System Characteristics

Spin Stabilized Configuration

Sige _ Height 55", Diameter 86"
Weight 1500 1bs (including 118.5 1bs margin)
Communications 1.5 GHz Transponder - Single Channel

Multiple Access: 100 duplex, 5 sim-
plex, EIRP: 37.5 dBW

G/T ¢ -2.4 dB
Coverage All of Canada
Stabilization Dual Spin =~ Favoursble Moment of
Inertia Ratio
Attitude Control Sensor Spinning Earth Sensor
North South Inclination Control Yes
Power

Body Array with 2 Batteries giving
full Eclipse Capability

Telemetry _ PM/PCM
Commend PCM/FSK/AM
Lifetime 8 years

Reliability 660




TABLE 1.1b- Spacecraft System Characteristiocs

Three Axis Stabilized Spacecraft

Size
Weight

Communications

Coverage
Stabilization
Attitude Control Sensor

North South Inclination Control

Power

Telemetry
Command
Lifetime

Reliability

Height 46", Diameter 71" x 55"

1500 1bs (including 76.€ 1bs margin)
300~400 MHz Transponder - Single
Chennel Muliiple Access: 100 duplex,
5 simplex, EIRP: 41,2 dBW

All of Canada

Double Gimballed Reactiorn Wheel
Static Earth Sensor

None

Flexible Solar Sails with 2 Batter—
ies giving 1L4% Fclipse Capability

PM/PCM
PCM/FSK/AM
5 years

«695




Service Earth Stations Space Segment
- Duplex EIRP - dBW
Number Dia. (ft) G/T de/ K Channels
Min. | Max. 300 MHz | 1.5 GHz [l Min. | Max. 300 MHz | 1.5 GHz
Quality — Fixed - 100 | 400 i
! 5.5 -1 -1 20 | 60 19.6 15.4
— Transport | 20 60
Private - Fixed 2 50 -
5.5 -19 -5 2 10 19.5 17.2
~ Transport | 20 50
Radio Program 2 | 80 6.5 -16 -1 1 5 2.3 5
(a) Traffic Model | ~ Previous Study (Reference A)
Band ; . Frequency
Service . Eclipse | Carriers Assignments Channels
225-400 MHz| Mobile 100% 1 1 1 Half Duplex
Transportable | 50% 2 2 10 Duplex
25GHz Fixed 50% 2 40 20 Duptex
Program 100% 2 2 2 Simplex

(b) Traffic Model Il - Basic Two Band, Present Study

Table 1.2 — Traffic Models




in traffic capebility without undue space segment penalty.

Section four discusses the general tradeoffs applicable to this
program, and details the more important configuration alternatives.

Sections five to seven discuss the communications and other sub-
systems in some detail, with summary budgets of weight and power in
section eight.

Section nine provides the budgetary cost indications for various
configurations, while section ten gives the study conclusions and
recommendationse

It mey be noted that in accordance with the contractual requirements,
much of the study material is an extension of that developed previously
in Reference A, For the sake of brevity only portions of this background
material have been incorporated in the present report. For detail in
some areas, the previous study mey be referred to. The primary emphasis
in this report has been placed on those aspecfs of the spacecraft and its
operations directly affected by the dual frequency nature of the communic-

ations subsystems.
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2,0 LAUNCH CONSIDERATIONS

2e1 Requirements

The program guidelines require the feasibility study to be based on
the capabilities of the Thor-Delta launch vehicle with a 1977 projection,
as well as agreement with the Design Authority as to the specif'ic range
of parameters to be utilized in the study. The guidelines further
require that the spacecraft be designed for maximum (communications)
capebility within launch weight limits and & target eclipse operation
of 100%, with a reduced capacity if the weight is inadequate for
100% traffic during eclipse.

The selection of the design transfer orbit weight to be assumed
for the study is extremely critical in terms of the actual achieved
spacecraft capsbilities. If the launch capability used is lower than
that which will actually be available at the time of implementation/launch,
potential traffic capability will be sacrificed and the economics, as
shovn by the feasibility study, will not be the best which could have
been achieved. Conversely, if the launch capability is overestimated by
‘the projections, the implementation program is likely to be penalized by
vehicle development costs or a complete redesign invalidating the
original study cost data. It may be noted that where the projections
are conservative the actual excess weight capability can of'ten be
utilized for extra fuel (also used to take up remaining allocated
weight contingencies), or occassionally in extra eclipse capability,
but only rarely in additional communications capability.

242 Vehicle Selection

Figure 2.1 developed from the Delta Restraints Handbook (Ref. 1)’r

t+ Delta Spacecraft Design Restraints - MCDONNELL DOUGLAS ASTONAUTICS
CQIPANY DAC61687 - October 1968; as revised August, 1972.
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shows the growth of the Delta capabilities (as of October, 1971) including j
the projection as to future capability. The curve is exceptionally smooth }
neglecting the "J" model which was coincident in time with the "M®, the
first of the long tank Thors,.

The curve shows the 1890 pound capability suggested previously by
NASA as available for US Domestic bidders, but withdrawn as this report
was being edited. Although "withdrawm" by NASA, this projected capability
is considered of extreme significance to this study. Indications are
that NASA withdrew this qption because of a concern for reliability of
the 2914 vehicle and apparently not because of any belief that it

could not be achieved. Thus the two year span between ths U.S. domestic
date of 1975 and 1977 of the present concept becomes of extreme significance
to the probability of the higher capability being available.

Unfortunately the details of the launch vehicle modifications to
achieve 1890 lbs are not known. It is known that several steps along

the way to a 1750 1lbs capability are involved as follows:

Design Modif'ication Transfer Orbit
Capability Gaeined

a) Selection of high performance motors for the
second and third stages and lowering the
rerigee injection altitude. 20 - 40 1bs

b) Replacement of the second stage motor, which
has a 40:1 expansion ratio nozzle, with an
identical motor but with a 60:1 expansion
ratio nozzle. Such a motor is available
(i.e. the Titan IIT upper stage - the Trans-
tage motor, which is space qualifiied and has a
demonstrated relisble flight experience). The
change to the larger expansion ratio nozzle is
feasible because of the addition of the 8 ft.
diameter shroud for the second stagee The
nozzle change would require a redesign of the
interstage structure between the first and ;
second stages at an estimated cost of 500,000 |
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dollars or lesse (This change would be
perticularly simple if implemented con-
cuwrently with the planned first stege
redesign)e 4O 1bs

¢) Extension of the first stage solids to
replace the current Castor II solidse.
Experience with solid rockets has shown
that reasonable extensions in length can
readily be achieved at & very nominal
development cost and with a high reliabilitye.
Informal discussions between NASA Delta program
office and manufacturers have confirmed the
feasibility of this performance improvemente 100 - 125 lbs

d) Development of canted nozzles for the Algol
'~ solid rocket to replace the Castor II. The
nozzle development is considerably more
costly and complex than item ce 220 1bs
e) Redesign of the second stage tanks to an 8 fte

diameter and lightening of the second stage
structure. 70 1bs

It is apparent that the extension to 1890 lbs transfer orbit
capability would involve, at & minimum, these changes or refinements
of them. It was a condition of the original NASA offer thai the user
pay the development costs. No estimates of these costs or the recurrent
costs have been made public, Unofficial information suggests that the
non recurrent costs are of the order of three and a half to perheps
five million dollars, which is not considered to be & major penalty
to a multilaunch program. The possibility, of course, exists of
sharing these non-recurrent costs between several users, particularly
in the later time frames.

On the basis of these data, the choice is between the extrapolation
of the curve to 1977, i.e. about 2000 lbs or to use the two year period

as a hedge to ensure that the 1890 1bs cnpability is available. It

mey be noted that the former extrapolation, even if valid, probably
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necessitates non-recurrent costs additional to those indicated above.
Within the feasibility phase of a program such as this, it is
deemed appropriate to design to the 1890 lbs figure, at least until
such time as further data are available or the mission .ob,jectives are
in Jeopardy through the 1890 1b weight limitation. At sucﬁ e time,
the spacecraft design for the mission could be extrapolated to give a
weight requirement, and the decision as to risks made at that point.
Thus, an 1890 1b transfer orbit weight capability was used as a
design constraint in this study. However it should be noted that the
vehicle choice should be reconsidered at further points of decision,
and could affect the choice of configuration. For example, should
the Thor Delte not have its capability extended (for the U.S. Domestic
or other programs), then the first user could be responsible for at
least a significant portion of the non-recurrent costs (perhaps 3%
million dollars)e Should it be necessary or deemed more economical
to revert to the 2914 Thor Delta or its update at that time, then based
on the data of Reference A the duel spin configuration is probably more
readily altered than is the 3 axis configuration and would retain a
larger portion of the traffic model.
2.3 Spacecraft Attach Fittings
The Delta growth curve, as well as the variety of third stages used,
has permitted development of a family of interstage or spacecraf't attach
fittings. At this point in time there is no fitting specified as available
for the 1890 lbs vehicle; however it is possible to estimate a weight_
on the basis of availeble designs. There are several factors involved

as followss=
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(2) launch interface. Many of the smaller attach fittings are designed
to mount to the shoulder of the 3rd stage motor. At higher space-
creft weights the Delta office is reluctant to -take spacacraft loads
through the casing and this is likely to be prohibited for the
present concept.

(b) spececraft interface. The diameter at the spacecraft interface is
critical not only in terms of loads, etce but also in potentially
restricting the apogee motor diameter, particularly the nozzle
diameter, i.e. the expansion ratio.

(c) meximum load. All attach fittings are rated as to the maximum
allowsble load at a specified maximum center of gravity (CG) height
above the separation plane and with assumptions as to spacecraft
stiffness, etce Thus a design exceeding either welght or CG height
requires special analysis by the Delta off'ice. Extreme deviations
require analysis of the totsl vehicle/spacecreft dynamicse
Examination of the attach fitting family for the Delta shows only

one fitting approaching the requirements of the 1890 1b launch. This

is the 3731, a cylindrical unit 37" in diemeter and 31" high. It is

rated at 1200 1bs at a (G of 36" above the separation plane, and weighs

55 lbs. This attach fitting has the important feature of interfacing to

the forward support ring of the TE 364 motor. This fitting is also

aveilsble as the 3731A having a different spacecraft interface. The
3731A is rated at 1700 1bs at 4LO" sbove the separation plane, and

weighs 61 1bs. The latest revisions to Reference 1 (August, 1972)

also lists a new attach fitting, the 37,0, with the same capabilities

as the 3731A. Based on these data, preliminary calculations suggest
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that 65-70 lbs should be allocated for the 1890 lbs capability at a
CG close to that likely to be developed for a dusl-spin spacecraft.
It may be noted that in a maximum power duel-spin concept the CG
will be about 45-50" above the separation plane in order to place
the CG and C of Pressure near the same point (to minimize solar
pressure torques). In any reasonable 3 axis configuration the CG will
probably be lower than for a dual-spin designe
2.4 Fairing

The design is based on the 96" fairing shown in Figure 2.2 and
this envelope has been used as the volume constraint for the spacecraft.
This fairing,by virtue of its large diameter,provides the possibility of

e stable dual-spin spacecraf't configuration.
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300 SYSTEM OFERATIONS

3+1 Mission Peculiarities

The nature of this mission is such that there are both opportunities
presented for systems incorporating extreme flexibility of operation
and unusual spacecraft limitations imposed. The opportunities develop
because of the two band nature of the traffic model as well as the fact
that the major portion of the traffic is telephony in the multiple access
modee If a mission is dominated by broadcast or other continuous service
then the orbiting space satellite cannot be used for extra capacity
because the service offered cannot be guaranteed on & continuous basis
on account of eclipse outage and failure probabilities. Considering
the statistical nature of ordinary telephony traific, the protection
satellite may be used to, either improve the grade of service availability
for a given system capacity, or to increase the system capacity for a
given grade of service. In the event of an eclipse outage or satellite
failure the service would return to the lower but still acceptable capecity
or grade of service.

Thus, because of the complex nature of this mission, much of the
development for the concept of the design which normally is carried out
at the single spacecraft level, (or at the communications link interfaces
thereto), is moved up to the space segment level i.e. involves all in-orbit
spacecraf'te The nature of this distinction, and more significantly the
manner in which it can be exploited in terms of operations, redundancy,
eclipse capability and so on, is discussed in this section. Finally,
although a traffic model has been presented by the Design Authority, it

is recognized that in provision of new services, as is the case here, &
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maximum of flexibility must be retained so as to approach optimization

of spacecraft capabilities to match variations about the predicted traffic
model.

3e1e1 Low Band Services

In considering telephony services near 300 MHz for small users,
it is apparent that with the ground terminals of small diameter (~ 4 £t),
the resulting directivity is poor. Thus two satellites spaced in the
orbital arc at reasonable intervals cannot be operated at the same
frequencises.

If however a suitable plan is utilized, the lack of directivity can
be turned to an advantage in two ways. By operating the two satellites
at greater than 18° separation in longitude, they are not simultaneously
eclipsed, and thus by accepting the appropriate link loss associated
with the pointing error, the traffic can be shifted between the satellites
without change of pointing of the ground antennas. The shift may be
accomplished by relatively simple spacecraft power switching or through
frequency shifts assuming frequency agility of the ground station. Thus,
it is possible to have a system incorporating satellites without eclipse
cepability but operationally appearing to the ground as a single satellite
with full eclipse capability.

Alternatively, with an appropriate frequency plan, the system appears
as a single satellite of double capacity.and according to whether eclipse
capebility is present or not, either full (2 satellite) capacity through
eclipse periods or full (2 satellite) capacity in sunlight end half (1

satellite) capability in eclipse.
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341¢2 High Band Services

The services at 2.5 GHz are associated with ground terminals of
I to 6 feet diameter and because of the frequency, the ground antennes
are more directive. In general, one also would anticipate that the
telephony user in this band would be using the program distribution
servicess This, coupled with hardware restraints in the spacecraft
(notably the receiver), makes it undesirasble to split this traffic
through two satellites. Nor can the traffic be as readily switched
between satellites to ease the secondary power demand loads in eclipse,
as it would require antenns repointing on the gm@ which is undesirablee
However as will be seen in the later portions of this section, the
location of this trensponder with that for low band services opens up
some potential flexibility in other respects,

3.2 Applicable Concepts and Requirements

The problem is to develop spacecraft design and operational concepts,
within the program constraints, which permit advantage to be taken of
these peculiarities of the mission.

3241 Spacecraft Uniformity

From the program point of view, it is highly desirable that all
spacecraf't be identical., That such should be the case, is apparent when
consideration is given to spacecreft design qualifiication and, espscially,
the problem of spares, particularly that of "in orbit" spares. In a
mission such as this, the spacecraf't may be required to perform different |
roles in the system and thus there is implied an excess of hardware (and
weight) over that nominally required for redundancy. For example, if |

the two spacecraft in orbit are identical, then for low band two satellite

|
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operations each must be on separate frequency assignments and each
is carrying a hardware excess over its operational requirement. As
discussed in sections 3.2.2 and 3.2.3 the penalty may not be severe
and indeed may open further operating options.

3¢242 Criss=Cross Redundancy

Considering a two satellite system, it is feasible to consider
spacecraft configurations wherein there is effective redundancy by
transponders of differing operating bands rather than by hardware
at the same frequency, i.e. substitution. In the simplest case,
assume that the traffic at low band hed the same demands on the space-
craft resources as that of the high band. Then, if both transponders
are incorporated in each spacecraft, and one band is powered up in
each, a single transponder failure is corrected by switching of the
traffic. In this case the satellites could be co-located in the orbital
arc.e This scheme is illustrated in Figure 3.1(a)e

This simplest concept, of course, does not accomodate a spacecraft
failure in that one band would be loste Depending on the hardware
utilized, the scheme can be modified to control the bands in traffic
halves, in which case the system, in spacecraft failure, can revert to a single
satellite (Figure 3.1 (b)), & practical necessity in any case where
pre-operational concepts (single satellite) are considered viable.

It may be noted that criss-cross redundency can also protect
against battery failure of some configurstions. For example, it wes
previously suggested that 2.5 GHz traffic should be through a single
spacecraft, but that low band traffic could be split readily, for eclipse

purposese Then, if a battery failed in the initially high band spacecraf't,
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the traffic is criss-crossed so that the high band traffic is now through
the satellite having battery power. This is particularly effective if
the spacecraft has a communications capability in excess of the basic
model, in which case if the two are spaced by the eclipse interval
along the orbital arc, in eclipse the nominally failed system will
Provide nearly the basic traffic.

The concept of criss-cross redundancy has not been utilized,
8s such, in the present designs, but rather a composite of substitution
and criss-cross redundancy has been applied to obtain flexibility as well
as high relisbility. At low band, redundancy is provided for some
Services through non-identical substitutions. FPFor example, & low
Power telephony amplifier capabable of 20 chennels may be backed up
by one capable of 30 channels. Then, on failure, redundancy is internally
Provided, as long as the prime power is available. If an exact replacement
Were required, then the criss-cross operation would be performed.

3¢2.3 Hardware Match to S/C Resources

The non-identical substitution redundancy is incorporated in order
to allow the maximum portion of the available power resources of the
SPacecraft to be utilized in the transponder. Thus, early in life,
Where the solar array output is high, units of larger communications
Capability are used and then smaller units substituted as the prime
Power decreases. It may be noted that, in periods of "short" eclipse,
this also allows full battery charge to be used up to the point where
the maximum permissible discharge rate is reached.

This matching of communications to resources is not unlike the

Situation in the Hughes 333 (Anik) where initially 12 channels can
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be powered up decreasing to 10 at the end of lifee. The technique of
implementation is, of course, quite different.

A problem of add-on capability vs the non-identical substitution
technique applied hére is thet additional hardware weight may be
required in other portions of the subsysteme. Section 3.3 describes
how the non-identical substitution can be implemented so as to provide
additional flexibility.

34244 S/C vs Operational Phases

The program documentation supplied by the Design Authority provided
for the implemented system to have a "pre-operational™ phase characterized
by use of one spacecraf't in orbit for a limited period l.e. no on-orbit
spare. Such operations mgy also become necessary in the case of a
spacecraf't failure in the operational system.

As discussed in the earlier study, the designation of a pre-operational
phase having the possibility of extended outages offers substantial
advantages in system costs over an extended missione The risk of outage
is not excessive when one considers that in the early lif'e of the
spacecraft, the probability of failure is low aend alternative communi-
cations techniques are likely to be available. The implications in
spacecraft design are that the concepts are required to be applicable -
preferably close to optimum solutions = for several possible system
conf'igurations or operating modes. Thus, the performance of the space=-
craeft, individually or as a system, was examined in the following
circumstances:

1) Single spacecraft Sunlight - The objective was to meet the minimum
traffic model operating as a true dual frequency design.

2) Single spacecraft - Eclipsed - To meet the minimum eclipse model;
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if possible to configure secondary power so as to retain some
communications service at either band for partial failure of
batteries; and in any single battery failure to retain house-
keepinge.

3) Dual spacecraft system - Sunlight - To configure each single
spacecraft so as to have capsbilities of operating at full system
capacity, without split network operation at 2.5 GHz.

#) Dual spacecraf't system - Eclipse - To maintain high band traffic
by battery power in eclipse and low band traffic by switching
to the non eclipse satellite without earth station repointinge.

5) Dual spacecraf't system - Major failure. To verify that redundancy
internal to a spacecraft plus "criss-cross redundancy™ maximizes

utilization of remeining resourcese.

6) Single and Dual =~ To examine the ability of the spacecraft to
utilize a reasonable portion of early life excess power or to
operate additional communications for short periodse.

In addition to the objectives implied in examining the system in
these configurations, it was desired to have the maximum flexibility
of operation, thus allowing for variation of the traffic model, and,

of course, redundancy such as to minimize the effects of single failure.

3¢3 Operational Concepts = Transponder

A considerable amount of flexibility hes been designed into the
SPacecraf't by providing it with various sizes of output amplifiers.
The se amplifiers can be used with either low power carriers or high
Power carriers, in a variety of combinations. In addition, the

amplifier used for the 2.5 GHz fixed terminal service is a dual mode
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TWT that can operate either at full power or half power, as desired,
thus effecting a reduced drain on the satellite resources.

The operational concept is to put one satellite in orbit along
with an in-orbit-spare and have a standby on the ground that can be
launched in the event that one of the satellites in orbit should fail,
It is also assumed that the in-orbit-spare may be used, at the same
time, as the operational satellite as well as during the eclipse period.
In addition there is some period of time, before the launch of the second
satellite when only one satellite is in orbite. This also occurs after
the first failure prior to the launch of the ground stand-by. During
this period of single satellite operations it is desirable to have some
eclipse capability and thus, at least minimal battery power for this
period, is carried. In the low band, in order to operate two satellites
at the same time with both illuminated by up link signals it is necessary
that they operate at different frequencies. However, it is also desirsble
to have only one standby on the ground, which requires that all satellites
be identicale It is proposed that each satellite have two low band
local oscillator frequencies which can be selected on command. Thus
the standby on the ground can replace either satellite in orbit and,
in fact, the two satellites in orbit can interchange their low band
frequency assignments.

