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Dedication

This INTELSAT v issue of COMSAT
TECHNICAL REVIEW is dedicated to
the memory of the late Siegfried H.
Reiger. As Vice President, Techni-
cal, of the Communications Satellite
Corporation (COMSAT), and as
Chairman of the Technical Sub-
committee of the International
Communications Satellite Consor-
tium (INTELSAT), his vision and
driving initiative led in large meas-
ure to the decision to go ahead with
the INTELSAT IV program at a time
when many were hesitant to do so.
As the program proceeded, his
technical leadership and profound
understanding of spacecraft physics,
space flight and communications
contributed invaluably to the ulti-
mate success of INTELSAT 1v.

Siegfried H. Reiger

Editorial Note

The purpose of this issue of the COMSAT TECHNICAL REVIEW Is to collect
in a single volume information about the various aspects of the INTELSAT 1v
satellites.

The first INTELSAT 1v satellite was launched on January 25, 1971, and
positioned over the Atlantic Ocean. Following three other launches (in
December 1971, January 1972, and June 1972), four INTELSAT 1v satellites
are now operational. These satellites have succeeded the INTELSAT I series
through which global commercial satellite communications were first estab-
lished in 1968—69, and are now the backbone of the INTELSAT system.

It is appropriate to recall that these accomplishments occurred within
the decade after President Kennedy's statement that a worldwide commercial
communications satellite system would be a U. S. goal. The Communications
Satellite Act of 1962, the establishment of the Communications Satellite
Corporation (COMSAT) in 1963, the formation of the International Tele-
communications Satellite Consortium (INTELSAT) in 1964, and the launch
of INTELSAT 1 (Early Bird) in 1965 were early important steps toward the
achievement of the present global system.

The INTELSAT IV program is recognized as a significant milestone in the
history of electrical communications. It marks a further coming of age of
satellite communications by providing capacity and coverage beyond any-
thing previously available.

Any discussion of INTELSAT 1v would be incomplete without a fundamental
tribute to the international consor tium. The INTELSAT IV is the most imporiant
program undertaken by INTELSAT, and the success of this program con-
Jirms the effectiveness of the unique international partnership through which
the global commercial communications satellite system has been achieved.

A program of this magnitude is clearly the result of the efforts of many
individuals, organizations and entities. Their contributions are gratefully
acknowledged here.

The Editorial Board
COMSAT TECHNICAL REVIEW



Foreword

SIDNEY METZGER

This special INTELSAT Iv issue describes at some length various technical
aspects of the satellite itself, its effect on the earth station requirements,
and its operational use. Some of the planning phases, historical events,
and critical decisions encountered in the development of the INTELSAT 1v
communications satellite system are presented in this foreword.

INTELSAT 1V is actually only the second series of satellites specifically
designed for INTELSAT global commercial communications satellite service,
even though it is the fourth generation of INTELSAT commercial com-
munications satellites. INTELSAT 1 (Early Bird) was an experimental sat-
ellite with some operational capability, Its principal purpose was to
provide answers to questions concerning the application of geostationary
satellites to commercial telephone traffic. If successful (as it was), it could
then be used for commercial operation. INTELSAT II was an improved
version of INTELSAT I, and was designed and put into orbit as a result of
a specific request by the National Aeronautics and Space Administration
(NASA) to provide communications in connection with the Apolle manned
space flight program, and also to provide additional capacity for commer-
cial traffic. INTELSAT 11 was the first satellite specifically designed for
global commercial communications satellite service, and INTELSAT Iv was
the second such satellite.

In designing a new series of communications satellites, one must keep
in mind a number of goals and requirements that constitute real improve-
ments over the older models. The following briefly shows the improve-

Sidney Metzger is Assistant Vice President and Chief Scientist of COMSAT.
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ments made with each new generation of satellites and outlines some of
the driving forces that necessitated or permitted such improvements.

INTELSAT 1 used two 25-MHz bandwidth repeaters which covered 10
percent of the allocated 500 MHz. It provided service only to the northern
hemisphere of the earth, using a squinted toroidal antenna beam. It had
no multiple-access capability when used with existing commercially avail-
able FDM/FM multiplex systems and lacked storage battery power for
operation during eclipses.

Despite these shortcomings, INTELSAT 1 proved that a geostationary
satellite was indeed suitable for global communications service. The
following points were demonstrated: (a) successful interconnection with
terrestrial networks; (b) acceptability of the transmission delay inherent
in synchronous satellites; and (c) practicability of position and attitude
control over long periods of time. Thus, after the successful launch of
INTELSAT I in April 1965, specifications were prepared for a global satellite
that would overcome the existing shortcomings and embody the following
features: (a) operation over the full 500-MHz bandwidth; (b} coverage of
the entire visible earth with an efficient directional antenna; (c) provision
for multiple access to the satellite with dozens of separate radio frequency
carriers; and (d) operation during eclipses.

At about the same time in 1965, the need arose to provide satellite
communications between the U.S, mainland and NASA tracking stations
situated in Australia, Ascension Island, and on ships in various oceans in
connection with the Apolio manned space flights. INTELSAT 1 could not
meet these requirements, and in view of the first Apollo launch date
{the second half of 1966), neither could the new satellite {later to become
INTELSAT 11, but then on the drawing board) be built in time. Thus, it was
deferred and an interim satellite, INTELSAT 11, was then specified. A con-
tract for it was let in the last quarter of 1965, The short development
cycle for INTELSAT 11 did not permit the incorporation of all of the desirable
features listed previously, but sufficient technical progress had been made
since the design of INTELSAT 1 to incorporate some of these features. In
particular, INTELSAT I1 had a single repeater of 130-MHz bandwidth, useful
for multiple access; it employed tunnel diode amplifiers and a low-level
TWT amplifier which reduced the number of components previously re-
quired; it had sufficient battery power for eclipse operation; and its to-
roidal antenna pattern illuminated the entire visible earth.

The weight capability of the Thor-Delta launch vehicle used for INTEL-
saT [ had kept pace with the development of satellite technology, thereby
permitting the inclusion of these advanced features in the sateliite.

FOREWORD A

Thus, after INTELSAT 1 had shown the feasibility of a concept, INTELSAT
m was in the planning stage while INTELSAT II was satisfying a specific re-
quirement. Requests for proposals for INTELSAT 1H were placed with in-
dustry in 1965.

By that time, new horizons were already opening. It was deemed de-
sirable to look into applications for communications satellites for other
than point-to-point communications: specifically, aeronautical and mari-
time communications.

Study contracts were then let to two companies for a multipurpose
satellite. The results of these studies showed that an advanced 5,000-
voice-circuit satellite {later to be INTELSAT 1v) could be established in
orbit as early as mid-1970. The operational need for such a satellite had
been confirmed by estimates of anticipated international traffic require-
ments in the 1970-1971 time period.

Pressure for additional capacity earlier than 1970 stirred some interest
in building an augmented INTELSAT In, to be designated INTELSAT 1.
However, by the time responses for INTELSAT 113 and INTELSAT IV were
received and evaluated, new traffic forecasts showed that 1971 would be
the critical year in which it would be necessary to introduce satellites of
larger capacity than INTELSAT mi. Thus, in July 1968 the International
Telecommunications Satellite Consortium (INTELSAT) decided, upon
the recommendation of COMSAT as Manager for INTELSAT, that the
procurement of the full-fledged INTELSAT 1v should proceed without the
INTELSAT 1% intermediate step.

The multipurpose satellite approach, though technically feasible, was
not viable for nontechnical reasons. The flexibility of such a satellite to
handle traffic and the possibility of obtaining greater e..r.p. by using
narrow spot-beam (4.5°) antennas in addition to the wider global-beam
(18°%) antennas were retained from the multipurpose approach and in-
corporated into the design of the INTELSAT Iv series. It was clear that the
Thor-Delta launch vehicle series used for INTELSATS I, i, and m would
not be adequate for the larger INTELSAT Iv. The Titan-Agena vehicle was
considered first, but was later replaced by the Atlas-Centaur.

Two proposals for an INTELSAT Iv were finally evaluated. They differed
principally in the method of stabilization, one being spin-stabilized with
a despun antenna section, and the other being body-stabilized. In view of
the previous experience with spin stabilization in INTELSATs I, It and 11,
this technique was again chosen for INTELSAT Iv,

The approach chosen by INTELSAT called for a satellite with 12
repeaters, each with a 36-MHz bandwidth. Four of these were permanently
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connected to a global-becam antenna for TV, SPADE* and other uses
requiring wide geographic coverage; four others were switchable by ground
command to either a global- or a spot-beam antenna; the remaining four
were switchable to either a global- or the second spot-beam antenna.
Traffic capacities of each satellite ranged from 3,000 to 9,000 two-way
telephone circuits, or up to 12 TV channels, or mixtures thereof, depend-
ing on the arrangement of the repeaters and antennas and the makeup of
the traffic.

A contract was awarded to the Hughes Aircraft Co. in 1968 to build
four INTELSAT Tv satellites. A number of technical problems remained to
be solved. One of the important features of INTELSAT 1v is its “Gyrostat”
stabilization, an approach employed when it is desirable to build a space-
craft which is to be spun around its minimum moment-of-inertia axis.
This technique, which is a particular version of the “dual-spin”* method of
stabilization, was first used in the TACSAT spacecraft.f Both TACSAT and
INTELSAT 1v consist of a nonspinning platform coupled, through a bearing
interface, to a rotor which spins about the minimum moment-of-inertia of
the satellite.

Generally, energy dissipation within the rotor tends to destabilize the
spacecraft unless it is spinning about its axis of maximum moment-of-
inertia. To counteract this destabilizing source in dual-spin spacecraft, it
is necessary to place on the nonspinning platform a nutation damper
which acts as an energy dissipation device by providing forces opposing
those which tend to destabilize the spacecraft. Principal causes of de-
stabilizing forces are fuel slosh and structural vibrations.

One of several interesting problems encountered and successfully solved
during the INTELSAT IV program is summarized in the following. Prelaunch
computations on TACSAT indicated that the destabilizing forces were orders
of magnitude smaller than the stabilizing force of the damper placed on
the nonspinning platform. Nevertheless, immediately following launch and
the initiation of TACSAT operation, the nutation angle did not decay as
expected, but maintained a fairly constant level of about 1 degree. This
nutation disappeared within a few weeks, only to reappear occasionaily

+SPADE is a system designed for countries with relatively light traffic to a
number of other countries. It is based on demand assignment of a single RF
carrier for each voice channel. This system is (o be placed in operation by the
end of 1572.

1 TACSAT §, a U.S. satellite for tactical communications, was successfully
injected into synchronous orbit in 1969,

FOREWORD

for short-term intervals. Fortunately, for the beamwidths involved on the
TACSAT vehicle, the observed 1-degree nutation had no significant effect
on the mission.

Shortly after TACSAT was launched, studies were initiated to predict the
stability of INTELSAT 1v. It was found that the major uncertainty was the
magnitude of the energy dissipated by the hydrazine liquid propellant in
the four sphere-cone tanks housed in the rotor. This result indicated the
need to investigate the energy dissipation rate due to fuel slosh,

Experimental programs were run in parallel with analytical studies. As
a back-up measure, an active nutation damper which consisted of two
accelerometers working in conjunction with the axial thrusters, was added
to INTELSAT Iv, in addition to the existing passive dampers.

The destabilizing effects of fuel slosh in orbit have been in accord with
predictions, and the active nutation damper has been used during launch
as planned. Since the satellite performance has been normal, the use of
the active damper in orbit has not been required.

All four INTELSAT Iv satellite launches have been successful. The Atlas-
Centaur performance has been outstanding, with a maximum error of 30
miles at apogee. The electrical performance of the repeaters has met all
specifications, and the mechanically despun sections operate smoothly.

The excellent results obtained reflect a substantial cooperative effort,
not only within INTELSAT, but also between COMSAT as Manager and
the suppliers, including Hughes Aircraft Company as the prime contractor,
the various subcontractors, NASA, and General Dynamics,
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The Inielsal IV Spacecraft

E. T. JiLg, EDITOR

Absiract

In describing the INTELSAT v communications satellite, each subsystem is
treated separately. The satellite, which is designed for a 7-year lifetime, weighs
1,410 kg at launch and 730 kg after apogee motor firing. The entire communi-
cations subsystem is on the despun portion of the satellite. Each of two global
coverage 6-GHz antennas feeds a pair of redundant 500-MHz-bandwidth
receivers. Each of twelve 36-MHz-wide channels is amplified by one of a pair
of redundant output TWTs. There are two global transmit antennas and two
steerable spot-beam antennas with 4.5-degree beamwidths.

The major part of the satellite {450 kg) spins at a nominal 51 rpm and includes
the electric power, despin control, and positioning and orientation subsystems.
Useful DC power of 365 watts is provided by two cylindrical solar panels; two
25-cell Ni-Cd batteries maintain power during eclipse. The satellite spins about
a minimum moment-of-inertia axis, and stability is maintained by two pendulous
eddy current dampers.

Introduction

The INTELSAT 1v satellite is a 1,400-kg (3,100-1b) active communications
repeater intended for commercial service in the INTELSAT system, It is
launched by the Atlas-Centaur and is designed to have an operating life
of seven years. It employs 2-body spin stabilization. Figure 1 is a photo-
graph of the F-3 spacecraft immediately prior to encapsulation for launch.
Figure 2 shows the major elements of the satellite.

E.T. Jilg is Director of the Space Segment Implementation Division, COMSAT.
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et

Figure 1. Photograph of the ¥-3 Spacecraft Immediately Prior to
Encapsulation for Launch

The communications subsystem is the payload of the satellite. It con-
sists of the receive antennas, receiver, input multiplexer, output traveling
wave tube amplifiers (TWTASs), output multiplexers, and transmit anten-
nas. Each of two global-coverage, 6-GHz horn antennas feeds a pair of

THE INTELSAT 1V SPACECRAFT

redundant 500-MHz-bandwidth receivers. (Any one of the four receivers
provides full communications receive capability.)

Each receiver is comprised of a 6-GHz tunnel diode amplifier (TDA),
a notch filter, a 6-/4-GHz mixer, a 4GHz tunnel diode amplifier, and a
low-level TWTA. The input multiplexer separates the communications
band into twelve 36-MHz channels; each channel is amplified by one of
a pair of redundant output TWTAs. Output multiplexers recombine the
channels and feed them to the transmit antennas, There are two global
transmit antennas and two spot-beam antennas with beamwidths of 4.5°
The entire communications subsystem is mounted on the despun portion
of the spacecraft so that power transfer across the rotary interface is at
DC rather than RF.
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The despin control subsystem (DCS) provides a drive signal to the motor
between the spinning and despun portions of the spacecraft. In normal
operation this drive signal orients the despun platform to point the anten-
nas toward the earth. Reference data for earth orientation are obtained
from one of three earth infrared horizon sensors, from one of two sun
sensors (using an offset clock inside the despin control electronics), or
from ground command. Ground command is used to produce desired
non-zero inertial rates for transfer orbit operations. As they sweep by a
pair of despun side magnets, pickup coils on the spinning side produce
output pulses which supply relative position feedback data to the DCS.

Because the despun platform station must be nearly stationary to main-
tain'the nutational stability of the satellite, the DCS includes a “rate hold”
feature. If the despun reference is lost, this logic function uses the most
recent rate information to preserve the relative rotor-to-stator motion.
In-orbit tests have confirmed the stability of this operating mode over
periods of several hours.

The processing electronics subsystem of the DCS consists of redundant
digital torque command generators cross-coupled to redundant analog
motor drivers. The entire subsystem is located on the spinning section.
In addition to motor drive signals, the DCS provides sensor data to the
telemetry system to permit ground determination of spacecraft attitude.

The bearing and power transfer assembly (BAPTA) comprises the
rotary interface between the spinning and despun portions of the satellite.
Contained within the titanium housing of the BAPTA are the electric
power slip ring assembly and a 4-channel rotary transformer for telemetry
and command signal transfer. Angular contact ball bearings are the
rotating interface.

The BAPTA contains the permanent magnet armature and the field
coil; these elements compose the motor that produces the torque to
counterbalance friction effects in the bearings and slip rings. The resolver,
which is adjacent to the motor windings, provides properly phased sine
and cosine modulation to permit the motor to operate without brushes.
The coils and magnets for relative position feedback to the DCS are also
in the BAPTA. A “loose” labyrinth seal and nylasint reservoirs, as well
as an impregnated bearing retainer, help to ensure a lubricant lifetime
calculated to be an order of magnitude greater than mission life, Finally,
the BAPTA provides for an ordnance-released double-vee clamp to
minimize the launch loads on the bearings.

The electric power subsystem provides 365 watts of useful DC power to
the spacecraft loads in sunlight and during 90 annual eclipses of up to

e
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70-minutes duration each, Power is provided by the two cylindrical solar
panels which form the spinning “skin” of the satellite and by two 25-cell
nickel-cadmium batteries distributed in multicell packs on the spinning
platform ribs. Distribution is through two separate unregulated buses,
which may be paralleled by ground command. Battery charge and dis-
charge have in practice been controlled by ground command, although an
automatic discharge capability is provided. Battery reconditioning under
ground control is also available.

Telemetry data from the satellite are provided at 4 GHz through either
an omnidirectional antenna, used during transfer orbit with increased
output power provided by a communications TWT, or from an earth-
coverage conical horn driven by a 100-mW solid-state transmitter, used
during communications service,

A pair of encoders, one spinning and one despun, can operate in one
of three modes to provide spacecraft data. In pulse-code modulation
(PCM), the most common mode, words from spinning and despun en-
coders are interleaved to form a 64-word frame at 1 kbps. Command
register status, spacecraft operating status, and engineering data are
contained in the frame. In the frequency modulation (FM) real-time mode,
an analog representation of sensor output and timing pulses is provided.
The FM accelerometer mode gives a direct indication of spacecraft
nutation. In addition to these primary modes, one of the two redundant
encoder chains may be used as a broadband acoustic monitor of the
BAPTA. All other parts of the subsystem are fully redundant.

Commanding is performed at microwave frequency in a slot between two
communications channels. The signal is received by an omnidirectional
bicone antenna atop the mast and demodulated by redundant command
receivers, which extract a binary pulse train and pass it to two redundant
spinning encoders and two redundant despun encoders. The subsystem
provides 95 commands on the spinning side and 160 commands on
the despun side. In addition to performing the ground command func-
tion, it provides a series of commands to configure the spacecraft and
spin it up after separation. An automatic nutation control unit may be
used to operate the axial hydrazine jets so that nutation can be reduced
below a preset 0.5° threshold.

The antenna positioner mechanisms are used to steer spot-beam re-
flectors so that the beams are pointed at desired [ocations on earth within
satellite visibility. The positioner consists of a 2-axis gimbal, a drive
motor and gear train, and a potentiometer position indicator.

The positioning and orientation (P&0O) subsystem uses hydrazine as a
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monopropellant to provide velocity, attitude, and spin-speed control over
the mission life of the satellite. Upon spacecraft separation from the
Centaur, the P&O subsystem automatically produces free-body satellite
spin-up to about 51 rpm. On ground command, this subsystem is used
to reorient the satellite from the orbit normal attitudes at injection to the
attitude for apogee motor fire. After motor firing, it may be used to damp
nutation. The satellite is then reoriented to operating attitude and drifted
to its desired location.

For the remainder of the mission, hydrazine is used to overcome per-
turbing forces acting on the satellite. These include solar and lunar forces
which precess the orbit plane and affect its inclination, earth gravitational
irregularities which drift the satellite in-plane, and solar pressure forces
which disturb the attitude. The total mission velocity increment required
for these functions is about 430 m/s (1,400 ft/s). The subsystem consists of
two separate but cross-connected halves, each containing two conospheric
tanks, three catalytic thrusters and their associated valves and filters, a
spin-up reservoir, a fill valve, a pressure transducer, and piping.

The apogec motor is a polybutadicne propellant, solid-fuel rocket with
a filament-wound casec. Its total weight is about 710 kg (1,560 1b). Its
purpose is to provide a velocity increment of 1,800 m/s (5,900 ft/s) to the
spacecraft to change its orbit inclination, eccentricity, and altitude to
equatorial, circular, and synchronous, respectively,

Two pendulous eddy current nutation dampers are located on the
despun side, high on the antenna mast. These dampers perform the vital
function of providing a nutation-induced energy dissipation on the despun
body that is greater than the corresponding dissipation on the spinning
side. This is a condition necessary to maintain the stability of 2-body
spinning satellites with inertia ratios similar to those of INTELSAT 1v. One
damper is narrowly tuned for high damping over a narrow nutation fre-
quency range and the other is broadly tuned.

The despun structure is fundamentally a cylindrical tubular mast from
which various loads are cantilevered. The major load is the despun com-
partment, consisting of two annular shelves and interconnecting axial ribs,
All of the despun communications units are mounted on this compartment.
Additional despun loads are the antennas and feeds and the nutation damp-
ers. The spinning structure is conical with a cantilevered, ribbed shelf
supporting the solar panels, batteries, and P&O subsystem. Spinning elec-
tronic units are mounted on the cone’s outer surface and the apogee motor
is supported by the cone’s inner surface. An additional structural element,
the adapter, remains attached to the Centaur after spacecraft separation.

il

THE INTELSAT 1V SPACECRAFT

Thermal control of the INTELSAT 1v satcllite is primarily passive; the
only active elements are the local resistance heaters on the BAPTA, apogee
motor, receivers, and hydrazine lines. Passive control of the internal com-
ponents exploits the approximately 20°C (70°F) in-sun environment pro-
vided by a black cylinder spinning normal to the sun line. Compensation
for the local power dissipation by the TWTAs at the antenna end of the
cylinder is provided by the high emittance-to-absorptance ratio of the
second-surface-mirrored sunshield. Antenna farm components have been
selected to tolerate wide temperature excursion because they arc subject to
multiple sun intensities caused by sunshield specular reflection and to the
lack of spinning “integration.” High-emittance, outer-surfaced, multiple-
layer insulation has partially alleviated this effect.

Communications subsysiem
IrviNG DosTIsS

The communications subsystem of the INTELSAT 1v satellite is used as
an in-orbit microwave repeater to receive, amplify, frequency translate,
and retransmit various types of communications signals, The information
carricd by the signals is varied and includes voice (telephone), data (high
and low bit rates), and color television. This information is generally
modulated onto carriers using either frequency modulation (FM) or
multiphase modulation (PM). These carriers may be present at all times
and carry various numbers of telephone channels (24 to 1,800) as in
standard radio-relay transmission; they may be voice actuated as in
SPADE; or they may occur only in short time bursts as in TDMA.

The simplified transponder design shown in Figure 3 was developed to
provide the performance required for the various communications tech-
niques and to allow fiexibility in frequency utilization. The basic clements
of this transponder are the broadband “front end,” consisting of the 6-GHz
antenna and receiver sections to provide frequency translation from 6
GHz to 4 GHz; the channelizing or receive multiplexer assemblies, which
include amplitude and group-dclay equalizers to separate the communica-
tions band into twelve 36-MHz channels; and the output section, which

Irving Dostis is Manager of the Radio Frequency Depariment, Space Segment
Implementation Division, COMSAT.
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Figure 3. Transponder Block Diagram

includes the high-level traveling wave tubes, the output multiplexer assem-
blies, and the transmit antennas. To optimize the communications capacity
relative to projected traffic requirements, two sets of transmit antennas
are provided, one for global and one for spot-beam (with a 3-dB beam-
width of 4.5°%) coverage.

In this design, the front end is intended to operate linearly: ie., with
minimum distortion and interchannel interference. The channelizing
multiplexers separate the signals so that the output end may amplify them
to an adequate power level with minimum interaction between channels.
The principal performance parameters for the front end are the gain-to-
noise temperature ratio (G/T), the gain and gain slope as functions of
frequency, and the intelligible crosstalk ratio (IXTR). For the channel-
izing filters and output section, the principal paramcters arc in-band
amplitude and group-delay response, out-of-band attenuation, saturated
eir.p.,* and IXTR. These performance parameters are discussed in the
foliowing sections and the basic system requirements are given in Table 1.

* Effective radiated power relalive to isotropic.
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Present results indicate that all communications performance requirements
are met.
TABLE 1. PERFORMANCE REQUIREMENTS

a. General System Requirements

Parameter Requirement

G/T Measured at Antenna to Receiver Interface

(dB/°K) —18.6
Differential Phase, A¢, at All Iluminations < Pj,
= —55dBW/m? (deg) <1.5

TXTR * for Total P, < —355 dBW/m? and Ratio of
Modulated to Unmodulated Carrier Power

< 20dB <193 — 20 log I
e.ir.p. (ABW)
Global Channels 22.0 min. over +8.5°
Spot-Beam Channels 33.7 min. over +2.25°
Flux Density for Saturation (dBW/m?) —73.7 to —55.7

b. Systemn Requirements for Various Frequency Bands

Frequency Gain

Band Slope Gain Delay

{MHz) {dB/MHz) (ns) IXTR (dB)
f. & 12.6 0.03 +1.5t0 —2.1 174 — 20 log f,
f. = 14.4 0.05 +4.5t0 —2.4 174 — 20 log f
f, = 16.2 0.20 +16.4t0 —3.5 155 — 20 log fu
f, = 18.0 0.70 +350.0to —5.0 155 — 20 log

* Input section requirement.

The elements comprising the communications system are all mounted
on the despun portion of the INTELSAT Iv spacecraft, thus eliminating the
requirement for microwave rotating joints. The input and output multi-
plexer assemblies are mounted on separate shelves of the despun compart-
ment, which are called the forward and aft shelves. These shelves are
connected by brackets which are used as mounting supports for the high-
level TWTs. The communications receivers are mounted in the intershelf
space. Waveguide runs are used to connect the antennas to the appropriate
receiver or output multiplexer.
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Receive antennas

Each of the global receive antennas is connected by a waveguide run
and a bandpass filter to one pair of the redundant repeaters, as shown in
Figure 3. All of the global antennas use a vertically mounted horn and a
45° flat plate reflector for redirecting the beam. All transmit and receive
antennas are optically aligned to the mast assembly to provide proper
pointing.

The receive antennas, which are left-hand circularly polarized, have a
nominal peak gain of 20.5 dB at the band center frequency, and a nominal
3.5-dB peak-to-beam-edge gain variation for the required 17° coverage.
Axial ratios are nominally less than 3 dB over the required region. Figure
4 is a typical contour diagram of a receive antenna. The distortion noted
in this diagram appears on all global antenna patterns as a result of
interaction among adjacent antennas, the mast, nutation dampers, and
other elements mounted in the vicinity of the antenna. Figure 5 shows the

EL (NORTH}

EAST
1

10"

EL {SOUTHI

Figure 4. Typical Global Receive Antenna Gain Contour Diagram
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Figure 5. Antenna Subsystem on Spacecraft

arrangement of the antennas on a completed spacecraft and despun com-
partment.

Transmit antennas

The global coverage transmit antennas, which are right-hand circularly
polarized, have a peak gain of approximately 20.5 dB at beam center, a
nominal beamwidth of 17°, and an axial ratio less than 3 dB over the
required coverage area. Figure 6 is a typical contour diagram for a global
transmit antenna.

The spot-beam transmit antennas, which are also right-hand circularly
polarized, have a nominal peak gain at beam center of approximately
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EL {NORTH)

-10° -

EL (SDUTH)

Figure 6. Typical Contour Diagram of Global Transmit Antenna

31.7 dB, and a 3-dB beamwidth of 4.5°. The odd and even output channels
are connected to the —x and +x spot-beam antennas, respectively.

The spot beams may be steered to any position on the earth by mechan-
ical movement of the parabolic reflectors. The feed horn is fixed in position
and does not move during positioning. The spot beams are normally
positioned to provide coverage for high-capacity routes. Typically, the
east and west beams are positioned to cover Western Europe and the
noriheast section of the United States, respectively, in the Atlantic region.
The position of the parabolic reflector is monitored by using carefully
calibrated telemetry signals. Figure 7 is a typical pattern for a spot beam.
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Figure 7. Typical Spot-Beam Antenna Pattern

Each receiver chain contains the following major units (see Figure 8):
6-GHz TDA, a notch filter, a 2-/4-/6-GHz mixer, a local oscillator, a
4-GHz TDA, and a Jow-level TWT. Because of the severe linearity require-
ments on the complete chain, each unit of the receiver has stringent
design specifications. To meet the applicable input section design specifi-
cations given in Table 1, the receiver chains were constrained to meet the
requirements listed in Table 2. The input section includes all units between
the receive antennas and the input to the high-level TWTs. Active thermal
control is used in each receiver to minimize performance variations caused
by temperature changes,

COMM. X8
osc. MULTIPLIER ATTEN. |
CL~65 dB
G - 124d8B G - 1008 G = 4248
NF = 50dB NF = 5608 NF = 10dB
SAT. = 12 dBm ! SAT. = 10dBm SAT. = DdBW
- W T
48Bm | 5 Gy NOTCH " a-GH: tgvsu_ ou
TDA 1 FILTER j MIXE 1 TDA 1
TWT
N
REDUNDANT
RECEIVER

Figure 8. Receiver Block Diagram
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TaABLE 2. RECEIVER REQUIREMENTS

Parameter Requirement
Noise Figure (dB) <9.0
Ag from No Input to P, < —49 dBm (deg) <1.3
Gain Slope (dB/MHz) <0.015
IXTR for P;, < 49 dBm and Other Conditions Given
in Table 1 <198 — 20 log f,,
Allowable C/3IM /(dB)
—49-dBm Tnput Power to Rx 36
—55-dBm Input Power to Rx 48
—60-dBm Tnput Power to Rx 58

Typicat frequency and NF responses for a complete receiver are pre-
sented in Figure 9, which indicates favorable agreement between the
budgeted and measured performances for these parameters. For example,
the measured gain slope of the overall receiver does not exceed 0.01
dB/MHz at any point in the passband. This provides a sufficient margin
for temperature effects. The gain slopes obtained from the frequency
response by graphical techniques and direct measurement are well cor-
related. The differential phase measured for the receiver is lower than
the specified value, however. This nonlinearity affects both the intelligible
crosstalk and the level of the intermodulation noise generated within the
receiver.

| | | ]
() GAIN VS FREQUENCY
58.0 L_ ® NF VS FREQUENGY
g 57.5 }— %
z w
4 57.0 z
o [ 8.5
8.0
| | | |
5.9 8.0 6.1 6.2 6.3 6.4

FREQUENCY {GH2)

Figure 9. Receiver Characteristics
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The amplitude linearity was controlled by ensuring that the actual
input power level was sufficiently backed off from the saturation point of
each unit. The approximate saturated output power of each unit of the
receiver is given in Figure 8.

Intermodulation products generated by the amplitude and phase non-
linearities of the receiver not only contribute noise, but can also generate
intelligible crosstalk problems. In FDM/FM transmission, this contribu-
tion to crosstalk is generated when the receiver’s intermodulation products
interact with the large gain slopes on the skirts of the channelizing filters to
produce amplitude modulation (AM). This AM is then converted to PM
and crosstalk by AM-PM conversion of the final or output TWT, Similarly,
interaction between the intermodulation products and the phasc character-
istics of the channelizing filters can produce AM and thus intelligible
crosstalk.

The performance of the receivers and units comprising the receiver
meets the subsystem and unit requirements with rcasonable margins. This
has ensured that the overall system specifications affected by the receiver
can be satisfied.

Input muliiplexer assembly

The input multiplexers divide the assigned frequency band into 12
communications channels, each having a usable bandwidth of 36 MHz.
The 12 channels are arranged into lower and upper bands, each coniaining
six channels. These two bands are separated by 20 MHz, which is used
for telemetry and command functions. The band centers of adjacent chan-
nels in the upper and lower bands are separated by 40 MHz. Frequency
channelization, accomplished by grouping the filters and equalizers into
odd and even channels and placing cach group on a separate subassembly,
called the odd or even channel multiplexer assembly, 1s shown in Figure
10. The odd channel assembly is shown in Figure 11. Multiplexing in this

SRR RN XK AR

Figure 10. Channel Allocations
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manner reduces the interaction between adjacent channels on the same
multiplexer.

J Each channel of the odd or even input muitiplexer assembly consists of
: a 10-section Tchebychefl filter, a S-cavity group-delay equalizer, an ampli-
: tude equalizer, and a 4- or 8-position switch attenuator. Each filter input
on a specified multiplexer is connected to the next by using a circulator,
which provides proper routing and matching. Increasing insertion loss
is encountered as the signal is routed to the higher frequency channels of
the input multiplexer because of multiple passes through routing circula-
tors. Radio frequency energy not transmitted through any of the filters is
terminated in a load at the end of the circulator chain.

The principal performance parameters affected by the input multiplexer
assemblies are in-band amplitude, group-delay response, and out-of-band
response for each channel. In-band amplitude and group-delay response
affect IXTR and delay noise; out-of-band rejection affects the multipath
distortion contributed by amplitude and phase variations as well as the
IXTR caused by receiver intermodulation products. Intelligibi crosstalk
can be minimized in the in-band region by using amplitude and delay
equalizers to reduce the gain and group-delay slopes encountered by any
signal before reaching the output TWT. Multipath contributions are
minimized by providing sufficient out-of-band rejection.

The required gain slope and delay for the signal path preceding the
output TWT were given in Table 1. The out-of-band rejection must exceed
30 dB for any signal greater than 25 MHz from the band center of each
channel under all environmental conditions (temperature and vacuum)
encountered in orbit. This requirement has dictated the use of Invar for
the filters and equalizers and the use of tuning corrections to account for
frequency shifts caused by removal of the air dielectric in orbit. Amplitude
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E§ gg Eg 5§ Eé é.g Eg 5 gé Eg Eg 35 I and delay variations caused by temperature variations have also been
FEFE Fel5E Eg K $2l38 : g gs 32|28 reduced to negligible levels by using Invar.
The measured performance of the input multiplexer assemblies for
(55 (5 RE (R EE 3 R - — every communications subsystem has exceeded the design specifications.
2y 2y ] EL &l | & Typical results for one channel of an input multiplexer are presented in
33 i 3 33 Figure 12.

Qutpui TWT

The final amplification stage of each communications channel is pro-
vided by either of the redundant pair of high-level TWTs. The “A™ or
“B” TWT is selected by commanding the proper power converter and
circulator switches,
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The AM-PM conversion was not measured for all flight TWTs, since this
parameter is directly related to phase shift versus drive.

5 The output of each high-level TWT is carefully matched by using a
o p g y Y
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The high-level TWT is a permanent magnet-focused, high-reliability, 36 [— ,./ -
space-qualified TWT. It has a nominal saturated output power of 6 watts 40 / B
and a saturated pain of 58 dB. Additionally, it has been required to meet ol / ]
stringent differential phase shift vs drive, C/3IM, frequency response, Ly A oy 4

efficiency, and weight requirements. Typical performance of a high-level

28 24 20
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TWT is compared with its nominal specifications in Figure 13, The RELATIVE POWER INPUT {dB)

specifications for saturated output power and gain varied slightly from

channel to channel because of the particular implementation losses. Figure 13, High-Level TWT Performance
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stub tuner to provide a proper termination for reflected signals from the
harmonic filters placed in each channel's output section,

Ouiput multiplexers

The output of each high-level TWT is fed to one of four output multi-
plexer assemblies through a harmonic filter and a network of switches,
as shown in Figure 11. Four output multiplexers are inciuded on cach
spacecraft to accomplish the routing to the two global and two spot-beam
transmit antennas. Odd channels can be connected to one of the global
horns or to the —x spot-beam transmit antenna, whereas even channels
o to the second global antenna or the +x spot-beam antenna. Channels
1 through 8 can be switched on command to either a global or a spot-beam
antenna, whereas channels 9 through 12 can be used only for global
transmission. Each global output multiplexer assembly contains  six
filters, which are interconnected by a waveguide manifold to reduce losses.
The spot-beam multiplexers require only four filters each. Channelizing
into odd and even sections simplifies the filtering in the output section by
providing 40-MHz spacing between adjacent channels on each manifold.

Each filter and the interconnecting manifold is constructed of Invar and
then silver plated. The filters are 6-section Tchebychefl filters which are
tuned for an equiripple bandwidth of approximately 40 MHz. This tuning
is wider than for the 38-MHz equiripple bandwidth used on the input
filtering so that all in-band contributions to amplitude and delay variations
are small. The response of a typical channel in the output section is shown
in Figure 14.