Typical loading for one satellite and two satellites in orbit
has been worked out and is listed in Table 3.1 which pertains to a
dual-spin configuration. Por one satellite operation both sunlight
and eclipse operation are shown. The goal for eclipse operation is

that the minimum traffic model be maintained. At 2.5 GHz the minimum

-
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FREQUENCY 300 MHz 2.5 GHz
High Low Broad-| Low House- | Total
Type of Chamnel Power | Power Rec. cast | Power | Rec. | keeping |(Watts)
1 2 - 3 90 - - -
One Sunli
. unlight 5 | wo | 3 | » ] 12| 1B 15 | 382
Satellite 1 10 2 5
Operational Ecli - - - -
peraliona clipse % | s0 | 15 | 15 4| 15| % | 28
3 30 - 3 90 - - -
Max. Power oo | 0 | 35 | 2 | 2] 18] 15 | sw
One ' 2 Years 2 30 - 3 90 - - -
Satellite 100 | 150 35 2 72 15 75 467
Extended 5 Years 2 20 - 3 90 - - -
Service 100 | 100 3 2 72 15 75 417
6 Years 1 30 - 3 90 - - -
35 150 | B 72 15 75 402

Table 3.}(a) — Single Satellite — Dual Spin. :(Upper figures refer to number of channels,

lowe to power in watts)

FREQUENCY 300 MHz 2.5 GHz

. Type of Channel Pglvs:r PLoowv:ar Rec. il::td. Pt::r Rec. kgz:isr; (JJ.::tai)
wil Ll -] 3] o} - - | -

Both {n Sunlight 325 12: 3_5 2_0 7_2 = 7E 332
- N2 gy [0 | s | - | - - | 5| %
1 - - T3] e [ - I
T L L
L e I N O R R
MR - | -

No. 2 In Eclipse 325 11%0 3_5 2_0 7_2 {_5 7_5 35_2
= NoZ l o | s0 | 5| - | - | - | = | 2

Tabie 3.1(b) — Two Satellites Operational —Dual Spin.
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traffic model has been exceeded during eclipse. However, for single
satellite operation during eclipse, the minimum traffic model for the
transportable service has not been achieveds It is not possible to
augment the tranqurtable service by reducing the service at 2.5 GHsz
because of the selection of an avsilable TWT for operation at 2.5 GHz.
Por one satellite in sunlight the minimum traffic model is equalled

at 300 MHzl and exceeded at 2.5 GHz even at end~of-life summer solstice,
the minimum power situation.

Por two satellites in orbit typical loading patterns are as shown
in Table 3.i(p).This is shown for both satellites in sunlight and for
either one in eclipse. The two eclipse conditions are not the same
because the 2.5 GHz service is not switched between satellites. For
one satellite in eclipse, again at end-of-life summer solstice, the
2.5 GHz serwices are unchanged from sunlight conditions and the 300 MHz
services are 3 high power and 30 low power, significantly sbove the minimum
traffic model.

Also shown in this Table is the loading that can be achieved during
periods other than end-of-life summer solstice.

The maximum loading for which hardware is provided is 517 W. This
is obtained with 3 high power channels and 30 low power channels at 300 MHz
and full service at 2.5 GHze. Oiher steps shown are 467, 417 and 402
watts although intermediate steps may be obtained at 485 and 435 watts
by reducing the 2.5 GHz voice service.

It should be noted that all the powsr levels shown in the Table
are calculated on the basis of 1004 load factor, or in eclipse 100%

duty cycle. For the 2.5 GHz services the D.C. power drain is fixed,
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independent of the percentage use factor on the service. For the 300 LHz
services the D.C. power drain will decrease when the loading is less
than 1007, This is particularly true of the class C amplifier for a
Single high power carrier. When no carrier is present the D.C. drain
drops to a very low level and thus the average power drain will be
Proportional to the percentage use factor on the channel. Similar
Considerations apply to the low intermod amplifiers however, the
Teduction is not proportional to the use factore. For example, when
the amplifier which is sized for 20 low power carriers is used with only
10 carriers then the power drain will be less than the maximum of 100
Watts, but more than 50 watts. Since no figures are available for use
factors of the various channels the power levels shown are for 10075
Use factor. However, sufficient herdware is included in the design
to allow the satellite to be fully loaded even under less than 100
duty cycle.

Table 3.2 provides equivalent data for a three axis configuration
Where advantage has been taken of the high prime power, and an effort
Bade to reduce eclipse power demands.

3el Operations Alternatives

As mentioned previously, this study differed somewhat from its
Predecessor in that the system was to be based on ten years of operation
and coulg incorporste a preoperationel (as oprosed to operational)
Phase, The nature of this distinction has been discussed extensively
in Refercence A and will not be repeated here in detail.

et Space Segment Program

4As shown in Reference A, it is desirable that individual spacecraf't
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FREQUENCY 300 MHz 2.5GHz
High | Low ’Broad- Low House- | Total
Type Of Channel Power | Power Rec. | cast |Power | Rec. |keeping(Watts)
. Number 1 30 - 3 90 - - -
One Sllﬂhghl[ . .
S tedlite NPovt:er % | 10 | 3 22 | 74: 5 | 10 | &y
Operation ; umoer | - - - - - N
Eclipse) oower | - | - | - | 15 | @ | 15 | 15 | 1
{Number 3 k1] - 3 90 - - -
One Watts 150 150 35 2 12 15 110 552
Satellite Number | 2 | - 3 90 - - -
Extended { Watts | 100 | 150 o | 12| 15| m | s02
rvice
Number 2 20 - 3 90 - - -
Watts 100 100 3 0 12 15 110 452
Table 3.2(a) ~ Single Satellite  (3-axis Configuration)
FREQUENCY 300 MHz 2.5 GHz
High  Low ' Broad- Low House- Total
Type of Channel Power Power Rec. | cast Power Rec. | keeping (Watts)
s {Number 1 kY - 3 0 - - -
:3°"‘ Satellite Al pooorl 35 150 35 | 2 72 15| 1D 4y
S':l ) <S tellite B [Number | 3 k'l - - - - - -
nlight |Sate ite | Power | 150 150 35 - - - 110 445
Number - - - 2 L4} - - -
. _ _
:atelllte Satellite A , Power _ _ _ 5 © 5 75 15
. . Number 3 K - - - - - -
In Eclipse [SatelliteB | o0 | 150 150 35 | - - - | 10 M5
. , Number 1 K ] - 3 90 - - -
Satellite  [Satell A{ -
Rl A lpower | 3 10 3 | & 12 15| 0 4y
. , Number | - 10 - - - - - -
l
n Eclipse LSalelllte: B { Power _ 50 3% _ _ _ 75 180

Table 3.2(b) = Two Satellite System (3-axis Configuration)
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lifetime be clése to the period of system operation or & convenient
fraction thereof. Iresmuch as the space technology relating to
Operational communications spacecraft generally leads to a seven
or eight year lifetime at good relisbility (when spared), the ten
Jear system stipulated is & moderate matche It is proposed that
the program be designed around a two year pre-operational phase
With no in orbit spares At the two year point with ( presumably)
traffic build up, the second spacecraft would be launched. This
Would be followed one to two years later by the third launch. The
System would of course be backed up by a spare held on the ground for
Use in the case of a launch failure or early in-orbit failure.

It is recommended that the actuel strategy of launches and
Teplenishment be adaptive to launch dispersions achieved and
trareic growth; thus the program proposed is essentially that for
Procurement.

For a ten year system, under these constraints, procurement would
be of three flight spacecraft and refurbishing of the prototype as
ground spare, for a total of four flight worthy spacecraft. The
Dinimum operational system under most favoursble circumstances would
iwvolve two flight and one backupe.

In the cost estimates, the prototype has been designated as a
Complete model suitable for refurbishing and flight, although in
Practice some of the transponder and solar array might be replaced
% dummies during the qualification testing. Further, the program
has been costed on the basis of smooth continuity of production.

Selop Station Keeping

In developing the spacecraf't budgets, and particularly those
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associated with secondary propulsion, use has been made of biased
insertion into orbit as was discussed in Reference A, The tanks for
hydrazine have been sized (by weight) to provide capacity to increase
the fuel load. This appears to be & satisfactory solution for this
phase of designe As discussed elsewhere, the fuel load likely to be
aboard at lift-off, coupled with a small dispersion of the launch
vehicle trajectory, meke it highly likely that fuel for closer
inclination control would be available,

Two other alternatives exist. First, and particularly applicable
for this case, where the two-satellite system provides communications
through eclipse periods without the necessity of large batteries, is
to trade batteries for fuel weight., Altermatively, if the system
is truly designed for a ten year system with little capebility carry-
over beyond this, it is conceiveble (but not recommended) that
individual spacecraft lifetimes be reduceds This is somewhat similar
to the 3 axis system concept of Reference A, although, there, the
predicted reliability of the spacecraf't tended to suggest the shorter

design life.
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4.0 DESIGN CONCEPT'S AND TRADE-(FFS

Lot TIrade~0ff Run Around Diagram

Optimization of a spacecraf't design for minimum weight per communi-
cations channel is usually very time consuming. There are many variables
that can be altered each of which has some impact on the spacecraft
life, the traffic model or some other aspect of spacecraft performance
such as eclipse capability. In an attempt to systema;l:ize this procedure
and reduce the time involved in finding optimum solutions a set of
"run around" charts have been prepared. A sketch of these interconnected
charts is shown in Figure L.i.

These charts can be worked through in a number of ways, the following
description is a typical example, The output in the following example
is the total payload related weight mede up of the following contributions

1) Antenna weight

2) Power subsystem weight for the transponder

3) Battery weight for the transponder

i) Trausponder transmitter weight

5) Trensponder receiver weight

The inputs in the examples are considered to be

1) Operating frequency

2) Antenna gain

3) EIRP/channel

L) Totel loss D.C. to R.F.

5) No. of channels

6) Percent eclipse operation.

The change in weight can be determined when any one of the input
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Figure 4.1 — Run Around Chart for Communication Payload Weight Estimates
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parameters are varied (i.e antenna gain). A decreese in antenna gain,
at the same total EIRP, must be made up with increased transmitter power.
This results in a decrease in antenna weight but an increase in power
subsystem, transmitter and battery weighte Ry running through the chart
& number of times the antenna gain for minimum total weight can be
determined. Similarly if the antema gain is fixed (shroud limited
for example), the traffic related weights can be developed.

To follow the example shown in figure 4.1 start with graph B.
The diagonal lines are specific antenna gains, Follow the diagonal
lines to the antemna gain scale and then follow the vertical dotted
lines to the antenna weight curves on graph A, This antenna is
considered to be a single anienna with a gain value at both 300 MHz
and 2,5 MHze At the bottom of graph B is the scale of EIRP/channel.
From the desired EIRP value follow the vertical dotted line to the
appropriate antenna gain line then go horizontally to graph C to inter-
sect the total loss line. All losses from DC to EF are included in this
number. From this intercept drop vertically to the DC/carrier scale.
On graph D follow the curved line (constant DC/carrier) down to the
vertical dotted line representing the number of desired carriers. The
horizontal dotted line through this intercept gives the DC power in
watts from which can be obtained the power subsystem weight (graph E),
the transmitter weight (graph F) and the battery weight (greph H)e The
receiver weight can be obtained by extending the number of carriers
down into graph G to intersect with the appropriate curve. The resulting
vweights are weight increments required for tc service being considered.

To get the weight increments for other services it is necessary to go
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through the chart again for the other EIRP/channel and the other frequency.
Care must be taken that the antenna weight and certain other contributions
Such as the broadband receiver are only added in once.

It must be noted that these run around diagrams derive the weight
and powers associated directly with communications but do not give the
Secondary consequences of variations in traffic model. For example the
diagrams do not indicate influences on structure weight resulting from
array and trensponder changes; telemetry and commend complexity associated
With the transponder configuration; or the despin mechanism weight and
Power for & given antenna mass and inertia. The errors resulting from
heglect of these second order effects may be minimized by developing
SPacecraft bus requirements near the t ransporder design center.

It may be further noted that for greatest accuracy these diagrams
Dust be developed for each configuration examined, The diagram of
Pigure 4.1 relates to dual spin configurations, although of course, with
Precautions portions of it can be used in other configurations.

he2 System and Configuration Trade-Offs

In the course of this study variations of four different configuretions
°F design concepts were examined to varying degree. Where appropriate,
Sach concept was examined as to simplicity, ability to carry the basic
trapeie model, and ability to provide maximum resource utilization.
I view o funding limitations and other considerations, extensive
Use has been made of the data developed in Reference A, with the major
®ffort paced on the dual band aspects of the communications systems.

%4241 Spin stebilized Configurations

(1) Dusal Spin

Partly as a baseline reference point and, because up to the
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present all operationzl communicetions spacecraft have been spin
stabilized, it was felt that a solid evaluation of "spinners" was
appropriate.

The generzl canfiguration offers basic simplicity at the cost
of inefficient use of a relatively expensive solar array and usually
the problem of transfering radio frequency power across a rotating
interface. At high weights and powers, the configuration loses its
attractiveness becoming power limited and generslly only conditionally
stable (e.g. Intelsat IV; Tac Sat, 777).

It was felt that with the 96" fairing as a power and dismeter
constraint, a design could be developed which would spin about its
axis of maximum moment of inertia and would fulfill the mission
requirements.

As shown in the next section, it was found that the concept, with
some expansion of traffic and using limited inclination comtrol (as
discussed later) tended to limit on power and weight almost simultaneouslye.
(Hore detailed designs would be required to verify that the stability
concept is feasible).

(ii) Dual Spin/Rlectric Despin

In the course of program guidance, the design authority proposed
an investigation of the applicability of electrical despinning of an
antenna arrsy based on the LES6 concepts.

Electrical despin of an entenna arrsy particularly at 300 MHz
avoids the necessity of mechanically despinning end erection of &
large area antemnna, as well as a better distribution of weight. It

may be noted that electrical despinming techmigues have been proposed
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before for spacecraft such as Intelsat IIT but the problems of small
User telephony, i.e. narrow band operation are much simpler than those
for heavy trunking or TV traffic (wide bandwidth services).

The design concept developed was based on electrical despin of
the 300 MHz treffic and mechanical despinning of the 2.5 GHz antennas.
Against a set traffic model the electrical despinning, to be advantageous
Must provide an antenna gain comparable to that of the mechanical system
and mreferably compensate for the loss of solar array area associated
With antenns slots and shadowing.

In the course of the study difficulties were encountered in
developing firm gain mredictions for electrical despinning and in
Particular it was found that the LES6 design could not be readily
®xtended to the case of the larger antemna arrsy considered necessary
here, here is also some reason to believe that polarization problems
8re likely to become evident in the larger array and would result in
®ffective gain decrease. Thus although the basic budgets are given
n this section, it is not considered as an established alternative
¢onf iguration for this mission.

One area of potential concern in the electrical despinning of antenna
&'rays has been investigated - namely the question of shadowing of solar
oells, Where, as in LES6, the antenna elements are mounted above the
surrace’ the elements tend to shadow at least a few cells over a portion
f their area. The areas involved are generally small and intuitively
the loss in power should also be small, Figure 4.2 from a paper by

3 an ang Dubey® shows how the output of a 50 cell series string varies

Az, Mann, M. Dubey, "Design Considerations of the Solar Simulator",
Proc 15th Annual Power Sources Conference Fort Monmouth
9-11 May 1961.
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Figure 4.2 — Effect of Shading Portion of One Cell in Matched 50-Cell Series String
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&s the percentage shaded of a single cell in the spring. It shows
the output dropping to 50% when a single cell is shaded. Of greater
significance is the fact that with even 10% shading of a single cell there
is a significant reduction of output of the string. To put some perspec-
tive on this if it is assumed that the cells are 1 cm square or 1 cm by
2 cm, then 106 of the area represents a line shadow 1 mm wide. This
8pproximately 1/25 inch wide line is quite comparable with a wire antenna
element, |

Thus shadowing of the solar array and the effects on power must be
Considered, In practice antenna elements are half wave dipoles and thus
Will shadow many cells. According to the cell layouts, panel configuretions
8nd their relation to the shadowing elements, the effects may be large or
Smell,

Assuming the presence of the shadows there are several techniques
"hich can be used to minimize their effects on the power subsystem,
8lthough each involves some penalty.

(a) orient strings so as to lose a string rather than degrade
SeVeral strings. This is essentially the ISIS technique where the cell
Strings of o panel are more or less aligned radially to the large boomse.
n the design here it mgy be noted that the large number of antenna elements
T8 dictate loss of several strings which becomes significant.

(b) use series/parallel arrangements in the strings. This is
Sffective if the cells are arranged so that the cells of a row are not
al shadowed at any "operationel" sun orientation. Except possibly for
the imediate region of the antenna supports, the cell layout to achieve
*his is not 1ikely to be excessively complex. It is also a procedure
to Rrotect against single cell failure.

(c) protect cell strings by diodes which act to by-pass shadowed
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cells. This technique has been used in "Surveyor" to protect small
areas of panels, but applied on a large scale would significantly
add to cost, complexity and weight,

It may be noted that if the antenna elements are fixed above the
solar array surface (not erectable) the basic cylinder diameter is reduced
and thus the available prime power is reduced. Then loss aof cell area
over the drum by slot antennas if further aggravated by shadowing loss
can produce & signifiicant power probleme. The broad altemafive of flush
antennas allows full use of the diameter but results in a reduced cell
area and agein potentially a power problem.

Le2.,2 3 Axis Configurations

Three axis stabilized configurations are of particular interest as
alternatives when one or more of the following are required:

o High power

» Complex antenna(s)

o High accuracy pointing

In turn for these advantages, penalties tend to occur in complex
erection techniques (thus weight and relisbility hazards) and in thermal
control. Mechanical motions are still involved in "on orbit"™ operations
including reaction or momentum wheels, solar arrey orientation and
antenna pointing. There’ ;s also the problem (as in despun platforms) of
power transfer across a rotating interface.

Fundamentally the attitude control of a 3 axis design is closely
equivalent to the attitude determination and despin subsystem of a spin
stabilized spacecraft yet the latter is generally considered as the more

reliable,
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(i) C©TS based 3 axis configuration

The launch sequence of spinner and body stabilized spacecraft
are identical uwp to and including injection into final orbit. The
despin, and attitude acquisition in 3 axis, is of course more complex
for the body stable design than the 2 axis acquisition scheme for the
Spinner,

In this study, a 3 axis configuration based on the CTS was examined.
This configuration tends to be the preferred solution where a very high
Power is required. However in operational communications missions, if
there is a requirement for high percentege of eclipse operatiom, it is
difficult to find weight for adequate batteries.

Because of the amount of CTS data available, a detailed evaluation
°f the concept could be developed with only moderate effort, although
where considered appropriate, subsystem performance requirements were
€ased (e.g. in the Attitude control subsystem the pointing was relaxed
(See Reference A)b» The prime emphasis in this study was in the deter-
Wination of the alleviation in weight problem provided by the launch
Change and, of course, the implications of two band operations.

(ii) Rigid panel 3 axis configuration

At power levels lower than CTS but higher than a simple spinner,
there is a class of 3 axis designs featuring a rigid sun oriented array.
Such o configuration has been proposed by RCA-Astro Electronics Division
for the U,s. Domestic System. As this proposal is presently under
®onsideration by the FCC, (essentislly a competitive situation) and
®ontaing proprietary data of RCA, full details are not presently available.
H%Ver some general data have been obtained and offer some indications

O the design concepts. It may be noted that in order to permit valid
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cawrusrisons with the designs detailed here, the budgets have been modified
<o tho same format, but as is zpparent there remain some significant
Ziscrevancies which have not been reconciled at this times. In the

veight budgets, the rigid panel mechanism penalty may be compared to

thct of OTS as well as the incremental 1lbs/watt of additional power.

4e3 Inclination Fueling:Concepts

In the trade-off concepts developed in this section, all the baseline
configurations maeke use of the biased insertion - reduced inclination
capability developed in Reference A. Thus in most cases, the budgets
refer to a design fueled for launch vehicle dispersions, station
acquisition (ineling reorientation for AKM firing), eight year fueling
for E- s*ucion keeping and attitude control, and four year inclination
fueling. The secondary fuel tankage is however sized for additional
fuel up to approximately half the design welght contingency. This
fuel, if put aboard, coupled with that saved by nominal launch dispersion
(rather than the 30 limit) would give close to full (* 0.1°®) inclination
capability.

It is considered that the fueling is an area of significant trade-off
which should be resolved in any program definition phase since it inter-
acts with received flux density and ground station parameters as well as
interacting with coverage in the northern limiise As shown in the uext
section, tighter station keeping can be readily traded against the eclipse
capacity. Thus in the two satellite operational system where "eclipse"
capability is provided through operational techniques, battery capacity
is of less importance and could be reduced in favour of full NS station
keeping.