System performance

The communications subsystem of the INTELSAT 1v satellite undergoes
extensive performance and environmental tests. All units used in the
communications system are tested for electrical and mechanical perform-
ance. After successful unit tests are completed, each unit is integrated
into its subsystem and the subsystem is carefully cvaluated.

Receiver testing, for example, includes all input parameters previously
described for ambient temperature and pressure, as well as high vacuum,
temperature extremes, and vibration, These tests are performed after
each unit of the receiver, e.g., TDAs, mixer, and low-level TWTs, has
been successfully tested for comparable parameters under similar condi-
tions. The various subsystems are integrated into the communications
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Figure 14. Quiput Multipiexer Performance

compartment after their tests are complete, and the compartment is then
tested for performance. Inconsistencies betwecn final performance data
an-d predictions based on unit data previously obtained are investigated
prior to proceeding.

The tested compartment is integrated into the antenna subsystem,
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which has undergone similar testing, and assembled into the complete
spacecraft, which is then subjected to acceptance (qualification) testing.
During acceptance testing, the overall communications performance is
evaluated in an anechoic chamber (see Figure 13). Performance parameters
include e.ir.p., receive G/T, IXTR, frequency response, system gain,
total group delay, and spurious response. Performance is verified at the
start and end of all environmental tests to ensure that no major degradation
has occurred as a result of environmental testing.

Figure 15. INTELSAT IV Comnunications Satellite in Anechoic Chamber

Typical measured values of performance parameters are compared with
the applicable specifications in Figures 16 through 20. The results indicate
that adequate margins exist for all specified parameters. The measured
values of global e.i.r.p., receiver G/T, system gain, and IXTR were ob-
tained in an anechoic chamber. The spot-beam e.i.r.p. was derived from
a combination of unit power and far-field antenna measurements. The
frequency response data were measured during the integration of the
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communications subsystem and show the frequency response for a large
range of input drives. A comparison of measured in-orbit values and
prelaunch values for global and spot-beam e.i.r.p., receive G/T, system
gain, and frequency response shows favorable agreement.
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Despin control subsystem

L. B. Ricks

The despin control subsystem (DCS) is a sampled-data feedback control
system which orients the communications payload platform toward the
earth while the rotor spins about an axis normal to the orbit plane (in
final synchronous orbit). Input data are derived from rotor-mounted
sensors and compared with feedback data derived from a master index
pulse generator (MIPG). This generator consists of a rotor-mounted coil
and two platform shaft-mounted magnets which are separated by 180°
The pulse output rate is therefore twice the platform-to-rotor relative
rate (2f,).

Input data are counted up to form a pulse train which is twice the rotor
rate (2f,) for comparison with 2f, signals and generation of error signals.
The control system is mechanized so that a null or zero error condition
occurs when 2f, and 2f, signals are 90° out of phase (see Figure -21).
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Figure 21, Formation of DCS Error Signal

L. B. Ricks is Manager of the Electronics Department, Space Segment Imple-
mentation Division, COMSAT.
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Operation of the DCS as a closed-loop system is shown in Figure 22,

Four control loops are used: position, rate, friction, and command.
Two complete sets of despin control electronics (DCE), shown in Figure L E y
23, are provided for redundancy. The various sensor inputs are processed g x LTy
by the sensor electronics to generate uniform digital pulses. Operational T 22 ggg o,
mode selection logic permits command selection of the sensor to be used Zuz e meE = g 3
(earth or sun}. A time-of-day delay must be used in conjunction with the %% % 205
sun mode as described later. The phase-lock loop (PLL) generates clock inad f
signals and 2f, pulse trains in phase lock with input sensor pulses. Error —1
signals are computed for the four contrel loops in the torque command 5 =
generator. These signals are weighted, summed, and modulated to form z2 - E g g [ i
a suitable input to the motor drive resolver. The resolver output is then b3 g‘ g (:5' w g ¢ o 3 % g §
demodulated and amplified to drive the motor windings. @ sEL5E & 8= %
EEER 3
Operational mode l i
" 2. By S
The DCE is capable of operating in four different modes: earth sensor, - <5 z % i g £3 -
sun sensor, pseudo-earth, and rate memory hold. In the earth sensor mode i & g 3 3 g2 £z )z‘f B §
the earth’s Jeading horizon is detected as an input reference. A mechanical £ 5 Fu g3° kS
bias in MI1PG alignment is used to phase 2f. signals so that the payload a i E
compariment is pointing toward the center of the earth when control § = ~
system null is reached (see Figure 21). % = §§ = &8 g
1n the sun sensor mode the sun sensor is used as an input reference to 8 § 8|3, ;;ur: 'g =da S
generate 2f, pulses in the phase-lock loop. These pulses are delayed in £ £ E :—;g EE o E“ z =
a sun clock register to coincide with the earth’s leading edge. Ground §g S &5 = ¢ %
commands are used to establish the sun clock delay according to time of ° gfg ! <
day. Once initially established, this delay is automatically updated every SrZ2 ol
five seconds, and the register operates as a 24-hour clock. Periodic up- = E o
dating by ground command is required because of accumulating differences X :I("‘ § Eo
between a 24-hour day and an actual solar day. - s s
In the pseudo-carth mode, reference input pulses are generated by é g 2 ‘E 5 r
ground equipment and synchronized to any available rotor-mounted ke By 1 Em g
sensor. This mode may be used as an emergency ground control for despin. 3 § § £ ‘3 “\5 g i
In transfer orbit, pseudo-earth pulses are used to establish a suitable inertial « 2iolx '5‘; §
platform rate during apogee motor fire, Pseudo-earth pulses are also used 2 R § %8 E% E
to establish a constant 2f, frequency in rate memory hold mode. & £og @ w
In the rate memory hold mode, external input pulses are removed and
the phase-lock loop maintains the last computed output frequency (2f,). r

The platform is therefore driven at a fixed relative rate determined by the
last input frequency. During transfer orbit, rate memory hold is used to
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maintain an optimum platform inertial rate so that stability can be pro-
vided when the satellite is not under ground station surveillance.

Input Sensors

Earth Sensors. The earth sensor is a narrow-beam, horizon-crossing in-
dicator which senses radiance in the 14.5- to 15.5-micron region (CO,
band). The leading edge pulses are used as a reference for despin control.
Leading and trailing edge information is telemetered for attitude determi-
nation.

The sensor consists of an optical barrel assembly and a housing contain-
ing the clectronics. The barrel assembly contains all of the optical elements
and the earth detector. Two spectral filters limit the band from 14.5-15.5
microns. The detecting thermistor-bolometer, mounted behind a hemi-
spherical immersion lens, is masked to provide a 1.5° by 1.5 field of view.
Temperature compensation of the detector is accomplished by using a
matching thermistor which is shielded from incoming infrared energy in a
bridge circuit.

The active thermistor changes resistance when energy is absorbed,
creating an imbalance in a bridge whose output is capacitively coupled to
a preamplifier chain. Subsequent processing circuitry differentiates the
detector output and generates positive pulses as the sensor scans from
cold space across the earth’s leading edge, and negative pulses at the trail-
ing edge. Positive and negative pulses are segregated and threshold detected
at 50 percent of their peak values. Hence, variations in the earth radiance
level or detector sensitivity are compensated.

Moon discrimination is accomplished by blanking all pulse outputs
unless the input persists for longer than 5 milliseconds. Sun interference
is eliminated by switching, on ground command, to one of three earth
sensors. These sensors are aligned at 83.8°, 90°, and 96.2° to the spin axis.
Since the apparent sun disc has a diameter of 4°, there are at least two
sensors available as despin references for all values of sun declination.

Sun Sensor. The sun sensor consists of an N/P silicon solar cell, a load
resistor, and two housing assemblies which form fan-shaped fields of view,
One fan beam describes a plane which contains the spacecraft spin axis.
The pulse generated when this beam encounters the sun is used for despin
reference and for spin rate determination. The second fan beam is canted
at 35° to the first. The rotation angle between the output of the two fan
beams as they scan the sun is proportional to the spacecraft sun angle and
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is used for attitude determination. The processing electronics compone_nts
necessary to shape the analog waveform of the sensor pulse into a digital
square wave are contained in the DCE.

Master index pulse generator

The relative position of two spacecraft elements is detected by two
master index pulse generators, consisting of two C-core pickup coils
located 180° apart on the rotor, and two permanent magnets located 180°
apart on the despun section (shaft). The output of each coil is connected
to one of the two DCE units.

Rotor rotation results in an initial negative voltage peak followed by a
positive peak. Since there are two magnets, two such voltage swings will
occur each revolution. The zero crossing of the output voltage of the coil
is detected by the despin control electronics and converted into a digital
pulse. This pulse is delayed by 7.49 milliseconds to compensate for variable
spin-rate delays in the earth sensors and processed to form the 2f, wave-
form, which is compared with the 2f, waveform in the torque command
generator.

Phase-lock loop

The phase-lock loop is a variable frequency pulse generator which
maintains both frequency and phase lock with the input reference signal.
The loop input is compared with the loop output in the phase detector, as
shown in Figure 24. If the output frequency is too high or too low, an error
signal will cause a 15-bit up-/down-counter to count in the proper directiqn
to correct the error in the output frequency. This second-order loop 1s
stabilized by a phase reset, which occurs every other input reference
pulse,

- 214,
PHA‘;E DOWN . UP--/ D-TO-A DIWIDE—
pETECTORMEGT POWN-I" N anDER 1+f  veo I —By-214be 21,
COUNT , [counTer NET COUNTER|
} E J
INPUT - fs
PULSES INHIGIT
E
LOCK
LOGIC

21 fg

Figure 24. Phase-Lock Loop Block Diagram
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In a ladder network, the contents of the up-/down-counter are converted
to voltage to drive a voltage controlled oscillator. A divide-by-2!* counter
provides signals at 1, 2, and 2' times the input frequency (f,, 2f,, or 2uf,),
Loop feedback is at f,, clocking signals are at 2'*f,, and error computation
(performed in the torque command generator) is at 2f,.

To prevent large frequency corrections for missing or erroneous pulses,
lock logic usually restricts loop correction to an equivalent 0.7° of space-
craft rotation. However, if three consecutive corrections of more than 0.7°
are made, full correction is allowed. When two or more consecutive input
pulses are missing, lock logic places the loop in the rate memory hold
mode. In this mode, the binary number contained in the up-/down-
counter is constant and close to the value reached prior to the missing
input pulses,

The phase-lock loop must accommodate spin rates from 20 to 75 rpm
in the event of anomalous initial spin-up. After acquisition in transfer
orbit, the rotor is adjusted to about 51 rpm, which is optimum for stability
purposes, In addition, the phase-lock loop must provide an output
quantization of 0.06°. To meet these requirements with reasonable resistor
tolerances and values, the resistive ladder network is subdivided into four
major ranges as shown in Figure 25. Crossing one of these ranges causes
a pointing transient of several degrees; however, stability constraints
dictate spin control well within the boundaries of major range number
three.

Each major range is further subdivided into minor ranges of 0.7 rpm.
If the rotor spin speed is allowed to drift across one of these minor ranges,
the discontinuity will cause a momentary pointing transient of 0.7°,

Torque command generator

The basic inputs to the torque command generator are 2f, and 24,
pulses from the phase-lock loop and 2f, pulses from the master index
pulse generator (see Figure 26). From these three signals and a ground
command torque bias, the required despin torque is derived. The control
loop parameters listed in Table 3 are basically characterized by the torque
command generator. The total despin torque is the sum of position error,
rale error, steady-state bias, and commanded bias, each derived as de-
scribed in the following paragraphs.

Position Error. As shown in Figure 26, a 2f, pulse starts a 13-bit up-
counter and a 2f, pulse stops it. The value contained in the up-counter is
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NUMBER INCREASING — 4

NUMBER IN UP-DOWN COUNTER

Figure 25. Spin Speed vs N

proportional to the position error and is transferred into a position
register. After it is converted to voltage, the position error is modulated
to form a suitable input to the motor driver.

Rate Error. Rate crror is derived in the torque command generator by
determining the change in position error between the current value and
the most recent past value, This measurement is accomplished in a ripple
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TABLE 3. DESPIN SUBSYSTEM DESIGN PARAMETERS

Performance Characteristics

Acquisition Time <15 min
Pointing Accuracy <0.16°, 3¢
Operational Transients <l°for 155
Spin-Speed Range 40-6() rpm, normal
20-80 rpm, maximum (degraded pointing
performance)

Control Loop Parameters
Position Loop

Gain* 5.48 N-m {4 ft-1b) /radian
Resolution 0.022°
Data Rate two samples/revolution
Dynamic Range * +0.274 N.m (0.2 [t-1b)
Rate Loop
Gain* 34.3 N-m (25 ft-lb) /A rad /sample
Resolution 0.022°/sample
Data Rate two samples/revolution
Dynamic Range* +0.84 N-m {£0.615 fi-1b} /sample

Steady-State Error Corrector (fric-
tion torque compensation loop)

Resolution * 0.00127 N-m (0.00094 fi-lb} /step

Data Rate one sample/16 revolutions

Dynamic Range * +2.27 N.m (£1.66 ft-1b)

Modes of Operation sun and carth modes only; inhibited to

hold last value in pseudo-earth mode

Command Torque Bias
Resolution * 0.00127 N-m (0.00094 fi-Ib} /step
Dynamic Range* £:2.27 N-m (4£1.66 ft-1b)

* Yalues double for 2-motor-driver operation.

down-counter, which is reset by the previous sample enable received by
the up-counter. The valuc of the previous position error is then entered
into the down-counter. During the new sample time, both the down-
counter and the up-counter receive and count pulses. If the previous count
is the same as the current count, the down-counter reaches a nominal value
which corresponds to no rate error, i.e., no change in the phase comparison
value of the up-counter. This measurement is then shifted to a rate register,
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digital-to-analog (D/A) converted, modulated, and summed with the
position error.

> @ Steady-State Error Corrector Counter. The steady-state error corrector
£E 5 is an up-/down-counter which samples the sign of the position error every
P_j §§ § oz 16 spacecraft revolutions. If the sign of the position error remains the
o PiRE 1; go;ﬁ z2 same over a period of time, the up-/down-counter is moved bz-wkward or
EEE 4 ggé; s E; = forward one count {0.00106 N.m, or 0.00078 ft-ib), depending on the
53 3 2° Eé polarity. The accumulated effect of this sampling is to create a torque
which nulls pointing error. During steady-state operation, the error cor-
N rector will limit cycle plus and minus one count. Updating is disabled
in the pseudo-earth mode to provide full control by ground equipment.
l g Torque Bias Counter. The torque bias counter is an up-/down-counter
az oz oz - § which is shifted forward or backward by ground control through the
2 Z2 5% EEE 2B 3 steady-state error corrector counter. These two counters are actually in
‘O\té ;»é ;‘(,é g §§ o = series 50 that the error corrector can astomatically control the full dynamic
g§ 'DT§ ;*2 = § range of torque. (The torque bias counter contains the most significant
r e § bits). Torque bias commands are used to initiate the DCE at a nominal

< friction bias in lieu of slow, automatic update by the error corrector.
§ Initial loop acquisition causes the despin compartment to point either
= toward the earth or 180° away from the earth because 2f, feedback in-
8 formation can satisfy null conditions in two directions. If the system
~ Ea e = g | | B © acquires while pointing away from the carth, torque bias commands are

Z9E EEE@ 252 FH JEE 4 W g & used to overpower all loops for a “sector switch.”

550 N E;gg EEE -k B 83z gg = The contents of the steady-state error corrector counter and the torque
I 9 bias counter are separately converted from digital to analog, modulated,

and summed with position and rate error signals to form a total despin
error signal,

Moetor drive system

GROUND COMMAND
COUNT
CONTROL
LOGIC
L
Mtp
PROCES—
SOR
21, FROM—_J

<
= « The output of the torque command generator is a 1.55-kHz square wave
e = which has a peak value proportional to the magnitude of the total com-
o~ [Ty o . .
§§‘§‘ manded torque (see Figure 27). Relative to a reference generator of the
=28

same frequency, the output signal is either in phase or 180° out of phase,
depending on the sign of the commanded torque. This modulated 1.55-kHz
signal is used to excite the primary winding of the motor resolver.
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Figure 27. Motor Drive System

The secondary windings of the motor resolver produce a 1.55-kHz
output modulated by the sine and cosine of the relative station angle of
stator to rotor. Subsequent demodulation of the secondary winding output
signal yields a voltage which is proportional to the torque command and
varies with the sine or cosine of the rotation angle. The resulting sine and
cosine waveforms are the inputs to the motor drivers. Each motor driver
consists of two out-of-phase class A amplifiers, each driving one end of a
motor coil. One pair (cosine and sine} 18 driven by the motor drive circuits
in a given set of despin control electronics; however, either set of despin
control electronics can contrel either or both motor drive circuits.

The motor is essentially a 2-phase, 16-pole, AC motor which requires
in-phase sine and cosine driving voltages to generate the required rotating
magnetic field. For the motor to operate as a “brushless DC motor,”
these voltages must be artificially generated by the resolver as previously
described. Figure 28 illustrates the basic despin motor speed and torque
characteristics.

3.0

g
)

CURRENT (A)
o

SPEED (rpm)
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Figure 28. HS 312 Despin Motor Characteristics
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System respemnse

The control parameters of Table 3 resulied from an extensive per-
formance tradeoff under various conditions of input and output {friction)
disturbances. Such factors as system response to input noise, friction
variations, natural limitcycle behavior of the control loops, stability,
spin changes, and missed and erroneous input pulses were investigated in
detail by computer simulation and actual spacecraft test.

Because of the limit-cycle behavior of the control system and because
the phase-lock loop is a nonfiltering-type loop, the upper bound on
gain is limited by input sensor noise. Figure 29 indicates typical per-
formance in the earth sensor mode with a 3-sigma zero-to-peak jitter of
0.15° in 1- and 2-motor-driver configurations. The corresponding input
jitter for the sun sensor is about 0.03° zero-to-peak. The sun mode is used
continuously except during eclipse seasons.
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Figure 29. INTELSAT 1v DCS Response (3¢ noise = 0.15°,
zero to peak)
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The lower bound on gain is determined by the system response to
low-frequency friction variations. The curve of Figure 30 illustrates the
control system response to friction changes occurring at various frequen-
cies for 1- and 2-motor-driver operation. Comparison of Figures 29 and
10 reveals the nature of the tradeofl between conflicting performance
parameters.

16 T |

_—— ONE MOTOR DRIVER 1

RESPONSE {DEG/N-m}
@
I

TWO MOTOR DRIVERS

0.00 001 0.10 1.0
FREQUENCY {Hz}

Figure 30. INTELSAT 1v DCS Bearing Friction Variation
Frequency Response (45 rpni)

Test veriiication of performance

The object of the INTELSAT 1V test program is to continuously monitor
and record DCS parameters to demonstrate long-term performance. Ex-
tensive instrumentation is necessary to differentiate between actual DCS
behavior and externally caused disturbances. In general, the test program
consists of 48 hours of mixed simulation, 96 hours of initial integrated
system tests, 16 hours of computer open-loop checks, 120 hours of thermal/
vacuum tests, various functional checks, 96 hours of final integrated
system tests, 24 hours of prelaunch iniegrated system tests at Cape Ken-
nedy, and 4 hours of prelaunch computer open-loop checks. These tests
will be described briefly in the following paragraphs.

Mixed Simulation. In mixed simulation, each flight despin control elec-
tronics unit is placed in a thermal chamber and operated as a closed-loop
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system with an analog computer and digital interface unit. The analog
computer stmulates 3-axis dynamics, and the interface unit generates
sensor input and master index pulse generator signals. The purpose of
this simulation is to compile a complete mission profile including anoma-
lies, Steady-state performance is analyzed for all DCS operational modes
over the entire rpm range and under various conditions of friction torque
noise and input scnsor noise.

Mission profile studies during mixed simulation include the following
items:

. satellite separation and spin-up;

. sector switching;

. apogee motor fire;

. transient response to various input perturbations such as nutation,
missing or erroneous input pulses, and step changes in torque;

. flat spin recovery techniques;
jet firing maneuvers; and

. various failure mode tests.

fe o

am orh o0

The mixed simulation output is a continuous, real-time plot of 8 to 16
variables, depending on the specific test being conducted. A most impor-
tant feature of these tests is that they make it possible io relate available
spacceraft telemetry to dynamic variables, such as platform rate and
platform position off-axis rates. This test technique has proven to be an
extremely flexible and useful method of evaluating system performance
under both normal and abnormal conditions. Agreement with in-orbit
performance signatures has been excellent.

Computer Open-Loop Checks. The DCE is functionally checked by the
system test equipment computer at intervals during the test program when
spin table operation is not practicable (for example, before and after vibra-
tion tests). The computer forms signals (simulated earth and MIPG pulses)
which are used as inputs to DCE test points. The DCE is then commanded
to all operational modes 1o see if the control loops are properly nulled in
each case. Operation of the phase-lock loop over its entire rpm range is
checked by sweeping with a slow 2f. frequency ramp while monitoring the
position error.

Integrated Systems Test (IST). During integrated system tests, a com-
pletely assembled spacecraft is mounted on a spin table. To avoid wind
effects on the platform, the spinning rotor is enclosed by a wooden struc-
ture and separated from the platform by a partial baffie. The platform is

e
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also enclosed by an upper wooden structure to avoid air currents in the
test area. The spacecraft is carefully aligned with respect to a heated-plate
earth target and a sun target. A scaled target is mounted on the outer rim
of the platform so that pointing deviation may be viewed through a
theodolite, In addition, a black-to-white vertical transition target is
mounted above this scale. This target is aligned to a Physitek optical
tracker, which yields a continuous, high-resolution recording of the
pointing direction.

The purpose of the DCS integrated systems test is to construct a test
matrix of all operational modes at the nominal in-orbit spin speed (51
rpm) while monitoring all available system parameters. The test output
consists of the following recorded data:

a. optical tracker indication of pointing direction and “jitter™;

b. digital-to-analog (D/A) converted waveform of the despin control
electronics computed position error (spacecraft telemetry);

c. D/A converted waveform of the despin control electronics com-
puted total despin torque (spacecraft telemetry);

d. D/A converied rotor-mounted sensor output pulses;

e. D/A converted phase-lock loop input flip-flop, which is driven
by input sensors (hardline test point);

f. D/A converted phase-lock loop internal frequency (hardline test
point of 2f);

g. analog waveform of each earth sensor’s postamplifier output (hard-
line test point);

h. voltage waveform of the sine and cosine motor drive signals (hard-
line test point};

i. magnetic recording of both PCM streams (spacecraft telemetry);

i. D/A converted magnetic pipper on the spin table (hardline test
point); and

k. spacecraft bearing accelerometer signal (telemetry).

These data enable test engineers to evaluate system performance in real
time and to isolate problems in specific areas of the DCE or test equipment
setup. For each mode of operation, the test equipment computer is used
to form statistical distributions (histograms) of DCE computed positions
to be compared with optical tracker position indications. The total com-
manded torque is also periodically summed and averaged over a 15-minute
sample. The dynamic torque capability of the motor drive system is
measured by commanding the torque bias over the full range of the torque
bias register while restraining the platform with a calibrated spring.
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After the formal matrix of tests has been completed, the DCS is subjected
to a “hands off”” single mode of despun operation for 24 hours. The pur-
pose of this operation s to establish a quiet environment for demonstration

gg of steady-state “glitch-free” performance.
ig .‘ Thermal Vacuum Test. The thermal vacuum instrumentation and test
z ! techniques are essentially the same as those used during the integrated
E% o system test. A test matrix is established to sample various operational
e ’?‘.% modes for each thermal condition. In addition, the sun clock is checked
% g% to determine whether an equivalent 180° rotation occurs in 12 hours, and
T ] 5d the input pulses are removed so that the rate memory hold frequency
E*g = stability can be checked for one hour.
E
g 3
2 =
& 3 @; Bearing and power (ransier assembly
3 5
£ § ~ Y. W. OUELLETTE
g 5
i j J S The bearing and power iransfer assembly (BAPTA), shown in Figure 31,
#E : l% % forms the rotating interface between the despun, earth-oriented communi-
S% o . s 5 cations platform and the spinning stabilization rotor, which mounts the
=8 o—¢ ¥ spinning platform and the solar panels. The 2-piece titanium BAPTA
. 3 shaft is mounted on the despun platform and the titanium BAPTA
. 3 housing is supported by an extension of the spinning rotor’s thrust cone.
= Two separable angular contact bearings mounted back to back form the
22, ‘.:;; mechanical rotating interface.
ggg 'L%D Electrical power transfer is achieved through a slip ring assembly with

cartridge-type brushes. A 4-channel rotary transformer is employed for
. ] ] telemetry and command signal transfer. Two permanent magnets and
é < ' two coils are utilized to derive rotational rate information for the DCS.
Located between the two bearings is a brushless DC motor whose torquer
i is driven by the DCS to compensate for mechanical friction losses in the
| bearings and the slip ring assembly. The motor’s resolver furnishes the
information required for the electrical commutation performed by the
DCS motor drivers. Thermal control is achieved through passive thermal

INSULATED COVER
SPRING

stameTy

TYPICAL SLIP RING
BRUSH CARTRIDGE
SLIP RING SHAFT
STATICNARY COIL
ROTATING COIL

J. W. Ouelletie is a member of the Technical Staff in the Mechanics Depart-
ment, Space Segment Implementation Division, COMSAT.
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finishes and active heaters, with thermistors indicating the actual in-flight
thermal conditions.

Bearing sizing for this type of application involves numerous considera-
tions, many of which are interactive. The spun and despun sections of the
sate]lite have different thermal configurations, each subject to variations
in bulk temperature. Angular contact bearings, with their relatively large
diametral internal clearance, were selected to minimize sensitivity to the
potential radial gradients.

The cifects of the major design constraints on bearing and preload
selection are outlined in Table 4. Clearance for the electrical power and
signal transfer system, in conjunction with the shaft wall thickness required
for structural stability, established the minimum bearing bore.

TaBLE 4. BEARING SELECTION FACTORS

Bearing
Major Design Outer Ball Size
Constraints Bore Diameter and Number Preload
Geometrical Established — - —
Minimum

Maximized Struc- Large Large — High

tural Stability

(in-orbit}
Minimmized Cyclic Small Small Optimum Low*

Fatigue Ratio
Minimized Power Small Small — Low*

Consumption

* Minimum level established by ball grade and “ball skidding™ considerations.

Dunkerley’s ¢quation indicates the relative dependence of the satellite’s
first resonant frequency, w,, upon the fundamental resonant {requencies
of the despun platform, w,, the rotor, w,, and the BAPTA, ws:

1 1 1 3
=t — 4

W, Wy Wy @

The nonlinear preload characteristics of the bearings were employed to
determine the optimum preload for maintaining the satellite fundamental
resonant frequency commensurate with a rcasonable in-orbit operating
friction torque level. Mounting the bearings in the double-back con-

THE INTELSAT IV SPACECRAFT 315

figuration yielded an effective spacing of 23 cin (9 in.) to further enhance
the BAPTA stiffness. Table 5 lists the bearing features.

Bearing noise i3 minimized by ensuring that raceway brinnelling is
minimized during launch, During launch, the bearings are off-loaded by
a W clamp, which transfers up to 90 percent of the load directly from the
shaft to the housing. Bearing preload is achieved by using a double Belle-
ville spring in a clamped-clamped configuration at the aft bearing. Because
of its relatively high radial stifiness without clearance, this configuration
prevents viscous damping in the rotor. As a result of the axially shiding
suffaces commoen to coil spring preload systems, this viscous damping
effect could have functioned as a satellite dedamper,

TABLE 5. BEARING FEATURES

Type angular conlact ball bearing with a separ-

able outer race

Material 440C CRES, CEVM
Bore 90 mm
Outer Diameter 140 mm
Width 24 mm
Dimensional Tolerances ABEC* 7T
Number of Balls 16
Ball Diameter 15 mm (19/32 inch)
Ball Grade 10
Nominal Curvature

Inner Race 52.0 percent

Cuter Race 52.5 percent
Diametral Internal Clearance (113 £ 0.01 mm
Nominal Contact Angle 24° - 26°
Retainer Design single piece, ball riding
Retainer Material cotton base, phenolic laminate with a 2- to

4-percent oit absorptivity

* ABEC is the Annular Bearing Engineering Committee of the Anti-Friction Bearing
Manufacturing Association, Inc.

Instead of a positive scal, a labyrinth scal was sclected for the dynamic
interface between the BAPTA shaft and housing. The amount of bearing
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lubricant was determined by multiplying the lubricant loss rate resulting
from evaporation by a liberal design factor.
At the steady-state in-orbit operational environment, lubricant depletion

occurs in the molecular flow regime. The fundamental relationship may
be expressed as

o AEP=P)
3 (q1.G2.9:)
where E = (8 kT/rm)V?

L=

@ 2 molecular flow rate
F; 2 pressure at boundary j

£ (g1,92,45) & molecular flow impedance factor dependent
upon orifice geometry

k 2 Boltzmann’s constant
T 2 absolute temperature

m 2 mass of molecule.

The overall molecular flow system can be modeled as shown in Figure 32
to include the lubricant impregnated reservoirs and bearing retainers at
the molecular lubricant sources. The impedances, z;, represent the BAP-
TA’s internal geometrical configuration with the labyrinth seal as the load

Figure 32. Moleculur Flow Equivalent Circuit Method
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impedance, Zx. The lubricant sources and‘their internal impe.dances are
represented by E; and {;, respectively, in Figure 32. Conservative calcula-
tions, which disregarded the lubricant reservoir’s contributions, predicted
the Ball Brothers Research Corporation’s Vac-Kote lubricant depletion
period profile shown in Figure 33. .

The slip-ring assembly consists of four coin-silver rings, each having an
outside diameter of 2.54 cm (1 in.), mounted in tandem. Three wires are
connected to each ring, and three individual brush assemblies, located

s |- .
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Figure 33. Lubricant Depletion Period Profile
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120° apart, are in contact with each ring. Figure 34 is an electrical schematic
of this configuration, and the design parameters are outlined in Table 6.

TABLE 6. SLIP RING DESIGN PARAMETERS

Rated Current Capacity 7.5 A/ring
Electrical Noise <20 mV
Number of Brushes 12 (3 per ring)
Number of Rings 4

Number of Brush Tracks 12 {3 per ring)

Brush Size {(contact surface) 0.508 cm < 0.635 cm = 0.323 cm?

Brush Force 0.588 N

Brush Current Density 7.75 Ajcm?

Rated Brush Current Capacity 25A

Useful Brush Length 3.81 mm including 3.3 safety factor

Brush Material Stackpole SM-476 (85-percent Ag, 3-per-

cent C, 12-percent MoS)

Ring Material coin silver (90-percent Ag, 10-percent Cu)
MIL-8-13282, grade C, temp 6 full hard

Insulation Material plastic laminate (epoxy-glass fiber) L-P-309,
type IV, grade G-10

The brush holders, constructed of yellow brass, are cartridge-type
holders. Brush pressure is maintained by compression springs, which are
held in place with a threaded brass cap acting as the spring backup plate.
The upper half of the brush holder is then covered with a plastic cover for
insulation and debris management. The brush helders are mounted on
three insujated plates, each containing four brushes. The plates are attached
to a machined hexagonal aluminum rotating housing.

A labyrinth seal and barrier system between the ring and housing is
incorporated for physical brush debris control. All metal surfaces of the
slip ring housing are covered with a conformal coating to enhance elec-
trical isolation.

The rotary transformer consists of four channels: two to transmit
multiplexed signals from the spinning to the despun encoders, and two to
transmit commands from the command receivers to the spinning decoders.
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ROTOR PLATFORM
PESPUN PLATFORM

T~~~ TAiNG CONNECTOR

TERMINAL IBRUSH mn
BOARD 0_"‘| L

Figure 34. Slip Ring Electrical Schematic

Both rotor and stator portions of the transformer utilize ferrite cores with
wound coils. Each channel has a closely matched pair of ferrite cores for
the rotor and stator windings. Signal transfer is independent of shaft
position, speed, and direction. Figure 35 is a sectional view of the trans-
former and Figure 36 is an electrical schematic.

To meet efficiency and low-noise requirements, the gap between stator
and rotor must be small. Hence, it is necessary to maintain close dimen-
sional control of the ferrite cores. An air gap of 0.254 mm (0.010 in.)
allows a radial misalignment and eccentricity of 0.127 mm (0.005 in.)
without degrading the signal. An axial overlap of pole faces allows 4-0.38-
mm (£0.015-in.) axial movement without changing the magnetic charac-
teristics. As indicated in Figure 33, teflon bumpers are provided at aft and
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Figure 35. Rotary Transformer Sectional View

forward ends of the rotary transformer to prevent contact between cores

during spacecraft vibration.

The transformer characteristics are summarized in Table 7. A typical
frequency versus gain transmission profile is shown in Figure 37.

TABLE 7. ROTARY TRANSFORMER CHARACTERISTICS

Peak Signal Level

Signal Source Impedance
Load Impedance
Harmonic Distortion
Signal Isolation

Number of Turns
Winding

Core Material

15 V peak-to-peak

300 @

4,000-6,000 @

0.1 percent above 10 kHz
—45 dB, 5-50 kHz

400

no. 40 AWG

Ferrite
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Figure 36. Rotary Transformer Electrical Schematic
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Figure 37. Typical Rotary Transformer Gain/Freguency Response
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Figure 38. Electrical Power Subsystem Block Diagram
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Electrical power subsysiem
F. S. Osuat

The INTELSAT Iv pawer subsystem consists of two cylindrical solar panels,
two 25-cell nickel-cadmium batteries, a battery controller, two command-
able relays for bus paralleling, an auxiliary battery, and miscellaneous
commandable switches for heater and valve control. Its performance
requirements are shown in Table 8, Tt is a positive-polarity, 2-bus system,
in which each bus powers approximately one-half of the spacecraft load.
Although buses are designed to operate independently over the total
spacecraft operating life, bus paralleling relays are provided for unexpected
operating modes,

Each main panel is conservatively designed to provide approximately
200 watts to the load and 25 additional watts for battery charging after
seven years in orbit. An additional 14 watts of power is provided on each
panel’s charge array to boost the main bus voltage sufficiently to charge
the 25-cell battery.

Battery operation is designed to be semiautomatic, Low bus voltage
causes the battery to be automatically connected to the bus. A command
is required to disconnect the battery from the bus. Each battery has two
charge arrays and each ayray is commandable individually.

Systemn configuration

Figure 38 shows the power subsystem configuration. The subsystem
consists of two spinning solar panels termed main array 1 and main
array 2. Fach main array forms a spacecraft bus, the negative panel
terminal connected through a shunt, There are two separate temperature
monitors on each panel. Power is supplied from each panel directly to
the loads on the spinning section and through slip rings to the loads on
the despun section.

F. S. Osugi is Manager of the Electric Power Branch, Space Segment Imple-
mentation Division, COMSAT.
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TABLE &. INTELSAT Iv POWER SUBSYSTEM REQUIREMENTS

Parameter

Performance Requirement

Solar Panel Bus
Number of Buses

Polarity

Output Voltage at Combined Ouiput
> 3970 W

Maximum Voltage When Emerging from
Eclipse

Paralleling of Buses

Battery Discharge to Fach Solar Panel Bus
Set Point for Automatic Discharge Turn-On
Voltage Transient on Battery Turn-On
Discharge Turn-Off

Total Output Current (both batteries}

Minimum Bus Voltage During 1.2-hr Bat-
tery Discharge

Discharge Command
Battery Charge
Battery Charge Current at End of 7 Years

Battery Charge Command
2/3 Charge Array
1/3 Charge Array
All Charge Arrays

Battery Reconditioning

Nominal Discharge Current
Command

Auxiliary Battery
VYoltage

Telemetry Shunts
Rating
Number Provided

2
positive
238V

480V

paralleled or unparalleled by com-
mand on either side of slip rings

241 =015V

+10-V maximum step change
by ground command

152 A

241V

battery discharge ON/OFF

1.0 A per battery (1.45 A max)

one ON command per battery
one ON command per battery
one OFF command per battery

0.25 A
ON/,/OFF for each battery

maintain voltage above 21.3 V into
a continuous load of 1.4 A for 0.7
hr or 5.0 A for 30 s

20°A (200-mV output)
6
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Charge arrays designated la, 1b, 2a, and 2b are connected as shown
through commandable switches to the batteries. The charge arrays for
each battery have current ratings in a one-to-two ratio so that one-third,
two-thirds, or three-thirds of the available charge current may be selected.

The outputs of the charge arrays, main arrays, and battery are all
connected to the battery controller. Controls for both batteries are located
in a single electronics assembly. This assembly includes commandable
switches for selecting the desired charge current and power relays for
connecting the battery to the bus. These power relays can be opened or
closed on command and closed automatically when the bus voltage drops
below the set point. Commandable reconditioning switches are also located
inside the battery controllers; the power resistors in series with them are
mounted to the spacecraft on the outside of the controller assembly. Two
commandable relay assemblies, which are used to parallel the buses, are
provided, one on each side of the slip ring assembly. This arrangement
permits cross-connection of loads and buses in the event of slip ring failure.

An auxiliary battery assembly on the despun section ensures that con-
tinuous power will be provided to critical loads located on the despun
section during launch. Momentary loss of power caused by slip ring
vibration or relay chatter cannot be tolerated. The auxiliary battery
charges from one bus and discharges to both buses. After final orbit is
achieved, the auxiliary battery is no longer needed.

Spacecraft power is distributed through redundant wiring via two
separate buses. The spinning and despun grounds are structurally isolated
at the BAPTA to prevent current flow through its bearings. Spacecraft
power users (e.g,, communications and telemetry and command sub-
systems) provide their own regulators and converters. All spacecraft
units provide overload protection {in case of component failure) in the
form of active current limiting, current limiting resistors, fusing resistors,
or filament fuses.

Bus veoltage performance

The bus voltage varies between the upper voltage limit (48 volts), deter-
mined by the cold solar panel emerging from eclipse, and the lower limit
{23.8 volts) of the battery discharge control set point. When the discharge
control set point is reached, the fully charged baticry is switched directly
to the bus. This places a step voltage increase of up to 10 volts on the bus,
All spacecraft power-using systems have been designed to accept this bus
transient. However, for conscrvative operation (e.g., to minimize the
transient effect), it has been elected to manually control battery turn-on
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during the eclipse season. This is done by commanding the battery on TABLE 9. SPACECRAFT LOAD SUMMARY* (continued)
just before eclipse is entered and before the panel voltage decreases to the
automatic set point. a. Continuous Load (Continued)
Power requirements Both
) . . ) Bus 1 Bus 2 Buses
A summary of power requirements is presented in Table 9. With the Load (mA) (mA) (mA)
exception of the P&O heaters, the continuous loads (excluding battery
charging) require an essentially constant current over the operating range Attitude Control
of 24.2 to 48 volts. The normal bus voltage range is 24.2 to 33 volts (except Earth Sensors 1, 2, 3 18 76 114
for post-eclipse transients). Fach TWT in the communications repeater Despin Electronics 1% 240 240
has a redundant unit on the same bus. Despin Electronics 2° —e
Despin Motor Drive 104 250 250
Despin Motor Drive 2 b —e
TABLE 9. SPACECRAFT LoAD SUMMARY * BAPTA Heater [ a5 -
BAPTA Heater 20
a. Continuous Load BAFPTA Heater 3 b-»
Both Subtotal 819
Bus 1 Bus 2 Buses Miscellaneots
Load (mA)  (mA)  (mA) 5
P&O Heaters® 210 245 455
Communications Power Control Electronics 10 10 20
TWT Group 1 (six odd channels) ® 5,900 5,900 Pressure Transducers 1, 2 5 5 10
TWT G 2 (si en channels) ® 5,900 5,900
Receive: (;pr o e ) —e ’ Subtotal 485
Receiver 2P —F .
Rg:;::: i 660 660 TOTAL (excluding battery charge) 7,084 7,347 14,431
Receiver 4b —* Battery Charge
- 1 b
Subtotal 12,460 7-Year Equinox 1,000 1,000 2,000
T-Year Solstice ® 333 333 666
Telemetry and Command
Spinning Encoder 17 —=c ]
Spinning Encoder 2° 140 140 b. Intermittent Load ®
Spinning Decoder 1 40 40
Spinning Decoder 2 40 40 Bus 1 Bus 2
Despun Encoder 1® —= Load (nA) (mA)
Despun Encoder 2° 95 95
Despun Decoder 1 36 36 N
Despun Decoder 2 36 16 Antenna Position Motor 2,500
i 50 .
Command Receiver 1 50 Spin-Up Latch Valve 1,700 1,700
Command Receiver 2 50 50 A
. Axial Jet 600 600
Beacon Transmitter 1 90 90 Radial Jet 600 600
Beacon Transmitter 2 90 90 Spin-Up Jet €00 600
Accelerometer 40 40

Subtotal 667
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TaBLE 9. SPACECRAFT LoAD SUMMARY “ {continued)

b. Intermittent Load b (continued)

Bus 1 Bus 2

Load (mA) {mA)

Despin Motor (max. torque) 1,000 1,000
Auxiliary Battery Charge 150

Cross-Connect Valve 4,500
Apogee Motor Heater 17 480

Apogee Motor Heater 2 480
Apogee Motor Heater 3 620

Apogee Motor Heater 4 620

Squibs &
BAPTA 16,000 16,000
Apogee Motor b 8,000 8,000

» All values are at 24.2-volt bus except as noted.

b Command controlled.

¢ Redundant unit.

d Nominal torque = 9.41 cm/kg {0.14 ft/Ib); with both motor drivers on, an addi-
tional 1.8 A can be delivered to the motor.

¢ Heaters can be used when required.

t 31 VDC.

28 VDC.

Spacecraft power requirements during the launch phase are typically
2.8 amperes on bus 1 and 2.5 amperes on bus 2. These loads will be sup-
plied by the batteries during the period between 20 minutes prior to lift-off
and emergence into sunlight, i.e., typically a total of 40 minutes. Fach of
the two batteries will be fully charged with a usable capacity of 18 ampere-
hours, which will easily satisfy the 1.9- and 1.7-ampere-hour requirements
for buses 1 and 2. If brush/slip ring chatter should occur, the auxiliary
battery will supply current to the despun loads during the interrupt
period.

Table 10 is a summary of the solar panel and battery power and ampere-
hour margins, showing the impact of utilizing all BAPTA heaters and
accommodating increased despin motor torque,
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TaBLE 10. POwWER MARGIN ANALYSIS

a. Comparison of Load Currents with and without BAPTA
Heaters and Increased Despin Motor Torque

Load Current {mA)

Summer

Solstice,
Equinox, Both Both
Buses Buses
Solar Solar

Panel Battery Panel

Normal Operation

Total Continuous Load 14,431 14,431 14,431
Battery Charge 2,000 666
TOTAL 16,431 14,431 15,097

Use of All BAPTA Heaters and Increased
Despin Motor Torque

Total Continuous Load 14,431 14,431 14,431
Battery Charge 2,000 666
BAPTA Heater 2 215 215 215
BAPTA Heater 3¢ 515 515

Despin Motor 500 500 500

TOTAL 17,661 15,661 15,812

b. Comparison of Power Margins with and without BAPTA
Heaters and Increased Despin Motor Torque

Summer
Equinox, Solstice,
Both Buses Both Buses

Solar Panel
Normal Operation

Load Current (mA) 16,431 15,097

Load Power at 24.2 V (W) 398 365

Available Power at 24.2 Vb 502 454
After 7 Years (W)

Margin (%) 26.1 24.4
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TaBLe 10. POWER MARGIN ANALYSIS (continued)

b. Comparison of Power Margins with and without BAPTA
Heaters and Increased Despin Motor Torque (continued)

Summer
Equinox, Solstice,
Both Buses Botih Buses

Use of All BAPTA Heaters and Increased
Despin Motor Torque *

Load Current (mA) 17,661 15,812
Load Power at 24.2 V (W) 427 383
Available Power at 24.2 Vb 502 454
After 7 Years (W)
Margin (%) 17.6 18.3
Battery
Normal Operation
Load Current {mA) 14,431
Max. Eclipse Capacity {(Ahr) 17.3
Max. Capacity (Ahr) 36
Depth of Discharge (%)) 48

Use of All BAPTA Heaters and Increased
Despin Motor Torque ®

Load Current (mA) 15,561
Max. Eclipse Capacity (Ahr) 18.8
Max. Capacity (Ahr) 36
Depth of Discharge (%) 52.2

» BAPTA heater 3 is used only for eclipse season operation.
b Based on predicted and measured values shown in Table 9.

Solar panel

Design Features. The design features of the solar panel are shown in
Table 11. A typical solar panel sector is illustrated in Figure 39.

Ceils are mounted on a cylindrical 1.90-cm (3/4-in.), fiberglass-faced
aluminum honeycomb substrate. They are presoldered in 3 X 64 cell
arrays (main arrays) and in smaller groupings for charge arrays. The
presoldered arrays are bonded to the panel, one sector at a time, by using
an epoxy adhesive. A vacuum bag is used to apply a small uniform pressure
(0.07-0.14 kg/cm? or 1-2 psi) during a 3-hour cure at 65.5°C (150°F).
Heater blankets are used to maintain the proper temperature.

Cells are of the zero gap configuration, and all silicon surfaces except
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TABLE 11. SOLAR PANEL CONFIGURATION DATA

Solar Panels

Number of Panels 2
Geometric Shape cylindrical
Diameter 237.5 cm (93.5 in.}
Lenlgth 137.2 cm/panel (54 in/panel)
Weight per Panel
Subslrate_: 17.05 kg (37.6 1b)
Cells, Wire, Diodes, Connector, etc. 18.96 kg (41.8 Ib)

36.01 kg (79.4 Ib)
Solar Cells

Type of Cell 2- X 2-om (1.27- X 1.27-in.} N/P
silicon

Coverglass Thickness 0.030 cm (0.012 in,)

Nominal Cell Thickness 0.033 em (0.013 in.)

Cell Vendor Heliotek, TFK, SAT, Ferranti

Nominal Resistivity 10 2/cm

Main Arrays

Number of Sectors per Panel 1
Number of Arrays per Sector 10
Number of Cells in Parallel per Array 3
Total Cells in Parallel per Sector 30
Total Celis in Parallel per Panel 330
Number of Cells in Series per Array 64
Number of Main Array Cells per Panel 21,120
Battery Charge Arrays
Number of Sectors per Panel 11
Number of Arrays per Sector 3
Number of Cells in Parallel per Array 1
Total Cells in Parallel per Sector 3
Total Cells in Parallel per Panel 33
Number of Cells in Series per Array 42
Number of Charge Array Cells per Panel 1,386
Total Celis per Spacecraft 45,812

the bus bar are protected by the cover slide. Bus bar protection is afforded
by th_e normal solder coating. Variations in the solder thicknesses of cells
provided by the four manufacturers result in slightly differing protection
from losses caused by low-energy protons. However, all cells are sufficiently
protected to meet end-of-life power requirements.
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Figure 39. Typical Solar Panel Sector ( forward)

The power prediction factors initially used to predict panel perfor_mance
are shown in Table 12. These prediction factors were used to design the
pancl. As flight arrays and panels were fabricated. final panel acceptance
data were used to upgrade the prediction factors and to demonstrate
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adequate panel performance. The use of measured values instead of the
initial prediction factors is indicated in the table.

TABLE 12. INTELSAT Iv PANEL PERFORMANCE

Performance Parameter

Value

Normal Incidence per Covered Solar Cell Pro-
curement Specification PS 30660-080 »

Temperatures (bulk nominal temperatures plus
5.5°C)
Summer Solstice
Equinox
Winter Solstice

Temperature Coefficients

Fabrication Loss Factors

Radiation Degradation Factors {7 years)

Transmission Loss Allowance

Instrumentation Error Ailowance

Intensity Factors Associated with Each Season
Summer Solstice
Equinox
Winter Solstice

Geometry Factors
Parallel Main
Series Main
Parallel Battery Charge
Series Battery Charge

Curvature Loss Factors and Dicde Internal
Wiring Drop Factors (worst cases assumed)

* Measured vaiue of fI., = 0.98
b Considered 3¢ values.

Vo = 0445V, I, = 0125 A
at 139.6 mW/cm? AMO, 25°C
(Iuc/lux = 1131
Voo/Va = 1.258)

21.0°C
29.5°C
25.5°C
fl.. = +-107.25 uA/°Cs
fIn = —184.04 yA/°C,

f¥Vm = =21 mV/°Cp
fVee = =225 mv/°C»

T = 095 fI,, = 0.95»
Vo, = 09790 fV,, = 0979+

fI,, = 0.883, fl. = 0.883,
Vi =093, {V, =093

flye = 0.925} fI,, = 0.9258

fIe = 0.99, fI, = 0.99,
Ve = 099, fV, = 0.99

0.8774
1.0
(0.9480

1, and fi, = 660 cells
Vo, and V., = 64 cells
I, and fl,, = 66 cells

fv, and fv,, = 42 cells

fle = 0942 fl, = 0947 fV, =
1 V effective® {V,. = 1 V effec-
tive »

© Actuat measured values ranged from 0.96 to 0.98,




334 COMSAT TECHNICAL REVIEW VOLUME 2 NUMBER 2, FALL 1972

The power predictions for the INTELSAT IV panels are based on measure-
ments taken on the Hughes pulsed xenon ifluminator. Briefly, the illumi-
nator system measures the output of diode-isolated 3 X 64 cell arrays
during a flash of illumination lasting approximately one millisecond. The
intensity of the light at the test plane is approximately equal to one sun,
and the light spectrum approximates sunlight. No filtering is required to
achieve this spectrum.

The features added for this application permit a load sweeping plot of
a complete El curve (16 points) during each L-millisecond flash and storage
and recording of the data. The recorded data can be fed directly into a
computer program for complete panel prediction. The original system
permitted read out of only one data point per light flash, manual read out
and recording of sample-and-hold circuits, and manual card punching for
computer input. Figure 40 shows a good correlation between flight data
and pulsed xenon predicted data.

Battery

The battery configuration data are given in Table 13. During spacecraft

14 | | L ! | | 1 1
12 -
10 +—
— B © FLIGHT DATA
< FORWARD PANEL
— 28 JAN 1971
= F-2 SPACECRAFT
w g —
E X FLIGHT DATA
5 FORWARD PANEL
O 26 JAN 1972
4 — F-4 SPACECRAFT
® FLIGHT DATA
FORWARD PANEL
2 - 21 DEC 1971
F-3 SPACECRAFT
1 ] I | | l i ]
0 4 8 12 16 20 24 28 32 36

v
Figure 40. Forward or Aft Main Panel Performance
(heginning of life, nominal)
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development a major effort was directed toward battery thermal design
and configuration. The 7-year life requirement for the battery emphasized
the importance of maintaining temperatures as low as possible, preferably
not higher than 75°F. Examination of available mounting areas and pack
configurations resulted in the selection of a multipack arrangement (four
3-cell packs, one 6-cell pack, and one 7-cell pack) for each 25-cell battery.
These packs are located on the spacecraft ribs, which are 0.127 em (50
mils) thick. Rib and pack flatness are controlled to +0.025 ¢m (=10 mils)
and RTV 11 is used as a filler to provide thermal control. Additional,
thermal control is achieved by commanding charge from full to one-third
rate when 110 percent of the discharged energy has been returned.

TABLE 13. BATTERY CONFIGURATION DATA

Batteries
Number 2
Type ‘ nickel-cadmium
Capacity per Battery, C/2 Discharge to 1.15
V/Cell 18 Ahr
Maximum Depth of Discharge 53 percent
Charge Rate C/15 minimum
Charge Mode constant current
Cell Packs
3-Cell Packs
Number per Battery 4
Weight per Pack
6-Cell Pacilzs HOkEI
Number per Battery 1
Weight per Pack
7-Cell Packs o7 ke 10310
Number per Battery 1
Weight per Pack 535ke (11.8 [by)
Cells
Minimum Cell Veltage on Discharge 1L15V
Cell Type hermetically sealed
Cell Vendor General Electric

The end-of-life charge rate is 1.0 ampere, which is a C/15 nameplate
cell rating. The temperature profile of the battery resulting from the passive
thermal design is ideal for efficient charging of Ni-Cd cells at a relatively
low rate. A typical temperature profile, shown in Figure 41, permits the
charge to occur between 4.45°C and 24°C (40°F and 75°F).

A ground test program was performed prior to launch to verify the
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Figure 41. Predicted Nominal Battery Temperature Profile
(end of life, 72-minute eclipse)

accuracy of thermal predictions and cell performance with respect to cell
voltages, charge rate, storage reconditioning mode, and 7-year operation.
A brief discussion of this test program follows.

Cell voliage performance

The cell voltage design performance point for this application is 1.10
volts per cell. This point is derived by assuming an open-cell failure and
determining the voitage of each cell needed to provide the minimum bus
voltage (23.8 volts). All cells are bypassed with diodes to allow the battery
to function with an open cell.

The 1.10-volt performance was verified by testing 3-cell packs through
four eclipse seasons. The eclipse portion of each eclipse season was in real
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time. Each eclipse season was followed by the recommended recondition-
ing procedure; i.e., each battery was discharged to an average voltage of
1.15 volts per cell at a C/60 rate. (Long-term storage [135 days] between
eclipse seasons was not included in this test.) Predicted temperature and
time profiles were used during eclipse. For the four seasons tested, the
charge current was adjusted for each season to account for the expected
degradation. The fourth season simulated the 7-year charge current of
C/15. The voltage performance of each scason is shown in Table 14,
which also includes flight data points for the first three eclipse seasons,

TABLE 14. YVOLTAGE PERFORMANCE

Charge ﬁ_

Rate Equivalent Season v Data Source
1.25A Ist Year 1.20 Test Program
1.20 A 2nd-3rd Years 1.18 Test Program
1.10 A 5th Year 1.17 Test Program
1.00 A Tth Year 1.15 Test Program
1.32A Ist Eclipse 1.195 F-2 Flight
1.30 A 2nd Eclipse 1.188 F-2 Flight

1.29 A 3rd Eclipse 1.180 F-2 Flight

Storage reconditioning

The effects of storage/reconditioning techniques were the subject of a
separate test program. In this program, five flight cell test packs were used,
each subjecied to a different storage mode:

Pack 1. Self-discharge, 17.8-k telemetry lfoad, and charge circuit of
12.5-mA “OR” gate current for 135 days; C/36 charging for 48 hours

every 30 days to the 120th day; reconditioning procedure initiated on the
125th day.

Pack 2. Self-discharge, 17.8-kQ telemetry load, and charge circuit of
12.5-mA “OR” gate current for 135 days; C/I8 charging for 24 hours

every 30 days to the 120th day; reconditioning procedure started on the
125th day.
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Pack 3. 17.8-kQ telemetry load, and charge circuit of 12.5-mA “OR”
gate current for 135 days; C/36 charging for 135 days; no reconditioning.

Pack 4. 17.8-k1? telemetry load, and charge circuit of 12.5 mA “OR”
gate current for 135 days; C/36 charging for 125 days; reconditioning
procedure started on the 125th day.

Pack 5. Self-discharge and 17.8-k& telemetry load only for 125 days;
discharged to an average of 1.13 volts per cell immediately at the start
of 125-day storage period; reconditioning procedure started on the 125th
day.

The results of this test are presented in Figure 42, The last of the five
modes, in which the cells were stored discharged, demonstrated superior
performance, but could not be used unless discharged batteries were
acceptable for the other systems. Trickle charge was deemed to result in
the worst voltage performance. Other modes provided approximately
equivalent performances.

On the F-2 spacecraft, the batteries are stored charged but with both
charge and discharge circuits open. Approximately every 30 days the cells
are charged at the two-thirds rate for 24 hours. Performance using this
storage mode appears satisfactory for the first year’s operation,

Seven-year performance

Seven-year performance of the battery was verified by running accel-
erated life tests on two groups of packs, each group consisting of a 3-, 6-,
and 7-cell pack. Since 7-year performance could not be verified on a real-
time basis prior to launching the first spacecraft, these accelerated tests
were performed with seven years of eclipse energy output from the cells
at depths of discharge greater than those actually required. The specific
charge /discharge regimes were as {ollows:

a. a C/10 rate for 10.4 hours on charge, a C/2 rate for 1.6 hours on
discharge, and a total of 363 cycles; and

b. a C/5 rate for 6 hours on charge, a C/2 rate for 2 hours on dis-
charge, and a total of 451 cycles.

Both of these tests subjected the cells to a total energy discharge exceeding
the expected 7-year flight requirement. Even at the high depth of discharge
on the latter test {100 percent of nameplate), the average cell voltage for
each cycle exceeded 1.15 volts.

PACK VOLTAGE {V}
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Telemeiry and command subsysiems
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2% 5 z5 s ‘i power, and status information, including command verification. The
z 3. 2 2 [ = 8 .. . .
g8 ge 2g ga £ characteristics of PCM telemetry are listed in Table 15.
& z - g @
Pl 2
Lu U I 1 1 U,_f L e X TABLE 15. PCM TELEMETRY CHARACTERISTICS
w X2 & v  5xy X i
58 92.% 3f oft 5 .
> 9, £8 25a- z g;n £3 .8 = Word Length 8 bits/word
z E§§§§ zgﬁé‘gﬁg §§g§§ BS5 B2iw B Frame Length 64 words/frame
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s EEE §4% $¢% sE3F Modulation PSK on 32-kHz subcarrier
TE8E %8 EEZ cE¥a
2Es a EFE a
vz 5 g= s
£ 8 52 & In the PCM telemetry frame, the even-numbered words represent data
w [ r . - . .
7T U. T 11 5 YTy i ff gathered on the spinning side, while odd-numbered words represent data
e = e
H “ z N @ = n x = ™ @ -
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F. W. Weber is Manager of the Telemetry and Command Branch, Space Seg-
ment Implementation Division, COMSAT.




342 COMSAT TECHNICAL REVIEW VOLUME 2 NUMBER 2, FALL 1972
THE INTELSAT IV SPACECRAFT 343

gathered on the despun portion of the satellite. A frame consists of 64
words: 16 digital words, 2 frame synchronization words, and 46 analog
words.

In the PCM mode, the spinning encoder receives, processes, and formats

w

data originating on the spinning side of the spacecraft. The output of the z o 8
spinning encoder, an 8-kHz biphase waveform, drives a rotary transformer Eg 5
which transfers the signal across the spinning/despun interface and pro- A A 4 Vo=
vides an input from which a despun encoder recovers the nonreturn-to- . A
zero (NRZ-1.) bit stream and derives a coherent clock signal. This bit T e -2

stream consists of the spinning {even-numbered) words each repeated once a = g

{as shown in Figure 44) to yield a spinning frame length of 64 words. g g &

The despun encoder gathers and processes data originating in the despun 1 — @ -~z
compartment and interlaces its bit stream word by word with the spinning o g g ; z
encoder bit stream, as shown in Figure 44. The despun encoder then 53 gu 3
converts the composite NRZ-L bit stream into an NRZ-M format and _=e = 5 2 5
uses it to biphase modulate a coherent 32-kHz subcarrier, which is routed 5 gg S < £
to the beacon transmitter and used to phase modulate the beacon carrier. T z 2 % E @ i

= ©| —

FM Real-Time Mode. The FM real-time mode provides an analog rep- —z @ _5_‘2 N g " g %
resentation of the occurrence of attitude and timing pulses in a real-time a g oz Q 2 £
relationship (see Figure 45). The occurrence of a pulse coherently switches Sy gg > T E
the frequency of an IRIG channel 13 subcarrier oscillator (SCO) from _== —z ¥ - =
its pilot tone to a frequency which corresponds te that kind of pulse. The 2 gg < ) U
switching priority, as shown in Table 16, minimizes the loss of pulse data < Tz uw A .
which will occur if two pulses occur simultaneously, The SCO output, _L _Bc =5 ¥ Tla ¥
which is connected via the rotary transformer through an “OFF" despun ow Qi 3 z glz °
encoder to the beacon transmitter, phase modulates the carrier. 8 o x E% 2= ‘éﬂ

= 28 v i
T fu
¥ ¥ UL 8y
& w“rg
o no: NI =
= g% g § 5 z
gz-a W =
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Figure 45, Atritude Real-Time Pulses

TABLE 16. SWITCHING PRIORITY

Real-Time Pulse Duration Priority Frequency
Sun Pulses 5 ms ! 15.059 kHz
Earth Pulses 10 ms* 2 14.222 kHz
Platform Index Pulse 50 ms at 51 rpm 2 14.222 kHz
Command Execute Variable 3 13.838 kHz
Pilot Tone Continuous 4 13.454 kHz

* North leave earth, 20 ms.

FM Accelerometer Mode. In the FM accelerometer mode, the output
signal of an accelerometer mounted on the outboard edge of the spinning
platform provides an analog output proportional to the acceleration. This
output frequency modulates an IRIG channel 13 SCO (center frequency
= 14.5 kHz) whose output, connected via the rotary transformer through
an “OFF" despun encoder to the beacon transmitter, phase modulates
the telemetry carrier.

The accelerometer is mounted with its sensitive axis parallel to the space-
craft Z (longitudinal) axis so that it provides an accurate method of
measuring spacecraft nutation angle. Two gain levels are available to
supply &= 1 g or £0.05 g full scale. (It should be noted that 12 mg repre-

THE INTELSAT IV SPACECRAFT  34%

sents a nutation angle of approximately 0.5°). The 3-dB frequency response
of the accelerometer channel is 0.03 to 35 Hz.

BAPTA Accelerometer Mode. The BAPTA accelerometer mode pro-
vides a display of the spectrum and amplitudes of acoustical noise excited
by the bearing assembly and thus permits in-orbit assessment of the
BAPTA’s functioning status. This mode also makes it possible to monitor
apogee motor performance,

In this mode, a piezoelectric accelerometer mounted on the BAPTA
shaft’s inner diameter at the forward bearing provides an input to a charge
amplifier which drives an IRIG channel F subcarrier oscillator. The out-
put of the SCO, after appropriate filtering, is routed through the output
switch to phase modulate the beacon transmitter in the no. 2 telemetry
channel. When the BAPTA accelerometer and conditioner (BAC) is
“OFF,” the output switch connects the output of despun encoder no. 2
to the beacon transmitter (see Figure 43). Characteristics of this mode are
listed in Table 17,

TaBLE 17, CHARACTERISTICS OF THE BAPTA ACCELEROMETER MODE

IRIG Channel F
SCO Frequency 93.0 kHz
Modulation analog FM
CGain Level
Low Gain +0.7 g full scale
Medium Gain +0.07 g full scale
High Gain +=0.007 g full scale
Frequency Response 3 Hz to 10 kHz
Sensitive Axis perpendicular to spacecraft Z

(longitudinal) axis

RF Telemetry Transmission. There are two modes of RF telemetry
transmission: the earth-coverage mode and the omnidirectional mode.
In the earth-coverage mode, the two solid-state telemetry transmitters each
drive a separate horn antenna with a microwave carrier phase modulated
by the telemetry mode signal from one of the despun encoders. This is
the normal on-station mode of telemetry transmission. When omnidirec-
tional telemetry is required (e.g., during transfer orbit), the telemetry
transmitter outputs are switched into the TWT amplifiers of repeater
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channels 9 and 10, which are in turn switched to drive a dual-mode omni-

z z directional bicone antenna,
o . . -
o & & £ Table 18 summarizes the RF telemetry performance characteristics.
Z 2 2 Figure 46 is a block diagram of the beacon transmitter.
- & =
5 wi 5 1
z 3 E = TABLE 18. RF TELEMETRY PERFORMANCE CHARACTERISTICS
-3
=)
i (5]
g z ED‘:, % g = z gg Parameter Characteristics
% E | = P : = E_l -
= z z = s
E - @ a* 5 £ Transmitted Signat
Carrier Frequencies 3,947.5 and 3,952.5 MHz
s Long-Term Frequency Stability 10~5/day
E (it 2l "9 I RN ;“0 Modulation Index 1.0 &= 0.1 radian
= S A
" I = : l Q Transfer Orbit
= [ . =
T T 50 ﬁ 121 § =11 'czg L g o "§ RF Power Output +7 dBW e.i.r.p. minimum over 50 percent
§ g g % % | § : g § z g g - 5 of transfer orbit centered about apogee
w0 [
: o : E | : §‘,‘ Antenna Type dual-mode toroidal beam bicone
=
E | ( % 1 I E Polarization vertical
a | | = X , s
o | 3 || = | S Gain Over Earth Coverage 3 dB minimum over 40° beamwidth
z ! B~
g | _ E | | o | = Transmitter Type communications subsystem channel 9 and
5 g 3| ! 5 g 10 TWTs
z IE = . ..
§ | % | } z : Q Transmitter Power -+7.4 dBW minimum
~ Zz 3
‘ |I E £ ll i g 3 g Synchronous Orbit
! = w - ©
- § | II 3x | ‘os-';n RF Power Qutput —1 dBW e.i.r.p. minimum
I - ™ = i
| % ” gll % : ¢ 9 Antenna Type horn plus semireflector
- )
: w I } - | Polarization right-hand circular
i | o : | | Gain Over Earth Coverage 11 dB minimum over 17° beamwidth
|| ol = t || || Transmitter Type step recovery diode multiplier
ol 2 . .
| g E - | Transmitter Power —10 dBW minimum
(N ] ETR=] . . -
! 5 % a 1 | | Spin Axis eir.p. —8 dBW minimum
| gl = ‘ I | ..
i1t
j: o Telemetry Subsystem Components
& & .
a] =]
= =9 . . . . .
g3 28 Telemetry Transmitters. Both solid-state beacon transmitters are identical
oW . .
e except that one is at 3,947.5 MHz and the other is at 3,952.5 MHz. An
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82-MHz crystal output is multiplied, phase modulated, and gain multi-
plied to the output frequencies with about 100 mW of power. One radian
peak deviation is provided by a 3.8-volt rms sine wave audio input.
In the omnidirectional mode, each transmitter output is switched through
a 40-dB coupler to the input of repeater channel 9 or 10. The TWTAs
then provide about 6 watts for transmission by the dual-mode omni-
directional antenna.

Horn (Earth-Coverage) Antenna. The earth-coverage telemetry antennas
are circularly polarized and provide a minimum gain of 11 dB over a 17°
beamwidth. In addition to the main lobe, a 4-dB-gain beam, whose axis
is parallel to the spacecraft spin axis, is created by a 45° semireflector
located in front of the telemetry horns. This beam provides a ground indi-
cation of the satellite rotation phase in case of spacecraft “flat spin”
failure.

Dual-Mode Biconical Antenna. High-power telemetry is transmitted by
a linearly polarized, dual-mode, omnidirectional antenna with a 3-dB
minimum gain and a 40° beamwidth. The telemetry bicone and command
receive bicone are stacked and housed within a fiberglass thermal shield
on the top of the spacecraft antenna farm mast.

Spinning Encoder. In the PCM mode, a spinning encoder conditions,
multipiexes, and encodes the telemetry data originating on the spinning
section of the satellite into a PCM bit stream. In the FM real-time mode,
the composite of the real-time pulses coherently switches the frequency of
an SCO. In the FM accelerometer mode, the analog output signal of the
accelerometer frequency modulates an SCO. Mode commands select the
PCM or FM real-time signal or the FM accelerometer signal to drive the
rotary transformer.

Timing, which controls all sequence operations within the spinning
encoder, including multiplexing, analog-to-digital (A/D) conversion, atti-
tude sensor pulse interval digitizing, and digital formulating, is provided
by a 1.024-MHz crystal oscillator and countdown chain.

All input signals are conditioned to ensure that they meet the input
range (0-5.12 VDC) and source impedance requirements. A precision
transducer supply furnishes an accurate excitation voltage for passive
sensors as well as the comparison referenced for the A/D converter.
Multiplexers provide analog and digital gating circuits to time multiplex
the TM inputs. Analog multiplexer outputs are fed toa successive-approxi-
mation-type A/D converter, which encodes each analog signal into a
serial 8-bit NRZ-L word to provide an accuracy of better than 0.5 percent
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full scale. The cutputs of the A/D converter and digital multiplexer are
combined at a data node to form the partial PCM bit stream,

The attitude data processor performs a sequence of 10 time interval
measurements to facilitate the accurate and rapid determination of satellite
attitude. For cach measurement, the number of cycles of a 32-kHz ref-
erence frequency, derived from the 1.024-MHz crystal oscillator, is
counted during the time interval being measured. This count is telemetered
along with a 4-bit code identifying the measurement it represents. The
inherent measurement resolution is +=2 periods of the 32-kHz reference,
or approximately 62 us.

The biphase modulator which converts the NRZ bit stream into a
coherent biphase format also adds an easily recoverable clock for use by
the despun decoder. In addition, once each frame, it adds a double-
amplitude pulse to which the despun decoder synchronizes its frame
timing.

When the encoder is in the FM real-time mode, it accepts and processes
various real-time pulses and transmits their occurrences as discrete changes
in SCO frequency. The frequency transmitted and the duration of trans-
mission correspond to those of the group including the pulse which has
occurred. All of the tone frequencies are within the IRIG channel i3 band.
In the FM accelcrometer mode, the spinning encoder generates a signal
consisting of an IRIG channel 13 subcarrier (14.5 + | kHz) frequency
modulated by the conditioned accelerometer output.

Despun Encoder. In its PCM mode, a despun encoder conditions,
multiplexes, and encodes the telemctry data originating in the despun
compartment into a PCM bit stream, which it synchronizes and merges
with the partial PCM from its associated spinning encoder. In the FM
mode, & despun encoder switches the spinning encoder FM output to the
telemetry transmitter.

In order to merge its PCM words with those of the spinning encoder in
the alternating format shown in Figure 44, the despun encoder must derive
its bit clock from the spinning encoder bit stream and synchronize the
start of its telemetry frame with the spinning encoder double-amplitude
frame synchronization pulse. These tasks arc performed by the clock and
data detector circuit and the synchronization detector circuit, respectively.
If the clock detector is unable to derive a bit clock because the spinning
encoder has failed or has been commanded off, it will switch the despun
encoder to its internal 1.024-MHz crystal oscillator so that despun teleme-
try may continue to be transmitted.

The formatting logic combines the partial PCM from the spinning en-
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coder with the despun encoder PCM. The combined NRZ-L bit stream
is then coded into an NRZ-M waveform which biphase modulates the
32-kHz subcarrier output.

The mechanical design of the spinning and despun encoders utilizes
two packaging approaches. Integrated circuits (1Cs), flat packs, and small
associated components are packaged on a “stick” called MICAM (the
micro-connection assembly method). The major discrete components are
assembled “cordwood style” into welded modules. The MICAMs and
welded modules are then mounted in a machined aluminum chassis.

Command

The INTELSAT 1Iv command subsystem consists of fully redundant and
cross-strapped paired units so that any unit of either pair can fail com-
pletely without impairing the spacecraft’s ability to receive and execute all
commands.

Command System Operation. As shown in Figure 47, a microwave
command carrier modulated by a binary coded signal is received by the
linearly polarized omnidirectional command antenna and demodulated by
the redundant command receivers. The output of each receiver drives
both despun decoders and one of the redundant rotary transformer wind-
ings which transfer the signals across the spinning/despun interface. The
secondary of each rotary transformer provides an input for both spinning
decoders.

The spinning decoders provide 95 command output lines, and the
despun decoders provide 160 command output lines. The types of com-
mands are indicated in Tables 19 and 20, respectively. In addition to its
command outputs, each decoder provides a readout of its command
register (command verification) and an indication of all execute pulses to
two encoders; thus it supplies redundant telemetry for all command
occurrences.

TABLE 19. SPINNING COMMANDS

Hydrazine Thrusters Actuated

Hydrazine Line Heaters ON and OFF

Apogee Motor Heaters ON and OFF

Hydrazine Cross-Connect Valves Open and Closed
Spin-Up Latching Valves Open and Closed
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TABLE 19. SPINNING COMMANDS (continued)

BAPTA Spinning Heaters ON and OFF

Active Nutation Control ON and OFF

TM Encoder ON, OFF, and Mode Select

Apogee Motor Fire

Despin Control Electronics 1 ON, 2 OFF, and Reverse
Pseudo-Earth Pulse

Despin Reference Select

Despin Sun Mode Clock Correction

Despin Torque Bias Positive and Negative Stepping
Despin Motor Drive Select

Battery Discharge and Charge (2 modes)

Spinning Buses Parallel and Separate

Battery Discharge Control Normal and Bypass

Spin-Up Sequencer Enable and OFF

TaBLE 20. DESPUN COMMANDS

TWT Filament A ON, B QOFF, and Reverse
TWT HV ON

TWT Filament and HV OFF

BAPTA Accelerometer ON {3 gain states) and OFF
BAPTA Despun Heater ON

Auxiliary Battery ON

Auxiliary Battery and Despun Heater OFF
Global- to Spot-Beam Switches and Reverse
Output Channel Attenuator Steps

Receiver ON and OFF Commands

TM™M Cross-strapped and Normal

Despun Buses, Paralleled and Separate

TM Encoders ON (PCM mode)
Omnibeacons ON and OFF

Directional Beacons ON and OFF

TWT Sequencers Enabled and Disabled
TM Enceders OFF (FM mode ON)
Antenna Positioner Motors ON and OFF
Antenna Positioner Step Direction
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Upon receipt of a proper command pulse, a squib and solenoid driver
unit generates suitable signals for firing the BAPTA clamp, apogee
motor squibs, and energizing the latching valves and thruster solenoids in
the P&O subsystem.