In the present study, the full implications of reduced NS station
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keeping have not been investigated to the depth performed in Reference A.
In particular the change of upper band frequency from 1.5 GHz to 2.5 GHz
has not been detailed. Should it be desirable to plan on reduced
inclination control based on either weight or eclipse capabilities, it
is feasible to reduce traffic at 2.5 GHz increasing the per channel power
to compensate for the effective loss in ground station pointing. Alter-
Datively the prime power allocated to high band services could be increased
%o produce the same compenSation.
kel Dual Spin Analysis (Mechanical)

It may be noted that the data presented in this and following

Parts of section 4 are intended to indicate the range of trade-offs per—
Ditted by the s elected configurations. Thus these data are not always
Strictly compareble with those presented as budgets for selected
onfigurations (Section 8)e The latter have in general some back off

in budgets so as to provide implementation margins appropriate to the
fea"’*i’o:'l.'l.ity study phase of a program. In a sense this section is intended
to indicate the breadth of the shopping list of capsbilities whereas
Section 8 is more or less a "design center" for budgets including those
for Costs,

Table 4.1 summarizes the weight and prime power budgets for several
Variations of two general classes of dual spin configuration. The first
®olumns gre based on the standard treffic model (STM) as provided in the
Work Statement, while the last are based on increasing the traffic
°2Pebility up to the limits of the prime power available. This fairing
limited power is determined by the cylinder between the separation plane

(37314 attach fitting) and the start of fairing taper (92.5"). For



DUAL SPIN SPACECRAFT - 8-YEAR LIFE

Initial on Station Weight.

Bus Weight

Available Payload

Antenna

Transponder

Design Margin

Power — E.O.L. (Watts)
- Eclipse

Power for Minimum Traffic

Shroud Limited Power

963 ibs.
122
191

42

90

59

290

290

963 Ibs.
842
121

42

66

13

290

28

963 Ibs. 963 Ibs.
831 831
132 132

42 42

66 10

A 2
315 315

315 315

* Full inclination fueling
*+ Additional traffic capability

*=+Margin 85 Watts

Table 4.1 = Weight and Power Budgets

-L-!-(..
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Present purposes the antenna is assumed limited to a radius equal to the
&vailable height of the fairing conical section (62.5").

Colum (1) is a basic design for the specified traffic model and
8n eight year spacecraft lifetime, with full eclipse capabilitye. It
Will be noted that there is an ample weight design margin. Throughout
this and following discussions, a % of transfer capability (91 1lbs)
Weight contingency is considered as a basic spacecraft subsystem penalty,
88 differentiated from design margin which is available for use at
this phase of a program. (Other philosophies are sometimes used elsewhers,
for example:- 105 of initial on station weight (96 lbs here); or more
Conservatively 78 of transfer weight (128 1lbs) is used for highly experi-
Bental programs.) Thus some margin is desirsble but not essential in
defining program feasibility)e

Column 2 reflects the same approach except that the eclipse
®8pability hes been reduced in accordance with the design authority
SWdance of July 10, 1972. The extra weight could be applied to give
ditional fuel for full inclination control as here, or for a 10 year
™Mssion fusling. The latter is felt to be of limited interest because
°f the implications in system reliability.

Colum 3 is based on the specified traffic model but fairing limited
PoWer as defined previously. It will be noted that the battery is also
Sized oy full power capability and thus exceeds the eclipse demend. The
"eight margin of 2J), lbs and power excess of 85 watts are indicative of
the 8rowth potential.

Columm ). shows an excess capability over that specified which is

a i ] 3 3 - 3
Slmplified attempt to apply the excess power. This or a somewhat similar
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distrisution of the excess power is a reasonably attractive starting point

-

o -

=% a realistic weight margin remains.

It is of course feasible to reduce the battery capacity of (4) and
distribute the weight against fuel or lifetime, ‘gut the final distribution
should e made against a deteiled consideration of the traffic model,
systez implementation phases (pre-opérational, operational) as well as the
desires to make use of early life power and to provide traffic flexibility.

In the course of the study several other dual spin configurations
were exsmined based on trading the excess prime power such as in (3) against
antenna gain. It was found that (3) could absorb about a2 2 B loss in
antenna gain, giving a potential weight saving of about 10 lbs. The main
interest was in the possible geain in entenna simplicity - which was minimal,
and whether despun weight could be reduced to aid stabilitye. The other
question was whether the reduced antemmna gain requirement would enable the
application of electrical despimning at 300 MHz as is discussed nexte.

45 Dual Spin Analysis (Mechanical/Electrical)

In anslysis of the implications of electrical despin of antemnas,
it was felt appropriaté to compromise the concept to the extent of retaining
the mechanical despin for the 2.5 GHz services. Thus the spacecraft retains
a relatively large antenna above the cylindrical body Figure L4 and exhibits the
problems of despun weight and a rotary joint although of less severity
than those of the dual-mode antenna discussed previously.

The lack of precise data on the performance of the electrically
despun antenna prohibits the development of accurate budgets for this
configuration, Table 4,2 is indicative of the trade-offs which are
necessary. The fdrm of the budgets is different. PFirst it is apparent

that the design is likely to be power limited by virtue of the antenna
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TAELE L.2(a)

Power@raffic for Electricallx Despun Low Band Services

Spacecraf't prime power* 315 watts
2.5 GHz demand (basic traffic) 50 watts
Housekeeping 75 watts

Lo Band Budget

DC power availsable 190 watts

Receiver and drivers 45 watts

Net power for output stages 145 wmatts

RF power out (70% efficiency) 100 watts 20 dBw

Output lossess + 1.8 dB

Antenna net gain' (from Section 6) 13.9 4B
Low band EIRP available 32.1 dBw
Minimum Traffic Model Requires 33 dbw

Possible Traffic distribution for 32.1 dbw

Channels 415 low power (18 dBw) - 29.8 dBw
1 high power (28 dBw) - 28  abw

* based on spinner configuration shroud limited power less allowance
for smeller diameter and slot area loss - no shadowing loss.

t reference transponder output
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TABLE L.2(b

Mechanical/Electrical Dual Spin Budgets

Traffic/High Band Basic Model
Low Band 15 low power 1 high power

Power watts 315
Array height 92,5"
Lifetime years 8 years
Bclipse capability Pull
Initial on Station Wet Weight 1bs
Structure 105 lbs
Thermal 20
Elect. Dist, 20
TPE&C including Ant,. 3
Solar Arrey 105
Battery 100
P.C.U. 30
ADED 35
P & O Dry 30
Puel-Basic 60
- Inclination 90
AKM Case ‘ 80
Balance 6
Contingency n
Bus Weight 806
Available Pgyload 157
Antenna - High Band 20
-~ Low Band 55
Transponders 60

Design Hargin 22 lbs
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gain achieved.

While there are several alternstives in testing feasibility of
a given concept (e.ge producing demands on power or antenna gain), it
seems appropriate to start here with the antenna gain realizable (See
Section 6) and the prime power aveileble and thus determine the possible
traffic. For trade-off purposes, it has been assumed that the spacecraft
is required to carry the ninimun 2.5 GHz traffic*, only power in excess
of that for this requirement and the housekeeping demands being available
for low band servicese.

The availeble power has been taken as that available from the fairing
limited cylinder of a diameter allowing for the antennas pfotruiing from
the surface**, and allowing for loss of array area associated with antenna
slots (but not shadowing loss)e Thus the basic array power is sbout 315
watts, with about 190 available for low band services. At typical
efficiencies there is a total EIRP of 32,1dBw available for low band
services which has been assigned as shown in Figure L.2(a).

4,6 3-Axis Spacecraft-Analysis

This preliminary budget for a 3 axis spacecraft is based extensively
on the CTS design and is primarily intended to ascertain the extent to
which the increased Thor Delta capability alleviates the weight problem
of 3-axis design developed in the previous study. (Reference A).
Allowances are also made for the increases in weight associated with the
dual frequency nature of the spacecraft. Table L.3 gives the budget.

Assuming the antenna gain achieved is about the same as for the

spinner, the design margin is sbout plus 7 lbs. When compared to the

* This neglects TWT availability and similar factors.

**
Alte:c.'native],y if may be possible to erect elements against a spring load
utilizing the "g" forces associated with spin. This would permit full
shrouwd utilization for arraye.



Launch Capability 28.3 Inclination 1890 Ibs.
Attach Fitting 70
$/C in Transfer 1820

Apogee Motor — Based on CTS
ISP 284 Mass Fraction 0.915

AK Fuel 857 Ibs.

Casing 80

AKM Total 937 Ibs.
Initial on Station Weight Available 35373:
Bus Weight 824
Payload Available 139
Antenna Estimate 42
Transponder 90
Design Margin +121bs

Table 4.3 — Preliminary Budget — 3 Axis
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3 axis design of the original stuly, the major changes are a result of
the increase of lifetime from 5 to 8 years, i.e. in fueling and in
eclipse of the traffic model.

Le7 Altermative 3%-Axis Concept

As a potential "bus" for a 3 axis stabilized éomtmmications satellite,
the CTS spacecraft design has some disadvantages. These can be traced
to the basic requirements of the CTS program, i.e. to demonstrate
technological advances and to act as a test bed for several experiments,

A new family of communications satellite designs are currently
being stulied in the U.S.A. that are closer to the requirements of this
study. At least three major aerospace companies (RCA, GE and Fairchild)
have 3 axis conceptual designs based on the 1890 1b Thor-Delta launch.
These designs are aimed at providing a 2 channel 6/l GHz satellite for
the U.S. Domestic Satellite market.

The RCA Astro Electronics Division in Hightstowmn, N.J. concept
is based on a bus derived from their Tiros K, ITOS designse. A satellite
design employing these concepts was reported on at the last ATAA Comm.
Satellite Conference®. RCA Limited has collasborated in this design by
defining the communications payload (Antennas and transponder). As
more detailed knowledge of this design is available to RCA Limited that
other competitive designs, the following information is offered as an
example of a serious and moderately detailed attempt to optimize a 6/}

GHz communications satellite for an improved Delta Launche (Table L.l)

* Stabilize Attitude Control for Synchronous Communications Satellites
J.B. Keigler, WeJ. Lindorfer, L. Huhfelder,

Paper delivered at the 1972 AIAA Communications Satellite Conference.
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Table L.4 Typical Major Characteristics

Power: 500 watts DC

Solar Array: High rigid solar panels, single axle
rotation,

Batteries: Nickel Cadmium for full eclipse

Stabilization: Bias momentum with magnetic torquing
and hydrazine Jjetse.

Accuracy: 0.1® Pitch and Roll, 0.3° Yaw

Lifetime: 7 years

Station Keeping: * 0.1° NS * 0.1° EW

Antennas: 2 elliptical d.ishes.60" x LO®

2 elliptical dishes 30" x 45"
The physical configuration of their proposed design is shown in Figure L.3
4s mgy be noted the spacecraft body is a relatively compact and therefore
light structure. The solar panels are folded in the launch configuration
80 that they provide the necessary power for the spinning transfer orbit
Phase, which leads to a minimm of extra weight for components used only
in that phase.

Table 45 gives the weight budget as given by RCA=-AED for that design,
8nd is of course not compatible with a design for the hybrid mission.
Notesble are the apogee motor data which appear very conservative possibly
because of ejection mechanisms, and the small design contingency designated.

Table 4e6 1is developed from the budgets given by AED, revised to
Dore clearly reflect the hybrid mission and to permit a comparison with
the other budgets of this report. However the original data have been
Petained to the greatest extent possible.

The budget clearly reflects the high power available from an oriented
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COMPONENT

WEIGHT

(LBS)

TRANSFER-ORBIT WEIGHT

APOGEE MOTOR + ADAPTER

1890

1040

SYNCHRONOUS - ORBIT SPACECRAFT
STRUCTURE (15%) & THERMAL
PROPELLANT (N,H, MONO-PROPELLANT,

1500 FT/SEC)

TANKS AND THRUSTERS
MOMENTUM WHEEL (0.25° POINTING)
ATTITUDE SENSORS & ELECTRONICS
SOLAR-ARRAY SHAFT & DRIVE
COMMAND & CONTROL

MISCELLANEOUS
CONTINGENCY (5% OF TOTAL S/C WT)

POWER & COMMUNICATIONS PAYLOAD
(INCL ANTENNA)

137

175
30
23
36
18
25

42

850

330

Table 4.5 = Spacecraft Weight Summary
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Table 4.6 3 Axis Concept - Rigid Deployable Solar Array

Launch 1890 1lbs
Adepter 70
ARM Fuel & case 970%*
Spacecraf't Initial on orbit weight 850 lbs
Structwre 110
Thermal 27
Electrical Dist.Zlisc. 28
Telemetry,/Command 25
Array 73
Battery (housekeeping only) 25
Attitude 59
P20 dry 30
Puel 8 year biased orbit 125%
Balance 6
Contingency L2
Basic Bus 550
Available Payload 300
Payload battery (85 watts) 25t
Transponder 90 1bs
Antenna 42 1lbs
Mergin 143 1bs

* This fuel allowance reflects the fact that the expended AKM case
and part of the structure is jettisoned.
t Based on 3 axis traffic as given by Figure 3.2

This relatively high weight may be a result of inclusion of ejection
mechanisms and associated structuree
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array (500 watts vs 375 watts of a spinmer) and the potential weight

Savings at these power levels. In turn, this may be contrasted with

the higher powers at higher weights for a CPS type extendable array and -

particularly the weights of their respective arraa; mechanisms (18 vs 70 1lbs).
This concept as it could be applied to this mission is illusfrated

in Pigure 4.5.
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Figure 4.5
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5.0 CQIIUNICATIONS TRANSPONSER
5.1 Introduction

This section describes the proposed transponders for the hybrid
UHF communications satellite., Two transponders are described, one op-
erating in the vicinity of 300 MHz and the other operating in the vicinity
of 2.5 GHz, The satellite will carry both transponders and in fact will
be able to operate in both frequency bands at the same time.

Work carried out under a previous UHF satellite study (ContraofNo.
OFL1 -0005 ) has been used as background material for this study. Some
of the sections from the report on the previous study have been repro-
duced here for completeness where it is considered that they are parti-
cularly pertinent to the present study. For instance the discussion on
the hybrid combiner and the star combiner are included here without
change.,

A very important noise contribution in a multicarrier environment
such as exists here is the level of the intermod products generated by the
amplifier nonlinearities. In the previous study it was proposed to use
transistor amplifiers adjusted for low intermod and high efficiency, At
that time this was based on very meager experimental evidence. In the
interim some additional measurements and some computer calculations have
been carried out by Dr. R. Harrison of this laboratory. An excerpt from
his report on this work is included here as Appendix A, This work pro-
vides supporting’evidence and additional confidence that the combination

of low intermod and high efficiency can be attained,
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5.2 Intermod levels in Class C Transistor Amplifiers

A number of workers have investigated third order intermod in
transistor amplifiers, Some of these have demonstrated low intermod
Without being too specific about how it was obtained, Others have -
Worked at much lower frequencies than those considered here.

Hilling and Salmon (1) have shown that third order products are
Telated to gain flatness for changes in emitter current, Operating
in the 50 to 500 MHz band they obtained best performance of 25 to 30
9B intermod level at emitter currents giving maximum gain flatness.

Chang and Locke (2) show low intermod operation of a class C
transistor operating at 30MHz. They obtain low intermod between the
two limits of linear operation, i,e. at high power where saturation
°Ccurs and at low power with insufficient forward bias, They obtained
0 intermod level lower than 30dB over a 10 dB dynamic range. No

SPecial operating conditions were specified to obtain this performance
at 30 MHZ.
(3)

Thomas has carried out both experimental and theoretical work

°n intermod, He shows analytically that in some cases the intermod produced by
One Nonlinearity in the transistor may be cancelled by that produced
by another nonlinearity if these products are 180°.
out of the phase, Experimental measurements confirmed these findings.
Boag and Newby (4> have measured intermod levels in a single
*Ns470 coaxial transistor class C amplifier operated at 1,8 GHz,
Ben ad justed for maximum power output the intermod level ranged in
neray between -10 and -15 dB, Some measurements, however, gave

1
Tternog levels of -26 dB at high drive level and high efficiency,
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The two intermodulation level measurements have been repeated using
the setup of Boag and Newby. These measurements were specifically aimed
at demonstrating that low intermod and high efficiency could be obtained
simultaneously in Power Transistors, An additional objective was to de-
termine the dynamic rénge over which low intermod was maintained, By de-
tuning the input and output of the transistor and adding a small amount
of bias the amplifier could be adjusted for intermod levels that ranged
between 25 and 30 dB below the level of the two carriers. This was ac-
complished at a slight‘loss in efficiency of about 0,6 4B, Assuming this
loss in efficiency would be the same for other devices and other frequencies
then the specified Class C efficiency of 80% at 300 MHz would reduce to 70%
and currently quotedClass C efficiencies of 35% at 2.5 GHz would reduce to
30% for low intermod operation,

Some measured results considered typical of the type of operations
considered are shown in Figure 5.1. Here the intermod level, efficiency and
gain are plotted as a function of the input drive level, For one final point’
at 200 mw drive level, some readjustment was necessary to obtain the drive
power, It is considered however that this point is one of the family indi-
cating a total dynamic range of very nearly 6 dB where the intermod in the
2-tone test is below the required maximum of -24 4B,

Some additional measurements fully described in Appendix A have been
carried out in this laboratory by Dr. R.G. Harrison on the low intermod
amplifier, The low intermod adjustment was obtained with the same device
as previously used and measurements made of intermod, gain and efficiency
over a dynamic range of about 6 dB and using 2 equal carriers separated by
4 MHz in the vicinity of 1.8 GHz. Then without changing the adjustment, pha5e
and amplitude nonlinearities with a single carrier were measured. These

measurements of nonlinearities were used to carry out a computer calculation
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of the expected intermod level with 12 simultaneous carriers of equal
amplitude and for verious input drive levels where the drive level is
changed by reducing the number of carriers without changing the power

level of an individual carrier. The adjustment that these calculations
correspond to was inferior to that presented in figure 5.1. However,

with further ad justments the results of figure 5.1 were duplicated quite
closely. Thus figure 5.1 is still considered to best represent the

optimum performance that can be obtained in the low intermod adjustment

for this device at 1.8 GHz. These latest measurements and computer
calculations provide additional evidence that satisfactory intermod operation
may be obtainable in a multicarrier environment. There is a certain amount
of uncertainty, with an associated risk, in extrapolating the results of
measurements made at 1.8 GHz to the operating frequency of 300 MHz. At

1.8 GHz the class C efficiency of the device used was 42% which reduced

to 37 under the low intermod conditions. At 300 MHz the class C efficiency
is 80% and the question arises as to how the extrapolation is to be

carried out. That is, does the low intermod efficiency maintain a constant
ratio with the class C efficiency, does the low intermod efficiency remain

constant or is some intermediate behaviour applicable.
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5.3 Transistor Power Amplifier Thermal Consiisrations

The procedure for derating transistors and the corresponding rel-
lability expected from the device is given in the handbook MIL HDBK-217A,
The reliability is assumed to depend entirely on the transistor junction

temperature and is related to it by means of a normalized Junction
temperature Tn by the equation

Tn = (Tj-TS)/(T_jmax_TS)

where Tj is the junction temperature

TS is the case temperature at which power derating begins

ijax is the maximum rated junction temperature

The reliability is related to Tn by a graph in the handbook and

Tj is related to the device dissipation by the equation
T. = . x P,
3 TC+9J—C j

where TC is the anticipated maximum case temperature

Pj is the average power dissipation

e is the thermal resistance from junction to case.

J-c
The manufacturers data sheet gives the maximum value of Gj_c
for class C operation. For biased operation the temperature across the
chip becomes nonuniform and it is necessary to use a higher value of gj—c
Corresponding to the highest expected hot spot temperature. This necess-
ltates operation with a lower value of junction dissipation than for class
C operation. The value of Gj_c can be determined from the derating curves
for biased operation,

The RF power generated by the device can be related to the dissipation

Once the efficiency and the power gain are determined. This relation

is given by the equation
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where P is the RF output power

(@]

T is the efficiency (PO/PdC)

> is the gain (Po/Pin)

c=Z=vlations have been carried out for representative transistors fér
whizt sufficient data has been available and extrapolated to the mid 1972
period, Tnis has been done for 300 MHz and for both class C and class A
operaticn, <he results are given in Table 5.1 for different junction tem-
peratures and for an assumed case temperature of 55°C, Two efficiencies

are srown Tor each configuration, i.e. 25 and 30% for class A operation and

60 and 70% for class C,
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Table 5.1 — Maximum power generated per device (watts) to maintain junction
temperature (TJ) below value specified

T, 01| 02 ) 03] 04 | 05
T, ocC 110 | 120 | 130 | 140 | 150
Failure Rate x 106 1
e et x| 0.28 | 0.39 | 0.51 | 0.65| 0.32
| B % |3+ o=
Class ¢ Pyj=(T)-To) /8¢ > 1 13 15 17 19
ths GHZ :
GC-=753‘;C Early 1973 40 1.7 65 { 7.7 | 8.8 | 10.0 | 11.2
- 6).c = PC/ Matt 45 142 | 77 | 9.2 | 106 | 120 | 13.4
glm c P, - 157 | 18.6 | 21.4 | 243 | 2.1
00 MH»
Tg = s50¢ 2N6105 60 0.87 | 18.0 | 21.4 | 24.6 |28.0 | 31.2
=748 3.57cw 70 0.63 | 250 | 29.5 | 34.0 | 28.6 | 43.0
c Py > 36.7 | 43.3 | 50.0 | 56.6 | 63.3
30|ﬂss C
Te 2“;;'; . Mid 73 60 0.87 | 42.1 | 497 | 57.5 | 65.1 | 72.8
G=748 1.5°C/W 70 0.63 | 58.2| 68.7 | 79.5 | 90.0 | 100.0
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S«%  Power Combiners

54,1 General
To nandle variations in power output required (to accommodate less than

100% eclipse operation for example) it is desirable to have a means of redu-

cing the power level of the amplifier so that the battery drain can be red-

uced, This can be done in a number of ways

a) By supplying amplifiers with different power levels the drain on the
spacecraft resources can be varied by selecting the appropriate amp-
lifier, This approach is taken in the case of the 300 MHz output am-
plifiers for both services. For the mobile service one amplifier sized
one for two channels and one for three channels are provided but only
one of these four amplifiers may be used at a time, The same approach
is taken for the low power transportable service at 300 MHz,

b) The drain on the spacecraft resources can also be altered by adding
amplifiersoperating in different bands. They are combined
by appropriate multiplexing action, This approach is taken in combining
the different services. That is the mobile and transportable service
at 300 MHz operating in somewhat different frequency bands are combined
in the multiplexer by means of frequency selective filters. The same
approach is taken at 2,5GHz in combining the radio broadcast and the
fixed station service,

c) A third method >f combining two amplifiers can be utilized if the two
amplifiers carry the same signals, This requires switchable phase sh-
ifters but does not require additional amplifier hardware.

a) A fourth method of combining has been investigated, that of space com-

bining in front of the parabolic reflector., This method is not used
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but was considered for combining the higher power mobile service and
the low power transportable service at 300 MHz, It has certain dis-
advantages compared to the use of a multiplexer but could be used
if the multiplexer proved difficult to implement.
In addition to the problem of combining the output from different am-
plifiers it will be necessaxy to combine the output of a number of
devices to give the power level of the various amplifiers, For this
purpose two combining networks have been considered, a straight hybrid
combiner and a star combining configuration (Refs. 6,7 ). The hybrid
combining network is straightforward since it uses nothing but stand-
ard hybrid Junctions. It has the disadvantage that the loss of one
amplifier of a pair causes a drop in output of 6 dB rather than the
expected 3 dB. The star is not a developed system but promises to
have some advantages in performance and reliability over a hybrid com-
biner,
The number of devices that need to be combined to form a single am-
Plifier 1s at most two. The optimum method of combining them is being
left open but either straight hybrid combining or dual hybrids with
Switched phase shifter as described in section 5.4.,3 below may be
used,
The switched amplifier approach requires no further explanation but
the other approaches are discussed in more detail below.

5.4.2 Frequency Multiplexing

(1) 2.5 GHz
At 2.5 GHz a waveguide filter form of multiplexer can be ad-
opted. By using oversize and overheight waveguide and careful
construction an unloaded Q, of 20,000 is estimated. Using this
Qo and standard filter char®s the parameters listed in Table’5.2

were obtained.
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Table 5,z Typical output multiplexer filter characteristics at 2.5 GHz.

insertion loss 1 4B

pass band 3 MHz
separation between filter

centre frequencies 7 MHz minimum

separation between operating

bands 4 MHz minimum
return loss 24 dB
number of sections 5

This filter operates satisfactorily except for one disadvantage (a disad-

vantage common to all the combining methods discussed). That is the pass

band is much wider than the frequency band actually used. Thus any other

country wishing to use the remaining frequencies in the filter pass band

will be subjected to intermod products etc, from this satellite unless

an exclusive allocation is obtained for the bandwidth of the multiplexer

filter or unless isolation is provided by ground station antenna directively*
The outside dimensions of the waveguide would be approximatel& 3.5

X 4,5 inches and the length of each filter would be about 18", Two filters

are required attached to a manifold plus an output and an input filter each

about 14" long, The total weight of all waveguide parts fabricated from

carbon fibre composite is about 7 1bs for the two multiplexers plus about
3 1bs for the input and output filters, |
(i1) 300 MHz
At 300 MHz a waveguide approach is impossible as the size of the filtefs

!

would exceed the size of the spacecraft. Instead a stripline or lumped

constant approach must be assumed, An unloaded Qo of 2000 is taken as
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reasonable for this type of construction., Using the same number of sectilons

as for the 2,5GHz filter the properties listed in Table 5.3 were obtained,

IABIE 5,3 Typical output multiplexer filfer characteristics at 300 MHz.

insertion loss 1 4B

pass band 4 MHz
separation between filter

centre frequencies 8.8 MHz minimum

separation between

operating bands 5 MHz minimum
return loss 24 dB
number of sections 5

Like the 2,5GHz multiplexer the 300 MHz unit provides no reduction of
SPurious to other users within the passband of the filter, At 300 MHz also
N0 isolation is provided by ground station directively as many users are
assumed to have 0dB gain antennas with no directivity.

The size of the 300MHz 2-channel multiplexer with the output and input
filters is estimated at about 10" x 10" x 4" thick. The weight of the whole
Package should be about 4 lbs.

54,3 pual Hybrids with Switched Phase Shifters

This approach can be used to advantage if it is desired to accommodate
Peak loads by turning on the redundant unit, By switching phase shifters
in the combining unit, the total power in the two aﬁplifiers, or the total
Power in either one taken individually can be transmitted to a single output
Port,

A schematic of the combining system is shown in Figure 5.2 along with

the value of the three conditions of operation.
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MATGEIE A OUTPUT
HYBRID HYBRID

]
X @ X e
AP B

INPUT

Amplifier B 6=0, ¢=0°
Amplifier A& B 6=0, ¢=90°
Amplifier A 6=0, ¢=180°

Figure 5.2 — Combining two amplifiers carrying the same signal using two 90° hybrids
and a switchable phase shifter.
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Figure 5.3 — Space combining of two different signals in the near field of the antenna.
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Figure 5.4 — A method of combining two signals ot different frequencies using
rejection filters and circulators.
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An advantage of this approach is that double capability can be ob-
tained for short periods of time without a significant increase in hardware
Weight, A disadvantage is that the phase shifts in the two amplifilers
Must be equal and stable. Details of this combining network are given in
Appendix B,

54,4 Space Combiners at 300 MHz

A block diagram of this approach is shown in Figure 5.3. The two am-
Plifiers carry different signals at different frequencies, The one carries
the high power channels for the mobile service while the second carries the
transportable service. These two amplifiers are combined by a 90 deg. hy-

brid, The two output ports of the hybrid thus carry half of each service

Mth o 900 phase shift between the signals in the two ports. The signals
in the two lines are used to drive crossed dipoles at the focal point of a
Parabolic reflector. The resulting signal is circularly polarized, however
the high power channels have the opposite sense to the low power channels,
The received signal can be given the same polarization as the low power
transmit signal and can be recovered by a single duplexer in the low power
line, This system has the disadvantage that two channels are required in
the rotary joint instead of one., For a system using an electronically desp-
0 antenna two phasing and switching networks are required, There is no reduc-
ton of out of band spurious in this system.

This method of combining 1s not being considered further because it

t
Tansmits on both polarigzations., This places unacceptable restrictions on

t .
he design of the ground terminals or on the operational flexibility of the

Systep,

3.
4.5 Multiplexing using Rejection Filters

It is possible to use rejection filters to multiplex two frequency

A
Nds together., A block diagram giving a possible arrangement is shown in

Py
Sure 5.4, The circuit uses a combination of two rejection filters and

thy,
)
® circulators to accomplish the multiplexing, Two terminations are added

-
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to take the out of band spurious responses, Circulators for this application
would weigh about i.O 1bs each., Rejection filters for this apblication

have not been evaluated but it.is expected that they will have pass bands

and frequency separations similar to the conventional multiplexer design.

In that case, this configuration has no advantage over the conventional
multiplexer and has some additional weight, |

5.4,6  Hybrid Combiners

A typical hybrid combiner 1s shown in Figure 5.5. This is the network
that was proposed for the CTS UHF transponder. It uses eight transistors
which are first combined in hybrids to make 4 lines. These are passed through
isolators and then fed to a four way combiner which has a single output,

When a single transistor fails in such an amplifier the output is reduced by af
amount which depends upon the number of transistors being combined, This amOﬂM
is shown in Figure 5.6, as a function of the number of transistors., It is

1.2 dB for an.eight transistor amplifier, This is more loss than can be
tolerated so redundant units must be switched in as soon as the first tr-
ansistor fails, This can be done by substituting the complete amplifier

or by substituting individual transistors as they fail. This in general

takes twlce as many transistors as are actually operating at any one time.

The static loss also increases as the number of operating transistors
increases due to the increased number of hybrids required. The static

loss is also plotted in Figure 5,6 assuming that .25 dB loss is added due

to hybrids and isolators every time the number of transistors is doubled,

54,7 Star Combiners

The star combining network is shown schematically in Figure 5.7. The
transistors are arranged in a circle and connected by quarter wave lines to
to the output transmission line at the center, The number of transistors ar-

ound the circle consists of the number of operating transistor plus the
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Nop NUMBER OF TRANSISTORS OPERATING IN PARALLEL
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Figure 5.6 — Losses Associated with Star and Hybrid Combiners
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Figure 5.7 — A Star Combining Network with 10 Terminals
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the necessary spares., The spare transistors are turned off until such time
as one of the operating transistors fails, Then the failed component is
turned off and one of the spare transistors is turned on. This returns
the anplifier to full power except for the mismatch which may be introduced
by the failed unit,

If the total number of transistors is N then the quarter wave lines
have impedances such that the low output impedance of the transistor is
transformed to NZ, where Z, is the impedance of the output line from the

center, When the N lines are combined in parallel then the combined imp-

edance 1is just Zo' The resistances Jjoining the transistor outputs are se-
lected to minimize the mismatch caused by the spare transistors and the
transistors that have failed., When all transistors are operating in phase
the resistors carry no current and dissipate no power. When a transistor
fails by shorting the transformed impedance 1is infinite and a mismatch
occurs at the output line. In addition, the transistors adjacent to the
failed unit dissipate power in the resistors. When a transistor fails open
it will present a high impedance. The resistors then form the source im-
pedance, Thus decreasing the resistance reduces the mismatch for the spare
transistors or transistors failed open and increases the mismatch for unit®
that fall shorted, It 1s necessary to select resistance values and/or
impedances between the transistors which minimize the losses under all
conditions, This 1s a very complex problem and depends upon the number

of transistors in the ring and the number of these which are spare. This
problem has not been solved but indication of trends can be obtained if it
is assumed that the resistors Ry are pure real, and that the output impedan®

for an open or a spare transistor is controlled by the resistors and is

equal to RL/z. Then when a transistor fails open there is no change in

output power and when a transistor falls short there is a mismatch at the
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output line and also in adjacent transistors. The overall loss can be
further minimized by matching initially with some of the spare transistors
replaced by shorts. This calculation has been carried out for the case

of two spare transistoré and a variable number of operating units No .

1%
The optimum resistance under these assumptions is given by

1 1 1
BL = Zop/(-l:+'2"f-l:+ 2/Nop)

Where Z is the output impedance of an operating transistor.

op

The minimum loss which correspondes to this resistance is given in

Figure 5,6 as a function of N, In addition to this loss caused by sparing,

p*
& satic loss would also occur with the star but it would be nearly ind-
®Pendent of the number of transistors involved.

An examination of Figure 5.6 shows that as a general rule a hybrid
Combiner is better if the number of transistors is low and the star is
better if the number is high. The cross over point appears to be for eight
OPerating transistors.

The star configuration incorporates an ideal sparing arrangement in
that each spare may be substituted for any failed unit and every spare may
be ysed before the amplifier must be considered failed., This iz evident in
Table 5.4 where the 7 and 8 year reliability figures are quoted for the
deViCeS in a number of star configurations and for an eight device and four
deViCe hybrid combiner amplifier. These figures have been calzculated for
% failure rate of .k per 10° hours. It is seen that reliabilities obtained
ith a star configuration using one spare are equal to a hybrid configurat-
lon With a complete redundant amplifier. In addition the star may have

- 3Nother advantage, that of changing the operating level either up or down
by SWitching in some of the spare units or switching out some 2f the op-
erating units, In the case of the hybrid combiner there are n: spare units
to b turned on and the penalty incurred by turning units off is expected

to
be greater than for the star.

-
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TABLE 5.4 - Reliability Estimates for Devices in
Various Power Output Amplifiers at a
Junction Temperature of 110°¢,

Configuration Number of Devices _ Reliability
| Active | Passive | 7 years | 8 Years
Star 5 1 ,990 987
Star 6 1 986 982
Star 6 2 .999 .998
Stax 7 ! 982 | .977
Star 7 2 998 «997
Star 8 1 o7 | wom
Star 8 2 .998 ' 997
Hybrid 8 8 .962 ,952
Hybrid L " .989 986
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Duplexing Arrangements

The duplexer and associated components have the task of connectiing
the transmitter and receiver to the same antenna while protecting the receiver
from leak through of the transmitted signal or of other spurious signals from

the transmitter. It also contributes to the reduction of spurious signals,
Outside the assigned frequency band, that would otherwise be radiated from the
éntenna. |

The block diagrams of the satellite transponders at 300 MHz and 2.5
GHz are shown in Figures 5.12 and 5.13 (pp 96 & 100), These diagrams show
the arrangement assumed for input and output filtering and duplexing. The
bUdget for isolation provided by different elements of the filtering system
are given in Table 5.5. The thermal noise from the output amplifier is
®Stimated first. The noise power being considered in both the 300 MHz and
245 GHz transponders is that of the final output broadbana amplifier in
the Teceiver band. OQut of band noise is removed by the input mu-
Yiplexer in the 2,5GHz transponder and by filters incorporated in the up
Converter in the 300 MHz transponder. A noise figﬁre of 15 dB is assumed
for the output amplifier which is raised by the 50 dB gain amplifier to
~139 dBW/Hz or -97dBW/channel. A second source of noise is spurious signhals
In the output amplifier, The spurious are at a higher level than the thermal
“olse and determine the filtering required, A total filtering of 180 dB and
165 gp are assumed for the two transponders divided as shown between the
Mltiplexer, the duplexer and the output filter. In additiop, the output
filter is required to provide at least 50 dB of attenuation at the second
harmonic frequency.,

The requirement on the input filter is to provide attenuation of the
*Utput signal so that it does not interfere with the.operation of the input

amp1ifier and does not interact with the input signal. The criteria for de-
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TABIE 5,5 Budgets for isolation between the input and output lines for the

two transponders,

]
300 Mz 7.5 Ghg
Transmltter input noise power (WF = 15 av) -189dBW /He ~1894BW/He
density :
Gain of transmitter 50 dB 50 dB
Output noise in receiver band dBW/Hz -139 -139
dBW/Channel - 97 - 97
Output spurious (60 dB down) - 35 dBW - 48 dBW
Attenuation in Receive Band
Mux filter (dB) 90 90
Duplexer filter (dB) 35 35
Output filter (4B) 55 40
Output Filter atten.at second harmonic (dB) >50 >50
Required output noise level
in Receive band at input to Receiver dBW/Hj =214 -214
dBW/Channel -170 -170
Output Power (dBW) 25 12
Attenuation in transmit band
duplexer filter (dB) 35 35
input filter (aB) 90 75
Transmitter leakage (aB) -100 - 98
Cain in first AMP (aB) 25 25
Input to first mixer (aBW) - 75 - 73
Below L.O, (aB) Y45 43
Below intercept PT (aB) 45 43
Above signal Level (aB) < 30 < 20 4_’/)
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termining the level is that it must be much lower than the local oscillator
Power level of the first mixer and also much lower than the intercept point
of the fifst amplifier, These have both been sssumed at 0dBm., This criteria
does not ensure that the output is reduced below the level of the input signal
and a thorough analysis would be required to determine that there are no
interactions between the residual output signal and the input signal occuring
Within the bandwidth of the IF amplifiers. The isolation of the input filter
at the transmit frequency is thus established as 90 dB at 300 MHz and 75 dB
at 2 ,5GHz, Using this budget as a basis a summary spec has been developed for
the input and output filters, These are shown in Table 5.6 with the multi-
Plexer filter included.

The filter pass band and cut-off characteristics are shown in Figures
5.8 and 5.9 for 300 MHz and 2,5GHz respectively. At 300 MHz the input and
%utput 2ilters are shown as specified with a pass band of 20 MHz. This as-
Sumes that the two bands are not more than 20 MHz apart, If the two bands are
Separated by more than 20 MHz or are located in a different part of the spec-
trup then the input and output filter designs would of necessity be altered,

ith 5 large separation between bands it may be necessary to add an input
multiplexer or make other alterations in the transponder design.

At 2,5 GHz the input and output filter pass band at 35 MHz covers the
fu11 band assigned for satellite service. Any specific assignments within
that band can be accommodated without modifying the filter design.

A critical item of the satellite design is the loss in the output tran-
smisSion line. One of the main components of this loss is contributed by
the output multiplexer, This component is inversely reiated to the passband
ot the'output multipléxer filters as illustrated in figure 5.10, The band-
widths of the multiplexer filters listed in table 5.6 can be altered with a

e .
vorreSPOnding change in insertion loss as given by figure 5,10,
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TABLE 5.6 Summary specifications for the input and output filters and the
' multiplexer filter for both transponders.

MUX FILTER 300 MHz 2.5 GRz
Qo 2000 20,000
return loss 2L 4B ol 4B
operating freq,. 320 2500
£/af 80 800

Minimum Af 4,0 MEg 3.1 Mhz
insertion loss 1 4B 1 4B
minimum separation between
filter center fregs, 8.6 7.0
No, of sections 5 5
isolation at cross-over PT 35 dB 35 4B

Output Pilter
Qo 2000 20,000
Af 20 MFz 35 MHz
£/68 15.5 72
return loss 24 4B 24 3B
isolation at rec, freq. 55 4B 40 4B
No. of sections 4 b
insertion loss 0,15 dB 0.08 4B
Isolation at second harmonic >50 dB >50 dB

Input Filter
Center frequency 390 MHz 2675 ME 3
%% 2000 20,000

20,0 MHg 35.0 MHgz
L/AF 19.5 77
return loss 24 @B 24 @B
Isolation at trans.freq. 90 4B 75 4B
No, of sectioms 5 5
Insertion loss 0,2 dB 0.1 4B
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5.6 Qutput Power Stages

The transponder block diagrams of Figures 5.12 and 5.13(pp 96 & 100)
output amplifiers operating at different power levels, bThese will be
transistor amplifiers at 300 MHz, a 20 watt TWT for the voice service at
2,5GHz, Two of the amplifiers at 300 MHz will carry only one high power
carrier and are therefore adjusted for high efficiency class C operation,
The remaining transistor amplifiers have two or more carriers and therefore
nust be adjusted for low intermod., These amplifiers are therefore adjusted
as described in section 5.2 and Appendix A,

Table 5.7 gives the output loss budget for the two transponders and
depending upon the number of devices required to give the specified output
power level, This number is either one or two so that at most only two
devices must be combined, These devices will be combined with a dual hy-
brid switched phase shifter configuration.