Table 21 lists the command performance characteristics.

TABLE 21. COMMAND PERFORMANCE CHARACTERISTICS

Received Signal

Carrier Frequency 6-GHz band
Modulation Index >>10
RF Field at Satellite —65 to —85 dBW/m?
Power Received at Command Re- —68.5 to —92.5 dBm over 30° beam
ceiver Input
Antenna
Type dual-mode, torotdal beam, bicone
Polarization horizontal
Gain 4 dB min over 34° beam
Cable Losses 2.5 dB max
Receiver
Noise Figure at Antenna <12 dB
Bandwidth 3 MH=z
Decoders
Command Format multitone
Command Capacity, Spinning 95
Section

Command Capacity, Despun Section 160

Command Subsystem Unit Description.

) Command Receivers and Antenna. The command microwave units con-
sist of a 6-GHz, toroidal beam, dual-mode antenna, and redundant FM
receivers. The dual-mode linearly polarized antenna has two independent
outputs with about 5-dB peak gain and a 34° (3-dB) beamwidth,
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Despun and Spinning Decoders. There are only three major differences

8. gE . . between despun and spinning decoders (Figure 48):
= E @ 4 T
%EN %Eg% w%a E %i a. the output matrices of despun decoders provide 160 command
M Beez | _,E F—"% %E‘g‘% outputs, while those of spinning decoders provide only 95;
ni‘: - . —_— i-g g i s udts _ b. despun decoders each contain_ a TWT sequencer; and
E g Eg % é_g Eg’g ! g%g § I 5 3 - ¢. spinning decoders each contain a spin-up sequencer.
BEEEFED - . f-j-! ‘x Description of Logic Circuitry Common to Both Decoders. Two sets of
11 ' . 1, 0, and EXECUTE tone filters (six different frequencies, as shown in
;-; E 3 Figure 48) provide a means of identification of the command receiver being
5 Ee L T used for a given command, since each receiver (or rotary transformer)
5., ) ) g 1 ] § drives only one set o_f tone filters. Cross-strapping f's achieved b).r connecti.ng
EH ] g8 2 8 5 2 the two corresponding tone filter outputs at the inputs to their respective
: £le _g—é _ detector circuits: S
| &2 §§§ "ié When power 18 turn_ed on, the decoder is |mt1‘ahzed by the power turn-
o & HE = gl =°F S on reset circuit. That is, the command register is cleared t9 gll zeros, the
| : g % count register’s count is set at zero, the address check logic is reset, and
i U I A = the full count logic is set at zero, Whenever a 0 or | tone puls; is detect-ed,
a1 g %‘l '. S the clock puls‘.e genera'tor provides a clock pulse (CP) to the introduction
- b g ¢ I 2] Bw s el s3] % sequence monitor, which checks the pattern of the incoming (.L':?.ta-. Upon
gls Bl ElE, §5§§ & §§§ dstlEe| | g receipt of the introduction code, the clock pulse generator lmtlalllzes the
8+ EE g3 2% sl E®T| 0| C k % decoder in the same manner as for the power turn-on reset discussed
Lf l Iq ___________ ) . previously.
ol : The command register is an 8-bit register, It receives 1s and Os from the
4 § demodulator and register clock pulses (RCPs) from the clock pulse gener-
. S ator. Its output goes to the address check logic, output matrix, and teleme-
- m"g‘ g "g‘% I o5 try buffers for parallel entry into redundant telemetr)-f encod_ers.
Blae |3 B g EE T‘.’. When it has counted eight RCPs, the bit count logic provides a pulse to
- - oo T the address check logic; when it has counted 16 RCPs, it provides a pulse
1 t \ ;g?_l [13 to the full count logic. When the address check logic receives its p.ulse
g sttt niiin iini I R els S S y from the bit count logic, it checks the output'of the command register
P w . 4, 4. b g2, 8s 8 : B _(which now contains the adc{ress). If the address is correct, an e'na.ble signal
| |c§5 | |eB5| |285| | V(=g |28z (=22 GEE is sent to the matrix enable; if the address does not check, it inhibits further
g [ 2 2" s ‘I g: : ? _; ll gl == RCPs and clears the command register. Fach decoder hE.iS an address
| : : i i plug which permits a cl'lange in its address at any .tlm_e prior to launch.
' bl 4 J' 5 When the bit count logic has counted 16 RCPs, it inhibits further RCPs
- S bt g to prevent false clocking of the command register and also sends an enable
%% s“zi %EE% _ 1 signal to the matrix enable circuit. ‘
szt 2 §§E g The use of two series matrix power switches prevents a single component
§§§§§ §§§§§ failure in the matrix power switching circuitry from generating a false
ozl
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command. When both matrix power switches are enabled, an execute
signal from the EXECUTE tone detector closes both power switches,
causing a command pulse to occur on the output selected by the command
portion of the command word. The command pulse coincides with and
lasts as long as the EXECUTE tone pulse.

TWT Sequencer (Despun Decoder). Each despun decoder contains a
TWT sequencer which, when turned on by command, times for approxi-
mately 45 minutes, generates a sequence of eight command-type output
pulses spaced one and three-quarter seconds apart, times for an additional
three and three-quarter minutes, generates a second sequence of six pulses,
and finally shuts itself off. (It may also be commanded off and reset at any
time during its cycle.) The 14 command-type outputs which cach TWT
sequencer generates appear on separate lines. Each line is wired directly
to selected command matrix output lines to execute selected commands.

The TWT sequencers are used to turn on the repeater TWTs after
booster separation, during a portion of the transfer orbit when the satellite
is not visible to a ground station and is therefore not commandable in the
normal manner. The ON command (initializing sequencer timing) is sent
approximately five minutes prior to actual launch.

Spin-Up Sequencer (Spinning Decoder). Each spinning decoder contains
a spin-up sequencer, which is cnabled by command prior to launch and
initiated by a separation switch signal. The sequencer generates command-
type outputs at separate output pins:

a. two occurring 2.3 seconds after separation and lasting 0.047
second to turn on the despin control electronics and open a latching
valve;

b. one occurring 2.3 seconds after separation and lasting 8.6 sec-
onds to fire spin-up thrusters, recurring 50.2 seconds after separa-
tion and lasting 45.8 seconds to fire the spin-up thrusters again; and

¢c. five occurring 96.0 seconds after separation and lasting 0.047
second to close the latching valves, turn on the earth sensor mode
and the despin motor drives, and enable the active nutation control

system.

The spin-up sequencer turns itself off 0.047 second after the last output is
generated. Ground command can be used at any time to turn off the
sequencer via the ENABLE circuit. When turned off in this manner, the
sequencer is protected from inadvertent triggering.

Squib and Solenvid Driver Unit. The squib and solenoid drivers actuate
pyrotechnic and jet firing functions in the satellite. The squib drivers fire
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the apogee motor and the BAPTA release squibs. The solenoid drivers
actuat? the z.mal, radial, and spin-up jet valves and the latching valves in
the spin-up jet lines.

A!l of the squib drivers apply power to their respective squibs after
specified delay times. The BAPTA clamp release squib drivers are com-
manded by redundant separation switches. The apogee motor squib drivers
are each commanded redundantly by the spinning decoders. From the
time wl'wn the spacecraft is mated to the adapter until actuation of the
separation switches, all squib driver power inputs are directly connected
to ground.

Solenoid drivers can be redundantly commanded from either spinnin
decoder. It is also possible to use either spinning decoder to turn on botl%
axial jets simuitaneously.

Aetive nutation contrel

The onboard propulsion and orientation system actively controls and
rcduc§s any excessive nutation. Active nutation control is achieved b
an ax_lal Jet firing appropriately phased and synchronized to the satellitﬁ
nu‘tam_on. The two accelerometers mounted on the outboard edge of the
spinning platform to provide the signal for the FM accelerometer mode in
Fhe telen?etry subsystem also provide the necessary amplitude and phase
:Irlifl)lrdnsl-amon to ascertain the proper phasing of the axial jet firing com-

Active nutation control (ANC) can be cffected automatically onboard
the spacecraft (see Figure 49). In this mode, the accelerometer output is
routed t'o the active nutation damper electronics (ANDE) where, after
appropriate processing and filtering, the nutation sinusoid is rectiﬁéd and
fi_:d to a threshold detector. The system is designed to activate at a nuta-
tion e-mgle of 0.5°, which corresponds to an acceleration of 12 mg at the
location of the transducers. When the nutation amplitude reaches this
threshold, the ANDE provides an input pulse to the solenoid driver to
fire the axial jet at the proper point in the nutation cycle for a pulse
length proportional to the amplitude of nutation. Two independent 5YS-
tems are provided: one consisting of accelerometer no. 1, ANDE no. |
and axufl jet no. 1, and the second consisting of the no. 2 units. In addition’
_to providing a backup to the passive dampers, active nutation control
1s capable of quickly damping large amplitude nutations. This is an effec-
tlve.means of ensuring stability during transient periods such as transfer
orbit and the injection sequence.

It should be noted that ANC can also be achieved manually from the
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Figure 49. Active Nutation Control

ground by observing the accelerometer signal and commanding th'e appro-
priate axial jet at the proper time to allow for the various delays involved.

Antenna positioner mechanism
W, A. NAKANO

The antenna positioner mechanism (APM) steers the 4.5° spot-bear'n
antenna pattern to selected positions on the earth by moving the parabolic
reflector relative to a fixed feed horn. The reflector is mounted on a two-
degrees-of-freedom gimbal assembly {north-south and east-west) ac.tuated
by a linear jackscrew driven by a stepper motor. The APM consmts‘of
three major components: a 2-axis gimbal system, an actuator and drive
mechanism, and a potentiometer position indicator.

The two-axis gimbal is coplanar and is located 58.14 cm (22.89 in.) aft
of the focal point of the antenna feed, resulting in a 1.93:1 ratio between
the antenna beam and the gimbal mechanical angular motion. The cast-
west gimbal axis of the APM is parallel to the spacecraft spin axis and the

W. A. Nakano is a member of the Technical Staff in the Mechanics Depariment,
Space Segment Implementation Division, COMSAT.
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north-south gimbal axis is normal to the spin axis. The dish is attached to
the N-S gimbal at three points, the N-S gimbal is in turn mounted on the
E-W gimbal, and the gimbal system is mounted on a crossarm member
attached to the antenna mast.

The aluminum pivot bushings are lubricated by burnished bonded
molybdenum disulfide. The friction coefficient of the dry lubricant system
is approximately 0.5 in air and 0.0l in vacuum. The APM gimbal and
actuator backlash is preloaded by an extension coil spring with a low
spring constant (43.75 N/m). This spring is designed to prevent spot-beam
dish movement caused by the acceleration field created by despun plat-
form wobble (0.004 g) or spacecraft nutation.

The actuator which drives the gimbal consists of a 15°per-pulse,
phase-switched, 3-phase stepper motor and solenoid operated brake.
Phase switching is performed by the antenna positioner electronics (APE),
which provide a square wave with a 100-percent duty cycle through the
APE sequencer. The last coil which was energized in the pulse train is
kept energized as a detent until the APE is turncd ofi. When the APE is
turned off, the mechanical brake is engaged, providing a continuous posi-
tive lock on the APM system. The mechanical brake is mounted directly
on the motor shaft and consists of a set of serrated discs with radial faces.
These discs, which are preloaded by a coil spring, are disengaged by ener-
gizing a solenoid which pulls them apart against the preload spring, The
solenoid is actuated by the same command as the ““ON" command of the
APE. The stepper motor can be commanded in the clockwise or counter-
clockwise direction by the direction control memory of the APE. The
motor produces 0,02 N-m (3.0 oz-in.) of torque and weighs 113.4 g
(4.5 oz).

The stepper motor output is geared down to a 4:1 ratio by aluminum
spur gears, lubricated with molybdenum disulfide, which drive the jack-
screw. The total gear ratio from the motor to the angular output of the
25.4-cm (10-in.) gimbal arm is 4,026:1 or 0.00373° per motor step. Both
the jackscrew nut and the motor /jackscrew assembly are pivoted to prevent
Jjamming.

The position detector is a continuously variable linear potentiometer
providing an electrical analog of the lincar motien of the jackscrew. The
potentiometer is mounted parallel to the jackscrew with its case clamped
to the spur gear/motor housing and its plunger shaft attached to the nut
of the jackscrew. Its resistive element is a solid conductive material and
is bonded to a stainless steel tubular inner case. The wiper element is
made of Palincy wire and is mounted on a plastic wiper block which
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slides between parallel rod tracks. The plunger rod is swivel mounted to
the wipcr block. Because the telemetry signal is the ratio of the voltage
input and output of the potentiometer, the position readout is insensitive
to extreme temperature variations of the potentiometer clement.

Positioning and orientation subsysiem
M. A. VONNEGUT

The positioning and orientation {P&O) subsystem is designed to perform
the following in-orbit maneuvers: spacecraft spin-up at spacecraft-Centaur
separation, spin-speed control, attitude changes, N-S inclination changes,
and E-W maneuvers. These maneuvers are listed in Table 22, which also
includes the operational budget for each maneuver. All maneuvers are
controlled by ground command. Proper phasing of steady-state firing
and pulsc firing of the thrusters is achieved by a ground-based synchronous
controller which utilizes telemetered sun or earth sensor data.

TABLE 22. POSITIONING AND ORIENTATION MANEUVERS

Budget
Maneuver Thruster Operation {m,'s) {ft/s}
Spin-Up Two Spin-Up Continuous 0.610 2
Initial Maneuvers One Axial Continuous 4.9 180.1
and Pulsing
FEast-West Station- One Radial Pulsing 14.6 47.9
keeping
North-South Incli- One or Two Continuous 358.4 1,175.9
nation Removal Axial
Attitude Change One Axial Pulsing (}.305 1
Spin-Speed Control One Spin-Up Pulsing 4.17 13.7

M. A. Vonnegut was formerly Manager of the Spacecraft Engineering Branch,
Space Segment Implementation Division, COMSAT.
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The propulsion and orientation subsystem has been designed so that
equal quantities of monopropellant hydrazine (N;H,) are contained in two
independent subsystems. As shown in Figure 50, the P&O system contains
four tanks, two axial thrusters, two radial thrusters, two spin-up thrusters,
two fill and drain valves, two pressure transducers, two plenum reservoirs,
two latching valves, and six in-line filters,

SPIN--UP THRUST

ASSEMB
\ LY 6A1—4V TITANIUM

GAS LINES (WELDED}

NITROGEN (6N, \ RADIAL THRUST
ASSEMBLY
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¢ INTERCONNECT
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SPIN-UP THRUST
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RADIAL THRUST
ASSEMBLY

HYDRAZINE
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LATCHING VALVE {2)
FILTERS ta)ﬁ FILL/DRAIN VALVE (2)

AXIAL THRUST
ASSEMBLY

Figure 50. INTELSAT 1v Positioning and Orientation Sysiem

The primary cxternal forces acting on the spacecraft at synchronous
?lltitude are sun and moon gravity forces, which tend te change the orbit
inclination; perturbation caused by the triaxiality of the earth: and solar
torques. To meet the spacccraft requirements each of these disturbances
must be corrected periodically.

The large quantity of propellant expelled through the axial jets results in
a large amount of uncertainty in the axial thrust direction; hence, signifi-
cant spin-speed changes may occur. To provide a positive means of spin-
speed control, the axial jets are biased 0.5° in the spin-down direction. At
1h§ end of a year or sooner, spin-speed trim can readily be achieved by the
spin-up thrusters.

After the spacecraft has separated from the Centaur, the spin-up thrust-
ers provide a means of spinning up the spacecraft to obtain stabilization
for the duration of the mission. A propellant reservoir or a plenum between
the spin-up thrusters and the latching valve contains the propellant for the



362 COMSAT TECHNICAIL REVIEW VOLUME 2 NUMBER 2, FALL 1972

spin-up mancuver. The thrusters fire for eight seconds, followed by a
waiting period of approximately 40 seconds for propellant tank settling
and the remainder of the spin-up,

Over the 7-year life of the spacecraft, the tank pressure will vary from
the initial pressure of 1,72 mN/m? (250 psi) to a final pressure of 0.690
mN/m? (100 psi). The thrusters are capable of firing in either the pulsing
or the continuous firing mode. The standard firing duration is a pulse of
117 ms; however, the thrusters are operable from a pulse of 25 ms to the
continuous mode.

The interconnect lines are 6.35-mm (0.25-in.) welded titanium tubing to
minimize both gas and liquid leakage. The only mechanical joints in the
design are the fill and drain valve and the propellant valve seats. With
titanium-to-steel joints, diffusion bonded transition sections are used. The
propellant tanks are conospherical in design, and have two ports, one at
the apex of the cone section and the other 180° away. Because of the gravita-
tional field, this design facilitates off-loading during spacecraft testing.
Four of these tanks, which are each designed for a working pressure of
2.07 mN/m? (300 psia) absolute, carry 136 kg (300 1b} of hydrazine; the hy-
drazine is forced to the tank outlet on the apex of the cone section by the
centrifugal field created by the spinning spacecraft.

The dual seat propellant valve for flow control into the catalytic thruster
consists basically of efectromagnetic and permanent magnets, a flapper and
flexure tube spring assembly, and dual tungsten carbide seats. The valve
operates as follows:

a. The valve is closed and the armature is touching the closed posi-
tion permanent magnet poles.

b. The electromagnet is energized and the downstream poppet is
moved from its seat.

c. After the downstream poppet travels about 0.102 mm (0.004 in.)
a striker pin contacts the upstream poppet and forces it off its seat
allowing finid to flow.

d. When both poppets reach maximum opening, the armature is
captured by the open position permanent magnet poles.

. When the electrical signal is removed, the electromagnetic field
collapses. The permanent magnet forces are no longer sufficient to
overcome the spring forces of the flexure tube and the valve returns
to the closed position.

The thruster assembly is shown in Figure 51. The major components are
the propellant manifold and the thrust chamber and nozzle assembly. The
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Figure 5Y. Thrust Assembly

manifold distril?utes hydrazine into the thrust assembly through 12 injector
tubes. On entermg'the chamber, the propellant is again distributed into the
catalyst bed by diffuser screens. The thrust chamber contains Shell 405

f:atalyst, which decomposes the hydrazine according to the following chem-
ical reaction;

3N2H4 e 4NH3 + Nz .
A portion of the ammonia is then further decomposed:
4NH3 — 2N2 + 6H2 .

This portion of the ammonia that is decomposed is called the ammonia
df:composition factor and is approximately equal to 0.4. The ammonia
nitrogen, and hydrogen are then exhausted through a converging-diverging’
nozzle to produce thrust. The nozzle expansion ratio is 40:1.

The thrust assembly performance changes over the mission life of the
§pacecraft because the pressure in the system decreases as the propellant
1s expelled. The initial thrust is nominally 25.4 N (5.7 1b} at 1.72 mN/m?2
(250 psia) absolute, and decreases to 12.0 N (2.7 1b) at 0.690-mN/m?
{100-psia) absolute tank pressure, as shown in Figure 52, which is a plot
of thrust vs tank pressure. The 3-sigma limits, which represent the statis-
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tical data of all flight thrusters, are also shown. Continuous thrusting is
used for both spacecraft spin-up maneuvers and north-south station-
keeping.

The pulsing performance shown in Figure 53 is the relationship between
the total impulse and pulse number for two different tank pressures cor-
responding to the initial and final pressures of the P&O subsystem. The
range between these two values is usually referred to as the blowdown
range. The nominal value is shown with the 3-sigma range for flight
thrusters, A (.117-second valve operation has been utilized to standardize
all thrusters. It can be seen that the thruster becomes more efficient as the
pulse number becomes larger,

Apogee motor

N. R. LARDY

The apogee motor is a high-performance, high-reliability space vehicle
rocket motor which uses solid propellant. It is similar in design, materials,
and fabrication techniques to the INTELSAT u and 111 apogee motors. Figure
34 is a cross-section of the overall configuration. The motor has a total
loaded weight of 706.69 kg (1,558 1b) and provides a av of 1,800 m/s
(5,900 ft/s) to a spacecraft having an initial mass of 13.55 kN (3,050 Ib).
The nominal propellant weight is 1,383.45 kg (1,416 1b). It has been de-
signed and developed to deliver this performance after 5-year storage when
fired within the temperature range of 4.5°C to 32°C (40°F to 90°F) in a
vacuum environment. It is manufactured by the Aerojet Solid Propulsion
Company.

The apogee motor has a nominal total impulse of 1.822 MN-s (410,700
Ib-sec} and a vacuum thrust of 68 kN (15,300 1b) with a burn-time duration
of 33 seconds. Figures 55 and 56 ate curves of vacuum thrust and chamber
pressure vs time. Figure 57 is a plot of spacecraft acceleration.

The propellant and liner system (ANB-3066) is identical to that formula-
ted for INTELSAT 11 and 111 and all Minuteman motors produced by Aerojet.
The performance of this propellant is fully established for the INTELSAT 1v
mission and environment. With the 40:1 expansion ratio nozzle, the

N. R. Lardy is a member of the Technical Staff in the Mechanies Department,
Space Segment Implementation Division, COMSAT,
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erosive and thermal properties have been fully characterized under a
variety of actual motor conditions. It was originally developed for a Polaris
program about 12 years ago and has been used in many rocket motors
to date.

The propellant grain design is a finocyl with eight fins in the forward
head and a fully released boot in the aft end. This shape and the fully
released aft end provide a desirable thrust/time curve and low stress/strain
propellant conditions throughout the full range of temperature operating
conditions. The completed motor is Xrayed at 4.5°C (40°F) to shrink the
propellant and magnify any cracks or unbonds that may exist in the motor.
This careful nondestructive testing procedure is repcated immediately prior
to rocket motor installation in the spacecraft.

The motor chamber is a high-performance pressure vessel fabricated
from glass filament rovings with a tensile strength of 3.027 GN/m? (440,000
psi) in an epoxy resin matrix with an extremcly high strength-to-weight
ratio. 1t is wound over its prematched, metal-die-molded insulator and a
precision-molded plaster mandrel to ensure precise dimensional control
and optimum balance of the finished chamber. This is nccessary because
the hardware fired by the apogec motor can be a major contributor to the
final spacecraft on-station imbalance. The geometry of the chamber is
optimized with isotensoid dome contours and a cylindrical center section
to produce nearly equal stress in all fibers and to result in maximum load
carrying ability with minimum weight.

The nozzle design is a highly reliable conventional concept. It is flush
mounted with an aluminum housing supporting a reinforced phenolic
entrance section and contourcd exit cone with a silver-infiltrated tungsten
throat. The tungsten throat precludes erosion and provides precise control
of the thrust vector during firing.

The ignition system consists of a perforated glass chamber with boron
potassium nitrate (BPN) pellets as the pyrotechnic charge. This charge is
initiated with a Bulova safe and arm device.

The inert components prior to propellant casting and the complete and
fully flight configured motor arc precisely balanced, both statically and
dynamically, to ensure spacecraft stability before and after apogee motor
firing in orbit.
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Nutation damper
W. A. Nakano

Nutation damping of the INTELSAT 1v spacecraft is provided by two pas-
sive eddy current dampers mounted on the despun platform and an active
nutation damper (AND} system mounted on the rotor. The dampers are
designed to absorb nutational energy during transfer orbit operations,
post-apogee boost phase, and normal synchronous orbit operations in-
cluding spin-up and stationkeeping. The dampers must be effective for
various inertial configurations from pre-apogee boost to end-of-life. The
eddy current dampers are designed for nutation angles less than 1%, while
the AND is designed for angles more than 0.5°,

The passive nutation dampers {Figure 58) arc pendulous, single-axis,
eddy-current-type dampers. Two almost identical dampers are employed
high on the antcnna mast in orthogonal axes perpendicular to the spin
axis. The upper and lower dampers are located 2.55 m (8,37 ft} and 2.00
m (6.55 ft} from the synchronous orbit CG, respectively. The upper damper
has a natural frequency of 1.63 rad/s and the lower damper has a natural
frequency of 1.89 rad/s.

The basic elements of the damper are the structure, the pendulum sus-
pension system, the magnet and its pole pieces, the eddy current conducting
vane, and the impact stops. The structure is basically an cquilateral triangle
with an cddy current conducting {aluminum) vane as the base, an impact
stop mounted on each side, and an apex containing the pendulum suspen-
s1on system.

The pendulum suspension system is a cantilevered torsion quill shaft.
The natural frequency of the pendulum can be controlled by very accu-
rately machining the beryllium copper quill shaft. The quill shaft is tested
separately to determine its torsional spring constant and measured for
straightness and concentricity. Upon assembly into the damper, it is held
in place at one end by a collet end cap, which is in turn screwed on to the
structure. Its other end is attached to the rotor (hollow shaft) from which
the pendulum is suspended by a cantilever, Both ends of the rotor are
caged in a dry lubricated journal bearing designed to operate with a 0.25-
mm {0.¢10-in.) clearance in 0-g damper operation. This clearance prevents

W. A. Nakano is a member of the Technical Staff in the Mechanics Depart-
ment, Space Segment Implementation Division, COMSAT.
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Figure 58. Nutation Dampers

stiction dead band. The journal bearings limit the rotor excursion to
prevent excessive load transmission to the quill shaft during launch and

apogee motor fire.

The performance criterion for a damper mounted on the despun plat-
form is the effective time constant, The time constants of the upper and
lower dampers (which are different) must be combined to yield the total
damper time constant, The lower damper is tuned to the synchronous
orbit mass properties and the upper damper is tuned to a value that lies
between the transfer orbit and synchronous orbit inertial conditions. This
is shown in Figure 59, where the damper constant is plotted against the

frequency ratio and rotor rate for various temperatures.

DAMPER TIME CONSTANT, T {MIN]
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Mechanical design
W. L. Day

The spacecraft structure or spaceframe can be divided into two major
parts: the despun section and the spinning scction. The despun section can
be subdivided into the despun {or communications) compartment and the
mast/antenna subassembly, The spun scction can be subdivided into the
thrust cone and platform subassembly and the solar substrates, The two
major sections, despun and spun, are joined by a rotary interface unit
called the bearing and power transfer assembly (BAPTA).

The dual-spin configuration of the spacecraft is based on a symmetrical
and balanced weight distribution. Through an efficient use of load paths
and materials, the structure constitutes less than 14 percent of the launch
payload weight. The selection of materials and manufacturing processes
for the structure was influenced by the demand for high reliability and
economy. Thus, standard aluminum and magnesium alloys, fiberglass-
reinforced epoxy, and aluminum honeycomb sandwich constructions are
used extensively. To obtain increased vibration damping characteristics
and to minimize distortion, mechanical fasteners, instcad of welded joints,
are used throughout the relatively large spaceframe. Figure 60 shows the
general distribution of materials used in the spacecraft,

The spaceframe was designed to handle the numerous loading conditions
imposed on the system during flight. The most significant structural loads
acting on the spaceframe occur during lift-off from the launch pad. Other
periods of high load on the spacecraft occur during the launch ascent,
engine ignitions and cutoffs, separation and jettison of major portions of
the launch vehicle, spacecraft scparation, and apogee motor firing.

The despun compartment structure is composed of forward and aft
aluminum honeycomb shelves separated and stiffened by six radial,
machined aluminum ribs, which are in turn riveted to the mast assembly,
The aft flange is bolted to the BAPTA shaft with cight high-strength alloy
steel bolts. The BAPTA must be thermally and electrically isolated from
the structure, which is accomplished by using insulating washers. Compo-
nents are fastened to the despun shelves by threaded locking inserts molded
into shelves in predetermined patterns designed to optimize weight and
balance.

W. L. Day is a member of the Technical Staff in the Mechanics Department,
Space Segment Implementation Division, COMSAT.
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The antenna mast assembly supports all antennas, two nutation damp-
ers, and a balance arm, The mast is basically an aluminum tube, concentric
with the spin axis, with a tubular aluminum crossarm normal to the mast.
The crossarm supports the two spot-beam dishes and the antenna position-
ing mechanisms. The fecd horns for the spot-beam antennas are mounted
at the ends of self-supporting elliptical waveguides cantilevered from a
bracket near the base of the mast. These waveguides are molded boron
filament and fiberglass-reinforced epoxy with a conductive inner surface
and aluminum flanges at either end. The spot-beam dishes are fiberglass-
reinforced epoxy and aluminum honeycomb sandwich with an RF reflec-
tive facing. The four global horns are also honeycomb with aluminum
feeds at the base.

The horns are fully gimballed from their bases to the mast feed bracket
and are stabilized near the large diameter end by a single-axis gimbal
bracket to allow for mast flexure during launch. The nutation dampers
are bolted to braced aluminum platforms normal to the mast. A balance
arm with adjustable weights is cantilevered normal to and near the top
of the mast.

The spinning structure consists of three separable cone assemblies: the
booster adapter, intermediate cone and platform, and BAPTA cone. The
booster adapter consists of an unstiffened magnesium conical shell riveted
at each end to a machined magnesium ring forging. The aft flange contains
an 8-bolt hole pattern for attachment to the launch vehicle. The forward
flange attaches to the aft flange of the intermediate cone by means of the
spacecraft separation system clamp. The booster adapter and separation
clamp remain with the launch vehicle after separation of the spacecraft.
A conical-shaped charge-destruct package is mounted on a bracket within
the adapter.

The intermediate cone consists of three conical magnesium shells joined
by two magnesium rings and flanged at the bottom by a magnesium vee-
band clamp ring and at the top by an aluminum bolt flange ring. The
apogee motor is mounted within the intermediate cone by a circumferential
row of 36 shoulder bolts. On the outside of the cone and cantilevered
from the two center rings are eight equally spaced, radially projecting ribs.
The aluminum ribs are stabilized circumferentially by aluminum inter-
costals between the outboard rib ends and a thin magnesium shear web
riveted across the entire forward surface to form a “platform.” The plat-
form supports the positioning and orientation subsystem, sun and earth
sensors, and the batteries. The portion of the intermediate cone above the
platform contains machined aluminum brackets which support the spin-
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ning encoder/decoder stacks, despin control electronics units, squib and
solenoid drivers, and battery controllers.

The BAPTA cone is a 1-piece machined aluminum forging, which bolts
to the forward flange of the intermediate cone. An integrally machined
flange in the middle of the cone provides an attachment for the four radial
spokes laterally supporting the aft end of the BAPTA. Since the entire
BAPTA unit must be both thermally and electrically isolated, all joiuts are
fully insulated by nonconductive gaskets, washers, and sleeves.

The substrates for solar cell arrays are 1-piece molded aluminum honey-
comb and fiberglass cylinders. The two solar panels completely enclose the
periphery of the spinning section and are cantilevered fore and aft from the
brackets on the spinning platform. The sunshield substrate consists of
aluminum honeycomb cone and disc segments with bolted joints. The entire
shield assembly is bolted around the outer periphery to the forward edge
of the forward solar pancl. The spacecraft with the booster adapter is
bolted to the launch vehicle by eight 1.27-em (0.50-in.) diameter bolts,
Separation of the spacecraft during the launch sequence occurs at the
forward end of the booster adapter.

The spacecraft is secured to the adapter by a vee-band clamp assembly,
which is tensioned by two pyrotechnic bolts. When the spacecraft separates
from the launch vehicle, the explosive bolts are fired and the band is re-
tracted by springs in two halves, aftward, into catchers located on the
adapter. Eight equally spaced separation springs, axially aligned within
the interface joint, force the spacecraft forward and clear of the adapter
and launch vehicle.

The separation clamp consists basically of two thin half-bands of steel.
Upon tensioning, these half-bands apply radial pressure to a number of
circumferential, single-vee-grooved steel shoes which are attached to the
band, and which in turn clamp the tapered flanges of the thrust cone and
adapter together. Strain gauges are attached to each band-half to indicate
proper band tension at installation,

The BAPTA clamp prevents rotary motion between the spun and despun
sections during vibration testing and launch. More importantly, it pre-
vents high-moment loads, caused by lateral forces, from being passed
tl?rough the bearings by carrying approximately 90 percent of the load
directly through the clamp from shaft to housing. The clamp is similar in
C(_)nstruction to the separation band, except that a unique floating center
piece causes the shoes to form a double vee to ensure even clamp-up while
maintaining the proper gap between flanges. {(When unclamped, the gap
between flanges is maintained by an axial bearing preload spring.)
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The spacecraft is aligned by a combination of mechanical and optical
devices, including a precision rotary table (Rotab), dial indicators, and
theodolite. The thrust cene apogee motor ring and BAPTA flanges are
initially aligned with dial indicators during assembly on a Rotab. The
BAPTA is subjected to subsequent optical checks at various stages of
assembly and post-test disassembly by means of precision quartz mirrors,
aligned to the bearing axis. Boresight mirrors ure used to align the sensors.
Temporary mandrel-mounted mirrors located on the throat axis are used
to align the thrusters.

The global horns, spot-beam dishes, and feed horns are individually
aligned by theodolite with the aid of bonded-on mirrors calibrated to the
boresights. In addition, these dishes are individually aligned to their re-
spective fecd horns by a fixture which is counterbalanced to account for
dish gravity sag. Figure 60 gives the locations of permanently attached
TNITTOTS.

The despun and spun sections are balanced individually. The despun
section is balanced statically on a spin balance machine. Center of gravity,
concentricity, and vertical product of inertia are trimmed by adding small
weights to the compartment shelf, the lower nutation damper bracket, and
the mast balance arm. The spun section is spin balanced at 80 rpm on a
Treble machine. Spun scction trim balance is achieved by adding small
weights at the platform periphery and at the forward and aft ends of the
solar panels.

Thermal conirel
J. A. ROBINSON

Temperature control of the INTELSAT Iv spacecraft is essentially a series
of subsystem-oriented local heat transfer problems within a bus environ-
ment which, except during eclipse (earth shadowing) periods, is a com-
fortable 10°C (50°F) to 25°C (75°F).* For periods of 45 days centered

* This environment is a fortunate side cffect of the spinning cylinder covered
with solar cells.

J. A. Robinson is a member of the Technical Staff in the Mechanics Department,
Space Segment Implementation Division, COMSAT.
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about each spring and fall equinox, the spacecraft experiences a daily
eclipse lasting up to 70 minutes. Many of the subsystem thermal design
characteristics result from the need to maintain desired temperature levels
during those periods when the solar array drum drops to temperatures
as low as —85°C (— [20°F).

Heaters are the only active temperature control elements on the space-
craft. All other components, including surface finishes and wraps, multi-
layer insulation blankets (MLI), and conduction filler and isolation ma-
terials, are passive. All but one of the heaters used in the system are com-
mandable, resistance-wire-type heaters with fixed power. The only excep-
tion is the noncommandable proportional controlled heater circuit,
which heats the TDA in the communications receiver unit electronics box,
This heater is activated when the receiver is operating and is designed to
maintain TDA temperature above 26°C (79°F) at all times. Figurc 61 is
a cutaway sketch of the spacecraft showing the various subsystems and
the temperature control elements,

Antenna and mast assembly

Since the antenna and mast assembly is despun and outside of the
spacecraflt, it does not benefit from the uniform thermal environment
provided to the internal subsystems by the spinning solar array drum.
The sun makes one complete rotation relative to the antenna and mast
assembly in a 24-hour period. The resulting heat loads consist of daily
combinations of direct solar heating, reflected solar heating from other
components and the forward end sunshield, and varying degrees of
shadowing. None of the equipment 1s particularly sensitive to the resulting
temperature extremes; however, structural distortions causcd by large
temperature gradients are of concern. Multilayer insulation blankets are
used extensively to minimize these gradients. These blankets are made
from a combination of aluminized kapton film, fiberglass mat, mylar
film, and aluminum foil, and are constructed as described in Table 23,

The blanket external surface has a low solar absorptance-to-emittance
ratio (a./e =~ 1/2), which helps to minimize the blanket surface tem-
perature when irradiated. Temperature control of the nutation dampers
is achieved by conduction coupling to the mast (which experiences rela-
tively small gradicnts and diurnal variations because of its large mass and
conductivity) and by highly polished and aluminized teflon surface coatings
to reduce radiation interchange.

The antenna positioner mechanism (APM) motors heat very rapidly
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Figure 61. \NTELSAT v Thermal Control Elements

during operation because power dissipated by the windings is trapped
inside by the external insulation. To prevent overheating, APM motor
operation is limited to a duty cycle of four minutes on in any 30-minute

period.
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TABLE 23. ANTENNA FARM THERMAL INSULATION SUMMARY

LOCATION
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Despun comparitment

Roughly 90 percent of the spacecraft’s internal power dissipation is in
the despun compartment {440 watts at beginning-of-life bus voltage). The
majority of this power is concentrated at the TWTs and their power sup-
plies. Hence, thermal control in this area involves both local temperature
control of the dissipating components and bulk temperature control of the

compartment,

Bulk temperature control of the compartment requires dumping the
dissipated power from the compartment into space. This function is per-
formed by the forward end sunshicld, which also performs the function
indicated by its name. The sunshield has two sections. The inboard section
is disc-shaped and is covered on the space side with aluminized teflon
(e, = 0.16, ¢ = 0.66). The outboard section is conical and is covered on
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the space side with silvercd quartz mirrors, which are highly efficient
solar reflectors and infrared radiators (@, = 0.085, ¢ = 0.8). The TWTs
and powcr supplies are located toward the outboard edge of the compart-
ment, placing most of the power dissipation under the outboard section
of the sunshield. The internal radiation coupling provided by black paint
on the compartment shelf (e = 0.85) and a combination of black paint
and aluminum foil stripes (¢ = 0.55) on the inside of the sunshield permits
the shield to effectively dump the compartment power dissipation into
space.

Local tempcraturce control of the TWTs and power supplies requires
simultaneous heat sinking of dissipated power to the mounting surface
and protection from eclipse cooling. TWTs and power supplies, as well
as all clectronics boxes in the compartment, are mounted with RTV filler
in the interface to improve contact surface conduction arca, The power
supplies, communications receivers, and certain other clectronics boxes
arc plated with vapor-deposited gold (e = 0.03) for required radiation
isolation during cclipses. The remaining boxes are painted with high-
emittance white paint {e¢ = 0.85). Output multiplexers, [ocated atop the
compartment under the disc sunshield, are covered with aluminized
mylar MLI to decouple them from sunshield cooling during eclipses.

Hearing and power transfer assembly

Temperature control of the BAPTA is accomplished with a combination
of surface finishes, conduction isolation, and heaters. A 1-mm (40-mil)
phenolic washer provides some conduction isolation at the BAPTA inter-
faces with the spinning thrust cone and the despun mast hub, Surfaces of
the BAPTA with a view outside the thrust cone or into the mast are
wrapped with aluminum foil tape (e = 0.05). The BAPTA clamp support
structure is polished aluminum. All of these characteristics arc intended
to decrease BAPTA cooling during cclipses. Commandable heaters are
attached to the spinning housing and despun shaft at either side of the
BAPTA forward bearing: two 3-watt heaters on the housing, and one
I1-watt heater on the shaft, They can be used to increase the BAPTA
steady-state operating temperature level or to provide compensatory
heating during eclipse cooling periods.

Thrust cone, spinning shelf, and aft chermal barrier

Spacecraft components mounted on the thrust cone and spinning shelf
include batteries, despin control electronics, squib and solenoid drivers,
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spinning encoder /decoder, battery controller, and position and orientation
subsystem. (Positioning and orientation will be discussed separately in
the next section.) Power dissipation in these units is small; thus they tend
to seek thermal equilibrium with their cnvironment, which consists of
solar panels and the aft thermal barrier,

-As described previously, the solar panel provides a very suitable en-
vironment except during eclipses. The aft thermal barrier is a rigid insula-
tion blanket which serves as closure of the aft end of the spacecraft, It is
composed of an outer layer of 50- (2-mil) stainless sheet (with black paint
on the outside, and vapor-deposited gold on the inside) and one to two lay-
ers of 13- (0.5-mil) nickel foil separated by & 50-u (2-mil) thickness of glass
matting n}&terial. The inner nickel foil layer is bare (¢ = 0.06}. In addition
to mimmizing spacecraft heat losses out the aft end, the aft barrier shields
the spacecraft from apogee motor exhaust plume heating and contamina-
tion,

Ver;_/ few special temperature control techniques are used on the equip-
ment in this area. Because of their thermal capacity and conduction to
the thrust cone, cone-mounted electronics experience an eclipse cooling
that lresults in acceptable temperatures without additional heaters or in-
sula_tlon. Stacking cone-mounted boxes helps to concentrate thermal ca-
pacity and save “floor space.” The batteries are mounted on structural
ribs about the spinning shelf and expericnee satisfactory eclipse tempera-
tures because of their thermal capacity.

Positioning and orientation subsystem

Positioning and orientation subsystem temperature control is designed
to prevent hydrazine from freezing in orbit. Hence, heaters and insulative
surface wrapping are uscd extensively. The heaters are resistance wires
embedded in rubber molding shaped to fit around lines and vaives. All
P&O hecaters respond to one command and are normally on at all times. To
minimize eclipse cooling, lines and valves are conductively decoupled
from the spacecraft structure with low-conductivity spacer materials and
wrapped with low-emittance aluminum foil tape {¢ = 0.05) to reduce
radiation cooling, Propellant tanks are covered with aluminized mylar
MLI.

Thruster temperature control during and after firing is a challenging
problem. The spacccraft is shielded from the very high (~800°C or
~1500°F) thruster firing temperatures by enclosing the thrust chamber
assembly in a canister consisting of two concentric shells of stainless
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steel separated by refrasil batting. During the firing period, cool flowing
fuel maintains relatively low temperatures on all surfaces in contact with
it. After thruster firing ceases, the fuel cooling also ceases, and conduction
and radiation from the thrust chamber to previously fuel-cooled parts
results in heat soakback. Peak soakback temperatures experienced by the
valve and fuel distribution manifold are as high as 121°C (250°F) and
343°C (650°F), respectively, for long firings. To prevent potential high-
temperature decomposition of hydrazine in the manifold, subsequent
firings of a given thruster are not permitted until measured valve and mani-
fold temperatures have cooled to 107°C (225°F) and 177°C (350°F),
respectively. This no-fire peried lasts up to one hour after firing.

Apogee motor

The temperature control requirement for the apogee motor is a propel-
lant and nozzle throat area temperature between 4°C (40°F) and 32°C
(90°F) throughout transfer orbit (up to 100 hours). This temperature
range is maintained by means of heaters and multilayer insulation. The
insulation increases the cooling time constant of the propellant case; the
heaters heat the nozzle throat and block that heat loss path from the case.
At the throat, four independently commandable heaters provide 70 watts of
power in 5- to 15-watt increments. The heat required is a function of
transfer orbit sun angles and normally varies from 40 watts when the sun
is 65° from the positive spin axis to 0 watts when the sun is 100° off the
axis, Post-apogee motor firing heating caused by soakback to the space-
craft is minimized by the MLI case blanket and conduction isolation at
the mounting ring.

Spaceeraft thermal /vaeuum testing

The purpose of system-level spacecraft thermal/vacuum testing is to
verify spacecraft functional and thermal performance at temperature and
vacuum conditions equivalent to those in orbit. The INTELSAT Iv spacecraft
has three grades of system level thermal/vacuum tests: thermal design
verification, qualification, and flight acceptance. Unit and subsystem
thermal/vacuum testing is widely practiced on INTELSAT 1v, but will not
be described here.

Thermal Design Verification. Thermal design verification is performed
on the thermal test vehicle (TTV) in a vacuum chamber having a solar
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simulator. Emphasis is placed on antenna and mast assembly temperature
and distortion performance under simulated daily and seasonal solar
heating loads. Results of this test are used to establish external surface
temperatures {solar panel, sunshield, and aft barrier) to be controlled in
qualification and acceptance thermal/vacuum tests without the solar
sirnulator.

Qualification and Flight Acceptance. A qualification test is performed on
the Y-1 qualification model spacecraft, and flight aceeptance tests are per-
formed on each flight model spacecraft as a part of final acceptance
procedurcs. Both tests use the same thermal /vacuum chamber equipment,
The test setup is pictured in Figure 62. Without a solar simulator, external
heating is accomplished by means of a stationary, narrow, vertical array
of infrared lamps. The spacecraft is spinning on a constant-spced spin
motor. Adjusting the lamp power makes it possible to achieve various
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Figure 62. Spacecraft Thermal/Vacuum Test Setup
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keeping apogee motor temperatures within the required 4°C (40°F) to
32°C (90°F) band throughout the transfer orbit. The thruster temperature
responses in Figure 64 show the tremendous importance of fuel cooling
during thrusting maneuvers and the resulting thermal soakback after en-
gine shut-down.

Table 25 summarizes scasonal temperature variations of selected space-
craft external structures and key components in synchronous orbit.
Figure 65 is a sample of typical eclipse responses and daily fluctuations
for a full 24-hour period at equinox, including a 70-minute eclipse. Of
interest in this figure is the daily fluctuation of sunshield temperature and
its attenuated effect on internal temperatures of such components as the
TWTs. This fluctuation is caused by the varying heat loads resulting from
the once-per-day revolution of the sun about the despun antenna and
mast assembly. Also of interest are the widely differing temperature
responses to eclipse, ranging from the large and rapid response of the solar
panel to the much slower and smaller response of the BAPTA, which is
a result of its large thermal capacity and high isolation.
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TABLE 25. SEASONAL TEMPERATURE VARIATIONS OF SPACECRAFT
STRUCTURES AND COMPONENTS IN SYNCHRONOUS OREBIT

SUN
23%°
237 w e SUN
SUN
TEMPERATURE
SUMMER WINTER EQUINOX ECLIPSE
SOLSTICE SOLSTICE MINIMUM
SOLAR PANEL
EWD. 149¢ 179C 279¢ 53YC
AFT 1o 179C 207C 799C
SUNSHIELD

DISC 120¢ —18°C 400 -ageC

CONE -80C —289C —19°¢ 510C
™T 360C 20°C 350C 10eC

POWER SUPPLY 370C 3100 369C k'
RECEIVER
ON aee 30°C 32°0C 2600
OFF 220¢ 17°C 220¢ 139C
BAPTA (ON/OFF)"

HOUSING J1°c/90C 330¢/210C 370G/ 24°C 279¢140¢0
SHAFT 28°C/229C 260C/ 2000 3200, 240 730CHBOC
MOTOR 280C/200C 299¢/21°C 320¢/259¢ 23°C170C

BATTERY

3-CELL 9o¢ 170C 2200 1oC

7-CELL 8o, 179G 2190 400
PRO TANK 179¢ 219C 21°C 21e¢

AXIAL VALVE 24°¢ 41°C 33°C 199¢

AXIAL MANIFOLD 13%C 445G 220¢ 9oC

AADIAL VALVE 31°C 33°C 38°¢ 21°¢

SPIN VALVE 33°¢ 36°C 38°C 219¢

"BAPTA HOUSING HEATERS ON/OFF.
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Launch and
orbital injection of
INTELSAT IV satellites

ALLAN M. McCaskiLL, DENNIS V, NEILL
AND ARNOLD A, SATTERLEE

Abstraet

Atlas-Centaur, the INTELSAT 1v launch vehicle, and its flight sequence of events
are described. The constraints dictating the launch window are listed, and the
method of determining the window for the ¥—2 launch is shown. A discussion
of the [aunch vehicle trajectory characteristics includes the objectives and con-
straints involved in shaping the launch trajectory. The actual transfer orbit
achieved with the INTELSAT 1v F-2 launch is presented for comparison with the
nominal orbit.

The INTELSAT spacecraft technical control network, including four tracking,
telemetry, and command stations and the control center, is also described. Key
events following spacecraft separation through the transfer orbit and injection
into near-synchronous orbit are delineated.

Finally, the spacecraft guidance technique which is employed to achieve a
successful insertion of an INTELSAT 1v satellite into a near-synchronous orbit is
presented. Particular emphasis is given to the employment and functional signi-
ficance of the computational procedures used in support of this task.

The INTELSAT IV launch

ALLAN M. McCaskILL

The Atlas-Centaur is the launch vchicle selected for the INTELSAT Iv
mission. It is produced and launched for NASA by Convair Aerospace

Allan M. McCaskill is Manager, Launch Vehicle Systems, Space Segment
Implementation Division, COMSAT.
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Figure 1. Atlas-Centaur, INTELSAT IV
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Division of General Dynamics. The Atlas booster was originally developed
by the United States Air Force as a weapon system, but it has evolved
into a much used space launch vehicle. The Centaur upper stage was the
first launch vehicle developed to use liquid hydrogen as a fuel.

Atlas

The Atlas booster (Figure 1) is a stage-and-one-half configuration con-
sisting of two booster engines, a sustainer engine, and two vernier engines,
all using propellants from a common tank system. The basic Atlas structure
consists of a pressure-stabilized, thin-walled, stainless steel propellant tank
which provides a low tank-to-propellant weight ratio. The tank is 3.04 m
in diameter and is separated into a fuel tank and an oxidizer tank by an
intermediate bulkhead. Equipment is mounted in pods on the sides. A
helium pressurization system maintains structural integrity and turbopump
pressure head during flight.

Thrust is provided by the Rocketdyne MA-5 propulsion system. All
of the Atlas engines are ignited prior to lift-off. At about two-and-one-balf
minutes into flight, the two booster engines are shut down, and they and
their associated thrust structure, pncumatic system, and hydraulic system
are jettisoned. However, the sustainer engine and two vernier engines con-
tinue burning until propellant depletion. A propellant utilization system
continuously measures the levels of the propellants in their tanks and
adjusts the mixture ratio of the sustainer engine to ensure that both fuel
and oxidizer are depleted simultaneously.

Attitude control is accomplished by gimbaling the booster, sustainer,
and vernier engines under the direction of the Atlas autopilot and the
Centaur guidance system. The vernier engines provide only roll control,
and the sustainer engine is gimbaled only after the booster engines are
Jjettisoned.

The Atlas is mated to the upper stage of the Centaur by an aluminum
interstage adapter. This adapter remains with the Atlas after Centaur
separation.

Centauy

The Centauris a liquid-oxygen, liquid-hydrogen-propelled stage designed
for use with the Atlas booster. Similar to that of the Atlas, its basic struc-
ture consists of a pressure-stabilized, thin-walled, stainless steel propellant
tank. The liquid-oxygen and liquid-hydrogen tanks are separated by an
insulating bulkhcad. The bulkhead is double-walled; when propellants
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are loaded, the low temperature of the liquid hydrogen above the bulk-
head freezes the air between the walls, thus creating a vacuum which
greatly reduces the heat transfer across the bulkhead. Fiberglass insulation
panels protect the liquid hydrogen tank from aerodynamic heating during
boost through the atmosphere and are jettisoned during the sustainer phase
of the Atlas flight. Fixed insulation covers the ends of the tanks. A nose
fairing which can be jettisoned is mounted on top of the Centaur stage to
protect the spacecraft and components of the launch vehicle during exit
through the atmosphere.

Primary thrust is provided by two Pratt & Whitncy RL10A-3-3 engines,
which produce a total thrust of 130,000 newtons (29,200 pounds}. These
engines are regeneratively cooled and turbopump fed. Boost pumps pow-
ered by hydrogen peroxide increase the total head of the propellants sup-
plied to the engines. Each engine is gimbaled by its own hydraulic system
to provide vehicle attitude control. A propellant utilization system, con-
sisting of probes, valves, actuators, and associated electronic equipment,
continuously measures the amounts of propellant remaining in the tanks
and adjusts the engine mixture ratio to ensure simultancous depletion of
both fuel and oxidizer.

During coast flight, attitude control and propellant settling are provided
by a hydrogen peroxide reaction control system. This system consists of
14 thrusters (attached to the aft bulkhead), whose thrust levels range from
13.4 to 223 newtons {3 to 50 pounds). Hydrogen peroxide is provided from
a common storage sphere to both the reaction control system and the
propellant boost pumps.

The inertial guidance system has a gyro-stabilized inertial platform to
measure launch vehicle accelerations. These measurements are processed
in an onboard computer, which generates appropriate steering signals for
the Atlas or Centaur autopilot system. The Centaur autopilot system pro-
vides the control signals to both the main engine hydraulic actuators and
the reaction control system. These signals are required for vehicle stabiliza-
tion during powered flight, execution of guidance system steering com-
mands, and attitude orientation during coast phases of flight. In addition,
the autopilot system contains timers which provide switching sequences
required for programmed flight.

Flight sequence

The following paragraphs describe the Atlas-Centaur flight sequence.
After ignition and thrust buildup of the Atlas engines, the launch vehicle
is released and begins a vertical rise. Two seconds after lift-off, it begins
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a roll maneuver to the flight azimuth of 101°. Fifteen secongs afer lift-
off, the roll program is complete and the vehicle beging 5 programmed
pitchover maneuver, which is designed to keep the angle of aack near
zero during flight through the atmosphere. At approximately 152 seconds
after liftoff (T 4+ 152 s), the axial acceleration has built up to 5.7 g. At
this time, the booster engines are shut down and, three secongs later. the
entire booster section is jettisoned. The single sustainer engine COnti’nues
to provide thrust (with roll control furnished by gimbaling of the two
vernier engines). At T + 196 s, the insulation panels Surrounding the Cen-
taur’s liquid hydrogen tanks are jettisoned. At ﬂP_PTOXimately T+ 241 s
the Atlas propellants are depleted and the sustainer and verpjer engine;
are shut down. Two seconds later, the Centaur is separated from the Atlas
and eight solid-propellant retrorockets on the Atlas are fireq 1o increasf’:
the distance between the two stages. At T + 253 s, the Centaur’s main
engines are started and, 12 seconds later, the nose fairing is jettisoned.

The first burn of the Centaur engines continues untj} approximately
T + 626 s, when the Centaur and its INTELSAT IV Spacecraft are placed in
a parking orbit which has a perigee altitude of 185 km (100 nmi) and an
apogee altitude of 2,220 km (1,200 nmi). An elliptical parking orbit is
utilized instead of a 185-km (100-nmi} circular parking orbit 5o that the
altitude at which the Centaur’s second burn takes place is high enough to
permit the Ascension Island ground stations to obtaip telemetry and
metric data during this time period. A 15-minute coast period, required
to ensure that injection into the desired transter orbit 1q synchronous
altitude will take place near the equator, follows shutdown of the main
engines. During this time the hydrogen peroxide reaction control system
stabilizes the vehicle’s attitude and maintains a small continuoys accelera-
tion to keep the propellants settled in the tanks.

AtT + 1,519 s [at an altitude of 600 km (323 nmi)], the Centaurs main
engines are reignited to increase its velocity by 1,970 m/g (6,460 ft/s)and
reduce the inclination by about 1°. At T + 1,594 s, the maip engines are
shut down, since the desired transfer orbit has been achieyeq During the
next 135 s, the reaction control system allows the Centayr to yaw approxi-
mately 90° to align the spacecraft to the desired separation attity de.
(The spacecraft’s spin axis is normal to the orbital plane ) At T + 1,729
the spacecraft is separated. ’

Following spacecraft separation, the Centaur is again reoriented. The
use of the reaction control system permits the residyaj propellants and
gases in the tanks to blow down so that the Centaur’s orbit ig changed
sufficiently to preclude any possible contact with the spacecrafy.
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Launch windows

Launch windows are those periods of time when a launch which will
satisfy all spacecraft and mission constraints may take placc. For INTELSAT
1v, these constraints are all expressed in terms of the angle between the
spacecraft spin axis and the sun vector. The specific criteria followed in
determining these windows are as follows:

a. Sun angles less than 65° or greater than 100° relative to the an-
tenna end spin axis are unacceptable because of spacecraft thermal
constraints.

b. Sun interference is not permitted in the north or south earth
sensors when the spacecraft is in the apogee motor fire (AMF) attitude.
In the orbit normal (injection) attitude, sun interference can be toler-
ated in either the north or south earth sensor if the spacecraft se-
quencer has been configured to despin on the sensor not subjected
to sun interference. Interference in the equatorial sensor is permitted.
The sun interference field of view for an earth sensor is +2.5%.

¢. The orbit normal attitude error, caused by both launch vehicle
and spacecraft contributions, is assumed to be no greater than =+3°.

These constraints can generally be satisfied during two periods (approxi-
mately 12 hours apart} each day. However, launches around noon GMT
are ruled out for a number of reasons, e.g., the possibility that the space-
craft may be eclipsed for long periods near apogee, operational con-
siderations, and spacecraft thermal problems which arise when the launch
vehicle coast phase occurs in sunlight.

The derivation of the launch windows for the INTELSAT 1v F-2 launch
on January 25, 1971, is shown in Figure 2. It can be seen that the first
window opens when the injection angle (including a 3° error) exceeds the
65° thermal constraint, and closes because of sun interference in the north
earth sensor in the apogee motor fire attitude. The second window opens
when the sun leaves the north earth sensor in the apogee motor fire
attitude and closes when the sun interferes with the south earth sensor.

Since the INTELSAT 1V F-2 launch, the methods used for determining
launch windows have been refined. For example, a greater distinction has
been drawn between the sun angle at the time of reorientation to the
apogee motor firing attitude and the sun angle at the actual time of apogee
motor firing. Allowances have also been made for the attitude errors
which follow the reorientation maneuver. Thermal constraints are treated
as soft constraints when they will simplify the formulation and statement
of a set of windows covering a series of launch opportunities.
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Figurc 2. Launch window determination

Launch vehiele trajeetory characterisiies

The Jaunch vehicle trajectory is optimized for the generalized stationary
orbit problem by utilizing a classical special solution of flight mechanics.
The basic conditions of this special solution to the stationary orbit problem
are as follows:

a. A launch direction that is due cast to minimize the parking
orbit inclination and obtain maximum assistance from the earth’s
rotational velocity.

b. A circular parking orbit achieved at a minimum altitude, typi-
cally about 185 km (100 nmi).

c. A coast phase for the launch vehicle and spacecraft in the
parking orbit to the first equatorial crossing.

d. A restart of the Centaur cngines for a second burn to inject
into the transfer orbit at perigee over the equator. This second burn
also changes the inclination as necessary to match the characteristics
of the spacecraft’s apogee motor.

¢. Separation of the spacecraft from the Centaur followed by a
coast to the transfer orbit apogee at synchronous altitude over the
equator,

f. Apogee motor firing at apogee, its fixed impulse providing the
velocity required to circularize the orbit and simultaneously reduce
its inclination to zero.
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The resulting trajectory maximizes the launch vehicle’s payload capa-
bility, but because of the locations of the Air Force Eastern Test Range
downrange installations, it does not provide optimum launch vehicle radar
tracking and telemetry reception during flight. In fact, unless one or more
range-tracking ships are appropriately deployed, no coverage of the Cen-
taur’s second burn is obtained. Radar tracking and telemetry reception
during this second burn are highly desirable, however. Therefore, since
the INTELSAT 1v mission did not require a maximum payload capability,
it was decided to shape the launch trajectory so that these data could be
obtained by making maximum use of the installations on Antigua and
Ascension Island instead of using downrange ships.

The trajectory profile was constrained so that the launch vehicle would
be visible from Antigua (elevation angle greater than 5°) until at least two
minutes after injection into the parking orbit at first main engine cutoff
(MECO 1). This constraint was intended not only to permit telemetry
reception during this period, but also to provide sufficient tracking time
to allow an accurate determination of the elements of the parking orbit,
Visibility from Ascension Island was required from five minutes prior to
second main engine start (MES 2) until three minutes after second main
engine cutoff (MECO 2). This permitted the reception of telemetry data
throughout the prestart sequence, second burn, reorientation, and space-
craft separation, and also provided sufficient tracking time following
MECO 2 for an accurate determination of the transfer orbit elements.

TABLE 1. TRAJECTORY CHARACTERISTICS*

Achieved Trans-

fer Orbit,
Nominal Trans- INTELSAT 1V
Nominal Park- fer Orbit F-2 Launch
ing Orbit (at spacecraft {at spacecraft
{at MECO-1) separation) separation)
Perigee Altitude 185 km 548 .4 km 548.2 km
(100 nmi) (296.1 nmi) (296.0 nmi)
Apogee Altitude 2,230 km 35,788.4 km 35,797.1 km
(1,204 nmi) {19,324.2 nmi) (19,328.9 nmi)
at apogee at apogee
Inclination 29.28° 28.23° 28.20°
True Anomaly 357.53° 27.1° 26.9°

Argument of Perigee 129.94° 178.77° 178.76°

* Launch azimuth = 101°, coast time = 892 s,
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The required transfer orbit was given in a targeting specification pre-
pared by COMSAT, based upon preliminary trajectory analyses and upon
the best estimates of spacecraft weight and apogee motor performance.
(The latter two factors dictated the inclination change during apogee
motor firing.) After all of these constraints had been incorporated, the
trajectory was optimized by using a computer simulation. The resulting
trajectory had the characteristics given in Table 1. Also shown in Table
1 are the characteristics of the transfer orbit actually achieved with the
INTELSAT 1v F-2 launch,

Spaceeraft technical control network
DEenNIS V. NEILL

Primary elements of the spacecraft technical control network include
four tracking, telemetry, and command (TT&C) stations, a control center,
voice and data communications circuits, and a telemetry and command
subsystem (in the spacecraft). Figure 3 is a block diagram which shows the
layout of the network,

Tracking, telemetry, and command stations

Tracking, telemetry, and command stations are located at Andover,
Maine; Fucino, Italy; Carnarvon, West Australia; and Paumalu, Hawaii.
These locations were selected by the Interim Communications Satellite
Committee of the International Telecommunications Satellite Consortium
(INTELSAT) based on the following criteria:

a. Stations should provide coverage of a satellite in synchronous
equatorial orbit above 10° station elevation angles regardless of the
satellite’s longitudinal position.

b. Redundant coverage should be provided for satellites positioned
at assigned stations for international communications service,

c. Each TT&C station should be located adjacent t¢ a communi-
cations earth station to enhance the reliability of controlling communi-
cations.

d. Readily available resources should be applied to obtain TT&C
services. Small antennas [12.8-m (42-ft) Cassegrain folded horns]

Dennis V. Neill is Manager, System Control, COMSAT.
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Figure 3. INTELSAT 1v spacecraft technical control network
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were available from an early INTELSAT 1f satellite program (NASCOM)
and commercial service) at Andover, Paumalu, and Carnarvon. A
13.4-m (44-ft) paraboloid antenna was made available at Fucino by
Telespazio. Areas of coverage of the TT&C stations are shown in
Figure 4.

Each TT&C station contains equipment which permits it to carry out
tracking, ranging, telemetry processing, and command functions. Figure
5 is a functional block diagram of a typical TT&C station.

Anfennas

Antennas at Andover, Carnarvon, and Paumalu are Cassegrain horns
which have gain performances equivalent to that of a high-effictency
paraboloid with a diameter of 12.8 m (42 ft). Each antenna is mounted
on a hydraulically driven azimuth-elevation pedestal, which can be
rotated 300° in azimuth and 90° in elevation. The RF feed consists of
nine apertures: a center aperture, which transmits at 6,000 MHz and
receives the sum signal at 4,000 MHz, and eight horns placed around
the center aperture to provide the equivalent of a 5-horn amplitude
monopulse tracking feed. The RF feed can radiatc up to 10 kW; in
combination with the reflector, it will produce an cffective isotropic
radiated power (e.ir.p.) of 95 dBW. The transmit beamwidth of the
antenna radiation pattern is 0.26°.

The feed can be remotely controlled to receive and transmit left- or
right-hand circular polarization as well as rotatable Jinear polarization.
The angle of the linearly polarized wave to and from the spacecraft can
be determined by measuring the polarization of the received carrier from
the spacecraft beacon signal. The INTELSAT Iv beacon signal, when switched
to the omnidirectional antenna, is vertically polarized parallel to the
spin axis. The command receive antenna in the spacecraft is Jinearly pola-
rized at 90° from the spin axis,

The antenna reflector at Fucino is a paraboloid with a 13.4-m (44-ft)
diameter. An electrical drive system on the azimuth-clevation pedestal is
used to point the antenna.

Antenna feeds are designed to transmit and receive over 500 MHz of
bandwidth, with frequencies of 6 GHz for transmitting and 4 GHz for
receiving. The system noise temperature is lower than 100°K for each
station, while the G/T is not less than 33 dB at 10° elevation angles.
Antenna gains at 6 and 4 GHz are 55 and 52 dB, respectively.
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Traecking

Antenna peinting can be controlled in three modes: autotrack, pro-
grammed track, and manual track. Each station is equipped with redun-
dant, low-noise, cryogenically cooled receivers whose noise temperature
is approximately 30°K. In the autotrack mode, the output of sum and
difference channels is fed through a tracking down-converter (30-MHz
bandwidth) to a tracking recciver. The sum signal phase locks the tracking
loop upon acquisition of the satellite beacon signal, while the amplitude
of the difference channels provides error voltages to be applied through
the hydraulic servocontrol network.

The pointing accuracy of the antenna is 0.032° rms. With wind velocities
up to 48.3 km/hr {30 mph), an overall tracking accuracy of 0.016° rms
can be achieved at the four stations. The maximum rate at which the
antenna will autotrack is 1°/s. Readout is accomplished by sampling
azimuth and elevation shaft encoders in digital form with a resolution of
0.01°. Data arc converted from binary coded decimal (BCD) to Baudot
code, commutated, and fed to a tape punch and reader for transmission
on a teletype circuit to COMSAT’s central computer,

The programmed tracking mode utilizes a tape reader, programmer, n-
terpolator units, and digital-to-analog converter for each axis (azimuth and
elevation). Fixed offsets in azimuth, elevation, and time can be applied.
Pointing data for programmed tracking (based on predicted or measured
orbits) are prepared by COMSAT’s central computer and transmitted to
TT&C stations on teletype eircuits. Antenna search patterns may also be
prepared to help a station to follow a planned search pattern when it is
attempting to acquire a satellite beacon signal. Pointing accuracy in the
programmed drive mode is better than 0.07°, while the 3-dB beamwidth of
the antennas is about 0.4° within the recciver bandwidth.

The manual tracking mode employs hand controls which control both
the antenna pointing direction and the slew rate. (The maximum slew
rate in either axis is 5°/s.) This control is accomplished by applying error
offset voltages to both axes in elevation and azimuth. The manual tracking
mode is useful when searching for a satellite beacon signal where small
offsets from the predicted orbit are apparent. It is also employed to hold the
antenna on the satellite beacon signal during a maneuver which is likely
to producc signal variations and hence make autotrack maintenance more
difficult.

LAUNCH AND ORBITAL INJECTION 405

Ranging

The range to the spacecraft is determined by transmitting four coherent
sine wave tones on a loop through the satellite and measuring the shift in
phase angle between each transmitted and received tone. A given tone
starts a counter at a positive rising zero crossing of the sine wave; then the
received tone stops the counter at its positive rising zero crossover point.
Fach tone provides a range measurement. One cycle of the low tone
measures to within 4,545 km {2,454 nmi); the next two successively higher
tones resolve ambiguities to within 568.6 km (307 nmi) and 37.0 km (20
ami), respectively; and the high tone resolves the range to within 5.74 km
(3.1 nmi). Measurement of the phase angle displacement is accurate to
within 2.6°. When all four tones are measured, the resulting range mea-
surement is accurate to within 30.5 m (100 ft).

Ranging tones are applied continuously while the ranging carrier is
illuminating the spacecraft. The toncs are processed through a relay
multiplexer and applied to a phase meter. Phase differences are converted
from analog to digital form through a voltage-to-frequency converter and
frequency counter. A commutator then samples the counter measurement
and stores it, Each tone measurement is converted from BCD to Baudot
code and punched on paper tape for transmission to COMSAT’s central
computer.

Telemelry

Each TT&C station is equipped to simultancously receive pulsc-code
modulated (PCM) and frequency modulated (FM) telemetry from the
satellite, PCM data are processed through a small computer and displayed
on a numerical display unit and a stripchart recorder. The PCM signal
is relayed to the control center via a C-2 conditioned telephone circuit.
FM (real time) or nutation accelerometer traces are processed through a
discriminator, which converts the demodulated signal to an output variable
voltage which can be displayed on a stripchart recorder or relayed through
a data phone to the control center. Figure 6 is a functional block diagram
of the spacecraft telemetry and command equipment.

Command

Commands may be initiated and transmitted to the spacecraft by using
command generator units at either the TT&C station or the control center.
Command operation consists of the following steps:
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a. The operator selects local control with key switch on, command
address, command number, and tone group.

b. The command tones are transmitted to the spacecraft through
an FM deviator and high-power RF amplifier {transmitter).

¢. The command is stored in the spacecraft decoder and detected
in the telemetry encoder.
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Figure 6. Functional block diagram of INTELSAT 1v telemeiry
and command equipment
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d. The command encoder contents are reccived and displayed at
the command generator, and telemctry is read out.

e. Through observation, the operator verifies that the selected com-
mand is displayed in the command encoder.

f. The execute signal is transmitted to the spacecraft.

g. The acknowledgment of execute is received in the spacecraft
telemetry.

Comimands which require synchronization with spacecraft rotor spin rate
and initiation at a specific point in the roll cycle (e.g., satellite mancuvers
and station generated pulses for despin platform pointing) are routed at
the TT&C station through a synchronous controller. These commands
are always executed in local control at the TT&C station rather than at
the control center becausc the time delay in the transmission path between
the control center and the TT&C station is unknown, Even if the time
delay is known for a given link, it can vary if alternate routing is used in
the transmission path.

Spaceeraft technical control center

Figure 7 is a functional block diagram of the control center. Primary
functions of the control center are to assist in controlling the injection of
the spacecraft into geostationary synchronous orbit and to maintain the
satellite in final orbit. It is equipped to maintain voice and data communi-
cations circuits with cach of the TT&C stations. It also contains equipment
necessary to process telemetry and display selected parameters through a
closed-circuit television system and/or manual plotting, to command
satellites, and to obtain computational assistance through input-output
termipals with an 1BM 360,65 computer.

Communications neiwork

Figure 8 is a diagram of the communications network. Voice, PCM,
teletype, and analog communications links between the control center and
each of the four TT&C stations are continuously available. In addition,
dedicated voice kot lines arc installed on a full-time basis between the
control center and each TT&C station. PCM data are routed through a
type 202 data phone at the TT&C station, and through a C-2 conditioned
4-wire circuit (3-kHz bandwidth) and a receiving 202 data phone at the
control center. These data are also routed in parallel to the IBM 360,65
computer.
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Figure 7. Functional block diagram of the spacecraft technical Figure 8. Communications network spacecraft technical control

control center
be routed through a type 602 data phone (1.5-kHz bandwidth) which was
previously installed between each TT&C station and the control center
for the INTELSAT 1l sateilite system. A teletype circuit to transmit tracking

Commands are transmitted from the control center to the TT&C station
via type 402 data phones on the transmit side of the C-2 conditioned
circuit. FM (real time), accelerometer, or BAPTA accelerometer data can
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and ranging data from each TT&C station through the control center to
the IBM 36065 computer is installed on a full-time basis.

Telemetry processing

PCM telemetry data received from the satellite via the TT&C station
are routed from the 202 data set through a bit and frame synchronizer and
a Hewlett Packard 2114A computer, which converts the digital and analog
parameters to engineering or octal values. The computer output can be
displayed on an ASR-35 teletype printer, a stripchart recorder {eight
selected words), or through a character generator. The character generator
output (which is updated once each second) is displayed on television
video monitors (Figure 9). At the same time, telemetry data are processed

43—1 133:15:28:09 EX COUNT © CMD 30D1 0 3302 3551 0 3652 0

LATCH VLV BUS PRLD BYPAS RY RECEIVER TWT FILS
1 2 SPN  DSPN 1 2 1 2 1-6
CLOS CLOS NO NO NORM NORM OFF OFF 1A 2A 3A 4A 5A BA
TOD HI DCE 1 MQTOR 1 DSFN REF SUN

T1SPN 3 ISUN 4 0SUN 5 NEC 6SEC 75—NE 8S—SE 9 N—-SE 10 PNT
1185.3 152.09 163.28 43.81 38.22 399.4 994.9 595.5 96.78

18 19 20 21 22 23 24 25 26
BUSII BUSIV  BUS21 BUS2V BATIV WAZ BAT2V W.EL CHGIV
7.32 32.2 1.00 32.6 33.6 .29 33.6 4.78 55.6
27 28 29 30 31 32 33 34 35
BAPST CHG2V TWTMT BAT11 PS/ST BAT21 RCVART BATI1T PLATT
74.0 56.0 100.0 —.00 75.0 —01 720 83.0 73.0
36 37 38 39 40 41 42 44 46
BAT2T AUXBV RADJT E.AZ AXJT E.EL SPNJT MFLOT HYDIP
55.0 0.0 93.0 5.30 85.0 3.20 98.0 59.0 216.0
48 50 52 54 56 68 60 62
HYD2P MTRTQ BAPHT DSERR FPNLT APNLT APOGT SUNST
215.0 —.19 70.0 0.03 62.0 66,0 -—-20.0 57.0

Figure 9. INTELSAT 1V felemetry displaved on a television monitor
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through the IBM computer and the output can be displayed on an IBM
2741 printer and cathode ray tube (CRT) display unit. Figure 10 is a
sample of timing data, including spin rate and attitude information, as
printed on the 2741 printer.