Table 5.8 gives the main characteristics of each of the output
amplifiers including the drive stages. The specifiedEIRP per channel at
300 MHz is 28 dBW for high power channels and 18dBW for low power channels.,
This is the equivalent single carrier class C EIRP and is 1,05 dB higher
than the multi-carrier EIRP actually required. For the 300 MHz amplifiegs ¥
dB is subtracted out again to give the actual EIRP/channel of 27 and 1;. °
dBW. For the multicarrier amplifiers adjusted for low intermod, the red-
uction in efficiency below the single carrier class C efficiency is 6.6
dB, To this has been added an implementation margin of 1.0 dB making a
total vack-off of 1.6 dB. The 1,0 dB margin is considered necessary becaus€
the low intermod condition has been measured on only one transistor oper-
ating at 1.8 GHz where the class C efficiency is only 42%, Extrapolation

to 300 MHz where the class C efficiency is 80% or to 2.5GHz where it is

only 35% may not be valid,



Frequency

300 MHz 2.5 GHz

Output Device Transistor | Transistor | Transistor TWT
Number of Devices 1 2 2 1
Output Filter 0.15 0.15 0.08 0.08
MUX Filter 10 L0 1.0 1.0
Switches 0.3 0.3 0.2 0.2
Combining Losses 0.1 0.35 0.35 0.1

TOTAL 1.55 180 163 L3

Table 5.7 — Budget of Transponder Output Losses
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sigzes for the two transponders

Frequency (MHz)
Type of Service
No, of Carriers
Spec, EIRP/Carr. (dBw)

Actual EIRP/Carr, (dBW)

Total EIRP (dBW)
Antenna gain (dB)
Output Power (dBW)
RF losses (dB)
Generated (dBW)
Power (watts)

Output stage

No, of devices
Saturation eff., (%)
Back-off (dB)

EPC eff, (%)

DC Power (watts)
Gain (dB)

Input power (watts)

2nd Drive Stage

Overall eff (dB;
DC Power (watts
Gain (dB)

Input power (watts)

1st drive stage

Overall eff, (dB)
DC Power (watts)
Gain (dB)

Input Power (watts)

Previous Stage

Overall eff, (dB)
DC Power (watts)
Gain (dB)

Total DC Power (watts)
Total DC/RF Loss (dB)

300
mobile
1
28
27
27
15.7
11.3
1.55
12.85
19.3

Class C

1
80
0

95
25.4

7
3.9

Class C
Trans
1.2

5.1
.78

Class C

Trans
1.2
1.02

155

Class A
Trans

2.0
~ 30

33.5
3.9

300
mobile

77+5
8.1

Low Im
Trans

300

mobile

10

18

17

27

15.7

11.3
1.55

12,85

19.3

Low Im
Trans,
1

80

1.6
95
36.7

7
3.86

Low Im
Trans
2.8
73

7
77

Low Im
Trans
2.8
1,45

7
154

Class A
Trans
8

1.9
~ 30

74
5.45

300
Transp

18
17
30
15.7
14.3
1.8
16.1
40,7

Low Im
Trans.,

80
1.6
95
7745

8.1

Low Im
Trans
2.8

15.5

1.6

Low Im
Trans
2.8
3.1

132

Class A
Trans

4,0
~ 30

100,1
5.7

300
Transp

117.0
12.3
Low Im
Trans

2,8
23.4
2,46

Low Im
Trans

Calculation of DC power requirements for various amplifier

2500
Program

25

25

29.8

25.9
3.9
1.63
5453
3.58

Low Im
Trans,

35
1.6

95
15.5

.71
Low Im
Trans

2.8
3.1

.1}4’

72
9.4
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The amplifiers shown in Table 5.8 are nominally sized for a spe-
cified number of carriers of a specified power level, However, except for
the class C amplifier, these amplifiers can handle different numbers of
carriers at different power levels. As an example, the amplifier sized for
30 low power carriers can equally well carry three}high power carriers and
the amplifier sized for 2 high power carriers is in fact identical to that
for 20 low power carriers. This can be generalized to other power levels
with the appropriate numbers of carriers., In particular the highest power
amplifier can be used with a single carrier given an output EIRP of 32.8
dBW by increasing the gain in the IF stages of the transponder. Figure
5.11 gives the maximum number of carriers that can be used with the three
sigzes of amplifiers as a function of the output EIRP (equivalent Class c).

Each amplifier may be used with less than the maximum number of
carriers and, provided the actual number does not fall below approximately
1/3 to 3 of the maximum number, the intermod level will be within acceptable

limits,
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547 Transponder Configurations

5.7.1 Transponder for 300 MHz

The transponder is required to carry high power and low power
carriers with 10 dB difference between them (see Figure 5.12), Because of
this large difference in power level it is necessary to amplifiy the
different levels in separate amplifiers and combine them in a linear circuit
(i.e, a multiplexer). This reduces the amount of intermod energy created and ,
comfines it all to the pass band of the multiplexer filters used.

The power output amplifiers are assumed to be adjusted for low
intermod and high efficiency. These have a dynamic range of at least 3 dB
over which low intermod is maintained. That is an amplifier that is sized
for 30 low power carriers will operate with a satlsfactory intermod level
with only 20 carriers. The DC power level required for 20 carriers in a 30
carrier amplifier is greater than for the same 20 carriers going through
a 20 carrier amplifier, However, the power drain of 20 carriers through a
30 carrier amplifier is lower than for 30 carrier through the same amplifier.
In order to adjust the power drain for one type of service various sized
amplifiers are provided, This allows the resources of the satellite to be
switched from one type of service to another,

In the configuration shown in Figure 5,12 amplifiers of differ-
ent sizes are provided which can be switch selected for operation into
each channel of the multiplexer., Two (one and spare) of the amplifiers
assigned to band 2 are class C specifically adjusted for one high power
carrier., They cannot be used in any other way. Two class C amplifiers
are provided because of the high use factor expected for one high power
carrier, The other amplifiers assigned to band 2 are low intermod types
sized for two and three high power carriers respectively. They can also

be used for 20 (or 30) low power carriers,
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The three amplifiers assigned for use with Band 1 are all low inter-
mod types and are sized for a maximum of 10, 20 and 30 low power carrier,
These may also carry one, two or three high power carriers respectively.
It should be noted that one high power carrier passing through an amplifier
adjusted for low intermod with 10 low power carriers has a higher DC power
drain than the class C amplifiers sized for one high power carrier, Thus
this use of the 10 carrier amplifier could only be justified under rather
rare combinations of failures.,

Preceding the output power amplifiers are appropriate up-converters
and a number of paralleled IF amplifier strips. The maximum number of
IF amplifiers required at any one time is 30, However, a certain number
(5) are added for redundancy making 35. These are identical except for
frequency and have a gain suitable for the low power carriers. In ad-
dition a number of IF amplifiers (3 plus 2 spare) with 10dB higher gain
must be provided., These may be different amplifiers with special freq-
Uency assignments (as is assumed here) or some or all of the other 35
amplifiers can be provided with a switched gain adjustment. The output
amplifiers are broadband so that the 10 carrier amplifier may be used with

any of the 35 low gain IF amplifiers. If 11 carriers are required the
output amplifiers can be switched without interruption of service and
without changing frequency assignments,

The maximum number of IF amplifiers required for band 2 is identical
to the number required for band 1,

Two local oscillators are shown both for the upconverter and for the
mixer, These are not redundant units but are units oscillating at dif-

ferent frequencies. This facility is added so that the operational sat-

ellite and the in-orbit spare satellite may both be operated at the same

time, the one using local oscillator 1 and the other by using local os-
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cillator 2. The two satellites as well as the back-up unit on the ground
are completely identical so that the unit on the ground can be used to
replace either satellite in orbit in the event of a failure, Table 5.9 gives @

summary specification.
5742 Transponder for 2, 5 GHz

This transponder (Figure 5.13) is somewhat similar in concépt to
the 300 MHz transponder. The radio program carriers at 25 dBW are ampli-
fied in separate amplifiers from the 15 dBW voice carriers. They are
combined linearily in a multiplexer., There is less requirement at 2,5
GHz for flexibility of loading., The voice carriers, amplified in a 20 watt
TWT, can be adjusted in loading by switching to a 10 watt mode, The program
load may be reduced by making the standby unit a lower power level,

The 2.5 GHz transponder has a single frequency conversion, An
input multiplexer is then required to separate the radio program carriers
from the voice carriers, This configuration requires that the frequency
plan on the up-link is identical to that in the down link including the
separation between the program carriers and the voice carriers. If this can
not be arranged then a double frequency conversion will be necessary, down
to an IF frequency and then to the required down-link frequency. Program
separation is done at IF frequencies and frequency shift is accomplished
by using different up-converter local oscillator frequencies.

A double frequency conversion transponder with an IF amplifier

stage would provide the possibility of cross-strapping between 300 MHz

and 2,5GHz. A summary specification of the 2.5 GHz transponder is given
in table 5.9. '

5.8  Frequency Plans

5.8,1 Plan for 300 MHz

It is assumed in this discussion that the normal channel width
is 20kHz and that the normal channel separation is 25kHz, The number
of separate frequency assignments for band one is 40, including those

required for redundancy. This makes a total of 1 MHz bandwidth, This

y
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2.5 GHz SUBSYSTEM

Type Single Frequency Conversion

Operation F.D.M.A.

input Uncooled Paramp

Muitiplexing Graphite Fiber Epoxy Composite

Waveguide Filters

Weight 20 lbs. -

Services Telephony Broadcast
Number of Carriers 90 3
Output Device TNT Transistor
Output Power (dBW) 9.2 39
Eclipse 50 % 67%

300 MHz SUBSYSTEM

Type Dual Frequency Conversion
Fully Channelized at I.F.

Operation | F.D.M.A.

Input Low Noise Amplifier

Muitiplexing Interdigital Filters

Weight 70 ibs.

Services Mobile | Transportable
Number of Carriers (Max.) 3 3
Number of Carriers (E.O.L.) 1 20
Output Device Transistor Transistor
Output Power (dBW) (Max.) 16.1 1671
Eclipse 1 10

Table 5.9 - Specifications for the Dual-Frequency Transponder
(Single Satellite Service)
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must be doubled to acrommodate the operation of the second satellite
(i.e. the second local oscillator). Band 2 has the same total of 40
channel assignments and thus has the same total bandwidth requirements.,

The minimum filter width considered acceptable from an insertion
loss point of view is about 4 MHz, It is assumed, héwever, that two
bands, both 5 MHz wide can be obtained at both up-link and down-link
frequencies for the exclusive use of Canada, These bands should both
be as high in frequency as possible., The minimum separation between
centre frequencies of the two bands should be about 10 MHz., Because the
transponder is a double frequency conversion type the frequency separat-
ion between the two up-link bands need not be the same as between the two
down-link bands, The location of the bands in both up-link and down-link
are shown in Figure 5.8, These locations are considered most advantageous
from overall systems aspects., One possible way of utilizing the spectrum
within the bands is shown in Figure 5,14, Both thc up-link and the down-
link bands are identical in internal arrangement,

5.8.,2 Plan for 2,5GHz

The number of simultaneous frequencies at 2.5GHz is 90, however,
the number of frequency assignements must be 180 for a total frequency band
of 4,50 MHz, This is approximately equal to the minimum bandwidth obtain-
able with a waveguide filter, It would be desirable to have an allocation
of 5 MHz for band 1 to give an even 100 duplex channels with 25 kHz channel
Spacing, For band 2 only three program channels of .250 mHz each are being
Used, An allocation of 3 MHz is assumed for this service. This is nomin-
ally enough bandwidth for twelve program channels. The three proposed
broadcast channels can be placed in intermod free locations. This service
could be expanded in a second generation satellite system. Alternatively,.
a narrower allocation with higher multiplexer loss could be tolerated

because of the small total load of the broadcast service, Because the

tI‘ansponder shown in Figure 5,15 has only a single frequency translation

L
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Figure 5.15 ~ Frequency plon for the 2.5 GHz transponder -
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the frequency separation between the two bands in the up-link must be the
same as in the down-link, If this is not possible then the transponder
must become a dual frequency conversion type with an IF amplifier section,
This has the additional advantage that cross-strapping between 300 MHz
and 2,5GHz would then be possible, Some additional IF amplifiers with
separate frequency assignments would need to be added to go from 300 MHz
to 2,5GHz as well as some to go from 2.5GHz to 300 MHz, These would have

to have a different gain than the other IF amplifiers,
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6.0 ANTENNAS FOR THE TWO BAND SATELLITE

6e1 Introduction

The major consideration in selecting an antenna design for the
two band ;a.tellite is that the antenna system must operate at two
widely different frequencies - 300 MHz and 2.5 GHz. Three choices
present themselves ~ to use an antenna with an electrical bandwidth
spaenning this whole frequency range, to use two completely separate
antennas, both electrically and structurally, or to use two antennas
which are separate electrically but share as much structure as possible.
The choice between these approaches must be based on the provision
of net gain sufficient for operation of the communications system with
the required traffic capacity, within the physical launch size limitations
imposed for the spacecraft by the fairing and at a low enough weight
to remain within the launch weight limitations for the spa.éecra.ft, and
to comply with secondary considerations of despun weight and spacecraft
stebility.

In this study maximum use was made, where possible, of previously
availsble information, and in particular of information generated during
the previous study of a "UHF Communications Satellite System" referred
to here as Reference A. The remaining portions of this section show that
the spacecraft antenna requirements of the two band satellite system,
for the dual spin configuration are best met by a deployable antenna
of the type selected for the 1.5 GHz design in the UHF satellite study,
having a dual feed system operating at 300 MHz and at 2.5 GHz. In
the three axis configuration the antenna requirements can be met either

by a similar design, or by a quad~-helix array at 300 MHz (as proposed

in Reference A) surrounding a parabolic dish for the 2.5 GHz signal.




- 107 -

6¢2 Antennas for Dual Spin Satellites

6+2+1 Antenna design limitations

The fundamental design limitations on the antenna for the two
band satellite can be described as follows.

(a) Net gain, The minimum effective antenna gain within the
required coverage area after subtraction of all system losses, must
be sufficient to make it possible to meet the traffic requirements
at both frequencies. These are specified in terms of EIRP seen
from the ground over the coverage areas. Reference to Section 4
will show that the minimum traffic requirements demand minimum
net antenna gains at 300 MHz of 13 dB, and at 2.5 GHz of 25.9 dB.
(Higher traffic capacities can be obtained with net antenna gains
of 157 dB at 300 MHz and 25.9 dB at 2.5 GHz, and it is shown here
that these are obtainsble with the proposed antenns configuration).
These figures assume losses in the transmission path to the antenna,
including the rotary Jjoint, of 1.8 dB.* The antenna gains quoted
above are "edge gains" = i.e. gains in the direction of the edge
of the area covered. Effectively these are the minimum gains observed
within the coverage area.

These figures for required gain are obtained on the basis of a ’
specific assumption as to available power (and its division between
the two frequencies). The available power is taken as that from
a surface mounted arrgy on a cylindrical body of maximum diameter
(86") and height (92") available in the cylindrical portion of the

fairing. (See Figure 2,2 of Section 2, on page 17).

* For design purposes the antenna interface for net gain specification
was stipulated at the transponder output flange.
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(b) Physical size at launche. The antenna size and, hence, gain
is limited by the fairing dimensions. There is, in fact, a trade-off
between available power (i.e. size of the solar cell array) and avﬁilable
antenna gain since the shorter the spacecraft body is, the larger the
antenna can be, within the same shroud dimensions. However, the trade~
off turns out not to be a very sensitive one, so all design was done
assuming a spacecraft of maximm height (92") permitted by the cylindrical
portion of the fairing. This leaves 65% launch height for the antenna.

Assuming & deployable parabolic antenna of the type discussed in
Reference A, similar to those used in the Apollo luner-landing missions,
this permits about a 130" diameter deployed dish, using a single fold
deployment technique (Figure 6.1).

66242 Available Antenna Gains

In order to maximize traffic capacity with a given available
power, it is necessary to maximize the minimum antenna gain toward
any point in the coverage area. This minimm gain,in the case of
Canedian coverege, will be the gain at the edges of the coverage or
the edge gaine The minimum peak antenna gain which will provide a
given edge gain depends on the wavelength and can be derived for
circular apertures from Figure 6.2, which is repeated from Reference
A. The maximum angular extent of Canadian coverage may be taken
as 8° (including pointing errors).

Prom Figure 6.2 it can be seen that the maximum value of edge
gain for 8° coverage will be 23.5 dB, which will be obtained with
an antenna of 9.5 wavelengths diameter. At 300 MHz, however, this

is 390 inches diameter, and is not feasible within the launch limitationse

The gain available from a 130" diameter dish at 300 MHz is 18.3 dB pesk

y
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or 17.5 dB at the edge of 8° cover. At 2.5 GHz the situation is
different. The 9.5 wavelength diameter is only LL.6 inches, and
can be easily accommodated within the available volur;le. If a 130
inch deployable dish for 300 MHz is used, the centrel portion of
the dish only, can be illiminated at 2.5 GHz. Thus, we can readily
obtain the 23,5 4B edge gain at 2.5 GHze.

In practice with scope for larger aperture dimensions at 2.5 GHz,
we would modify this slightly by using an elliptical (4° x 8°) beam,
narrower in the north-south direction than in the east-west, to
maintain & constant edge gain around an elliptical contour approximating
Canadien coverage)s This beam would have a gein asbout 3 dB higher than
the circular beam, i.e. a 26.5 dB edge gain.

That is, by using a 130 inch diameter deployable antenna of the
type shown in Figure 6.1, edge gains of 17.5 dB at 300 KHz and of 26.5 dB
at 2,5 GHz would be available.

€+2.3 Mechanical Desiegn and Deployment

The antenna is an umbrella type deployable parabolic antenna, with
& mesh surface, similar to those constructed by RCA Corporation for the
4pollo lunar surface missions. The deployment method proposed for the
Present application is illustrated in Figure 6.1 and in Figure 6.3. These
figures are identical to those in Reference A except for the size of
the antenna itself. It may be noted that a double fold scheme of the
Same generel type can also be used with a slight weight penalty.
6.2, Peed System

The antenna must be fed by a two frequency feed, producing illumi-

hation of the whole surface at 300 MHz, and of a central ellipticel region
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45 inches by 90 inches at 2.5 GHze It might be possible to design

a broad band feed covering the whole 8.3 to 1 frequency band separating
these frequencies. However, it is simpler and equally effective to use
a compound feed having the same phase centre at the two frequencies.

It is necessary that circular polarization be used at 300 MHz,
because Faraday rotation in the ionosphere at this frequency is excessive.
At 2,5 GHz it is possible to use linear polarization, since the maximum
F&Ijaday rotation expected at this frequency is about 25 degrees at
Sunspot maximum, in deytime, at the most susceptible location. Expected
rotations at other times and places are substantially less.

The simplest form of dual frequency feed would be a linearly
Polarized horn at 2.5 GHz surrounded by crossed dipoles, with reflector
and director elements (Figure 6.4). These elements would have to be
deployed in space after the parabola was open. The horn and the dipoles
would be supported on a central post along the axis of the parabola. 4An
&lternative method would be to use a helix as the 300 MHz feed surrounding
the horn, wi:‘bh radial rods as a ground plane (Figure 6.5). The blockage
Presented by these elements at 2.5 GHz would be negligible. The radial
rods would be flexible and would be made self erecting, by having them
bent toward the axis of the antenna prior to erection, being released only
&t or after erection of the antenna.

There would be no significant difference in weight in the two
approaches.

6.2.5 Weight
The basic weight of the 130 inch deployable antenna is estimated

from the curve of Figure 6,6 which is based on information from RCA
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Figure 6.4 — Two-band feed with crossed dipoles

Figure 6.5 = Two-band feed with helix
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Corporation and Hughes Aircraft. A figure of 18 lbs is obtained, including

allowance for a conventional feede. To this are added estimates for the

weight of the supporting column, etc., as follows.

Besic Antenna 18.0 1lbs
Deployment Mechanism 4L.,0 1bs
Support Column 15,0 1lbs
Attachment Collar 3,0 1bs
Additional allowance for

added feed complexity 2,0 1lbs
Total Estimated Weight 42,0 1lbs

6.2,6 Transmission System Losses

The losses encountered in the transmission line and in the rotary
joints must be subtracted from the antenna gains quoted here to give
net antenne gain referred to the transponder., Estimated losses
for the rotary joint are 0.3 dB at 2.5 GHz and 1 dB at 300 MHz. To
these must be added 0.3 dB for line losses at 2.5 GHz and 0.8 4B for
losses in the transmission line, and power splitter and phaser (for
circular polarisation) at 300 MHz.

Thus the net antenna gains for the deployable antenna on the dual
spin satellite are 15.7 4B at 300 MHz and 25.9 dB at 2.5 GHz. These
are edge of cover gains with allowance made for pointing errors.

6.3 Electronically Despun Antenna (300 MHz)

6+301 General
The use of an electronically despun body-mounted arrgy as an antenna
for the low band of the two band UHF satellite is an attractive possibilitye

It would avoid the necessity for a single mechanically despun antenna requi-f'e‘1

y
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to operate at both frequencies, and for a two frequency rotary Jjoint,
and it would allow use of a much smaller mechanically despun antenna
for the high band only. This is desirable for reasons of dynamic
stability. It also offers the possibility of avoiding the necessity
for an unfurlable antenna at the high band. Accordingly the possibility
was exemined in some detail,

Various aspects covered by the investigation were:

(1) availability of sufficient gain for useful communications

traffic.

(2) nature and design of the radiating elements.

(3) phasing of the rediating elements,

(4) 1losses

(5) weight
In view of difficulties encountered in obtaining a definitive answer
to point (1), the investigation of points (2) to (5) was carried only
to the feasibility level. In many cases it was found useful to refer
to the design details available on the antenna system for the LES6 satellite,
which used a despun antenna, although of somewhat less gain than that
required here.

The first step was to determine if it was possible, using the available
érea on the cylindrical body of the satellite, to obtain sufficient gain
to give useful communications capability, with the power which could be
Obtained from the solar cells, also mounted on the cylindrical body.
4t this point, extensions to the body to obtain either greater antenna

&rea, or greater solar cell arsa, were not considered.
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6+3+2 Estimating Availsble Gain of the Array

' The maximum gain availasble from a given size and shape of surface
available for the radiating elements of an electrically despun array
can be approached in several ways.