DOY HH MMSS RPM SUN
44—1 140 15 6816 51.801 70919
441 140 156 5930 651.801 70.919

ES1AB ESZAB SSRES1 SSRES2 ES1A2A
44—1 12.19 12,36 332.56 162,63 179.97
44—1 12.22 12,27 332.82 1562.70 179.80

LINES REPEATED EVERY 15 SEC (APPROX)

44—1 SPACECRAFT IDENTIFIER — INTELSAT IV F—4 ENCODER 1
DOoY DAY —-OF—-YEAR
HH MMSS HOURS, MINUTES, SECONDS

RFM SPIN RATE, REVOLUTIONS FER MINUTE

SUN SUN ANGLE MEASURED FROM SFIN AXIS, DEGREES
ES1AB NORTH EARTH SENSOR CHOQRD, DEGREES

ES2AB SOUTH (OR CENTER) EARTH SENSOR CHORD, DEGREES
SSRES1 ANGULAR SEPARATION OF SUN AND NORTH EARTH

SENSOR, DEGREES

SSRES2 ANGULAR SEPARATION OF SUN AND SOUTH EARTH
SENSOR, DEGREES

ES1A2A ANGULAR SEPARATION OF NORTH AND SOUTH EARTH
SENSORS, DEGREES

Figure 10, Timing measurements (near real time) readout

Commands

Commands to the satellite can be formatted in a command generator
unit instatled in the control center console (Figure 11). The appropriate
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Figure 11. Spacecraft technical control center console

decoder address and command number are sclected and transmitted to
the TT&C station by coding audio tones through a type 402 data phone,
and then applied to discrete tone generators in the command generator
unit at the TT&C station. Decoder register contents are contained in the
telemetry and displayed in the decoder display at the control center com-
mand generator and video monitor (Figure 9). When a command number
appears in the telemetry, the 2114A computer is programmed to auto-
matically actuate the ASR-35 printer, and the command is printed so
that a record of each command will be available, After verification, the
command is executed, the execute return signal is acknowledged, and the
appropriate satellite telemetry indicator is checked for a change of status.

During the satellite injection phase following launch, all commands
except those requiring synchronization with rotor spin rate and apogee
motor firing are initiated and executed at the control center command
generator,

Transfer orbit

The transfer orbit trajectory is established by the Atlas-Centaur launch
vehicle at spacccraft separation {Table 1). At this point, control of the
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mission is transferred from the mission director’s center at Cape Kennedy
1o the spacccraft technical control center. The satellite is then controlled
through the INTELSAT TT&C stations. The objective at this point is to
prepare the spacecraft alignment and configuration for injectiqn_ iqto
synchronous orbit. A subsatellite ground track, in which station visibility
periods are expressed in hours after lift-off, is shown in Figure 12,
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Figure 12, INTELSAT 1v subsatellite ground track
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Prior to launch, the TT&C stations are given pointing predictions on
perforated tape to steer the antennas in the programmed drive mode,
Three patterns are provided: a pattern which will track the satellite beacon
signal on a nominal orbit; a search pattern, which will enclose the 1-sigma
dispersions in the trajectory; and a 3-sigma search pattern.

Before launch, a “sequence of events” is prepared to fit the nominal
plan, which assumes that the transfer orbit is within 3-sigma dispersion
limits. Table 2 is an outline of significant events for an apogee motor
firing (AMF) at third apogee. In this table, the time reference, T, is the

time of lift-off.

TABRLE 2. OUTLINE OF SIGNIFICANT EVENTS FOR AMF

AT THIRD APOGEE

Time

Event

T + 28 min, 49 s
T + 39 min, 36
T + 44 min

T + 1 hr, 20 min

T + 1 hr, 25 min to
2 hr, 10 min

T + 2 hr, 10 min to
3hbr

T+ 3hrtod hr

T + 5 hr, 30 min

T+ 6 hrto7 hr

T + 10 hr, 51 min to
11 hr, 13 nun

T 4 12 hr, 10 min

T + 13 hr, 15 min

T + 16 hr, 04 min

T + 26 hr, 15 min to
27 hr, 10 min

T + 27 hr, 30 min

T + 28 hr, 30 min

T + 42 hr to 34 hr

Spacecraft separation and spin-up

Initiation of TWT {furn-on sequence

Carnarvon TT&C station acquisition

Complete review of spacecraft telemetry and command
capability

Check of both passive and active nutation control sub-
systems

Despin platform rate memory mode check

First reorientation maneuver to align spin axis for AMF*
First apogee passage

Orbit determination

Perigee eclipse and perigee passage

Andover TT&C station acquisition

Second reorientation maneuver to align spin axis for AMF
Second apogee passage

Apogee boost sequence at third apogee

Post-AMF reorientation to orbit normal

Spacecraft configuration for in-orbit test phase and attitude
touch-up

Orbitat velocity maneuvers to adjust drift direction and rate

* This maneuver was completed during the second apogee pass of INTELSAT 1v F-2.

Separation and spin-up

Upon completion of the yaw maneuver by the Centaur when the space-
craft attitude is normal to the orbit plane, the rotor is spun up to ~51
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rpm and the despin reference is switched to either the north or south earth
sensor {(depending upon the sun’s location).

Carnarvon acquisition

The Carnarvon TT&C antenna is set at the horizon in the program drive
mode on the nominal orbit. At the predicted acquisition time, the antenna
is driven in elevation and azimuth, (It rises 14" in elevation in the first
five minutes.) Receivers are tuned to the two beacon frequencies with
PCM, and the analog output of the accelerometer is patched directly to
the control center. At acquisition, engineers in the control center can, in
nearly real time, review the telemetry which is presented on TV monitors.
The nutation accelerometer trace is presented on a stripchart recorder.
In the event that an unstable condition becomes apparent, immediate
action can be taken to damp it out by firing axial jets manually if necessary.

When all spacecraft parameters have been checked and found to be
nominal, both passive and active nutation control subsystems are tested.
Damping time constants of the passive dampers are tested by firing an
axial thruster for 500 ms to induce a nutation of approximately 0.3°,
which is immediately visible on a calibrated stripchart trace. When passive
dampers are found to be acceptable, each of the two automatic nutation
damping control units is checked. A nutation of 0.7° is induced by firing
two ~800-ms pulses at the nutation frequency. Finally, the automatic
nutation damping electronics are energized and the accelerometer-induced
jet firings used to damp out the nutation are observed on the stripchart
recorder.

Paralleling the action at the control center, the Carnarvon TT&C
station transfers its antenna from program drive to autotrack and provides
azimuth and elevation data via a teletype circuit to the computer for
orbital measurements, Ranging measurements cannot be made until the
station gains access to the global-beam pattern, i.e., at about one and one-
half to two hours after acquisition, when the platform is despun, pointing
at the earth, and at a beam angle of approximately 10° (measured at the
satellite),

Before the spacecraft is reoriented to the apogee motor firing attitude
it is necessary to ensure that the despun platform will operate in the rate
memory mode because there are periods in the transfer orbit when the
earth sensors leave the earth and periods during perigee eclipse when the
sun reference is not present. This check is accomplished by switching the
despin reference to pseudo-carth pulses transmitted by the TT&C station.
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The rate at which pscudo-earth pulses are transmitted can be adjusted so
that the platform spin rate is set to optimize the damping time constant
of the passive dampers. When transmitted pulses are switched off, the
phase-locked loop network is fixed on the given frequency and maintains
that spin rate. When a satisfactory check of the rate memory mode hag
been completed, the despin reference is commanded to an earth sensor so
that range measurement can be initiated at Carnarvon.

At about three hours after lifi-off, the first reorientation maneuver
sequence 1s initiated. The sun sensor reference is used to control the despin
platform and to fire the thruster at the calculated sector in the roll cycle,
Logic circuits in the spacecraft attitude determination network measure
the delay between this reference and the telemetry envelope (frame synchro-
nizing words). This time differential is accounted for in the logic contrel
network by the synchronous controller. Transmission delay and execute
angle are then set up to initiate the execute signal at the proper point in
the spacecraft.

Changes in sun angle, spin rate, and earth chords to be expected during
the maneuver are plotted manually and compared with predictions. The
nutation accelerometer trace, with pulses superimposed on it to reflect the
sun’s position, is displayed on a stripchart. When the thruster is pulsed,
the accelerometer is excited and the phasing of pulses can be checked by
measuring the interval between sun reference and thruster pulses. At the
same time, attitude data are derived by the computer from PCM telemetry
and presented in nearly real time on a CRT display. As the axial thruster
is pulsed, measurements of sun angle and spin speed are plotted and com-
pared with predictions, and attitude information on the CRT display is
checked. If the indicators are satisfactory, the mancuver is completed,
and despin control is commanded to the north earth sensor. At this time,
a sector change of the platform may be needed to point the antennas at
the earth so that range measurements can be resumed.

As the satellite moves in its orbit in the AMF attitude, north and south
earth sensors intersect and leave the earth’s disc. The despin reference is
switched to the appropriate sensor until both earth sensors leave the earth.
At that time {(approaching perigee), the despin reference is switched to the
rate memory mode and automatic nutation control electronic units are
energized.

Apoger molor firing

Prior to launch, a nomipal plan for apogee motor firing is prepared.
At this point, it is important to determine at which apogee of the transfer
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orbit the motor should be ignited. As shown in Figure 12, the first apogee
of the transfer orbit is located at 85° east longitude, the second at 285°,
the third at 124°, etc. Considerations which affect this decision are as
follows:
a. The level of confidence in the orbit and attitude alignment prior
to ignition;
b. The location of the intended station in synchronous orbit;
¢. Conservation of fuel and minimization of maneuvers, expressed
in terms of nominal drift rate, direction, and dispersion which might
be expected following apogee motor fire;
d. The locations of other satellites carrying communications
services; and
e. The time schedule for placing the satellite on station,

According to the nominal plan, a firing at first apogee may be not
initiated because there is insufficient confidence that the achieved orbit is
known and that the spin axis can be aligned to within acceptable limits
(£1.0°) prior to first apogee. A change from the injected attitude at an
orbit normal of approximately 36° is necessary to align the spin axis for
the proper thrust vector. If it can be assumed that there is a 10-percent
tolerance the first time a spacecraft is maneuvered in orbit, one maneuver
will result in dispersions of -3.6°. Therefore, two attitude maneuvers
should be planned before apogee motor fire. It is also essential to allot
sufficient time for spacecraft functional checks, such as testing the nutation
damping devices, both passive and active, the platform despin control,
and the electronics. Scheduling tasks in the transfer orbit for firing at
second and subsequent apogees involves a much smaller risk.

When a satellite is to be positioned over the Pacific Ocean area, the
nominal station in synchronous orbit is located at 174° cast longitude.
From Figure 12, the third apogee of the transfer orbit is located at 124°
east longitude, or 50° from the final station, and the fifth apogee is located
at 166° east longitude, or 8° from the final station.

For the INTELSAT v F~4 mission, the apogee motor firing analysis,
which considered the mathematical modeling of orbital and spacecraft
dynamics, predicted a nominal drift rate following apogee motor firing
Oof 1° per day to the west, with a I-sigma deviation of 42.0° per day.
With an eastward drift requirement and an assumed rate of 2° per day,
it would take 25 days of drift with a motor firing at the third apogee and
four days with a motor firing at the fifth apogee (Figure 13), The actual
transfer orbit trajectory was so nearly nominal that it was decided to
1gnite the apogee motor at the fifth apogee. The drift following AMF was
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Figure 13. Longitude vs time after launch

0.5° per day to the west. An orbital velocity correction mancuver then
changed the drift direction and rate to 1° per day to the east. The satellite
was completely tested and placed in commercial service on station within
20 days.

During the apogee boost, it is imperative for the inertial spin rate of the
platform to be bounded so that the inherent stability of the dual-spin
spacecraft remains intact, the desired thrust vector is maintained, and
the effectiveness of the nutation damping devices is not impaired. Exten-
sive analysis revealed that the thrust vector and stability during and after
boost were sensitive to variations in the inertial platform rate. It was
concluded that, with a rotor rate of 51 rpm, an optimum platform spin
rate would be achieved by forward spinning (in the direction of rotor spin)
at 2 to 4 rpm. The net effect would be a 50-percent reduction in the thrust
vector pointing error which would have been achieved if the platform
had been despun at the spin rate.

Prior to apogee motor ignition, the despin platform is set at the desired
rate by commanding to the pseudo-earth mode and transmitting pulses
using a tone frequency which is different from other command tones.
When the desired rate is measured [by counting the master index pulse
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interval {platform index)], the input pulses are removed so that the despin

p]atform can be maintained at the desired rate.
Several indicators give an early assessment of apogee boost results:

a. The shift in beacon frequency, as a result of the Doppler effect,

is predicted from the satellite motion viewed from the TT&C station.
The frequency shifts up or down in relationship to the reference fre-
quency (zero Doppler) as the satellite moves away from or toward
the station, respectively. These readings are sent by the TT&C station
to a plotter at the control center and plotted manually. The frequency
shift can also be detected on a stripchart recorder display at the con-
trol center (Figure 14). The signal is processed by the station tracking
receiver, a frequency synthesizer, and a 14.5-kHz discriminator which
sends variable voltages to the control center via a data phone link.

P enimon G | o ) . THRUST TERMINATION

. PREDICTED — 731 Hz
MEASURED ~ 760 Hz

* ' DOPPLER SHIFT °

i~

Figure 14. Stripchart sample, BAPTA accelerometer and Doppler
shift as viewed from Hawaii

b. Bearing loads on the bearing and power transfer assembly
(BAPTA) are disturbed by the force of acceleration during rocket
burn. This force is reflected in the indication of torque demand by
the despin motor driver, and in the despin position error (Figure 15).
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Figure 15. Stripchart samplé, BAPTA torque demand and despin position error
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c. The BAPTA accelerometer produces increased acoustical noise

during thrust {Figure 14).

d. At thrust termination, the buildup in nutation can be measured
and the jet firing, which damps the nutation, can be seen on the

nutation accelerometer trace {Figure 16).
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Post-AMPF erection and drift

Within 30 minutes after AMF, a reorientation maneuver is performed
to precess the spin axis approximately 115° so that it is positioned at
orbit normal. Figure 17 is a graph which shows received beacon and
command signal strengths versus time that the spacecraft is in the AMF
attitude. If the erection maneuver is not completed in three hours, it is
necessary to wait 10 hours until the command signal to the spacecraft is
above threshold. After 12 to 24 hours, an orbital velocity maneuver may
be required to adjust the spacecraft drift to the desired rate toward its
intended station.

Mechanics of synchronous orbit insertion
ARNOLD A. SATTERLEE

At the termination of the Atlas-Centaur phase of the mission, the
satellite has been established in an elliptical trajectory which is inclined
about 28° to the earth’s equator (Figure 18). In this transfer trajectory,
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Figure 18. Orbit and orientation geomelry APOGEE

Arnold A. Satterlee is Director, Celestial Mechanics, in System Implementation,
COMSAT.
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the satellite will, under the influence of the earth’s gravitational field,
circuit the earth once each 10.67 hours. The position of nearest approach
will be approximately 548 km (296 nmi) above the earth’s surface. The
spacecraft will subsequently rise to an altitude of about 35,788 km (19,324
nmi). If observed from the center of the earth, the angular rate of the
satellite’s motion will appear to increase uniformly as the satellite ap-
proaches the lower altitudes, and decrease as it climbs in height. As a
result of this orbital phenomenon, the ground trace of the satellite will
form a pattern on the earth’s surface similar to that shown in Figure 12.

For the satellite to become an effective communications relay station,
its diurnal motion relative to the surface of the earth must be minimized,
To control the east-west component of this motion, the orbital period
must be synchronized to the period of the earth’s rotation, which is about
23 hours and 56 minutes in mean solar time. To ensure that the sateilite’s
motion will nearly coincide with the earth’s angular motion, the eccentricity
of its orbit must be maintained at a low valuc. The north-south compo-
nent of the relative motion originates from the inclination of the orbit
plane to the earth’s equator. For INTELSAT 1Iv satellites, this daily mo-
tion about the equator is limited to 0.5°.

The principal component of the orbit velocity change necessary to
achieve the operational orbit is provided by a singte-burn, solid propellant
rocket motor. This motor delivers an average thrust of 54,478 N (12,480
1b) for 4 period of 33.8 s, For the INTELSAT 1v F-2 spacecraft, this amounts
to an incremental velocity change of 1,810.8 m/s (5,941 ft/s). Because
the orientation of the operational orbit plane is not coincident with the
plane of the transfer orbit, the location of the insertion maneuver is
constrained to one of two inertial positions coincident with the inter-
section of the initial and final orbit planes. Since the plane of the opera-
tional orbit is restricted to within 0.5° of arc to the equator, the positions
of possible orbit transfer will occur at or necar the equatorial crossings
of the transfer orbit. Mancuver proficiency is achieved by locating the
position of maximum height in the transfer orbit at or near the equatorial
crossing defined by the ascending node of the transfer orbit.

The launch or emplacement of a communications satellite into its
operational orbit is a 2-phase procedure. The initial Atlas-Centaur boost
phase is a self-contained guidance process which, when committed at
lift-off,is performed with no external influence from the earth. At the termi-
nation of the Centaur-controlled portion of the flight, the spacecraft
enters a second or free-fiight phase in which control of the spacecraft is
transferred to an earth-based control and monitoring network.
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During the free-flight phase, emphasis is placed on the preparation of
the spacecraft for the single-burn maneuver which will insert the satellite
into a near-synchronous orbit. The position and velocity of ballistic
trajectories are subject to a degree of uncertainty as a result of inaccuracies
associated with the powered-flight portions of the mission. Therefore,
because of the limited amount of fuel available, it becomes necessary to
provide a form of guidance to ensure that the vehicle does not deviate
substantiaily from the nominal mission profile. The selection of the ap-
propriate course in the presence of these errors requires a measurement
of the resulting free-flight trajectories during the period prior to and
following the primary insertion maneuver. These measurements provide
the reference from which maneuver policies (consistent with the reliable
realization of the final operational objectives) are formulated. Prior to the
primary insertion maneuver, the principal task required to implement the
maneuver policy is that of establishing the required inertial alignment of
the insertion engine thrust axis.

The principal navigation measurements necessary to establish the
inertial components of the spacecraft trajectory and thrust axis alignment
are provided by the INTELSAT TT&C network. These measurements are
transmitted directly to a central digital data processor (the IBM 360/65
computer at COMSAT Laboratories in Clarksburg, Maryland}. In addition
to performing the data collection function, the same computer provides
the digital computation capability required to evaluate the geometric
and analytical formulations associated with the navigation, guidance, and
predicted future orbit operating environment of the spacecraft. A multi-
program facility provided by the computer system enables simultaneous
operation of the teleprocessing and numerous problem-oriented computer
programs. Figure 19 summarizes the functional organization of the
computational process.

The principles by which the computer programs were developed permit
an interplay between the processing capability of the computer and the
reasoning power of the human analysts. In those cases in which rapid
response is required to support the responsible operation of the spacecraft,
on-line or real-time capability is provided, thus allowing the analyst to
direct the operational flow of the computational process. In practice,
the mode of operation is a recursive process by which observations are
taken, orbit and attitudes are determined, and orbit objectives are analyzed
and reviewed, followed by maneuvers which appropriately adjust the
spacecraft orbit or orientation. This process continues until the spacecraft
is placed at its operational location in an acceptable operational orbit.
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Figure 19. Functional organization of the computational process

Orbit and orientation parameters

To minimize the complexity of the analytical expressions which describe
the free-flight motion of an earth satellite and the alignment of its physical
axes, the formulations may be conveniently expressed in an inertial co-
ordinate system for which the origin is the center of the earth and the
principal plane of reference is the earth’s equator. To evaluate the ana-
Iytical formulations which describe the motion of the satellite in terms of
the inertial coordinate system, six fundamental constants, commonly re-
ferred to as the orbit elements, must be known. These elements are the
lpertial components of the satellite’s position and velocity at some epoch
_t:me. Since no facility is available to directly measure these elements, it
18 necessary to rely on tracking station observations measured in coordi-
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nates which are different and rotating with respect to the preferred inertial
system.

To specify the vehicle orientation, it is convenient to define the compo-
nents of the vehicle’s right ascension and declination in the inertial equa-
torial reference system. These components are resolved from indirect
observations made by sensors on the spacecraft.

As a result of random instrumentation errors, the orbit and attitude
parameters determined from the measuring instruments can be interpreted
only as estimates of the true values. The use of redundant but time-variant
measurements and statistical estimation technigues reduces the degree of

parameter uncertainty.

Orhbit determination

The determination of the orbital elements of the transfer orbit is a
gradually evolving process which continues throughout the launch period.
Tracking data which are used in the orbit determination consist of azimuth,
elevation, and range data collected during the visibility periods of each
TT&C station. The azimuth and elevation data are obtained by tracking
the radio frequency beacon transmitted from the satellite through the
omnidirectional antenna. These data are available when the satellite is
above the station’s horizon and the station’s line of sight falls within the
broad limits of the antenna pattern. In contrast, range measurements are
obtained by means of a special ranging carrier transponded through the
satellite via the global-coverage antenna. These measurements, in turn,
require that the antenna platform be pointed toward the earth and the
station’s line of sight be within the narrow limits of the global antenna.
These conditions are satisfied during only a small portion of ¢ach visi-
bility period; therefore, the range data constitute only 30-50 percent of
all data collected.

The most important span of tracking data is collected during the first
apogee passage of the spacecraft over the Carnarvon and Fucino TT&C
stations. Although these data are not sufficient to obtain definitive orbital
elements, they are adequate to detect any large deviation from the nominal
orbit. The knowledge gained from these data, therefore, plays an important
role in determining the future course of the mission.

The first ranging data are received approximately two hours after
Carnarvon acquisition, when the orbit determination process begins.
Initially the data are processed by the classical Gaussian method of pre-
liminary orbit determination, which determines a purely elliptical orbit
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passing. t.hrou'gh two known spatial positions at known times [1]. One of
the pf)smons 1s computed from a single nearly simultaneous measurement
of azimuth, elevation, and range; the other position is initially assumed
to be the point of transfer orbit injection determined from the reduction
of launch vehicle telemetry data. This method is advantageous because
the computation of the orbital elements is straightforward and can be
accomplished rapidly. The major disadvantages are that the orbit is as-
sumed to be purely elliptical (and therefore the major perturbations acting
on the satellite are not taken into account) and that the orbit exactly
matches spatial positions determined from data corrupted by measurement
errors. The latter disadvantage is overcome to a large degree by determin-
ing numerous orbits, which may or may not include the injection position

from selected pairs of observations, These orbits may be assumed to forrr;
an envelope about the true orbit and are valuable in determining whether
or not the orbit is nearly nominal.

When sufficient data have been collected (near the time when the space-
c.raft approaches the first apogee), a more sophisticated orbit determina-
tion method eof differential correction is used. This method is based upon
a comparison of simulated and observed tracking data, The difference
between each computed and observed measurement constitutes a measure-
mer}t residual, and the orbital elements are corrected in an iterative fashion
until the weighted sum of the squares of all residuals is minimized. This
method, which is the method of weighted least squares invented by Gauss
produces the optimal estimate of the orbital elements when the measure:
ment errors are uncorrelated, normally distributed random variables.

T.he differential correction method requires an initial estimate of the
orbital elements to which the corrections are to be applied. These clements
may be the nominal values, or they may be the elements from the prelini-
nary orbit determination previously described. The computed measure-
ments are obtained by calculating the observations which would have
been made if the satellite had traveled exactly along the orbit defined by
the selected elements. The satellite’s position in the assumed orbit is
calt_:ulated by numerically integrating the differential equations of motion
whlc}_l t-ake into account all of the significant forces acting on the satellite.
The initial conditions of the integration are defined by the assumed or
corrected values of the orbital elements.

I_)uring each continuous period of free flight, the data are processed
periodically in increasingly larger batches as new data are collected.
Hence, the orbital elements are continually refined, and the orbital ele-
ments determined from one set of observations are used as the initial
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elements with which the next larger batch is processed. This scheme is
continued until no further correction is deemed necessary, or until an
orbital maneuver which places the satellite in a new orbit is performed.
In the latter case, the whole process is started again, and the predicted
postmaneuver elements are the elements to which corrections are applied
as new data are received from the tracking stations.

By the time the spacecraft has reached apogee on the third revolution
about the earth, the rms uncertainty of its position has been reduced to
about 0,005° in angle and 76.2 m (250 ft) in altitude. The rms angular
uncertainty of the velocity is also in the neighborhood of 0.005°, with a
0.046-mps (0.15-ft/s) error in its magnitude.

Attitude determination

When the spacecraft is inserted into the transfer trajectory by the Atlas-
Centaur vehicle, the inertial orientation of the spacecraft is established
along an axis normal to the existing orbital plane of motion, Although
this alignment is preferred from a communications standpoint, the vehicle
must be reoriented to accommodate the thrust axis alignment required
for the primary insertion maneuver. The accuracy with which the orienta-
tion can be established is directly related to the ability to determine the
vehicle's inertial orientation.

Measurements related to the inertial alignment are provided by earth and
sun sensing instruments on the rotating portion of the spacecraft., As
illustrated in Figure 20, the optical axes of two earth sensors are aligned
at an elevation of +6.2° with a plane normal to the vehicle’s spin axis.
Within its narrow field of view, the earth sensor detects an infrared
radiance variation as it scans the earth’s radiation profile during a revolu-
tion of the spacecraft. From this radiance variation, the time interval
between the apparent leading and trailing edges of the earth’s infrared
horizon is measured.

Solar detection is provided by a silicon solar cell configuration which
is optically arranged as shown in Figure 20. The time interval between
successive detections of the sun in the narrow fan-shaped field of view of
the ¥ sensor provides a measure of the rotational period of the vehicle,
In addition, from the measured time interval between the detection of the
sun in the ¥ and ¥, sensors, the angle between the sun’s line of sight and
the spin axes of the spacecraft can be geometrically determined.

In addition to the independent measurements of the earth and sun
sensors, the time interval between the detection of the sun in the ¥ sensor
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Figure 20. Sensor field of view and primary thrust axis

and the respective electronic pulses representing the detection of the
carth’s leading edge is measured. The various time interval measurements
are sequentially performed in the spacecraft and included in the stream of
PCM telemetry data.

Measurement of the subtended angle between the line of sight to the
sun and the vehicle’s spin axis establishes the spin axis position on the
surface -of a cone. As indicated in Figure 18, the axis of the cone is in the
known inertial direction of the line of sight to the sun. (The apex angle of
the cone is defined as twice the measured subtended angle.} Given a second
angle measurement to a different inertial body (such as the earth), a
second cone of orientation with a different axis and apex angle can,be
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established. As illustrated in Figure 18, the two cones intersect in two
straight lines, one of which is congruent with the spin axis qf Fhe \iehicle,
A third measurement along a different inertial axis will distinguish the
correct line, Sometimes the ambiguity can be resolved when the two lines
of intersection are widely separated; in this case, an approximate know-
ledge of the orientation will determine the correct one. _ ‘

As previously indicated, the angle subtended by the sun is geomet.rl‘cally
derived from the telemetered solar timing measurements, The additional
cones of orientation are derived from the earth horizon measurements,
which are geometrically related to the angle between the spin axis and the
known inertial line of sight to the center of the earth.

The axis of the cone of orientation detected by the earth sensors will
inertially rotate with the satellite as it moves in its orbit aboqt the ce.nter
of the earth. When this motion is geometrically combined with the iner-
tially stable orientation of the spin axis, it can result in a dynamic variation
of the apex angle of the cone as the satellite revolw_:s abgut the earth,

In the nominal orientation required for the primary insertion maneuver,
the vehicle’s spin axis is declined about 54° to the orbit plaqe of motion.
When the vehicle is monitored in this orientation by the tracking network,
the earth’s horizon can be detected by one or both of the earth Sensors
only during the period of time when the angle betwe_en the sp?n axis and
the line to the earth’s center is about 72° to 105°. This results in an earth
sensor visibility period of about six hours during each revolution of the
satellite about the earth. -

A continuous evaluation of the vehicle orientation is available on 2
real-time monitor as the measured sun and earth horizon data' are‘recelved
at the computer. Each solution is an independent mathcmatlc.:al 1r1?erpr6-
tation of the geometrical intersections of the cones of orientation as
characterized by a pair of received sun and earth horizon n‘leasm:emen_ts.
In addition, the mathematical derivative of the computed orientation wn;.h

respect to the apex angle of the cone detected‘ by the earth_ s§nsors 18
provided as an interpretive aid. The time-varying cbaractenstw of the
cone detected by the earth sensors can at times result in a poorly deﬁged
conical intersection with the solar cone. Thus, the reliability of the solution
can be deduced from the computed derivative.

Although the accuracy of this technique is limited in the presence _of
measurement errors, the running summary is adequate to qUICk.ly Vel:lf)’
any large deviation which may occur during a maj'or vehicle orlentatloll;
change. With reasonable conical geometry, accuracies on the order of
can be obtained. When the systematic instrumentation errors have bee

isolated and taken into account, this uncertainty can be reduced to 0,3°
or 0.4°.

Further reduction in the orientation uncertainty is accomplished
through the use of the method of differential correction. The mechanics of
this technique are essentially the same as those of the technique presented
in the discussion of orbit determination. A statistically weighted com-
parison of the estimated orientation and the redundant but geometrically
variant measurements can provide the means of isolating apparent
systematic instrumentation errors. To effectively interpret the results of
this method, one must be certain that a significant change in the measure-
ment geometry has occurred so that the effect of a fixed measurement error
is mathematically perceptible.

In the insertion maneuver orientation, the geometrical variation which
can be measured during the initial or final two-thirds of an observable

satellite pass is normally sufficient to improve the alignment standard
deviation to about 0.3°,

Orbit and attitude corrections

When the parameters of the spacecraft orbit transfer trajectory have
been established, a detailed examination of the probable characteristics
of the nominal postinsertion mancuver orbit is possible. Since the impulse
capability of the insertion engine is a fixed quantity, the nominal post-
maneuver orbit characteristics are controlled by the inertial orientation
of the available delta velocity increment. Within the inclination tolerance
of the operational synchronous orbit, it is possible Lo exercise some in-
fluence over the component of the available incremental velocity which
establishes the orientation of the final orbit plane. Hence, preferred initial
orbit orientations, which result in a savings in the fuel required to maintain
the inclination of the operational orbit, can be established. The effect on
the orientation of the final orbit plane is a variation in the remaining
component of the incremental velocity available for the in-plane circulari-
zation of the orbit. Consequently, it is possible to interchange the post-
maneuver motion of the satellite over the surface of the earth with the
amount of preferred orbit plane orientation. The orbit geometry on the
third orbit revolution of the INTELSAT v F—2 vehicle made it possible to
achieve the maximum benefits of the final orbit orientation while con-
forming to the need to attain a nominal westward satellite drift rate.

The predictability of the postinsertion maneuver orbit is contingent on
the combined error associated with errors in the inertial orientation of
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the vehicle spin axis prior to the maneuver execution; effective thrust
pointing errors, which are induced by disturbing torques experienced
during the engine burn; and the predictability of the total impulse delivered
by the insertion engine. The standard deviation assigned to these error
sources at the time of the INTELSAT Iv P2 launch is indicated in Table 3.
As a result of these probable errors, the expected standard deviation in
the final orbit inclination and resultant satellite drift rate were 0.13° and
1.9° per day, respectively.

TABLE 3. STANDARD DEVIATION OF ERROR SOURCES
FOR INTELSAT 1V F-1

Standard Deviation

Right
Declination Ascension
Spin Axis Alignment Error 0.3° 0.1°
Thrust-Induced Alignment Error 0.28° 0.28°
Impulse Predictability 3.96 m/s
(13 ft/s)

The insertion maneuver was executed on the third orbit revolution of
the spacecraft about the earth. At the time of the maneuver execution,
the satellite was over the east longitude meridian of 124.16° at an altitude
of 35,765.3 km (19,311.7 nmi). Table 4 gives the vajues of the desired
orbit parameters and also includes the corresponding best estimate of the
parameters that were achieved. The estimate of the achieved orbit is based
on a set of parameters (derived from tracking data) from which the com-
puted effective impulse of the vehicle reorientation to the operational
attitude has been subtracted.

An assessment of the maneuver, based on a derived velocity discontinu-
ity between the determined premaneuver and postmaneuver orbits, indi-
cates that an offset from the desired effective thrust orientation was
experienced. This offset was equal to 4-0.09° in declination and +0.12°
in the right ascension. In addition, there was an excess of 2.8 m/s or 9.2
ft/s (less than 0.2-percent deviation) in the delivered incremental velocity.

As indicated by the characteristics of the postinsertion maneuver orbit,
additional incremental velocity corrections are necessary to achieve the
desired circular synchronization. The corrections are applied in the classical
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TABLE 4. ORBIT PARAMETERS

Parameter Desired Achieved
Period 1,440.74 min 1,446.24 min
FEccentricity 0.00265448 0.005797
Inclination 0.5° 0.56°
Ascending Node 270.0° 265.99¢
Argument of Perigee 36.07° 66.22°
Mean Anomaly 0.0° 334.06°
Apogee Altitude 35,989.5 km 36,230.5 km‘

(19,432.8 nmi) (19,562.9 nmi)
Perigee Altitude 35,765.3 km 35,739.5 km.

(19,311.7 nmi) (19,297.8 nmi)
Drift Rate 1.14°/day west 2.52°/day west

method originally determined by Hohmann [2], in which the points of
departure from one orbit to the next are cotangential with the apogee or
perigee of the orbits. The sequence and magniiude of the maneuvers are
programmed to place the satellite at its geographical llocation ina .clrc_ular
synchronous orbit in a time period consistent with communications
requirements.

The vernier impulse necessary to complete the synchronization is de-
rived from a monopropellant hydrazine propulsion system located on the
spinning portion of the spacecraft, as shown in Figure 20. As indicated,
the axes of the thrusters are arranged to provide their primary components
of force either parallel to (axial) or perpendicular to and through (radial)
the vehicle spin axis. Under the control of a TT&C station, the radial
thruster is programmed on and off to produce an incremental impulse
which is synchronized and phased to the detection of the sun in the ¥ sun
sensor. Via ground control of the phase, the primary incremental velocity
derived from a radial impulse can be directed along a selected inertial line
normal to the vehicle spin axis, When the vehicle is aligned in its opera-
tional orientation normal to the orbit plane, the orbit velocity becomes
nearly normal to the vehicle spin axis and, hence, can be influenced by a
radial thruster.

In addition to the known transmission delay, the computed ground-
controlled phase angle accounts for the known relative alignment of the
sun sensor to the thruster and the previously measured centroid of the
impulse. The number of impulses necessary to achieve a given increrqental
velocity change is derived from models of the propulsion characteristics.
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These characteristics are based on performance parameters determined
during the thruster acceptance test program.

In a similar manner, the axial thruster operating in the pulse mode
makes it possible to vary the orientation of the vehicle. As the spacecraft
is spin stabilized, the moment produced by the incremental axial thrust
will result in a precession of the angular momentum axis. When the in-
cremental thrust is synchronized and phased to the solar detector, the
direction of the precession will always be a fixed angle measured from a
plane defined by the spin axis and the line of sight to the sun. On a unit
sphere, for which the sun line is defined as the pole, the locus of the spin
axis will describe a rhumb line for which the direction of motion is con-
strained fo cross the meridian lines at a fixed angle. To control the pre-
cession between two known inertial points, the required fixed torque angle
can be analytically derived. Under normal operating conditions, the
additional precession required by this technique as compared to that
required by the great circle route is only slight.