One approach is to appeal to the principle that, for antennas consist-
ing of a more or less two-dimensional radiating surface, the gain
(directivity) cannot exceed that of a uniform phase, umiformly illuminated
aperture of the same projected arca, i.ee G = %—A, (For compaﬁson-
with a gain figure calculated from individual element gains, if we assume
the individual radiating element has an effective area of :’—z, it will
make a maximum comtribution to the total gain of % (Z:-E- ) or 7, ies.
497 dBe If the individual element gain is higher, it must occupy
a larger surface area, or its gain will be reduced by mutual coupling
effects)e

Of the 86 inch diameter of the spacecraft, only about 120° will be
available as effective aperture at any one time (Figure 6.7)e Elements
outside of this arc will contribute so little to the radiation in the
given direction that it will not Jjustify the extra complexity to excite
them. (Even the contribution of elements near the extremes of the arc
will be somewhat reduced because of the orientation of their element
patterns)e Thus the effective width of the aperture will be about 2(43)
cos 60° or 7h4.6 inchese. Assuming the whole height (92 inches) of the
spacecraft body is available as effective aperture, the aperture area
then is 7he6"™ x 92" or 6863 square inches. At 300 MHz or 1 metre
wavelength (39.37 inches) this is .43 square wavelengths. The gain

(4w A/A?).corresponding to this is 55.7 or 17.6 dB.
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Figure 6,7 — Available aperture for a body mounted array
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This figure 1s useful as an upper bound to the available gain, but it
is probably higher than the value which could actually be obtained, since
the contributions due the elements near the extremes of the aperture (in
the circumferential direction) will be decreased by the element pattern.
(On the other hand if the element centres are at the edges of the specified
74.6 inch aperture, the effective area of the elements will extend about
i’-beyond the actual aperture, giving a potentisl 1 dB further gein to
give 1806 dB).

To get & more accurage value for gain we would have to perform a
pattern integration for a specific distribution of radiating elements
on the cylindrical surface. In fact, to obtain a figure for maximum
gain we would have to perform & number of such integrations for different
element distributions. As we did not have access to a working computer
program for such a celculation, it was beyond the scope of this project.
However, using available design curves we can at least meke an estimate
of the distribution of radiating elements which is likely to give maximum
gaine. Let us consider the same 120° x 92" area. The 92" height represents
2.3 wavelengths at 300 MHze In this distance we could have 3 elements
with 0.9 A spacing, U elements with 0.6 A spacing, or 5 elements with O.45 A
spacinge This is the axial direction, In the other direction (the
circumferential direction) we could have from 2 to, say, 5 elements in the
120® arc around the cylinder. That is, we might have from 6 to 25 elements
on this cylindrical surface. For an accurate assessment of the pattern
and gain due to each of these distributions of elements, a detailed
computer calculation would be required as indicated ebove. However, it

is possible to get an approximate value for the arrey gain by assuming

the gain function to be separable so that array gain = (element gain) x
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(array gain factor in "a" direction) x (array gein factor in "b" directions)e
Referring to curves of arrsy directivity vs element spacing (Figure 6.8),
of the three choices given above for element spacing in the axial direction,
the highest array directivity (6.8 dB) is obtained from 4 elements with
0.6 A spacinge

In the other direction, we have a curved aperture of about %’1 (43)
or 90 inches. This represents one third of the total circumference of
270 inches. We might consider any number of elements equelly spaced
around the circumference from, say, six to twelve or more. With six
or seven elements the 90 inch arc will enoompass two elements, making
allowance for elements with dimensions sbout & in the circumferentiel
direction, or three, if the element centre may be close to, or at the
edge of the aperture. For other element spacings the situation is shown
in Table 6e.1e The second column gives the number of elements which can
be accommodated if the centres of the outside elements must lie at least
% within the boundary of the 120% arc, while the third colum gives
the number of elements possible if the centre of the element mey lie

hear or at the boundary of the 120° arc.

Table 6.1 Number of Elements in 120® Arc for Various Spacings
(Number in bracket is length of chord separating extreme elements)

Total Number of Number in 120%rec Number in 120° arc
Elements Around allowing for circum-, allowing element centre
Circumference ferential dimension 3 to be near limits of
—~— aperture

6 2 (43") 3 (75"

7 2 (3m 3 (67"

8 3 (640 3 (64"

9 3 (55" L (75"

10 3 (51" 4 (70"

1 3 (47" 4 (65"

12 L 61 " 5 7 "
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N= Number of Elements
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These curves are strictly applicable only to omnidirectional
elements and their application to dipoles above a ground
plane or slots in a ground plane is only an approximation.
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Figure 6.8 — Array Directivity vs Element Spacing
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The bracketed number is the projected width of the aperture between
extreme element centres. This, divided by (number of elements = 1) gives
the average element separation (at right angles to the direction of "forward"
rediation). Since the elements do not lie in a straight line, and since
effective element separation (i.e normal to the forward direction) is
not constant for four or more elements, the curves of Figure 2 do not
apply exactly, but they should give a reasonsble approximation to the
situatione For three elements out of seven, and three elements out
of eight, excited the curves predict a gain of slightly more than 6 dB
over a single element, and for four elements out of nine excited they
predict 7 dB over a single element. There is no apparent advantage in
having more than nine elements around the circumference.

That is, the gain by exciting a Lx3 array of elements is predicted
to be 128 dB over & single element, and that by exciting a 4xi4 arrgy
is 1% 8 dBe Assuming an element gain of 5 dB, the total gain from a
L4x3 array would be 17.8 B and that from a kx4 array as 18 8 dB.

The comparison with the gain prediction for the uniformly illuminated
aperture suggests that these figures may be a trifle optimistic, so the
absolute gain figures should not be taken too seriously, but they may be
taken as indications of the optimum element distribution. There are also
two other factors which are associated with the f'act that the elements lie
on a curved surface which were not taken into account in the above "projected
aperture" considerations. The first factor is that the elements at the
ends of the gperture in the circumf'erential direction, will have radiation
patterns with meximum gain at an angle to the forward direction of the

array and therefore will centribute slightly less to the net field
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than would the elements of a planar array. This will tend to decrease
the total gain slightly. The second factor is that, because the
radieting aperture has a substential dimension in the direction of the
forward beam, it will have an element of "end fire" gain. This will
tend to increase the total gain slightly.
All we can say, then, is that with four rows of nine elements
around the circumference, exciting sixteen elements at a time to radiate
in the "forward" radial direction, maximum gain should be obtained, and
this gain is expected to be in the region of 18 * 1 dB. This figure
represents peak gain from which a further 0,8 dB must be substracted
to give edge gain of 17.2 £ 1 dB. In addition, losses in the phasing,
switching and power division network must be included. In Section 6.3.5
these are estimated at 3.3 dB, leaving a net edge gain range of 13.9% 1 dB.
This is a sufficient gain on which to base a useful satellite design
but the range of uncertainty is too great to be used as the basis for a
specific designe It would, clearly, be desirable to take the further
step of meking a complete computer integration of the pattern to determine
the directive gaine The technique for this calculation for arrgys on
cylindrical surfaces has been given by various sources (Refe 1, 2, 3)
but (as mentioned above) a working computer program for the calculation was
not available, and the resources of time and funding in this program did
not allow establishing one.

6.3+3 Radiating Elements

A number of different types of radiating element are possible. Some
of the considerations in selecting a type of element are the following
(1) it should add little or nothing to the radial dimensions at launch

(2) deployment if required should be automatic or as simple as possible
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(3) it must produce circular polarisation (4) there should be as little
degradation as possible in the axial ratio of the circularly polarized
signal radiated by the element at large angles (up to 70°) from the
redial direction (5) it should mroduce minimum interference with the
solar cell array, i.e. it should produce minimum shedowing if it

is elevated "above" the surface, or, if it is part of the surface,

it should occupy as little area as possiblee.

On the basis of several of these criteria, crossed, cavity-backed
slots would seem to be & very convenient form of rediating element.
(Figure 6.9)e They do not project, they produce no shadowing, and
they are readily fed to produce circular polarisation (by adjusting
the slot lengths). The area which they occupy is modest, 3-&%
of the surface, reducing the available power by this emount. The
only characteristic in which they suffer in comparison to other types
of element, is in axiel ratio of the "circularly" polarized signal
at large angles to the radial direction.

The type of element used in LES6, could be expected to show a
more constant axial ratio. It is a combination of a surface slot
(cavity-backed) and a dipole elevated above the surface, both slot
and dipole being parallel to the axis of the cylindrical surface
(Figure 6.10), However, it has the problem of either requiring
deployment after launch, or of requiring the diameter of the satellite
body to be reduced slightly, reducing solar cell area, to fit into the
fairing., Shadowing of the solar cells is also a potential problem,
the nature of which has been discussed in Section L4.e2e1e This can

be partly overcome by special design provisions in setting up the solar
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cell chainy but introduces extra cost and complexitye

Short helical elements are a third possibility (Figure 6.11).
These are easy to feed and would be relatively easy to deploy as
compressed springs. They would retain their axial ratio reasonably
well to large angles. The problem again is the potential effect
of shadowing.

It is probable that a system could be developed using any one
of these three types of element. Experimental measurements on elements
mounted on & model of the actual swrface would be necessary to decide
which was optimum for this mission.

6e3el Phnasing of Blements and Switching

The phasing and switching for this application is much more
complex than for LES6, At any instant energy is radiated from four
out of nine elements in each of the four rings of elements around the
spacecraft body. The energy is successively switched between nine
combinations of four adjacent elements, i.e. 1234, 2345, 3456, L4567,
5678, 7891, 8912, and 9123, in Figure 6412, This gives nine"forward"
(radial) directions of radiation. Since the 3 dB beamwidth from these
would be of the order of 40% gain variation would be considerable if
only these nine "forward" beams were used, switching every 4LO® of
spacecreft rotation. The gain variation can be reduced by additional
switching between two or more beams generated by different phasing
of the four elements excited during each 40® of spacecraft rotation.
However, this further complicates the switching and phasing.

With only one beam generated from each four elements the gain

variation is 3 dB, going through one cycle every 40°. With two
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Figure 6.12 — Element positions on spacecraft circumference
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Figure 6.13 — Phasing of four elements to give two beams
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beams, the switching is at 20° intervals end the gain variation 0.8 dB.
With three beams, the gain variation is 0.3 dB, switching every 13® or
27 times during a revolution. Beyond this the improvement is slowe.

Since the minimum gain is the value which determines the acceptability
of the link, the one beam per sector solution would mean accepting a
further 3 dB reduction in antenna gain. Although this would mean a much
simpler switching and phasing problem, it cannot be considered acceptable.
If the 3 dB loss could be tolerated,it might be used better by reverting
to the LES6 situation of exciting only two adjacent elements, using
two beams per sector, and perhaps increasing the number of sectors slightlye.
This would give a much simpler switching and phasing situation.

If we form two beams per sector from the 4 by 4 arrsy being considered
here, we require to provide phasesfor the four elements in each ring to
produce beams at +10° and ~10® from the radial line through axis of
symnetry of the four excited elements, i.e. between elements 2 and 3
(Figure 6.13)e Let ¢y, P2, ¢35, and ¢u be the phase shifts which must
be inserted in the paths to elements 1, 2, 3, and 4 respectively to
produce a beam at - 10° (assuming that otherwise line lengths are such
that they would all rediate in the same phase), Then phases ¢y, P35, ¢z
and ¢ fed to elements 1, 2, 3, and 4 respectively will produce a beam
at + 10°. If phases ¢y, ¢2, P35, and ¢ are next fed to elements 2, 3, L4
and 5 a beam that is - 10%from the radiel line between elements 3 and 4
is produced, i.e. a beam which is + 30° from the previous reference, the
redial line between 2 and 3. If the reversed phases, ¢4, Ps, ¢$2 and

¢1, are now fed to elements 2, 3, 4 and 5, a beam at + 50° to the previous

reference will be produced. That is, by reversing the phases, and switching
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around by one element at each second reversal, the beam can be stepped
around the satellite in jumps of 20°, The phases of the elements for
different beam positions are given in Table 6.2, where successive lines
give the phases of the four elements required to produce the different
Successive beams. Here the phases ¢ to ¢ are -2%1'(0.584), -gg—r(o.%o),
%%o.oéo), and -2{5(0.282), respectively. Here, r = 43 inches and

A = )40 inches. (See Figure 614 ).

Table 6.2 Phases of Elements for 18 Beams

Element Number
1 2 3 4 5 6 7 8 9

Beam Position

1 M P2 P - - = - -
2 P ¢35 P2 A - - - = =
3 - $H b2 P P - = - =
4 -~ P P P - - - -
5 - = ¢ P2 P P - - -
6 - = ¢ P b2 P - - -
7 - - - h P2 Pz - -
8 - = = ¢4 ¢ ¢ H - -
9 - = - - ¢ b2 Ps by -
10 - = = = M P35 ¢2 B -
11 - - - - - 1 P2 P P
12 - = = = = e P3P P
13 Ps © = = = = & ¢ ¢
14 h - = = = = b P P
15 $s P = = - = = N ¢
16 2 P = = = = = H ¢
17 $2 b P - - = = = N
18 $s P2 P = = = = =
19 ¢ P2 P - - - - -
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Figure 6.14 — Phase shifts required to tilt beam 10°
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To produce three beams from each set of four elements, or a total of
27 beams, we must use three sets of phases for each four elements,
These are ¢s, s, P72, and ¢g to produce a beam at - 1333-'; Poy Pro,
P11, and ¢12 to produce a beam at 0°; and ¢s, $r, ¢, and ¢s to

produce & beam at + 13']3-'. Here:

¢ = - 2Z(0.628)  , g == 3’;—‘” (0.029), ¢ = + ZE(0.079),
bo = - 2Z(0.228) , ¢ = -2 (0440), dre= O
dra= O s bre= = ZE (0.140).

The switching to produce the phasings is simple in principle,
four or eight properly phased sources each connected through diode
switches to each of the radiating elements, with logic hox controlling
the switches according to signals from the earth sensors. (See Figure
6.15)e In practice, because of the large number of diodes required to
implement the switching and the large number of re.f. interconnections,
the design will be very difficult, but still feasible.

6.3.5 Losses

An accurate estimate of the losses cannot be produced without a
detailed ‘design. Bstimates can be made by taking LES-6 results and
making allowences for the increased complexity of the present system.
The calculated directivity of the LES6 antenna (dipole array) was
12.53 dB, and the measured directivity of the dipole array was 12.2 dBe
The measured gain (i.e. directivity less losses) of the satellite was
9.8 - 10.2, That is, losses were approximately 2 dB. With the larger
size and more complex system here a loss of 2.5 - 3 dB might be expectede

To this must be added the pattern loss (due to variation of gain
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Figure 6.15 —~ Electronic despin electronics
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toward the earth during rotation discussed in the previous section, which
is 0,8 dB for an 18 beam system or 0.3 dB for a 27 beam systems. Actually,
the helf dB improvement, due to the use of 27 beams, would probably be
lost in additional attenuation due to the extra complexity of the system,
so the 18 beam system is to be preferred. A total loss of 33 dB (actual
losses plus pattern losses) is probsbly a reasonable estimmte for the 18
beam systeme

Combined with the directive gain (directivity) estimates made
previously this gives a net estimated effective gain of 13,9 £ 1 dB
for the electronically despun antenna.
6¢3.6 Weight

There are similar difficulties in estimating weight accurately
without a detailed design. The following approximate estimates are

based on estimated numbers of various components and estimated unit

weightse
36 dipoles 5 lbs
36 cavity backed slots 9 1bs

6l hybrids and loeds (power division) 16 1bs

8 switching networks 16 1lbs
1 logic box 2 lbs
36 slot matching devices 5 1lbs
Cabling _2 1bs

55 1lbs

Use of a naturally circularly polarized radiator, such as a helix, rather
than a compound radiator such as a slot-dipole combination, would reduce
much of the feed system by half, and give a weight possibly as low as

34 lbs. However, the solar array shadowing problem from such elements
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is considered too difficult.

6.4 Antennas for a Three Axis Stebilized Spacecraft

Two major possibilities occur for the three axis stabilized
spacecraft. We can consider either a two band deployable antenna
similar to that described in Section 6.2 for the spin stabilized
satellite, or a quad helix array, similar to that described in
Reference A, for the 300 MHz band with either a dish or a high band
helix arrsgy for 2.5 GHz.

The deployable antenna as it would be applied to the three axis
stabilized design is shown in Figure 6.16. Some elements of weight
will be reduced in this application, and the estimated weight is
30 1bs.

The quad helix arrgy for 300 MHz has been discussed in detail in

Reference A. Its characteristics are given in Table 6.3.

+Table 663 300 MHz Quad Helix Array

Characteristic Value
Length of Helices 95 inches
Helix diameter 12 inches

Element spacing (on side of square) 7% inches

Peak gain 19.75 4B
Bdge of cover (8°) gain 18,7 4B
Rllipticity <2d4B
Weight 33 1bs

There is adequate space in the centre of the arrgy for a 45" x 90"
Parabola,as would be required to provide the same 2.5 GHz traffic

Planned for the spin stabilized system. The additional weight of such
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TO DEPLOY ANTENNA

!

Figure 6.16 —~ Deployable two-band antenna used on @ 3-oxis stabilized
spacecraft (Launch Configuration)
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- an antenna is estimated at 8 1lbs making a total of 41 lbs.

An alternative to the parabola would be a 2.5 GHz quad helix array
providing the same gaine. This could be done with 22 dB elements (about
150 inches in length with centres on 13 inch spacing). However, in
view of the length of the elements the weight with the deployment
mechanism would probably be as great as that of the 45" X 90" dish,
so it is not an attractive alternative,

In a CTS type configuration the face of the spacecraft which is on
tl;e top prior to launch (i.e. in the fairing) becomes the face which
is oriented toward the earth. Thus,the antennas are mounted on this
face., To keep within the 86 inch fairing diameter in the case of the
quad helix array, the helix supports would have to be folded toward
the centre, so that a two stage deployment is required. The 2.5 GHz
aperture would be reduced to 45" x 86" to allow a non-deployable dish to
fit into the feiring, in the space between the helices. The loss of
8ain is not apprecisble. In the case of the deployable parobolic dish,
the centre of the dish would be mounted directly to a fitting on the top
Tace of the spacecraft with the feed support column and axis of the parabola
mounted permanently at right angles to this face (i.e. along the axis of
Symmetry of the fairing). The ends of the ribs would be held by an attach=-
Went ring the release of which would be activated mechanically through the
feed support column., A deployable design using folded ribs has also been
Dade., This would allow securing directly to the deck.

In the RCA/ITOS configuration, the face which becomes the earth
Oriented face is one of the vertical faces when mounted in the fairing,
The top face is available for mounting antennas which will point at right

angles to the normal to this face, i.e. which will point in a direction
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in the plane of this face. The mounting of the two band deployable parabola,
then, can be exactly as described under the discussion of mechanically
despun antennas for the spin stabilized spacecraft. The deplcyable quad
helix could be mounted on the earth oriented face of the spacecraft or

on a framework projecting from the top face by folding the helix supports

inward prior to lﬁunch, thus again requiring a two stage deployment.
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7.0 SPACECRAFT SUBSYSTEMS (NON PAYLOAD)

71 Introduction

This section gives the performance level specifications of the
"bus" subsystems of the various configurations. These data are drawn
 from the previous report (Reference A) and updated for those factors
considered mission peculiar. In addition, where pertinent an explana-
tory paragraph has been added outlining design features, areas of
difficulty etce.

72 Telemetry and Command

Table 7.1 Telemetry Specifications

RJFo Frequency T.B.D

EIRP Od By

Modulation b3

Encoding System M

Tracking By Residual Carrier
Antenna Omni

Reliebility 0.945 8 yrs.

Weight 13.9 lbs

Power 18 watts sunlight

10 watts eclipse

Table 7.2 Command Specifications

R.F+ Frequency T.BeDo
Receiver Noise Figure <10 4B
Modulation 3
Encoding . FCM/FSK/AM
Antenna Omi
Reliability 0,960 8 years
Weight 9.8 lbs

3.6 watts

Power
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There is no major problem in this subsystem. There are three
options in the choice of operating frequencies., If permanent assign-
ments can be obtained in the Stadan bands, several potentiel advantages
are available.

o Standard hardware

o World-wide tracking available

o Frequencies compatible with 2.5 GHz communications hardware

but separable by simple filters.
1 If frequency assignments are not available, it would be proposed to
redevelop standard units to operate in the upper communications band.
This would introduce tracking problems. Operation at lower bands is
also possible but offers additional difficulties including those of
tracking.

If required, the telemetry frequency could be developed from &
common source with the communications local oscillator and thus provide
a reference frequency. Other options could include bringing telemetry
down through the communications antenna when operations are normal.
However such requires automatic change over or blind commands when
antenna is not properly oriented..

A separate omni antennsa probably on the despun section is preferred
for spinning configurations while, for the 3 axis configuration a
cardioid pattern antenna mounted on a short mast on the earth facing
side is a plausible means of achieving the required coverage for orbit

injection and on station operation.
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7.3 Attitude Control (3 Axis Configuration)

Table 7.3 Attitude Control - 3 Axis

Beam Pointing Brror * 0,5* Pitch
* 0,5° Roll
*7° Yaw
Attitude Sensing Static Earth Sensor - Pitch and
Roll Sun Sensor -~ Yaw
Reliaebility «900
Weight 56 1lbs
Power 30 watts sunlight

30 watts eclipse

This subsystem is essentially the double gimballed reaction
wheel system proposed in Reference A as being suitable for & long
life mission in which there is no stringent pointing requirement.

74 Attitude Determination and Despin gDual Spin @_11)

Table 74 AD&D Specifiications

Bean Pointing * 0.5°N-S (30

* 0,5°E-W 2303
Spin Rate 75 = 100 rpm
Acquisition Time < 15 minutes
Sensing Earth & Sun Sensors
Reliability 0,920
Weight 40 1bs
Power 13.8 watts

The techniques of this subsystem are straight forward. Prime
development effort would be in relation to the bearings and motor

suitable to take the antenna loadse. It is considered that the erectable
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antenna shows some advantage in that the C.G. of the despun hardware
is moderately low end some of the forces can be taken through suiteble
mechanical restraintse.

The rotaxry Jjoint is a design problem, at least at the lower
frequency. If a suitable coaxial design cannot be achieved (possibly
due to choke dimensions) a rotary transformer approach appears feasible.
7+5 Fower

No particuler difficulties have been identif'ied in the three
possible configurations discussed. The general advantages of each,
as well as their limitations as discussed elsewhere are summarized

here.

7+5¢1 Dual Spin

Table 7.5 Power Specifications =~ Dual Spin

Solar Cell Array

Type Body Mounted

Power BeOdLe 360 watts

Weight 110 1bs
Battery

Number of batteries 2

Cycles 90/year

Max. Depth of Discharge 60%

Weight €8 1bs
Power Control
Weight 30 1bs
Power 21 watts Sun 8 watts eclipse

Relisbility

0.950
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There are relatively few apparent problems associated with this
body mounted array or the other power units. The design uses most but
not all of the fairing straight section (in an effort to keep the
spacecraft CG low). Thus the design can be readily adapted to increase
power by about 25 watts. Additional power could be obtained by allowing
the array to extend below the separation plane provided no interference
developes with the marmon clamp or with apogee motor arming.

This type of array of course suffers by the fact that only 1/7
of the total cells are illuminated at a given instant. The power relative
to an oriented array is not down by the same ratio because of the rotisserie
effect wherein the cells of the spinner are operating at a lower meean
temperature and thus more efficiently. The simplest body mounted array
(without panels etc) ultimately simply runs out of fairing space end
this is nominally the limiting factor rather than the cost of the "extra"
cells,

Power conditioning for either spin or 3 axis configurations will
probably favour constant power a switching type regulators rather than
short series dissipative techniques. This is closely related to the
nature of the varieble load with lifetime and operating charadteristics,
and the resulting thermal problems.

752 Deployeble Rigid Panels

Table 7.6 FPower Specification

Solar Cell Array

Type Rigid Deployment Panels
Power E.O.Le. 500 watts
Weight -~ Deployment Mech. 18 lbs

- Panels & cells 55 lbs

Batteries & FCU as per Dual Spin



- 145 -

This type of array seems most suitable for moderate power demands
in three axis stabilized configurations (and some spin stabilized
missions). |

The power limit of this type of configuration is arbitrary in that -
large areas can be achieved but generally at the cost of increased
mechanical complexity and thus with some reduction of reliability.

In missions in which there is a requirement for high eclipse
_power (full or high communications capability), it is difficult to
provide adequate battery capacity to match the arrgy capacitye.

There is a potential center of pressure vs problem, particularly
in configurations as shown here, although this can be designed to be
balanced on the average by the antenna surfaces. This balance cannot
be constant in time because of the earth pointing of the antennas vs
the sun pointing of the solar arragye.
7e5¢3 Flexible Solar Sails

Table 7.7 FPower Specification

Solar Cell Arrsy

Type . Flexible - extensible arrey
Power E.Q.Le - ~ 1 k Watt
Weight - Deployment® 70 1bs

- Sails 4O 1bs

* includes transfer orbit arrsy
Batteries & P.C.U. as per Dual Spin

This type of array is most suitable for high power applicationse.
Once the initial weight penalty is accepted, the weight to power

coefficient for additional power is very favoursble.
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It may be noted that the deployment mechanism weight includes
that of a low power solar array for transfer orbit use. This weight
and the array covers are disposed of at the time of deployment and a
small advantage is gained since there is a corresponding secondary
propulsion fuel saving from the reduced spacecraft mass on Station.

Except in large mass spacecraft, it is virtually impossible to
provide batteries adequate for full eclipse power.
7.6 Electrical Distribution

This is not a true subsystem - but rather a collection of units
generally associated with power distribution end control. For different
manufacturers and configurations the exact units involved vary consider-
ably. Typically, units which may be found in the subsystem are the
harness(es), power switching, system power conditioning, and of'ten the
canmmand decodinge The subsystem is highly related to the overall space-
craf't integration task and includes areas such as grounding techniques
and electricel interfeerence control.

No particular problems have been identif'ied for this mission.



7«7 Positioning and Orientation

Teble 7.8 P & O Specification - Spin Stabilized

Parameter
Fuel

No. of Tanks
Thrust Level

Axial Thruster

Radical Thruster

Dry Weight
Fuel Weight
Reliability

Power

Table 7.9 P & 0 Specification - 3

Fusl
No. of Tanks
Thrust Level

Dxy Weight
Fuel Weight
Reliability

Power

Value

Monopropellant Hydrazine

L

5 1lbs

Pulsed = Attitude Control

Continuous = NeSe Inclina-
tion correction

Pulsed - E.¥ Station Keeping

2, lbs

150 1bs

«970

5 watts sunlight

o5 watts eclipse

Axis Stabilized

Monopropellant Hydrazine

3

Axial 5 lbs
Radial 5 lbs
Roll o1 lbs

PitCh o1 lbs
Yaw o1 1bs

5607 1lbs
150 1bs
«960

9 watts sunlight
9 watts eclipse
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In general this subsystem should be made up of flight proven
components in order to achieve high reliability. Electrical thrusters
are not considered as adequately proven at this time - at least for
extended lifetime missionse

This mission requires large tankage including reserve capacity
to pemit fueling up to zero contingency at time of launch. It may

be noted that the three sigme booster dispersion components of the fuel
load typicelly can provide up to 18 months of station keeping if the
launch is perfect. Thus a flexible and adaptive mission plan for the
system is highly desirsble.

It may be noted that the three axis system is basically heavier
because of the extra thrusters and the need to provide positive fuel
separation from the pressurant or incorporation of surface tension
tankse

No major problems are anticipated in the subsystem.

7.8 Thermal

This is a recognized problem area. The budgetary allocations
are based on passive control plus the use of switchable solar arrsy
shunts. If full active control (shutters ete) should be required,
additional weight allocation will be required.

The problems are associated with the varying heat source locations
which result from the varying transponder configurations at constant
power, the full use of spacecraft power resources over the lifetime
as the solar cells degrade i.e. varying total power load.

It is anticipated that the thermal effects of switching of

communications configurations can be alleviated by carefully layout
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of units including such techniques as complementary units sharing
heat sinks, balancing of efficiencies etc. Similarly units most
likely to be employed in early life (high power utilization) but
not later would have to be examined carefully. It is clear that
the spacecraft will show a wider range of temperature than usual
and thus designs will have to be carefully examined for thermal
Sensitivity.

The thermal problems are of & similar nature but mgy be more
se'}ere in the three axis configurations because of the more compact
size and the diurnal rotisserie effect. In either configuration it
is likely that heat pipe and/or active thermal control techniques will
be required.

79 Structure

There are no apparent major design problems. Other than the usual
requirement for minimum weight, attention will have to be given to stiffness
because of stability of the launch vehicle/spacecraft combination.

It is anticipated that a midships deck carrying most of the mass well
outboard will be required in order to achieve stability of the spinning
Configuraetion. The thrust tube will have to be of large diemeter becguse
of the large apogee kick motor and a high center of gravity. Ths 3

axis design shows some weight advantage because of the more compact

Size and efficient structural design relative to the spinner with

~ its large drum and heavy equipment platform and support.

7410 Apogee Motor

There are no apparent problems in this subsystem. It is assumed
that an extended case on the Thiokol TE36L4-i motor would be appropriate.

It may be that at the time of implementation an AK Motor matched to
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the 1890 1lbs Thor Delta will be available.
7.11 General
Consideration will have to be given to the spin problem in the
dual spin configuration. The large diameter of the spacecraf't will
produce high "g" forces at normal spin rates. High spin rates are
desirable to produce stiffness in spacecraft attitude., It may be
necessary to add rockets to the spin table or alternatively to
position thrusters so as to permit spacecraft spin up after separation.
It may be noted that the sensor information for attitude determination
is sensitive to spin rate, becoming more accurate as the rate increasese
It also may be noted that the 3 axis configurations also have a

spinning phase associated with 3rd stage and AKM firings.
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8,0 TMPLEMENTATION ALTERNATIVES

o Traffic Exceeds Basic Model
o Dual-Spin Configuration

e 3 Axis Configurstion based on CTS
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8.0 IFLEMENTATION ALTERNATIVES

This section provides the basic budgets as well as spacecraf't
sumnary specifications and sketches of general configuration for the two
concepts which at this time are considered as most suitable for planning
of this missione. As noted in Section 4, these budgets are not strictly
compareble with those developed in that section as indicative of the
trade-off regimese.

The configuration utilizing electrical despin of low band antennas
and that based. on the RCA/ITOS design are not considered adequately defined
at this time for selection as recommended designs, although either or
both must still be considered potential candidates for implementation
in the time frame of intercst. Accordingly these configurations and their
respective gudgets are not developed for presentation herc elthough they
arc availsble as preliminery data in section L.

Figure 8.1 shows the dual-spin configuretion concept, while Tables
8.1 and 8.2 give the spacecraft basic specification and weight budgets
respectively.

Table 8.3 gives the traffic summary for various operational phases
for both configurations.

FPigure 8.2 shows the 3 axis configuration, Table 8.4 its specificationl

and 8.5 the welght budgetse.
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Research '
Laboratories *

DUALBAND-DUAL SPIN SPACECRAFT

Figure 8.1



Diameter: 86'" @ Height: 157.5'"'/221.5"

1820 Ibs. in transfer; Initial on orbit 963 Ibs.; End of Life: 813 lbs.
Dual Band Transponder
Canadian Coverage

Power: 360 Watts E.O.L.(S.S.);  Eclipse: 243 Watts

8-Year Life

Table 8.1 — Spacecraft Characteristics — Spin Stabilized Configuration

- HGL -
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Launch Capability 28.3° Inclination

‘Attach Fitting

Apogee Motor Fuel

Initial on-orbit fueled spacecraft
‘Bus’ Weight

Payload Available

Transponder

Antenna

Design Margin

1890 ibs.
70
857
963
196
167
90
42

35

Power E.O.L. — 360 Watts Eclipse 243 Watts

Table 8.2 — Dual Spin Spacecraft - 8 Year Life
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300 MHz 2.5 GHz
High Power | Low Power | Broadcast | Low Power
Single Satellite Sun BOL 3 K 1 3 %
EOL, 8.8 1 30 3 90
Min. Eclipse - - 2 1)
Dual Satellite System Sun 4 60 3 90
Min. Eclipse 1 30 2 45
(a) 3.Axis
300 MHz 2.5GHz
High Power | Low Power | Broadcast | Low Power
Single Satellite BOL 3 3 .3 90
" |Eo, .. 1 2 3 %
Eclipse 1 10 2 “
Dual Satellite Sun 3 50 3 90
Eclipse 3 30 3 90

(b) Dual Spin

Table 8.3 ~ Traffic Capability Channels
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3 AXIS STABILIZED SPACECRAFT - CTS BASED

Figure 8.2



@ Diameter: 71'" @ Height: 116’ /116"

@ 1820 Ibs. in transfer; (Initial on orbit 948 Ibs. End of Life: 800 Ibs.
o Dual Band Transponder

@ Canadian Coverage

- g6l -

® Power: 437 Watts E.Q.L. (S.5.); Eclipse: 160 Watts
® 8-Year Life

Table 8.4 - Spacecraft Characteristics = 3-Axis Configuration
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Launch Capability — 28.3° Inclination

Attach Fitting
"Apogee Motor Fuel

Initial on-orbit fueled spacecraft
(before panel jettison)

Bus Weight
Payload Available
Transponder
Antenna

Design Margin

1890 Ibs.
70

857

963

824

13

a1

8 Ibs.

Power E.O.L. — 437 Watts; Eclipse: 160 Watts

Table 8.5 — 3-Axis Spacecraft ~ 8-Year Life (CTS Based)
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9.0 BUDGETARY - PROGRAM COST - SPACE SEGMENT

o Postulated contracting format
o Performance specification

o "Commercial" spacecraft procurement

. Flight 1 - 30 months ARO

o Comparisons to other costing data
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9.0 BUDGETARY PROGRAM COST-SPACE SEGMENT

In developing the budgetary estimates for the space segment of

this system, a large number of assumptions have had to be made and some

ground rules developed, the most important of which are discussed below.

(a) The costs are based on available data adjusted for factors

(v)

()

(@)

considered to be program peculiare

The figures quoted are budgetary cost estimates including
estimated profits and incentives., The latter factors are
sensitive to the form of contracts and the contracting

pattern, with the division between profits and an orbit
incentives to be negotiated. As a rough order of magnitude

the total of these have been estimated at 10%.

The estimates are based on a program which follows good
commercial spacecraf't practice procurements. In this regard

it is assumed that the procurement is to a spacecraf't pex'foz:'ma-ﬂ"’a
specification and that prime contractor control is to that
leveles It is further assumed that no special financial or
technical visibility or reporting is required.

It is assumed that all the required technologies are available
but that most subsystems reqtlire development to the extent

that normel design reviews, breadboard and engineering models
are required during the program. Thus, for example, the CTSV
technologies are considered as proven at the time of the progré?
implementation but that no subsystem can be a direct reprocuré”
ment of an unmodified design. However, when appropriate the

costs do reflect savings which result from off-the-shelf-units



(e)

()

(g)
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or devices where such savings commonly occure

The program is costed on the basis of a 30 month first launch
ARO, with the second at an interval such as to phase with good
continuity into the integration amd test facility. The basic
program consists of the appropriate models: mechanical - thermal
and engineering all within the nonrecurrent costs. For economy
it has been assumed that the prototype may be refurbished and
tested to flight levels at additional cost to act as launch
back upe. The reburbishing and retest cost estimate on the
prototyize is shown separately in as much as they are discretion=-
ary and likely to be implemented only on a launch or early
failure,

Cost estimates do not include duties, sales taxes or royalty
paymentse. All figures are in Canadian dollars and do not permit
unreasonable variations in exchange rates on units, subsystems
or components likely to be of foreign origin. The estimates

do not include launch costs or NASA Services or customer
program offices etc. As guidance NASA charges are anticipated
to anticipated to be of the order of $7.5 M per launch.

While reasonable effort within the scope of this study has

been made to develop accurate figures, the accuracy of the
forecasts of costs, inflation and influence of other programs

is such as to make these estimates liable to error. Within
these constraints and limitations it is felt that the overall
sccuracy is about 10 to 208. It is anticipated that the former

is generally applicaeble to the total space segment costs, while

the latter is more likely to apply to individual subsystem or
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phase costse

Table 9.1 gives the cost estimates for the dusl spin dual frequency
concept, and the delta cost indications for the 3 axis concept based
on CTS.

No budgetary prices have been developed for the RCA/AED configura-
tion of & 3 axis design. As indicated previously this concept is
presently the subject of & competitive proposel and thus is considered
proprietarye The preliminary costing information however does suggest
that the budgetary estimates for & hybrid type configuration would be
close to those of the dual spin configuration,

For comparison purposes these budgetary costs may be compared with
data recently published by Comsat and reproduced here as Figure 9.1, It
is not known in detail how these numbers are built up, e.g., how profits
are incorporated, if at all; apogee motor costs etc. Their data are in
general agreement with similar analyses by RCA Limited.,

Although not a contractual requirement to do so, it has been suggested
that for planning purposes it would be useful to develop totael space
segment costse To do so accurately requires a decision as to system
philosophy, acceptable user risks, philosophy as to additional launches
i.e. insurance, options etc. and similar factors. Solely for informetion
the following are given:

a) Minimum System

Basic committment

2 Spacecraft (incl. development) :
2 Launches and Services pratads

(5> T
<66
Spare for early S/C or Launch Failure $59 M
1 8/C refurbished
1« W
1 Launch i

fotal Cost $68.16 ¥



Non-Recurrent Prototype Unit Flight _T_gga_l
Systems & S.S. Eng. 1.2 0.5 0.25 2.45
Communications 3.5 2.1 L7 10.7
Antennas 1.2 0.2 0.15 1.85
TT Command 0.5 0.4 0.3 1.8
AD & Despun 1.85 1.0 0.8 5.25
Power 1.0 0.9 0.75 4.15
Elect. Dist. 0.3 0.15 0.1 0.75
Position and Orientation 1.5 0.35 0.3 2.75
Thermal 0.75 0.2 0.15 1.4
Apogee Motor 0.65 0.2 0.15 1.3
Structure . 1.0 0.3 0.3 2.2
Integration and Test 0.4 1.5 1.0 4.9
Ground Support 2.75 - - 2.75
Management - 29 0.5 0.5 4.5
Range Ops - - 0.15 0.45
Subtotal 19.1 - 8.3
, TOTAL . 6.60 47.2
Profits & Incentives 4.72
TOTAL 51.92
By Comsat & Curves 6.71
| (See Figure 9.1)
A Costs — CTS Type 3 Axis 0.6 5.0
1.00

Option — Refurbish Prototype

Notes

Dual-Band Multifunction

Includes Rotary Coupler

Dual Spin Configuration

Increase Over Dual Spin

Table 9.1 — Budgetary Costs Space Segment — 3 Flight S/C ~ First Launch 30 Months ARO ($ Million)

gt -
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] {on— ] ] t I
N
40 100 200 400 1000 2000 4000
SATELLITE MASS AT BEGINNING OF LIFE, W, {Ib)
SYMBOL NO. OF FLIGHT
MODELS
1 INTELSAT | 1
" INTELSAT 1l 5
in INTELSAT tit 8
w INTELSAT IV 8
Al ATS 1 THROUGH § 5
AF ATS F AND G 2
o DSCS-1 (1DCSP) 32
oIt DSCS-1I 6
SN SKYNET AND NATO 4

Figure 9.1. Satellite Cost vs. Satellite Mass

From Comsat Technical Review
Volume 2, Number 1 Spring 1972
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b) Protected System - 10 years

Basic Committment

3 8/C including development T B1.92 M
3 Launches 2265
$8L.42 M
Spare for early S/C or Launch Failure
Refurbishing 140
Launch 15
8.5 M
Total Cost $92.92 M

Although under best circumstances the space segment can be
established for $60 M, f‘.DI‘ program planning purposes (cost effectiveness
etc.) & minimum cost of 68 M is more appropriate. In a growth situation

the more conservative system would be appropriate with costs ranging
from §85-93 M. However, it may be noted that in the latter situation
of a full system, there could be signifiicant carry over of hardware

(traffic) capability beyond the ten year system life.
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10,0 CONCLUSIONS AND RECOMENDATIONS

« Dual Band Concept Feasible
o Advantages from low band operations

o Implementation altermatives




10.0 CONCLUSIONS AND RECQMMENDATIONS

On the basis of this stuly and data from its eé.rlier counterpart,
it is concluded that the space communications technology of the 1977
time frame will be adequate to support this mission concept amd
the forecast traffic.

It is further concluded that the specific concept of a communi-
cations subsystem operating in two widely separated frequency bands
is feasible and eithin the techmologye.

It is suggested that the lower band communications system
operating with small diameter ground stations offers interesting
operational techniques which enhance the cost effectiveness of the
system in terms of total traffic capability. This advantage is pre-~
dicated on the operational use of the spacecraft nominally designated
as sparee.

It is concluded that several differing configurations of spacecrsl?
can be developed to fulfill this mission requirement. It is suggested
that the final choice as to configuration should be made after the
availability of a specific launch vehicle capability has been determined'

Several areas merit further study in order to better define the
spacecraft requirements and subsequently to chose the most suiteble
spacecraf't configuration, spin or body stabilized.

o Detailed study of the system operation and spacecraft hardware

implications of the 2 satellite, active space, system concepte
In particular the trade-off between NS station keeping and
eclipse operation, and the impact on the communications transpondet

end antenna systeme
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Investigation of the high efficiency, low intermodulations
solid state amplifier.

Purther definition of thermal design problems and conceptual
solutions particularly for the body stebilized designe
Peasibility study of a suitable rotary joint/transformer

for the dual spin configuration.

More detailed investigation of feasible 2 Band antenna and
feed arrangements particulaerly for the body stabilized space-

crafte.



APPENDIX A

PRELIMINARY INVESTIGATION OF COMNDITIONS FOR
LOW INTERMODULATION DISTGRTION IN A MICROWAVE
POWNER TRANSISTOR.