In addition, the axial thruster can be programmed to provide continuous
thrust, Under normal circumstances, this capability is not required during
the launch phase. Instead, this continuous mode of operation is provided
for future maintenance of the operational orbit inclination.

Predictions of orbit operating environmeni

The course of events experienced during the launch phase is dictated
by the time-variant geometrical relationship between the spacecraft in its
orbit and its spin-stabilized orientation as viewed by the earth-based
monitoring and control network. Because of the geometrical complexity
of the various physical relationships, it is difficult to anticipate the future
value of many parameters related to the satellite orbit, To evaluate these
parameters and to provide an aid to the orderly organization of the launch
activity, a sequential ephemeris of all orbit related launch parameters
are computed. For the earth station, some of the parameters which are
included are the following:

. acquisition and loss of visibility,

. azimuth,

. elevation,

. range,

. received signal strength (omni-antenna),

received signal strength (global antenna) despun on earth sen-
sor 1,
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g. received signal strength {global antenna) despun on earth sen-
sor 2,

h. polarization angle, and

i. Doppler shift.

For the satellite, the following parameters are included:

sun angle,

. time and duration of solar eclipse,

earth sensor measurements,

. possible sun interference in an earth sensor,

position over the surface of the earth,

received signal strength (omni-antenna), and

g. angle between the spin axis and the line to the center of the earth.

These predictions are periodically updated to reflect current knowledge of
the vehicle orbit and orientation.

To facilitate the expedient acquisition of the spacecraft as it enters the
visibility of the earth station, predictions of the expected azimuth and
elevation as functions of time are provided. These predictions are trans-
mitted from the computer to the station via teletype in a format compatible
with the paper tape input of the antenna driver.

For the initial acquisition of the vehicle and at the time of the insertion
maneuver, the tracking antennas are provided with alternate pointing
profiles which are used in the event of an initial failure to acquire. Two
patterns are normally provided; the first covers expected 1-sigma varia-
tions in the orbit, while the second extends the search through 3-sigma
limits,

During the course of a satellite maneuver, certain significant parameters
can be monitored via the telemetry network. When possible, appropriate
predictions of the parameter variation are provided as an aid to maneuver
meonitoring. Predictions of the data detected by sun and earth sensors are
of particular significance during the execution of a major vehicle orienta-
tion change. From measurements of the observed deviation from nominal,
ong can detect errors which may become unacceptable if the maneuver is
allowed to continue,

me Qe o
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The Intelsat IV
communications system

P. L. BARGELLINI, EDITOR

Absiract

This paper presents various aspects of the INTELSAT Iv communications
system. Following an outline of possible system approaches, transponder con-
figurations and characteristics, earth stations, transmission analyses and
simulations, field tests, and operational procedures are described.

Introduetion

While it is possible to compound in a single equation all of the significant
parameters of a space link, the design of a satellite communications system
is complicated by the imperfections of the transponders, the multiple-
access constraints, and the traffic distribution.

Both channel capacity and connectivity contribute to the total com-
munications system capacity. The former can be defined in terms of com-
munications theory (bps), or more practically, by the number of channels
provided by a given spacecraft, while the latter can be formulated in terms
of traffic matrices. The following interacting parameters affect the
communications capacity:

a. traffic requirements (type of traffic, number of carth stations, locations,
desired connectivity, and traffic growth predictions),

P. L. Bargeliini is Senior Scientist, COMSAT Laboratories.
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. earth station characteristics (e.g., antenna G/T and transmitter power),

. operational constraints,

. spacecraft design (configuration, weight, power, and stability},

. allocated frequency bands,
antenna characteristics,

. transponder characteristics (configuration, number, and interconnec-
tions), and

h. methods of multiplexing, modulation, and multiple access.

oG ™o o g

The useful lifetime and reliability of the spacecraft, which contribute to
the engineering and economics of a system, are also significant.

Overall parametric studies can provide uscful guidelines for defining
satellite systems which can meet the traffic requirements of a network
medel over a given time period. The adoption of technologics available
at a given time or expected to become available in the future also has a
significant impact on the configuration and choice of the system. On the
other hand, any theoretical system approach must be strengthened with
data gathered through experience. For instance, when a series of new
satellites is introduced within an cxisting operational system, certain
problems arise which can be resolved only by compromise. Thus, new
generations of spacecraft can be defined through a combination of para-
metric studies and the pragmatic method of introducing gradual changes
into an existing system,

The INTELSAT 1v spacecraft and system characteristics were obtained in
this manner. By late 1967, it became clear that a new satetlite with a large
capacity would be needed to meet the needs of the increased traffic require-
ments expected in the near future. A single design capable of providing
service to three regions {i.c., the Atlantic, the Pacific, and the Indian
Ocean areas) was desirable. The main objective was an average communi-
cations capacity of about 5,000 telephone circuits per satellitc achieved by
using the frequency-division multiplex/frequency modulation,/frequency-
division multiple-access (FDM/FM/FDMA) mode and standard size
earth stations (30-m or 97-ft parabolas with 'a G/T ratio of 40.7 dB/°K).

Since operational flexibility was a requirement, efficient utilization of
the 500-MHz total available bandwidth (around 6 GHz for the up-link
and 4 GHz for the down-link) favored a multiple repeater approach in
combination with global- and spot-beam antennas. Twelve transponders,
each having a 36-MHz usable bandwidth, in combination with two global
receive antennas (one redundant) and four transmit antennas {two for
global- and two for spot-beam coverage), provide the required capacity.

INTELSAT 1V COMMUNICATIONS SYSTEM

Each transponder has a saturated RF powcr_outpu:u of 6 W. Because of
the backoff required to keep the intermodulatm'n noise dowq, the globa}l
transmit antennas (17° beamwidth, 20-dB on-axis gain) p.rowde-a nomi-
nal e.i.r.p. (equivalent radiated power with reference to 1§otr9p1c) of _22
dBW; spot-beam antennas (4.5° becamwidth, 31.7-dB on-axis gain) provide

inal e.i.r.p. of 33.7 dBW.

: T:;l result ofp;he combined use of the global- and .spot—bcams. the actual
satellite communications capacity in cach case varies frpm a’round 4,000
to 6,000 telephone circuits, In addition, although FDM/FM/ F'DMA and
standard carth station antennas are currently used, the' design of the
INTELSAT IV spacecraft provides flexibility to adapt to a variety of_' modula-
tion technigues and multiple-access modes while accommodating carth
stations with G/ T values ranging from 5 to 41 dB/°K.

Systems planning
J. L. Dicks, P. H. SCHULTZE, AND C. H. ScHMITT

Communications subsysiem tradeofi sindies

This section will describe the considerations that led_ to the choice .of
many of the characteristics which were introduced into the satellite

specification.

Antenna Coverage. Global Beam. The bcam that covers approximgtel_y
one-third of the earth’s surface as seen from a geostationary satelht‘c is
designated as the “global beam.” The angle subtended from the edge of the
earth to the subsatellite point is approximately 8.67°. Therefore, for the
radiation in this direction to be no more than 3 dB down fr_om beam cen-
ter, the antenna beamwidth must be greater than 17.3°. Figure | shows

J. L. Dicks is Manager, Systems Ulilization, Systems Division, COMSAT
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Figure 1. Antenna Gain vs Off-Beam Center Angle

typical antenna gains versus olfset angles from beam center for 3-dB beam-
widths from 10° to 20°. In this figure, the beam center gain of an antenna
with a 17° beamwidth was arbitrarily chosen as the reference (0 dB).
Figure 2 indicates that the highest antenna gain at 8.64° from beam center
{(as seen by earth stations with an elevation angle of 5° to the satellite) is
obtained by using an antenna with a 3-dB beamwidth of 15.5°. The maxi-
mum of this curve is quite broad; a loss of only 0.5 dB is experienced with
beamwidth variations from 12.2° to 19.2°.

Figure 2 makes it possible to read the variation of antenna gain with
pointing errors. Maximum antenna gain variations, caused by satellite
pointing errors of 220.5° as seen by earth stations with a 5° elevation angle
to the satellite, are listed in Table 1. The +0.5° error is assumed to be
caused by combined effects of maximum spin axis orientation errors and
despin errors of 0.35° cach.

In addition, system implementation considerations affect the satellite
specification. For example, on multidestinational carriers, earth stations
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Figure 2. Anterna Gain Relative to a 17° Beamwidth

located at or near beam edge determine the required satellite e.i.r.p. While
the use of this type of carrier favors wider beamwidths, carriers received
nearer the beam center favor the use of narrow beamwidths. The beam-
width selected was therefore approximately 15°. Figure 3 shows the normal
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relative antenna gain for some earth stations and the maximum gain
variation corresponding to errors of £0.35° in the north-south and east-
west dircctions.

TABLE 1. GLOBAL-BEAM ANTENNA GAIN VARIATION

Maximum Peak-to-Peak Antenna

3-dB Beamwidth Gain Variation
(degrees) for Pointing Errors of 20.5° (dB)

12 2.25
13 1.8

14 t.5

i5 1.25
16 1.1

17 0.95
18 0.83
19 0.75
20 0.65

Spot Beams. In the case of spot beams, coverage was selected primarily
on the basis of the Atlantic traffic forecasts. The northwest spot beam
was intended to cover Mill Village, Canada; Andover, Maine; Etam, West
Virginia; and Cayey, Puerte Rico. The northeast beam was intended to
cover Goonhilly Downs, U.K.: Pleumeur Bodou, France; Raisting, Ger-
many; Buitrago, Spain; Fucino, Italy; and other stations in the same
general area.

The primary criterion for selecting the beamwidth for spot-beam cover-
age was the desire to achieve a high antenna gain for the spot-beam earth
stations over the probable range of longitude for Atlantic INTELSAT IV
satellites with small variations in antenna gain caused by satellite pointing
error. In terms of these considerations, an antenna beam with a 3-dB
beamwidth of 4.5° was found to be nearly optimum for northwest Atlantic
coverage.

Table 2 lists relative antenna gains and maximum peak-to-peak antenna
gain variations caused by satellite antenna pointing errors at the nominal
satellite longitude of 335.5° east for some of the earth stations within the
4.5° spot-beam coverage. Although a slightly narrower antenna beam
would have provided an acceptable coverage for the European stations
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Figure 3. Spot and Global Beams

TABLE 2. SPOT-BEAM ANTENNA GAIN VARIATION

Maximum Range of
Relative Antenna  Relative Antenna

Gain with Gain Caused by Maximum Peak-

Norminal Pointing Errors to-Peak Gain

Earth Station Pointing (dB) of 0.357 (dB) Variation (dB)
Mill Village —-2.1 —1.1to —3.3 2.2
Andover -1.6 —0.8t0 —2.6 1.8
Etam -0.3 —0.1to —0.8 0.7
Cayey —2.8 —1.8t0 —4.2 2.4
Goonhilly Downs —-0.5 —0.2to0 —1.2 1.0
Pleumeur Bodou —-0.4 —-0.1to --0.8 0.7
Raisting -0.5 —0.3to —1.1 0.8
Buitrago —0.3 0 to—0.5 0.5
Fucino —-1.5 —0.8to0 —2.5 1.7

indicated in Table 2, it was decided to specify a 4.5° beamwidth for the
northeast Atlantic spot beam for the following reasons:

a. The 4.5° beam could provide satisfactory coverage for potential
earth stations in the same geographical area.
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b. A narrower beam would require a larger satellite antenna reflec-
tor, which would result in a small (but not insignificant) reduction in
the spacecraft weight available for power generation.

¢. Values of e.i.r.p. higher than those achieved with a beamwidth
of 4.5% would result in a relatively smatll increase in channel capacity
since the transponder would operate in a bandwidth-limited mode.

d. System operation would be simplified if identical parameters
were used for transmissions through both spot beams.

Figure 4 shows the spot-beam coverage with perfect antenna pointing
for the nominal Atlantic satellite position of 335.5° east. The nominal
relative antenna gain for some earth stations in the spot beams and the
maximum gain variation corresponding to errors of 20.35° in the north-
south and east-west directions are also plotted in Figure 3.

Tt was found that if the spot beams could be made fully steerable, their
usefulness would be increased in the Pacific and Indian Ocean areas.
Table 3 lists some of the earth stations that could be covered by 4.5° spot
beams. According to initial traffic projections, spot-beam operation would
not be required in the Pacific Ocean until the late 1970s. Nevertheless, this
fully steerable operation, which was initially considered to be an option,
was later made mandatory to accommodate future traffic projections.

Other Antenna Configurations. Elliptical spot-beam antennas with major
axes in a north-south direction would have offered a slightly higher e.i.r.p.
However, for reasons of simplicity, the more easily implemented circular
pattern was retained. In addition, excessive ellipticity could have dimin-
ished the usefulness of the antenna in other regions of the world.

Spot-Beam Receive Antennas. The use of spot-beam receive antennas on
the spacecraft would have reduced the requirements for earth station
transmit power {e.i.r.p.). However, it was found that receive spot beams
would result in the following disadvantages:

a. Reduction of satellite capacity. The west spot-beam receive an-
tenna would be connected to the east spot-beam transmit antenna,
and the east spot-beam receive antenna would be connected to the
west spot-beam transmit antenna. This arrangement would not permit
the use of spot-beam transmit antennas for traffic between stations
within the same spot-bcam coverage area (e.g., between North
America and Puerto Rico) or for traflic from any country outside the
spot beams to earth stations which are covered by the transmit spot
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Figure 4. Spot- and Global-Beam Gain Contours in the Atlantic Region

beams unless special switching facilities were also to be added. Thus, a
large percentage of traffic would have to be transmitied through the
global-coverage antennas. This would reduce the capacity in the
Atlantic area by 10 to 15 percent,

b. Tncreased satellite complexity. Spot-beam operation would re-
quire additional spot-beam receive feeds or antennas, additional re-
dundant preamplifiers, and an additional receive multiplexer and
switches to the spacecraft,

¢. Increased susceptibility to interference. The receive carrier-to-
noise ratio for spot-beam transmissions is on the order of 25 to 20 dB.
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- = o considerably higher. Increasing the satellite receive antenna gain would
£ 2 g 5 g 'ZS increase the risk of interference in the up-link.
(] - .
[RE | Z . For thesc reasons, the INTELSAT 1v design provides only global-
o - oy -
e Al RZ w8 coverage receive antennas,
&
o] o . .
z g 4 Number of Transponders. After the beamwidths of the antennas have
= . . 3
A S8 § S a @ g . D been selected on the basis of coverage considerations, the number of
= ! - - = - . - .
2872 | 255 S5 =& % transponders per satellite must be determined. For a given satellite power
c 'z P : SR . . .
E 57 E S g2 fb f- S S a8 and weight budget allocated to communications capability, tradeoffs can
= 2 @ | oeh £ , . . .
fé §<£3 2 S+ 5 = £ 3 Ex be established in terms of the power and bandwidth allotted to cach trans-
Z§a g ZZ5% . . . .
z £ 3 2= = 2E-2E ponder. Figures 5, 6, and 7 show typical results obtained from basic
=] . . - . .
é 2 ~ 8 configurations which were developed to permit realistic estimates to be
&) = made. Figure 5 shows the total RF power per satellite. This power is
z highest for a configuration with only one transponder per satellite. The
2 total RF output power of a l6-transponder configuration is nearly 3 dB
= - a - lower than that of a 12-transponder configuration. This reduction of output
g e2| 5% 2B power precludes the use of many more than 12 transponders.
< i n“:’! é Kz we Figure 5 also gives the total usable bandwidth per satellite as a function
E o En & - of the number of transponders. The bandwidth decreases with an increas-
E £ ing number of transponders because a larger number of guardbands is
2 - 3 . - -y e .
o |« £ .3 o required. This consideration militates against the use of a very large num-
iy 3 c E = % c a
° 1 & £3 ER-R= 22 cE
W | o | BAS| 253 RN !
O | glwu_ 3| =T CE B 2=
S| a8 |58 2V ET 2 ZE
g SEE | T892 5EETY BT T T T T T T T ] 500
z 588 | 538 2387 % -
o L 252 | £25 ESF A - g
L - 2z ¥ o= k| = 2.0 {80 E
] 5 E& =g [ Y, z
er @ = w £ { | E
I T 180 N\ TOTAL USABLE BANDWIDTH TOTAL RFPOWER ] 455 §
= £ ! 2
< : £ S
— 2 1a0 i — 0 w
'S ‘ @
« INTELSAT IV g
,:_" 10.0— pesigy ) i
[=] | \ 2
= | \° '6
60— \ A 200
| Y
= = [y
8 § o 8‘ _— 204 | ] | | | 1 | | | AN
-5 = =2 3 0 1 4 [ 8 10 12 14 16 18 20 22
ol} Oy = Z Q4 5 ©
4 = =205 = o W
4 2 =5 Y S= 5. TRANSPONDERS PER SATELLITE
EEBEy | £T Ew
2 s s gn
£33 ESOY

Figure 5. Total Power and Usable Bandwidth vs Number of Transponders




3344 COMSAT TECHNICAL REVIEW VOLUME 2 NUMBER 2, FALL 1972

25—y ~
A D | | T ! [ [ !
~ | SINGLE TRANSPONDER
[\ 484 MHz ]
20 ~VA i KL
E * &
- o z
z 15— 80 2
w
a Z
Z Sy
e b
g AF POWER PER TRANSPONDER — 50
a4 [+
= Fw
o I
- — [=
e 5 40 5
= g
E ! z
3 ol — a0 g
T INTELSAT IV _ gy
» DESIGN | r
m
| I 208
-5 | USABLE BANDWIDTH v 20 S
PER TRANSPONDER \
| \
A S N N S S N IS N .
1 a 6 12 14 16 18 20

g 10
TRANSPONDERS PER SATELLITE

Figure 6. RF Power and Usable Bundwidth per Transponder vs Number
of Transponders

ber of transponders, but its eflects arc not significant below 18
transponders.

Figure 6 shows the RF output power and usable bandwidth per trans-
ponder as functions of the number of transponders per satellite, Figure 7
indicates the approximate channel capacity per transponder for single-
carrier FDM/FM transmission with global- and spot-beam coverage.
The total satellite channel capacity in the FDM/FM mode is also shown
as an example for different numbers of transponders and global coverage.
It can be seen that the total capacity remains reasonably constant up to 12
transponders, but falls quite rapidly beyond that point.

it would be desirable to use more transponders, each with a smaller
number of chanuels (e.g., 300 to 600) so that many of the large satellite
users could transmit single carriers per transponder. However, spot-beam
operation would require approximately 20 transponders per satellite to
provide a capacity of 600 channels, and approximately 22 transponders per
satellite to provide 300 channels. Hence, these configurations, which would
result in approximately 11 and 20 dBW less available RF power,
respectively, than the 12-transponder configuration, would no longer be

advantageous.
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a. a bandwidth adequate for TV transmission;
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b. a bandwidth which is o
applications, but could
transmission: and

¢. a smaller bandwidth for single-

ptimized for time-division multiplex (TDM)
also be used for multiple-carrier FDM/FM

carrier FDM/FM transmission.
To implement this scheme, however, it wo
relative requirements of cach type of appl
accordingly. Even if this could be done,
coverage zones (Atlantic, Pacific, and Ind
different; hence, it would be difficult to provide spare or replacement satel-
lites. For the Atlantic, it would also be necessary to switch the transponders
used for TDM and mulMiple-carrier FDM/FM transmissions and single-
carrier FDM/FM transmission between global-coverage and spot-beam
antennas. Apart from these difficulties, providing some transponders with
smaller bandwidths would increasce the total number of transponders and
significantly decrease the available total RF power per satellite.
and multiplexing problems would aiso be aggravated.
Specific studies were conducted to determine
equal bandwidths would provide more channe
ponder configurations were considered:

uld be necessary to predict the
ication and design the satelijte
the requirements for the three
ian Ocean) would probably be

Filtering

if transponders with un-
| capacity, Three trans-

a. commiunications option no.
36-MHz bandwidth;

b. communications optioen no. 2:
ponders with 36-MHz bandwidths
MHz bandwidths): and

C. twelve transponders with unequal bandwidihs.

1: 12 transponders, each having a

16 transponders (eight trans-
and eight transponders with [6-

The traffic forecast for the Atlantic area at the end of 1976 was used to

M channel capacity for cach trans-
sets of carrier assignment rules are
the following conclusions were drawn:

ponder configuration when different
used, From this study,

a. For the Atlantic traffic forecast, a mixture of spot-
beam transponders may be used, This will result in an ava
lite capacity of approximately 12,000 channels and a usa
Capacity of approximately 10,000 channels, (The differen
these two numbers corresponds to an ave
approximately 80 pereent.)

b. There is no significant difference between the number of
able channels and the number of usa
Munications configurations.

and global-
tlable satel-
ble satellite
ce between
rage carrier fill factor of

avatl-
ble channels for the three com-
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satellite and earth station characteristics.

For the initial planning stage,
only conventional multiple-access

FDM/FM was considered. This limita-
tion was necessary to provide a gradual transition, in terms of operational
considerations and equipment changes, from INTELSAT Il to INTELSAT v
satellites. Transmission characteristics for the mo

re advanced techniques
such as TDMA and a SPADE

-type system were developed later.

Telephony Performance Objectives.
designed to meet all C.C.I.R. and C.C,
to satellite communications. For exam
on channel noise performance (Rec. 35
in a telephone channel should not exce

The INTELSAT 1v system has been
LT.T. recommendations applicable
ple, the C.C.I.R. recommendation
3-2 [17) states that the noise power
ed the following valyes:

a. 10,000-pW psophometrically weighted mean power in any hour,

b. 10,000-pW psophometrically weighted 1
than 20 percent of any month,

¢. 50,000-pW psophometrically weighted |
than 0.3 percent of any month, and

d. 1,000,000-pW unweighted (with an integrating
than 0.03 percent of any month.

-minute mean power for more
-minute mean power for more
time of 5 ms} for more

This recommendation obviously had a direct im
transmission paramete

noise breakdown was
communications link:

pact on the design of the
rs. In line with this recommendation, the following

adopted for the design of the INTELSAT 1v satellite

thermal noise at the satellite (up-link) + thermal noise at

the earth station (down-link) 4+ satellite intermodufation
noise:

7,500 pWp
earth station out-of-band intermodulation: 500 pWp
interference noise: 1,000 pWp
earth station equipment noise: 1,600 pWp

total 10,000 pWp

The appropriate recommendations for intelligible crosstalk and impulse

Noise were considered in the design of carrier sizes and their arrangement
n the transponder, as well as in the selection of carth station IF f
Other factors which had a direct impact on the design of the transmi

Parameters were group-delay distortion, multipath transmission, and
adjacent transponder intermodulation.

lters.
ssion
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Typical INTELSAT IV Transponder Operating C_hlaracteristics.. Trans—
mission characteristics and FDM/FM channel capacitics of an INTELSAT 1v
transponder are largely a function of its mode of operatlgn. For e.x_amrt\le,
the use of a single carrier to access the tramsponder permits full utlhzatl_on
of the transponder output power and hence maximusm channel capacity.
However, if the transponders are accessed by multlpl_e FM carriers,
traveling wave tube (TWT) nonlinearities will _producc intermodulation
noise. To limit the intermodulation noise at which _the .tranSponder‘ITllust
be operated, an appropriate input backo_ﬂ“, resulting in a less ci’ﬁuent
utilization of transponder output power, 13 empl(_)yed. Table 4 has been
prepared for both spot- and global-beam o_peratmn to demonstrat? Fhe
impact of single- and multiple-carrier ope-rgtmn on transponder operating
parameters and achicvable channel capacities.

TABLE 4. TYPICAL INTELSAT IV TRANSPONDER OPERATING CHARACTERISTICS

Global Beam

QOperating Characteristics Single

Multiple

Spot Beam

Single Multiple

Carrier  Carriers  Carrier  Carriers
Sam]éitf:cci.fiig(.lp. 2 Beam Bdue (B 22.0 22.0 33.7 33.7
Er;peclcd Average 22.5 22.5 34.2 34.2
Sateléitzcli(l;fgive TR —-18.6 —18.6 —18.6 —18.6
E[ipccted Average —17.6 —~17.6 —17.6 —17.6
Sclected Gain Setting No. 2 4 4 7
Saturation Flux Density at Beam L[dge —73.0 —67.0 —66.0 —57.0
(dBW/m ?)
Optimum TWT Operating Point {dB) 0 —1L.0 0 —16.0
Total Carriec-to-Noise Density  Ratio, 94.6 88.1 103.1 96.0
{C/NJ}r (dB-Hz)
Total Cartier-to-Noise Ratio, (C/N)r 19.0 13.0 29.5 20.9
(dB)
Transponder Capacity {channels) 960 504 1 ,8007 9:]2))

In Table 4, it should be noted that an increase in satellite e.i.r.p.t}?i
approximately 12.0 dB when switching from the global-beam IT-IOdC to
spot-beam mode results in a capacity increase of anly 3 dB. Thi

g indicates
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that the achievable transponder capacity is not merely a function of the
available satellite e.i.r.p., but that it is also a function of the achievable

total carrier-to-noise density ratio and the available transponder
bandwidth.

Optimization of Carrier-to-Noise Density Ratio for Multicarrier F DMA,
The impairments suffered by FDM, FM carriers passing through a trans-
ponder operating in the multiple-access mode are caused by a number
of factors. The nonlinear characteristic of the satellite TWT will create an
intermodulation spectrum which causes interference noise in the wanted
carriers. The amount of intermodulation noise encountered in a telephony
channel is primarily a function of the TWT operating point, the level and
composition of the RF spectrunt, and the relationship of the RF spectrum
to the wanted carrier spectrum. Extensive studies have been performed at
COMSAT Laboratories to accurately calculate and predict the inter-
modulation noise in a telephony channel. From these studies, a computer
model has been developed which has been successfully wverified in a
laboratory simulation test program.

In systems calculations, it is useful to express the channel intermodula-
tion neisc as an equivalent carrier-to-intermodulation noise density,
{C/N.,). Hence, the equivalent average intermodulation noise density in
the transponder and the appropriate carrier power level adjustment for
equalization of the channel noise performance can be determined. Figure 9
shows the RF intermodulation spectrum for a typical frequency plan, the
computed equivalent carrier-to-noise density ratio for cach carrier, and the

EQUIV. INTERMOD. NOISE
DENS!TY OF RF INTERMODULATION
' CARRIER {TYPICAL) — SPECTRUM

AVERAGE TRANSPONDER
| INTERMODULATION

T ,—— TRANSPONDER BANDWIDTH ‘-l

RELATIVE {C/NG) (dB—Hz}

20 15 i 15 0 5 10 15 20
FREQUENCY (MHz)

Figure 9. Intermodulation Spectrum of Typical Frequency Plan
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corresponding average transponder intermodulation. Figure 10 shows the
typical variation of the intermodulation as a function of the TWT operat-
ing point. The total intermodulation carrier-to-noise density ratio is a
composite of intermodulation noise caused by amplitude and phase
nonlinearities of the satellite TWT.

The total carrier-to-noise density ratio, (C/N.)r, as a function of the
TWT operating point is the sum of thermal up-link noise, thermal down-
link noise, and satellite intermodulation noise:

1 1 ! 1 ()

BRGNONG)
NoJr N.Ju N,Jp NoJ1
The carrier-to-noise density ratio in the up-link is
(%)U = Ws+ (;;)S — 10 log %’; — 10 Yog k — BO; )
where Ws = saturation flux density at beam center, in dBW/m’
(9) = gain-to-noise-temperature ratio of the satellite at beam
T /s center,in dB/°K
10 log 4r — _gain of 1-m? aperture at the transponder center frequency,
A in dB
10 log k = Boltzmann’s constant (—228.6 dBW/°K - Hz)
BO, = TWT input backoff relative to single-carrier saturation,
in dB.

The carrier-to-noise density ratio in the down-link is

< = @il pPoar — Plign. + (G — AD - 10log k — BO, (3)
No D T E

where  e.dr.p..q. = satellite eir.p. at beam center and single-carrier
saturation, in dBW
PL, gir» = 195.6-dB path loss from the satellite to the sub-
satellite point at 4 GHz
(G> = 40,7-dB/°K earth station gain-to-noise temperature
T /s ratioat4 GHz
AD = average down-link adjustment factor for path loss
and antenna gain in dB
BO, = TWT output backofl relative to singlc-carrier satura:
tion in dB.

Since path Joss and earth station antenna gain have the same {requency
dependence, equation (3) can be applied to frequencies other than 4 GHZ.
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Figure 10. Relative Carrier-to-Intermodulation Noise Ratio vs TWT
Operating Point
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Figure 11 is a graphical presentation of the resulting (C/N,) as a func-
tion of the TWT operating point. [The optimum TWT operating point is
defined as the point where (C/N,)7 reaches its maximum.]

IC/N Y (GG
C/N
° (C/NGI g
{¢B-Hz) |
[
l
1
|
|
(CIN )T i
MAX. ]

Figure 11. Optimum TWT Operating Point

Transponder Gain Settings. Switchable attenuator settings in the
INTELSAT 1V satellitc make it possible to vary the saturation flux density
in discrete steps. If the gain of the satellite is reduced, the earth station
transmit power must be increased, resulting in a better up-link carricr-to-
noise density ratio. An attcnuation range of 24 dB makes it possible Lo
adjust the up-link noise for various modes of operation so that it does
not become the noise-limiting factor. )

Figure 12 shows a typical gain setting tradeoff for global-beam mu}tl-
carrier operation. It can be seen that reducing the gain from gain scting
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no. | to gain setting no. 4 results in a capacity increase of 25 percent,
whereas a further gain reduction will have no significant impact on the
transponder capacity. Once thermal down-link and satellite intermodula-
tion noise become the limiting factors, a further reduction of thermal up-
link noise becomes rclatively inconsequential.

The required earth station power per channel was used as a criterion for
selecting the appropriate gain settings for a particular mode of operation.
Powcer requirements of approximately 1 to 2 watts/channel vyield a

100
| | ! [ I i |
o (CAN ) INPUT OPERATING POINT 15
[~ HELD CONSTANT AT —11 dB ]
92— (LN )y, —]
¥
] 88— —
5 7
g b
o GAIN SETTINGS
z
3 84 —
80 —
0.05 01 0.2 0.5 1 2 [
76 — h A i i H i " -
] TOTAL EARTH STATION TRANSMIT POWER (kW) | i
-97 -90 —86 —82 —-78 —74 -0 —B6 —62 —53
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o
] f | | | I [ i I |
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R >——
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3
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] 400 —
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z 0 I ] ] | 1 ] | 1 i
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Figure 12. Carrier-to-Noise Density Ratio and Channel Capacity
as o Function of Flux Density (Global Bean)
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reasonable tradeoff between satellite capacity and earth station power
requirements,

Selection of Carricr Sizes and Parameters. Because of the traffic require-
ments in the global network, a wide range of carrier capacities had to be
accommodated by the satellite. Hence, it was nccessary to introduce a
large number of carrier sizes in reasonable increments so that a reasonable
ratio between available and actual used capacity, or fill factor, could be
achieved. Bandwidth units of muitiples of 2.5 MHz were sclected to allow
a flexible interchange of carriers within a given frequency range without
requiring frequency changes among adjacent carriers. Furthermore, 1t
was desirable to obtain the carrier sizes from multiples of channel groups
and supergroups.

The transmission parameters for each carrier size were calculated by
using the standard FM equation and Carson’s Rule of bandwidth,

S1_[C1B] /T p.
[N]* [ﬂb[ﬂj £w
B = 20316 gf, + fi]

weighted signal-to-noise ratio at the 1-mW test-tone
level = 51.2 dB for 7500-pWp channel noise

il

e |
[

carrier-to-noise ratio over the Carson’s Rule bandwidth, B

=0 =ln

SO I |
l

I

channel bandwidth = 3.1 kHz

= rms test-tone deviation

fw = maximum baseband frequency >~ 4.2 X n, in kHz
number of telephone channels

psophometric weighting factor = 2.5 dB

W = pre-emphasis weighting factor = 4 dB

= antilo L:l
&= 2|59

L = —15+ 10log 1, n 2 240 channels,
= —144logn, n < 240 channels.

e
|

n

.
Il

Once the number of channels per carricr and the desired signal-to-noise
ratio, S/ N, are fixed, the carrier-to-noise temperature ratio, C/T, tfan be
traded for RF bandwidth, B. The only constraint in this tradeoff is that
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the carrier-to-noise ratio, C/N, should not fall below a minimum of 13 dB
to avoid operation in the threshold region of the demodulator.

Figure 13 shows the number of channels per carrier as a function of RF
bandwidth for spot- and global-beam operation, a noise allocation of
7,500 pWp, and guardbands of 10 and 20 percent. These curves and the
points discussed previously were used to select the INTELSAT Iv carrier
sizes. Tables 5 and 6 show the transmission parameters for all spot- and
global-beam carrier sizes selected for use on INTELSAT 1v satellites.

Transmission Impairments. As shown in Table 7, transmission tmpair-
ments in a communications satellite link can be classified according to
the sources of degradation. These impairments can occur in the satellite
or at the earth stations, or they can be caused by linear or nonlinear
devices in the communications link. In addition, there can be dual-path
transmissions, in which signal transmitted through two independent paths,
produces interference noise. More specifically, the various sources of trans-
mission impairments which can be encountered in a communications
satellite link are
. thermal up-link and down-link noise,

. group-delay noise,

. intelligible crosstalk,

. dual-path transmission,

. impulse noise, and

RF out-of-band intermodulation,

I BN I = TR e R gl )

Thermal up-link noise, thermal down-link noise, and satellite inter-
modulation noise have already been considered in the carrier-to-noise
density optimization procedure and will therefore be excluded from this
discussion.

Group-delay noise caused by the nonlinear phase characteristics of
the transmission path can occur at the earth stations as well as in the satel-
lite. The use of group-delay equalization at the transmitting earth station
makes it possible to keep the group-delay noise in a link within the
500-pWp allowance. (See Fig, 25.)

Intelligible crosstalk is caused by nonlinearitics in the gain-lrequency
response of a transmission path which includes an active device such as
an carth station high-power amplifier (HPA) or a satellite TWT with
inherent AM/PM conversion characteristics. Intelligible crosstalk can
be kept at an acceptable level by equalizing the gain-frequency response or,
in the case of nonlinearities in the satellite, by predistorting the gain-
frequency response at the transmitting earth station,
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83.7
839
89.0
84.7
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£86.4
88.2
88.4
g0.1
94.4
9156
94.9
986

15.2
175
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228
186
2.0
19.2
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222
23.9
282
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8.7
342

234
20.7
258
19.9
23.2
194
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21.2
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29.5

21.1

—144.0
1417

—141.4
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—140.8
-137.1

~139.9
~13741

1362
-134,2
-120.8
-1328
-1294
~1235
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261.0
529.0
459.0
758.0
733.0
1009.C¢
1005.0
1479.0
1996.0
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2494.0
2274.0
3181.0

225
2.26
4.40
450
6,40
6.75
8.50
9.00
13.00
17.80
18.00
22.40

22.50
36.00

FOR STANDARD AND EXPANDED CARRIERS

5.0
5.0
7.5

25

25

7.5
100
10.0
15.0
20.0
200
250
25.0
36.0

TABLE 6. SPOT-BEAM INTELSAT 1v TRANSMISSION PARAMETERS (8,000 pWp)
252.0
360.0
552.0
8040
804.0
1052.0
1052.0
1300.0
17960
2540.0
3284.0
3284.0
4028.0
8120.0

60

72
132
192
192
252
252
312
432
612
792
792
972

1872
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TABLE 7. CLASSIFICATION OF TRANSMISSION IMPAIRMENTS

Satellite
Transmission — e Earth Station
Path Single Transponder  Two Transponders
Thermal Noise Dual-Path Group- Thermal Noise
(up-link) Delay Distortion (down-link}
Group-Delay Group-Delay
. Distortion Diistortion
Linear . .
{envelope distortion)
Amplitude/Frequency
Distortion
Impuise Noise
Intermodulation  Adjacent Transponder Out-of-Band
Intermodulation Emission
Nonlinear due to
Inteliigible In-Band  Intelligible Out-of- HPA multicarricr
Crosstalk Band Crosstalk operation

Dual-path transmission occurs when a signal near the band edge of a
transponder is also transmitted through the adjacent transponder at a
reduced level. This impairment source will introduce phasc nonlinearities
in the wanted signal path and can be treated as group-delay noise. The
amount of noise encountered is primarily a function of the filter response
of the adjacent transponder, the gain difference between the two trans-
ponders, and the mode of operation of the two transponders (spot or global
beam}. The dual-path transmission effect was one of the major inputs to
the INTELSAT 1v filter specification and it is one of the factors which must
be considered in the development of frequency plans.