ABSTRACT

It is demonstrated that the in-house computer program MING,
in conjunction with a nonlinear regression analysis program, provides
a powerful means for predicting the intermodulation distortion (IMD)
due to a microwave power transistor, not only under gain-optimized
conditions but also under special conditions leading to IMD-minimizatione.
Multicarrier operation up to 12 carriers is studied.

Note: This is a reproduction of RCA Limited Engineering Memorandum
MNLD-72-EM~005, August, 1972, authors: Dr.R.G. Harrison and

Dr. HeJde MOOdy'o
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1. INTRODUCTION

The'demonstréted ability of the in-house computer program
 MING to predict the intermodulation distortion (IMD) levels due to a
gain-optimized class A microwave power transistor amplifier with two
carriérs prompted a test of its effectiveness under experimeﬁtal con=
ditions which lead to IMD-minimization. The resulto reported here
indicate that MING provides good accuracy in this case alsa. Because
of the relevance of these findings to current communications—satellite

projects, it is recommended that further studies be implemented to

investigate the use of the program in the optimization of transistor

operating conditions in a multi-carrier environment. Some preliminary

multi-carrier computations are included.




2. EXPERIMEITAL

2.1 Circuit

The experimental circuit is shown in Figure 2.1. Carriers of
frequencies fy and f,, generated by two separate oscillators, are com~
bined using a -10 dB coupler. The 10 dB loss in the coupler side-arm
is compercsated by n travelling-wave tube amplifier (TWTA). An ad just-
able ntteruator nets the level of the composite input sipnal ber'ore it
enters the coaxinl amplifier containing the device uider test: in this
case a common-base RCA 2N5470 microwave power transistore Both input
and output ports are provided with double-dielectric—slu: tuner: and
adjustable dc bias supplies. The device is protected from excessive
dc collector currents by means of o crowbar circuit in series with the
collector bias supply Vcc' The total output power is moritored by &
videband power meter, the average dc current in the output circuit by
a clip-on type milliammeter and the levels of the IMD products by &
spectrum analyzer,

2.2 Procedure

Having set the two oscillators to the desired frequencies f4 and
f,, the gain of the TWPA is adjusted so that the level of each carriel
in the combiined input signal to the amplifier under test is the samée
Then the ahsolute level of the combined signal can he controlled by the
ad.justahle attenuator. The power incident on the amplifier input i8
to¥

initially determiried by replacing the amplifier by the 50 ohm thermis

head of a power meter,



. GR 1218-A
1 Oscillators

£-10dB
Coupler

E’ Adjustable
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——————e e

Coaxlal Amplifier

)| | [

Power Meter Spectrum Analyser
(HP431B)

Figure 2.1 — Experimental circuit used for investigation of the low-IMD condition
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Finding the conditions which lead to low IMD is not a simple

task, and seems to depend, to some extent, upon getting n "feel" for
the combined effect of varyinm the input-port bias VEE and the posi-
tions of the four dielectric tuning slugs, The objective is to min-
imize simultaneously the third-order IMD products 2f4-f, and 2, -4
while retaining acceptable values of gain (34 dB) and efficiency‘(z 25%).
Finding such a constrained minimum of 5 variables manually is difficult;
it is conjectured that a hetter minimum might be found were the experi-
ment computerized. This would involve servo-controlled tuners and a
progfammable bias supply, as well as analog-to-digital and digital-to-
analog converters and an on-line (possibly timeshored) computer.
Minimization of the levels of the IMD products is typically done
nt o power level near the centre of the desired dyndmic range. When
a sati;factory minimum has been nchieved, the active device is charact-
erized in terms of its nonlinear gain and phase character&stics. To
do this, one of the input carriers is removed and the output power and
the relative output phase-angle are measured as functions of the input
power using a Hewlett-~Packard network analyzer as shown in Figure 2.2.
This characterization is done over as wide a range of power-levels as

possible, The resulting P (Pin) and ¢out(Pin) transfer characteristics

out
constitute a methematical representation of the rf behaviour of the active
device together with its packaze and parasitics and its immediate network

environment (tuning elements, etc.). This representation can be used to

make predictions of the TMD products and effective gain under multi-carrier
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conditionse. It cannot, however, be used to predict efficiency. In
that case a more conventional physical model of the active device
would be required. The other shortcoming of the gain and phase char-
acterization is that it is specific to a particular tuning and bias
condition (but not to a particular power level)s Its overwhelming
advantage is that it is at present the only mathematically satisfac-

tory representation for calculations of the multi-carrier behaviour.
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3+ COMPUTATLONAL

The instantaneous input signal, whether it is a siﬁgle or a

multi-carrier signal, is represented as

1 (8) = p (&) cos(u ben(s)] (1)

where p(t) is the instantaneous amplitude
p(t) 1s the instantaneous phase
w, 1s a reference frequency (e.g. at midband).

If the output sipnal can be written
vout(t) = g(p)coslwot+ u(t)+f(p)} , (2)

where g(p) is due to the amplitude nonlinearity and f(p) is caused by the

(1]

phase nonlinearity due to AM-to-PM conversion then it can be shown

that the magnitude of the IMD product whose angular frequency is
wo+-k1w1 + kot + .4 +kn9n (3)

(where the ki take * integral or zero values and are constrained by

ke+ ka4 ...4-kn=‘1) is given by the absolute value of the complex quantity

[e2] (o]
n
if
M(k, ,kz,...,kn) :[rﬂ Jku(VSr) [pg(p Ye ! (")J1 (rp)dp] ar (%)
o °F o ‘
where Vi is the amplitude of the ith input carrier. The amplitude and

phase nonlinearities due to the device are represented in this expression

by the function



r(pYexpl if(p)] . (5)

This function can be approximated mathematically by a variety of diff-
erent series, such as power, Fourier or Ressel series, in each case

with comnlex coefficients, For oompututional efficiency & Bessel

(2]

serics approxiuation is advanta;oous:
N
s(p)exelir(e)] T ) e 31 (map) (6)
m=1

- where the scaling factor a and the complex cocefficients cj are ad just-

able., In the purticulur case of a Be..el series (4) can be expre:ned in

the ~imple form

~

ks pkz yeeoske o n I,V ma) . (7)

%-1

:\//2

The npproximation (6) is used here for the transistor characteristics.
IFrom Equations (1) and (2) it is evident that p is proportional

tO'VF—- and g(p) ic proportional te V’__—' The function f(p) in (2)

i

| &]

Just the output phase-angle (in radians). Since the present interest
is in the relative ruther than the abiolute level: of the IMD products,
it is convenient to normalize p, p(p) and £(p) such that g(p)=1 at the
snturation level nnd £(p)=0 nt the zoro input-power level,
Thg double curve-rittings of the measured Pont(P ) and ¢out( )
characteristics to the Bessel series in (6) is accomplisl:ed by means of
a modified version of the nonlinear-rerression program VLRGRES{B]

First the in-phase (real) part of (5) is fitted, namely

glplcost (P) ’ (8)
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then the quadrature (imaginary) part is fitted:

g@)sintlp) o (9)
It iz found in practice that the in-phacse part usunlly f£i4: much better
than the quadrature parte In peneral the sciling factor: a will be
different in the two casene To minimize the number of times the Bessel
functions have to be compmted, it is advantareous for both in-phase and
quadrature components to have the same a, Thus, when a satisfactory
aqunirature f4t has been achieved, the resulting value of a is prescribed
as a fixed paraneter for the in-phase curve~fitting operation.:

In the present case hoth in-phase and quadrature cohponents were
fitted by a nine-term Bessel series, (N = 9 in Equation (()).

"hen the double curve fitting has been accomplished, the in~house
computer program MING* is used to compute the TMD levels for the desired
numbey of cafriers. MING accomodates carriers of arbitrary amplitude
and spacing, the results reported here, however, are for equal amplitudes
and constant spacing. Although the program contains numerous special
fentures, the IMD prodiucts are effectively computed according to (7)
vhere the c, are the fitted complex coefficients of the Bessel series

of (6).

* Oripinally written for the annly:sis of distortion in TWT amplifiers
by J. Seddon, =ubsequently modified by He Moody, both of RCA Limited.
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4. RESULTS

The first case discussed below is the one which first indi:zated
the validity of the method for a microwave power transistor. The other
cases relate to the low-IMD condition,

4,1 Gain=Optimized Class A Amplifier

In the first experiment, the device was biased for class A oper-
ation and tuned for maximum single-carrier gain at the saturation level,
No attempt was made to minimize the 2-carrier IMD products. The single-—
carrier operating conditions are summarized in table 4(1) and the measured
nonlinear Pout(Pin) and ¢out(Pin) characteristics are shown in Figure L.1.

Next, two carriers were applied simultaneously to the amplifier
at a total power level :somewhat less than the saturation level, and the
resulting amplifier performance measured., These results, together with
the predictions of the MING progran are compared in Table 4(2), The
rather satisfactory agreement between the computed and measured levels
of the.tgird— and fifth-order IMD prodiucts (relative to the carrier
levels) prompted a similar investigation for the spscial case in which
thg transistor amplifier is optimized for the low-IMD czondition. This
work is reported in the next section,

L¢2 Amplifier Optimized for the Low-IMD Condition

In this experiment, the amplifier was carefully tuned and biased
to yield the minimum IMD while retaining acceptable gain and efficiency.
This process involves rather complex tradeoffs: it is generally found

that the lower one sets the minimum-gnin constraint, the lower the IMD
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Talle 4(1) -~ Single-carrier date for a yrain-
optimized class A amplifier at
the saturation level.

Transistor: 2MN5L.70
Mode: ~ Class A, common base
Fre.iency: 2,00 GHz, single carrier
Collector Riun: 30 mA, no RF applied
v : 28 volts
cc

(pin = +26.6 dBm

P ,=+31.5 dBm

At the gain optimum: {  out

+
G .9 aB
ln = 30%

¢}
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(81652~79)
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to
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Figure 4.1 - Nonlinear Pout (Pin) characteristic (top) and nonlinear ¢out(Pin)
chéracteristic (below) for the gain-optimized amplifier. ln both
coses saturation is the zero reference.
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Table 4(2) - Measured 2-carrier behaviour of the gain-
optimized class A amplifier compared with

the predictions of the MING program.

Quantity Measured Computed
naspamanese]
£y 1.998 GHz -
Carrier Frequencies -~
f;» 2.002 GHZ -
Collector hias, no RF 30 mA -
v 28 V -
cC B
I, (total) + 27,00 dRm + 22,72 dBm
in R
Pout(totnl) + 29,5 dBm + 29,5 dBm
(wideband) (carriers only)
R
Efficiency 7 28.%% -
(o] S
Gain & 6.5 dB 6e7 dB
R,
3, - 2f, -2% dB -2L.7 dB
R
2fy = 1. -15 .dRB -15.6 4B
Reltive level: - ~—
R 0 dm 0 dB
of :pectrnl com— I
ronent.: -2 dB 0 dB
]
2fa = £y -15 dB -15.6 dB
__/
3f. - 21, =25 4B -2L.7 4B

e
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Figure 4,2 — Measured 2scarrier IMD spectrum compared with values computed
by the MING program; gaineoptimized case.
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levels one can obtain*. In the present case a minimum gain of ~ L dB
was selected,

This IMD-minimization was done at a fixed value of Pin(total)**.
Then, without re-adjusting tuning or hias, Pin(total) was varied over
a range of levels to determine the dynamic range of the low IMD-condi-
tion. For each value of Pin(total) the following amplifier properties
were measured: gain G, biac conditions, efficiency N,y 2nd the output
levels of the individual carriers £y and £, and the third order IMD
preducts 28y -, and 2, - £y . Huving deternined lLhece properties over
a :ufficiently wide dynamic range, the transibtor amplitude and phase
characteristics were determined as described before using a single carriere

Table 4(3) gives measured single-carrier data for the amplifier
when optimized for low IMD with two input carriers. For this table the
single carrier input power is equal to the total 2-carrier input power.
Fipure 4.3 depicts the measured nonlinear amplitude and phase charact-
erizstics. Compared with the corresponding characteristics of the sain-
optimized amplifier, Fipure /1,1, the Pout(Pin)-chnracteristic is much
more nearly linear and, except for the maximum—Pin point, the AM-to-I'M
conver:sion a¢out/apin is approximately halved,

Table 4()4) compares the measured two-carrier performance with the
results conputed by the MING program for the case of the optimization

power Jevel, The measured and computed results are compared over the

* Extremely low levels of IMD relative to the carrier levels can be
obtaired for .-ains of 1 dB or less!

% 21.7 dBm to uiree with the earlier experimenta] work of Moody and
Boagd.
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Table 4(3) - Single-carrier data for amplifier
optimized [or the low-IMD condi~
tion (given for the optimization
level only).

Transistor:

Mode:

Frequency:
Emitter Bias:

Collector Bias:

2NBL.70

Tuned and hiased for
minimum IMD

1.800 GHz, singlc carrier
04252 volts (forward)
55 mA, with RF applied
28 volts

+ 21.3 dBm

+ 25,6 dBm

Le3 dB

2346 %
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\
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Figure 4.3 — The measured P 54 (P{,) -characteristic (top) and¢ out (Pjn)-characteristic

(below) for the low-IMD case. -
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Table 4(4) = Measured 2-carrier behaviour of the amplifier when
optimized for the low-IMD condition. (Given for
the optimization level only).

Quantity Measured Computed
Carrier Frequencies £y 12719975 Gz =
hiP 1.80025 GHz -

Emitter bian, RF applied 0.269 volts (forvard) -
Collector biacs, RF applied 51 mA -
Pin(total) + 21.3 dBm + 21,45 dBm
Pout(total) ' + 25,7 dBm + 25.7 dBm
Efficiency n, 26 % -

2fy = > - 28 aB - 25.04
Relative levels £, 0 0
of spectral com-
ponents, f2 0 0

2f, - 4 - 27 dB - 25,04
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dynamic range in Figure 4.4, As remarked above, the efficiency cannot
be computed from the gain/phase amplifier model., TIlowever, the calcula-
tions of gain G and the third-order IMD product levels Is/C agree with
measurement quite well over a dynamic range of 6 dB: theAcomputed

gain is within 0.6 4B of measurement; the computed Is/C levels agree
within 4 dB, Most of the discrepancy is attributed to the imperfections
in the fitting of the Bessel series caused by the sudden change of slope
of the ¢out(Pin)—characteristic near the maximum value of P

in’®

Le? Computations of Multicarrier Performance under the Low-IMD
CondTtion

Becausne of the poo0d wreement repor£ed in the previous section
between the measured and computed 2~cirrier performance of the micro-
wave power transistor amplifier, a sequence of computations was per-
formed to determine how the amplifier would behave for inputs consisting
of different numbers of carriers. To simulate a realistic application,
the input power per carrier was held constant for each computation,
i.ee. the total input power was proportional t6 the number of input
carriers,

Results are priven for 12, 9, 6, L, 3, and 2 carriers, The total
input power Pin in the 12-carrier case is +20,9 dBm. It was found that
nignificantly grenter values of Pin led to amplitude excurslons beyond
the range where the Bessel-series approximation remeins valid, leading
to meanringless results. This situation could be remedied by characteriziné
the amplifier over a wider dynamic range.

The transistor amplitude/gain characterization used is the one
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low IMD: efficiency (top), gain (middle), IMD/carrier levels (bottom).
Carriors: £, = 1.29975 GHz, f, = 1.80025 GHz. -
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dorerthed in section L o7 ffor the cane where the TMD in minimlzed 'or
2-carriers at +21.% dBme This 1is not necesunrily exactly the :ame

ad justment that vould be found in practice for a 12-carrier input at .
+2C,9 dBm, i.e. the results computed here are likely to be pessimistic
rather than optimistic,

In its present f'orm MING calculates third, fifth and seventh-
order TMD products, ineludins; those which happen to fall on the carrier
frequencies, Toth on- and off-carrier products are shown in Figures
L.5 to 4.10, The spectrum for 12 carriers, Fisure 4.5, shows rather
high TMD levels, the worst case being -12,68 AR below the output carrier
levels. The worst IMD levels for fewer carriers lie between -18,28 dB
and -22,268 dB below the carrier levels, This may indicate that the IMD
"takes of f" for > 12 carriers., Keeping the power input per carrier
approximately ccnstant, it is found that the gain drops as the number
of carriers diminiches from a hiph of 5,00 dB for 12-carriers to an
unusable 1.86 dB for 2-carriers. The latter case is included only for
completenesce

The results are summarized in Table 4(5).



) |t
o)

=30

4B) -9 R

-'vzz-

1799.8 1800.0 1800.2 1800.4

Figure 4.5 — Computed IMD spectrum for 12 input carriers under the low-IMD condition.
Totol input power = +20.97 dBm, gain = 5.0 dB
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Figure 4.6 ~ Computed IMD spectrum for 9 input carriers under the low-IMD condition.
Total input power » +19.86 dBm, gain ~ 4.14 dB.
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Figure 4.7 — Computed IMD spectrum for 6 input carriers under the
low-IMD condition. Total input power = +17.89 dBm,
gain = 3.79 dB
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Figure 4.8 ~ Computed IMD spectrum for 4 input carriers under the
low-IMD condition. Total input power = +16.2 dBm,
gain - 3.32 dB.
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Figure 4.9 — Computed IMD spectrum for 3 input carriers under the
low-IMD condition. Total input power = 4+ 14.96 dBm,
gain = 2.77 dB.
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Figure 4.10 — Computed IMD spectrum for 2 input carriers under the
low-IMD condition. Total input power = + 13.24 dBm,
gain = 1,86 dB.
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Table 4(5) -~ Summary of predicted be-
haviour of"low~IMD" ampli=-
fier under multicarrier
conditions.

Humber of | Total Gain | Worst TMD
Carriers | Input Product

Power level I/C

12 +20,97 dBm|5.00dB | ~ 12.68 dRH

9 +19,86 dBmi4.14dB | -~ 21.27 4B

6 +1769 dABm |3.79dB | ~ 19.87 4B

L +1642 dBm ]34324B | ~ 19,23 dB

3 +1)+.96 dBm 2077dB - 18028 d.B

2 +1342 dBm {1.86dB |~ 22,28 dB
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5. COICLUSIONS

It has becn demonstrated that the in-housie computer program
MING, in conjunction with the NLRGRES nonlinear least-squares curve-
fitting program, constitutes o powerful means for computing the inter-
modulation distortion due to a microwave power trancistor, not only
under corditions of maximum class A gain but also under upecial tuning
and bhiasing conditions which lead to a low-intermodulation-distortion
mode of operation, (x/C ~ =25 dB). Additional computed results for
nmultiple input carriers show that for the same amplifier adjustment,
T/C ashould remain helow = 18 dB for 2 to 9 carriers, rising to about
- 12 4" for 12 carriers,

It is suggested that this method be next applied to the pre-
diction of TMD levels in other microwave devices, such as the trans-
ferred electron amplifier (TEA). It should also be tested for class C

transistor operation,
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APPENDIX B

HYBRID COMBINING NETWORK

The following configuration is assumed (see Figure 5,2). Two amplié
fiers each carrying identical signals feed the two input ports of a 90°
hybrid, A switched phase shifter is inserted in one of the lines joining
the two hybrids. One of the outputs ports of the second hybrid is sel-
ected as the output and the other one is terminated. The two amplifiers
are assumed to have equal phase at the input to te first hybrid.

The scattering matrix approach is used to calculate the network as a‘
function of phase shift inserted in the line. For a 90° sidewall hybrid

the scattering is

where 1 and 2 are the input ports and 3 and 4 are the output. Multiplying
this by the appropriate input, adding the phase shift and performing the

second multiplication we have

23 = -3 -je I
Ay = 1 -e-'jqS

B3 = -1+ e-j¢
By = -5 5%

[]

AB3 -3 —je'j¢_e‘je +e -3¢ e —Je

ABY = 1 -e -je ~J& e e=J®



Where A4 is the signal appearing at port 4 when amplifier A
only is on etc., and AB4 .is the signal appearing at port 4, when both
A and B amplifiers are on.

The variation of A4, B4 and AB4 with phase shift are shown in
Figure Bl with phase shifte =0,

The conditdon € =0 is the only condiﬁion in which all the energy
can be transferred to one of the output ports when both amplifiers are
operating., When © is different from zero thefe is some energy loss to
port 3 even at the optimum value of ¢

The required phase conditions can be established by using a
switchable phase shifter with two identical sections, each having stable
phase shifts of 0 andv90 degrees, When both sections are in the zero
Phase shift condition the full output will appear at ﬁort 4 if only
amplifier B is turned on. If one phase shifter is set to 90 degrees
the full output of both amplifiers will appear at ouiput 4, If only
amplifier A is turned on then both phase shifters must be switched to

90 degrees.,
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Figure B-1 - Output power appearing at port 4 as a funcrion of
phase shift ¢ when

(1) Amplifie A only is operating (A4)
(2) Amplifier B only is operating (B4)
(3) Both amplifiers A and B are operating (AB4)
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