Impulse noise is formed in the demodulator when the instantancous
noise or interference power level equals or exceeds the carrier power level.
This impairment may be causcd by the threshoeld effect at low carrier-to-
noise ratios {not expected to be encountered on INTELSAT IV operation),
bandlimiting within a carrier selection filter, or adjacent carrier interfer-
ence. Thus, the major factors controlling impulse noise arc carricr arrange-
ments, relative power levels resulting from different carrier sizes and geo-
graphical advantages, frequency deviations, and filter performance. These
factors and their variations must be considered in the development of
frequency plans. The transmit and receive IF filter specifications for
INTELSAT 1v carriers were primarily based on impulse noise considerations.
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RF out-of-band intermodulation in the satellite and earth station occurs
when a number of carriers are transmitted through the same nonlinear
amplificr. The RF out-of-band emission from the earth station is caused by
the transmission of two or more carriers through the same HPA.

A noise allowance of 300 pWp for RF out-of-band emission restricts
the earth station HPA drive to a level which will produce a power flux den-
sity of 26 dBW /4 kHz at a 10° elevation angle. At higher angles, the flux
density should be reduced by the empirical factor of 0.06 (@ — 10). RF out-
of-band emission in the satellite is a function of the frequency plan, the
TWT operating point, the gain-frequency response of the satellite output
multiplexer, and finally the relationship between the wanted and interfering
spectra, which determines the amount of noise in a baseband channel.

In developing the satellite filter specifications it was found that for typical
frequency plans the RF out-of-band intermodulation noise could be neg-
lected. Except in cases in which two large carriers are transmitted through
a transponder, the interference noise into the adjacent transponder must
be carefully evaluated.

Before the INTELSAT IV carriers were introduced into the operational
system, a laboratory transmission simulation was performed through
INTELSAT 1V transponders. The purpose of this system simulation program
was to ensure that all transmission impairments had been properly con-
sidered in the design of the system and that the overall systems performance
would be as expected. Mathematical models were developed for individual
transmission effects and then verified by measurements. The results of the
simulation progran indicated that all transmission mmpairments were
within the expected limits.

INTELSAT IV
GLOBAL — BEAM
TRANSPONDER
TRANSMIT HEC:-;‘;;E
EARTH EA
STATION ELEVATION R ELEVATION o STATION
ANGLE - 10 ANGLE 5

Figure 14. INTELSAT 1v Television Reference Link
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Television Performance. The transmission parameters and performance
objectives for the INTELSAT 1v television channel are described in Ref. 2.
It is convenient to apply these parameters and objectives to a hypothetical
earth station-to-earth station link, which will be called the INTELSAT IV
television reference link. Such a link, which is shown in Figure 14, is con-
sistent with the transmit earth station elevation angle of 10° and the refer-
ence receive station elevation angle of 5° for television,

The television signal-to-neise ratio can be written as

Q)

d2

2l
|3 A Y
~i 0y

| =

i
fon
where S = sinusoidal signal average power

N = noise power in the video noise bandwidth.

d = fa/f. = peak FM deviation index

C = received carrier power, in W, over the video noise bandwidth
T = system noise temperature, in °K

k=138 X 1072 in J/°K

S+ = highest modulating frequency, in Hz
fea = peak frequency deviation, in Hz
fu,, = video noise bandwidth, in Hz.

The C.C.ILR. recommends that the signal-to-noise ratio for TV signals be
expressed in terms of the ratio:

peak-to-peak luminance signal (5)
weighted rms noise '

_Since for a sine-wave the (power) ratio of the peak-to-peak and rms values
1s eight, and since the peak-to-peak value of the luminance component is
0.707 of the peak-to-peak value of the composite video signal, the above-
mentioned {power) ratio must be halved.
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Substitution into equation {4) yields

peak-to-peak lurlninance signal _ S, » _ 6d2(—j 11 (6)
AvVerage noise power N Tf., k

If pre-emphasis of the video signal is not employed, the noise can be
assumed to be triangular in shape and a weighting improvement, w,* can
be included in equation (6). Thus,

—

peak—t?jg@ak luminance'signal power Spr _ o ct11. 7
weighted average noise power N T ft.n k

If pre-emphasis of the video signal is employed, the complementary de-
emphasis network, d, will modify the noise spectrum and g(w.d) will be the
weighting improvement after de-emphasis. Therefore,

peak-to-peak luminance signal power  Sp., 6 C
weighted average noise power N, T

(8)

11
Fok
When equation (8} is expressed in dB,

Sp-n C
- =2364+420logd+ || —10logfe, + Q. )
Nq aB T T

In equation {9), it was assumed that the bandwidth allocation of a TV
carrier would have the value listed in Table 8. The signal-to-noise ratios,
S,/ N, , for the various systems are plotted in Figure 15 as a function of
(C/T)r.

TABLE & BANDWIDTH AND FREQUENCY ALLOCATIONS FOR
ONE VIDEO CARRIER AND Two AUDIO CARRIERS

Frequency Allocation for

Carrier Bandwidth (MHz) Transponder No. 12 (MHz)
Video Carrier 30 fo= 4178 = 15
Audio Carrier No. 1 2.5 fo= 4158.25 + 1.25
Audio Carrier No. 2 2.5 o =4160.75 4 1.25

* Weighting networks as per C.C.LR. rec. 421-1 and 431 [3], [4]
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Figure 15, Video Channel S/ N as a Function of [C/T]r

System evaluation and analysis

To utilize the satellite system efficiently several factors must be con-
sidered. In frequency planning, transponder and carrier configurations
must be optimized to minimize transmission impairments while maximizing
capacity.

Computer techniques have been developed to determine the optimum
performance for a given FM multicarrier configuration. To verify overall
system performance and transmission impairment models, in-orbit multi-
carrier field tests have been conducted. These tests show good agreement
between system models and laboratory simulation. In addition, a continu-
ing evaluation program has been implemented for assessing and predicting
system performance under actual operating conditions. This program uses
a computer model to predict out-of-band noise performance for single-
or multiple-carrier FM configurations, based on reported carth station or
satellite radiated power. At the earth station, out-of-band performance is
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monitored and recorded for later statistical analysis to determine trends
and to more closely verify and optimize the operating system and noise
budget predictions.

Frequency Plan Evaluation. The complexity of traflic requirements in
the INTELSAT system make frequency planning an extremely diflicult
task. The ultimate aim in frequency planning is to provide for the most
efficient use of the space and carth segments, while minimizing cost,
inconvenience, and scrvice discontinuities. Many operational factors and
constraints must be considered in developing such a frequency plan.

In general, a number of tentative frequency plans are developed and
evaluated for their technical feasibility until a plan is ultimately approved
and can be put into operation. A detailed discussion of this topic will be
included in a later section of this paper,

After a frequency plan is developed from traffic requirements, it is impor-
tant to evaluate this plan in terms of total power requirements and achicv-
able systemn noise performance and to arrive at the optimum transmission
parameters required for implementation. To facilitate this step, a computer
program has been developed Lo efficiently evaluate and optimize these
parameters.

Figure 16 shows the major input and output parameters of the programt.
Given a frequency plan with a number of FM carriers, the program calcu-

Figure 16. Input and Output Paramete, s of the Program Used to Evaluate

FREQUENCY
PLAN FM CARRIER
SATELLITE PARAMETERS
LOCATION
EARTH STATION \ SATELLITE
DATA AND
SYSTEMS EARTZ”S.;I;ATION
CPTIMIZATION
SATELLITE WITH
DATA COMPUTER
PROGRAM EXCESS
POWER
TRANSMISSION SYSTEMS
IMPAIRMENTS MARGIN

and Optimize Transmission Parameters
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lates intermodulation noise caused by amplitude and phase nonlinearities
of the satellite TWT, optimizes the TWT operating point, and selects the
appropriate gain sctting. For each carrier the satellite and earth station
e.l.r.p. levels are calculated and adjusted for intermodulation and up- and
down-link noise so that specificd channel noise performance will be
achieved for all carriers in the transponder. The resulting satellite power
budget will determine the excess power in the transponder, as well as the
system margin. Figure 17 shows a typical INTELSAT 1v frequency plan,
which has been evaluated by using the computer program.

Figure 18 shows the input parameters to the computer prograni. These
parameters can be divided into three categories:

a. satellite parameters, including satellitc position, spot-beam pointing
directions, and antenna patterns;

b. transponder characteristics which specify its communications per-
formance, and

c. the frequency plan, which specifies the carrier parameters, the carrier
frequencies, and the transmit and receiving stations.

TRANSPONDER MNO.2 EAST SPOT BEAM

CHANNELS —=
432 192 192 60 80
Ll L] T F 1

5880.00 (MHz) 5891.25 5998.75 6003.75 6006.25
TRANSMIT ET Mv ET TN NS
RECEIVE gM BM RA PB BM
FB PB RA PB
FO RA FO
™ FO
T

Figure 17. Typical Frequency Plan for INTELSAT iv

Figure 19 shows the program output parameters. The optimum traveling
wave tube amplifier (TWTA) operating point, total carrier-to-noise density
ratio (C/N,}r, and achievable systems margin are computed for all gain
settings. Satellite and carth station c.i.r.p. and the actual noise breakdown
for each carrier are computed for the selected gain settings only.

Figure 20 is a computer plot of (C/N,)r as a function of the TWTA
operating point with the gain setting as a varying parameter. It should be
noted that the optimum operating point is a function of the gain sctting
used in the satellite. In the example shown in the figure, positive systems
margins are achieved for gain settings 6, 7, and 8.
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CARRIER
SIZE

432

FREQUENCY

5980.00

CARRIER
SIZE

192

FREQUENCY

6991.25
5998 75

CARRIER

SIZE

60

FREQUENCY

6003.756
6006.25

SATELLITE PARAMETERS
seansnss INTELSAT IV F—2 1972 ATLANTIC FREQUENCY PLAN sayamnns
POSITION OF SATELLITE (EAST LONG.) 33550

DIRECTION OF SPOT—BEAM POINTING

WEST BEAM 515 WEST 495 NORTH
EAST BEAM 3.18  EAST 675 NORTH

SPOT-BEAM AVERAGE ANTENNA PATTERN

GLOBAL-BEAM AVERAGE ANTENNA PATTERN
TRANSPONDER CHARACTERISTICS
TRANSPONDER NO. 2 EAST § BEAM CENTER FREQUENCY 3765.0

SATURATION a.ir.p {dBW) 3.9
G/T Of SATELLITE {dB/°K} -13.2
{C/Ng)| AT 0 dB BOi (dB-Hz) 89.0

FLUX DENSITY -57.6 -610 -645 —-67.9 -715 -750 784 -818
SELECTED GAIN SETTINGS 1 2 3 4 5 6 7 8

FREQUENCY PLAN

BANDWIDTH BANDWIDTH C/TREQUIRED DEVIATION FR  TOP BASEBAND
AVAILABLE USED FREQUENCY
15.0 13.0 —1359 1479.0 1796.0
TRANSMIT RECEIVING
STATION STATIONS
ET BM,PB,FO,TM
BANDWIDTH BANDWIDTH C/T REQUIRED DEVIATION FR  TOP BASEBAND
AVAILABLE USED FREQUENCY
1.5 6.4 -140.3 757.9 804.0
TRANSMIT RECEIVING
STATION STATIONS
MV BM, PB,RA,FO,TM
ET RA
BANDWIDTH BANDWIDTH C/T REQUIRED DEVIATION FR  TOP BASEBAND
AVAILABLE USED FREQUENCY
25 2.26 —143.7 2755 252.0
TRANSMIT RECEIVING
STATION STATIONS
™ PB,RA,FO
NS BM,PB

Figure 18. Program Input Parameters
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System Performance Evaluation. To utilize the INTELSAT Iv most
efficiently, it is necessary to evaluate the system under actual operating
conditions and to compare the realized communications performance
with the developed engineering design models. Various performance data
are gathered from many sources over the useful lifetime of the satellite.
Evaluation of these data is a massive task in the global network; therefore,
it is performed by using various computer-aided techniques.

A satellite system performance evaluation program has been developed
to calculate the noise performance of an FM multicarrier system. Unique
features of the program allow predictions to be based on actual or design
earth station G/T as a function of elevation angle, actual or design earth
station equipment, out-of-band emission, and interference noise budgets.
Hengce, top channel and upper out-of-band channel performance can be
calculated for both design models and actual systems.

Figure 21 shows the required input data, functions of the program, and
the output of the program. Given a frequency plan and either earth station
and /or satellite e.i.r.p., the program calculates the expected signal-to-noise
and out-of-band noise for each carrier’s receive location. The satellite
TWTA operating point is determined by a reiteration process using a
typical input-output multicarrier transfer curve in conjunction with the
intermodulation analyzer program. Figure 22 is a sample output for a
transponder and one of its carriers.

System noise performance is monitored by measuring the out-of-band
slots of receive carriers at the earth stations. Short- and long-term pro-
grams for out-of-band statistical evaluation have led to the development of
a computer program to evaluate and display out-of-band data on a
monthly basis. During a measurement program, out-of-band data are
recorded every two hours. This time interval provides a good approxima-
tion to evaluate long-term statistics and trends and to assist in determining
system variations such as propagation anomalies or spacecraft antenna
pointing variations.

The programs described in the previous paragraphs have been useful in
comparing performance with system design and are being used to improve
the performance of the operating system.
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Earth stations
C. A. BLACKWELL

When INTELSAT T was launched and placed in service in 1965, there were
only six earth stations. Two were located in North America (Andover,
Maine, and Mill Village, Nova Scotia) and four were in Europe (Goonhilly

g 7 o 3 E S
% & °g & -y .
. £ g & , * Downs, U.K.; Raisting, Germany; Pleumeur Bodou, France; and Fucino,
3% 3 : Eg Ttaly). Most of these stations were not originally designed as part of the
L) = = L - £z &~ . .
= 7 247 EE oG £ 3 INTELSAT system. For example, the Andover station, built before the
- ~N - L G2 _— Ay . .
¢ 25 g ] decision to utilize synchronous satellites, was designed and used for the
z o< - . aqa
2.9 s w %‘g z TELSTAR experiment (see Figure 23). The ability to track, control, and com-
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2 55% B2 g = : municate with a satellite in a low orbit was a fundamental requirement.
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o F s o 0§t . Py In addition to the severe tracking problem, the maser front end amplifier,
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Z oy . £ u s 3 used to obtain the lowest possible noise temperature and hence the maxi-
w2 [ . = 7 o . . . . +
oS L2 8 . Tis 5 2 E mum earth station antenna gain-to-noise temperature ratio, G/T, made it
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Figure 23. Andover Earth Station Horn Antenna

C. A. Blackwell is Manager, Sysiems Engineering, Systems Division, COMSAT
Laboratories.
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Several significant changes have been made since the design of the early
earth stations. For example, the original antennas were approximatcly 26 m
{85.3 ft) in diameter, whereas today, the majority of the new antennas have
diameters around 28-30 m (91.8-98.4 ft), as shown in Figure 24. In add;-
tion, the attempt to achieve the absolute minimum noise tempcrature hag
been greatly de-emphasized. The increase in gain resulting from the larger
aperture has made it possible to substitute wideband (500-MHz) parametric
amplifiers for very-low-noisc narrowband (25-MHz) maser amplifiers,

Figure 24, Tvpical 29.5-m (nominally O7-ft) Antenna
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The antenna is not the only element in which significant changes have
been made. However, since the antenna and the associated HPAs and low.
noise receivers are unique to a satellite system, changes in these arcas are
more significant. In the remaining portion of the carth station, changes arq
not significantly different from those associated with 4-/6-GHz ground.
based microwave facilities [6].

The number of earth stations in the INTELSAT system has increaseq
to more than 70 in 1972 and should approach 80 by 1974. These are cur.
rently providing approximately 6,500 telephone channels (4 kHZ)’ as wel)
as global television coverage. Communications are currently being handleq
through four basic modes of transmissjon:

a. FDM/FM with top baseband frequencies from 108 to 8,120 kHz;

b. FM for video basebands, including both 625-line/50-frame s and 525,

line/60-frame s transmission

¢. PCM/PSK channels available on either a preassignment or a demand.
assignment basis (using the SPADE system);

d. digital/PSK channels for transmission of data, e.g., 50-kbps data.

Earth stations in the system utilize one or a combination of these modeg
depending on the particular traffic requirements and bilateral agreementg
between cooperating administrations. In the future, new types of modula.

tion and multiple-access techniques, such as TDMA and digital television
{PTEC), may be employed.

Mandatory performanee characteristies

Table 9 is a partial list of the more important mandatory performance
characteristics. Earth station e.i.r.p. varies from approximately 75 dBW
for small capacity carriers to as much as 95 dBW for some olj th.c‘ larger
capacity carriers. The required power stability has been ﬁlgmhcantly
improved. For example, for a typical antenna having a gain of 6.2 dBand g4
feed loss of 2 dB, 33 dBW of power is required to achicve an e.i.r.p. of 95
dBW, Thus, HPA capabilities around 2,000 watts are common. Since
several carriers must often be handled and since backoll itom saturation
is frequently in the neighborhood of 7 1o 9 dB, the total power capacity of
the transmitters is significant.

The noise budget allocates 1500 pWp of noise to the earth station
equipment, including the cquipment required to provide eql}alizatiqn for
satellite group delay. To meet this noise budget, carth station designerg
allocate various amouils of noise to the subsystems which make up the
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TABLE 9. MANDATORY PERFORMANCE CHARACTERISTICS OF

EARTH STATIONS IN THE INTELSAT IV SYSTEM

Gain-to-Noisc Temperature Ratio
at 4 GHz
at Other Frequencies within the
3,705- to 4.195-GHz Band

Antenna Receive Gain
atd GH:z
at Other Frequencies within the
3.705- to 4.195-GHz Band

Transmit Antenna Sidelobes (=17
away from the main lobe center)

Feed Polarization

Antennd Steerability

System Bandwidth
Reeeiving
Transmitting
Required e.i.r.p. Stability
RF Out-of-Band Emission in Any
4-kHz Band
Spurious
Intermodulation
Carrier Frequency Stability
FM Carriers Above 5 MHz
FM Carriers at or Below 5 MHz

SPADE and PCM/PSK  Singlc-
Channel-per-Carrier Preassigned

Carriers
Sense of Video Modulation

R F Energy Dispersal on FM Telephony

Carricrs

Pre-cniphasis for Telephony, Televi-

sion, and Program Sound Channels

Residual Amplitude Moduiation, rms

Value within Any 4 kHz
4-500 kHz

>500 kHz

>40.7 dB;°K
>40.7 dB/°K 4+ 20 log /4
(f is the receive frequency in GHz)

>57 dB
=57 dB + 201og 4 £/4
(f is the receive [requency in GHz)

29 dB below the main Jobe maximum

circular with a voltage axial ratio not ex-
ceeding 1.4:1

compatible with satcllites having <5 orbit
inclination, = 10° longitudinal drift

3.7-4.2 GHz
5.925-6.425 GHz

0.5 dB

<4 dBW
<26 dBW

+ 150 kHz
+80 kHz
+-200 Hz

positive

low-frequency triangular dispersal waveform
calculated so that the maximum elr.p.
per 4 kHz of the lully loaded carrrier is
<2dB

in accordance with C.C.I.R. and C.C.ILT.T.
recommendations

< 20 (1 + log o I} dB referred to the RF

carrier level il is the carrier frequency, in
GHz, of thed4-kHzslot)
—-74 dB
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transmltt.ing and receiving portions of the overall link. The typical nois
budget given in Figure 25 is intended for design purposes only >
Important elements of the performance specifications are t.he rou
delay and the selectivity characteristics of the overall earth station eg ui L?
ment. As shown in Table 10, the upper portion of the mask speciﬁeci tlfe
gr}fup-delt;;y ri:quirements over the entire frequency band of each carrier
whereas the i sk indi i :
oo ower portion of the mask indicates the gain-frequency
Spe.cia_l filters are designed in accordance with the specifications of Table
10. Significant development was required to adequately equalize filters
so that they could meet the required noise objectives for the INTELSAT 1v
system, Imprgved utilization of the frequency spectrum was made possible
by reducing interference among the carriers sharing a common satellite
transpondér..Filters generally operate at an intermediate frequency of
70 MHz within both the receive and transmit portions of the earth staéon.

TaBie 10. GAIN/FREQUENCY AND GROUP-DELAY CHARACTERISTICS

GROUP DELAY

NOTES:
1
f8)  FREQUENCY SCALE IS LINEAR IN Mz
CARRIER
SIZE {MHz) (Mﬁz) (Mgz) {Mf\‘z} fMgzl (M:z) (Miu) (de) (:al {ddB; lde;i) ‘:s) (ngs) ih)
25 18225 275 80 | 21 07 15 | 25| 25 0 16 16 ::}
| 5o 36|45 (5257 130) 41 | os | 20 ] 30] 25 0 12 | 12 | 20
75 541675 275|170 62 [ 04 | 25 | 40 25 o |12 | 20
10.0 72190 12| 190 83| 03] 25 m 2% | 01 9 9 18
15.0 108 13.5(155 | 250124 | 03] 25] 551 25 | oq 6 [ 15
20.0 M4 180|206 | 280|166 | 03] 25| 75 28 01 a 5 15
250 1801 2251 2575! 340! 207 03| 25 | 80| 25 § 02 | 3 5 15
360 288 ) 3601 4225| 60.0] 33.1| 06| 25 100] 25 | 03] 3 5 15
VIDEQ 2401 300)— — 1=~ ) 300) 06| 25 [— — |~ — 0.3 5 5 15
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1600—pWp S00-pWp
TOTAL EARTH STATION HPA INTERMODULATICON
EQUIPMENT NOISE NOISE
250—pWp 500—pWp
ECZESIC\EP‘:&SE TRANSMIT NOISE TRANSMIT & RECEIVE
R AOUP-DELAY NOISE) {EXCLUDING GROUP-DELAY & GROUP-DELAY NOISE
{EXCLUDING G e o tSE)
B0--pWip 50—pWp
200-pWp BASIC 200-pWp " BASIC NOISE, 250-pWp Tiff;gm
. NONLINEA EBAND RECEIVE
EAR AMPLITUDE NOISE BAS|
HONLIY NGISE (BASEBAND | [AMPLITUDE MOD,U/C €QuUIPMENT] | EQUIPMENT
DEMOD) NOISE IFL & HPA
150-pWp 100-pWp
80-pin 100-pWp 20-pWp DEMOD I
uica MOD BASEBAND /G, IFL. FILTER
iFL LNA .
50-pWp 150-pWp 100-pWp
MCD,
WDERIND 130-pWp 20-pwp s i
UNITS DEMOD BASEBAND wre. FILTER
. -
(LNA & -
o/C)

* EXCEPT 36-MHz FILTER WHICH 1$ ABOUT 200 pWp.

Figure 25. Typical Earth Station Noise Budget

Gain-lo-neise temperature rafio and antenna receive gain

To ensure the maximum flexibility in the global network and the best
utilization of the space scgment, it has been attempted to achieve rc?eivc
system G/T of 40.7 dB at a 5° elevation angle under clear sky condit.lons,
and an antenna gain, G, greater than 57 dB measured at 4 GHz at the 1qput
to the low-noise amplifier. This original design requirement was ob.tam'Cd
by constructing a 26-m (85.3-ft) antenna with 50-percent efficiency, yiclding
a corresponding gain of approximately 57.7 dB. This gain and a system
noise temperature of 50°K resulted in a G/T of 40.7 dB. In some recent
designs, however, 29.5-m (96.7-ft) reflectors with 70-percent efliciency and
system noise temperatures of about 78° at a 5° clevation angle have been
used.

INTELSAT 1V COMMUNICATIONS SYSTEM 483

The importance of the earth station G/T is illustrated by the well-known
relationship

C/T = satellite e.i.r.p. — path loss + G/T

where C/T is the down-link receive carrier-to-noise ratio. Clearly, for given
values of satellite e.i.r.p. and path loss, C/T is directly dependent upon the
earth station G/T.

It is preferable to obtain the actual value of the G/T from radio star
measurements (either Y-factor or radiometric) [7]. When possible, these
measurements are made at the elevation angle and direction to be em-
poyed during actual operation. Cassiopeia A, Taurus A, and Cygnus A
have been used as radio stars, although Cassiopeia A is the preferred source
for the northern hemisphere. For antennas which cannot be adequately
measured by using a radio star, gain can be measured by using a satellite
carrier whose e.i.r.p. is carefully calibrated by a separate monitoring sta-
tion. Temperature measurements are then taken to obtain the actual earth
station G/T.

Polarization and axial ratio requirements

Linear polarization was originally employed on the INTELSATI and 1l
satellites. However, for INTELSAT Il and 1v, various reasons dictated the
use of left-hand circular polarization for transmission from the earth
station and right-hand circular polarization for reception by the earth
station.

The use of circular polarization makes it unnecessary to rotate the posi-
tion of the feed to coincide with the polarization orientation of the satellite.
In addition, since diurnal variations associated with Faraday rotation and
simulation periods involve angular changes of the vertical and horizontal
polarizations, it is generally impossible to align both the transmit and
receive polarizations.

The axial ratio for transmissions from the earth stations in the direction
of the satellite must not exceed a value of 1.4:1 (3 dB). Since the polariza-
tion axial ratio of the INTELSAT Iv spacecraft antenna does not exceed
3 dB, the total system polarization loss will not exceed 0.5 dB.

Low-noise amplifiers

Since the INTELSAT 1v satellite utilizes both global- and spot-beam an-
tennas, investigations were carried out to determine the earth station Iow-
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noise amplifier modifications nceded to ensure satisfactory intermodulation
performance.,

For an earth station with a net receive antenna gain of 58 dB, the follow-
ing typical receive power levels have been calculated in the 500-MHz
bandwidth:

a. —69 dBm for earth stations within the zone of the spot-beam antenna,
and
b. —76 dBm for earth stations outside the zone of the spot-beam antenna.

These values will increase if the receive antenna gain s increased, or if the
mode of operation of the satellite is changed (particularly if more trans-
ponders are operated in a single-carrier mode). Furthermore, INTELSAT
may decide to change the pointing directions of the spot-beam antennas
because of changing traffic requirements. Hence, earth stations must be
designed to permit certain maximum receive carrier power levels.

Within these power levels, the intermodulation noise produced in typical
parametric amplifiers can be kept at a negligible value in all cases. How-
ever, subsequent stages of amplification can contribute to intermodulation
noise. For earth stations within the spot-beam coverage, a typical tunnel
diode amplifier {TDA) produces about 200 pWp of intermodulation Noise;
hence, TDAs should be avoided in these earth stations. A low-level {10~
mW) receiving TWT produces about 100 pWp of noise, while an inter-
mediate-level (0.8-W) receiving TWT yields measurable intermodulation
noise. As a result, the design emphasizes the selection of a relatively high
output power (0.1 to 1 W), a low noise figure (3 to 10 dB), and a relatively
low gain (30 dB) for the stages following the parametric amplifier.

e.l.r.p. stability

To maintain uniform performance, earth stations must ensure that the
e.i.r.p. of carriers in the direction of the satellite is within +0.5 dB of Fhe
nominal value. This tolerance is intended to include all factors causing
variation, e.g., transmitter RF power level instability, antenna transmitting
gain instability, and antenna beam pointing error.

Antenna gain instability may be a long-term effect or a short-term effec':t.
Long-term instability results from creep deformation of the structure, dis-
tortions caused by thermal effects, snow loading, and other similar effects.
Short-term instability results from wind gust structure deformation and
from pointing errors and corrections, which are also caused by wind, An-
tenna pointing errors, except those caused by wind gusts, can result from
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autotracking limitations and, in program or manual steering systems, from
small operation errors.

To meet the ed.r.p. stability requirements, the contribution of cach of
these sources of instability can be budgeted as follows:

transmitter RF power level instability: 0.2 dB
antenna gain instability: 0.15dB
antenna pointing error: 0.15 dB

Total 0.5 dB

ILF outi-oi-band emission

For multicarrier transmissions through a single wideband high-power
amplifier, intermodulation products may occur within the satellite fre-
quency bandwidth, resulting in interference to other carriers. This type of
interference is commonly referred to as RF out-of-band interference, since
there is usually no interference to the responsible carrier(s).

For purposcs of system design, 500 pWp of noise have been allocated to
out-of-band interference. Hence, wideband power amplificrs, e.g. TWTs,
must be operated well below saturation. Studics carried out in the early
planning stages of the INTELSAT 1v system resulted in the recommendation
that earth station TWTs should be operated with a minimum output power
backoff of 7 dB. Howcver, this objective can also be met by utilizing
separate HPAs for cach of the various carriers transmitted. Some earth
stations within the INTELSAT system have utilized this approach by
employing klystrons in lien of wideband TWTs.

When only one or two carriers are radiated, klystrons offer an attrac-
tive solution, since two units can be operated in the single-carrier mode at
or near saturation. Even if a 3-dB loss is added to the outputs of the two
klystron units, the total prime-power requirement is considerably less than
that of a single TWT.

Energy dispersal for telephony earriers

In the INTELSAT 1v system, earth stations arc required to provide energy
dispersal for both telephony and television carriers by inserting a low-
frequency symmetrical triangular waveform in the baseband signal prior
to the FM modulator. This procedure ensures that the C.C.I.LR. limit of
—152 + 4/15 (the working elevation angle) in dBW is met in any 4-kHz
frequency band. However, the major benefit to the INTELSAT system is
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that the intermodulation noise is reduced over the 500-MHz frequency
spectrum. The frequency of this dispersal waveform is in the range of 20 to
150 Hz. The inclusion of this low-frequency waveform also helps to spread
the RF energy. The magnitude of the spreading waveform is determined so
that the maximum e.i.r.p. per 4 kHz will not exceed the corresponding full
load value by more than 2 dB. This procedurce prevents a concentration of
carrier energy near the center frequency during periods of light loading.
Hence, it significantly reduces the amount of intermodulation which would
otherwise be prescent in the system.

Transmission modes

The satellite system is designed to accommodate all classes of telecom-
munication services, ranging from public message services (telephony and
multichannel telegraphy on voice bearers) through voice band and wide-
band data transmission, facsimile, TV video, and sound programs.

For FDM/,FM telephony carriers, the baseband constituents (groups
and supergroups) are arranged in accordance with the INTELSAT recom-
mendations and the bilateral or multilateral agreements between the earth
station administrations. The multiplex equipment may be located at the
earth stations or at the outgoing international exchange. The earth stations
and the international centers are in most cases interconnected via
microwave radio links.

In some cases, a satellite radio link is composed of two satellite hops via
one or more intermediate stations by a patch connection at or below base-
band (channcl level}, This link could be effected at one station if the trans-
mit and receive intermediate stations were collocated, or it could be
provided via one or more international maintenance centers.

For PCM/PSK demand-assignment opcration (SPADE) [8] and pre-
assignment PCM/PSK operation, each carrier will carry only one tele-
phony channcl. As a result, blocks of frequency-division multiplexed veice
channels received at the earth station from the international maintenance
center must be divided into single channels, Each of these channels is then
PCM encoded, PSK modulated, and transmitted through the satellite to its
destination. At the destination carth station, the received channels may be
multiplexed into groups or any other required form and sent to the
international maintenance center,

For television transmissions, many earth stations provide multiple-
standard interface equipment to accommodate both 525- and 625-line
color and monochrome requirements. This interface equipment may some-

INTELSAT IV COMMUNICATIONS SYSTEM 487

times include video standards converters to convert the reccived signals
from the satellite to the national standard. Tt is expected that the use of
video standards converters on international satellite transmissions will
rapidly increase. Accordingly, international agreements have recommended
that the use of standards conversion should be restricted to the receive side
of the satellite system. Hence, double conversion, which could be required
for multiple-destination transmissions, causing unnecessary signal degrada-
tion, could be eliminated.

A high-quality sound program channel is provided in conjunction with a
television transmission. Often it is nccessary to supplement this channel
with additional channels for multilingual multiple-destination transmis-
sions. These channels are usually frequency-division multiplexed to form
one or more telephony groups so that they can be packaged within the
regular telephony bascband which is exchanged with the national terrestrial
systeni.

Data transmission

Although the demand for international transmission of medium- and
high-speed data has been rapidly increasing, the INTELSAT system con-
tinues to provide excellent performance. At present, data signals are re-
ceived from the terrestrial systems in the form of analog signals occupying
standard bandwidths of the FDM hicrarchy, ¢.g., 4-kHz voice channels
and 48-kHz group bands. Recent measurements have demonstrated vir-
tually error-free transmission: bit-error rates of better than | X 10-7 are
typically achieved on earth station-to-earth-station transmission of 4,800-
bps voice band data and 50-kbps group band data. The phase jitter which
often degrades data transmission on terrestrial systems is virtually non-
existent on satellite transmissions because of the excellent spectral purity
of the earth station carrier supplies, the small number of frequency trans-
lations, and the low level of additive thermal noise.

The digital satellite transmission systems of the near future will provide
a4 more eflicient method of data transmission. For example, a group band
{30-kbps) data channel could be demodulated at the transmit carth station
and transmitted over a single PCM/PSK channel, thus displacing only one
voice channel rather than [2. Alternatively, the demodulated data signal
could be time-diviston multiplexed with other data signals and with PCM
telephony signals to form high-speed digital basebands for TDMA carriers.

Error control systems uscd on satellite data circuits should allow a high
throughput for the inherent delay of satellite links.
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Earth station performance

Satellite system performance, as measured by continuity of service
figures from earth station to carth station, has shown continuous improve-
ment over the years. For the first five months of 1972, the carth station-
to-earth station continuity of service was at a level of 99.86 percent.
For all earth stations, the continuity of service averaged 99.94 percent: for
a number of individual stations, it exceeded 99.99 percent. These outages
correspond to less than one hour per year. Earth station outages, which
are attributable to equipment failure, human error, and nccessary down-
time for preventive maintenance, accounted for the bulk of the total
system circuit-hours of outage during this period.

The remaining circuit-hours of outage are attributable to atmospheric
effects and system reconfiguration. Satcllite outages may also contribute
to total system circuit-hours of outage; however, no outages of this type
have been experienced by an INTELSAT 1v during 1972. Although detrimen-
tal effects of atmospheric phenomena on system continuity of service were
thought to be a potential source of service interruption in the early days
of the INTELSAT system, they have proven to be relatively insignificant.
Rain attenuation has been negligible, but outages have been caused by
other severe weather phenomena. On a few occasions, antennas have been
stowed and secured against high winds during the typhoon season [9].

Interference between the sun and reccived down-link signals from the
satellite has also resulted in service interruptions. This interference occurs
during the spring and autumn equinoxes, when the sun crosses the equator
and is sufliciently aligned with the satellite, as viewed from the earth sta-
tion, to enter the earth station receive antenna pattern and increase the
antenna noise temperature beyond operating levels. The duration of sun
interference outages is usually between two and six minutes a day over a
2- to 4-day period. Future system operation techniques such as the utiliza-
tion of satellite diversity may reduce these types of outages significantly.

As indicated previously, carth stations are responsible for the major
portion of the outages. The broadband elements in the earth terminal are
generally redundant and provide protection against outages. A notable
exception, however, is the antenna; a second major contributor is primary
power. In most cases, primary power is derived from commercial sources
with standby dicsel generators for use in the event of a commercial power
failure. Use of various uninterruptable power supplies helps to minimize
the effects of power failures, but outages occur as a result of malfunctions

of switching logic and component failure.
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An.other major contributor to earth station outages is the high-
z}mphﬁcr (HPA) subsystem, A large number of HPA interrupt%onlzogeer-
from the complex protective arrangements provided to protect relativein
expensive tubes in a high-voltage, high-power application Maﬁy HPAy
lnterrupthns arc a result of switching redundant equipmel;t in response
to protective circuit alarms. These outages are of very short dufation
{usually a sccond or less). Component failures arc fewer than are indicated
b'y the number of interruptions, and tube lifetimes of three years of con-
tmugus operation are now achievable. It is interesting to note that the
relatively complex, cryogenically cooled, low-noise receivers are responsible
for a small percentage of the equipment-related circuit-hours of outage

Transmission modeling

A. L. BERMAN, C. MAHLE, AND M. R. Wachs

Typical signal path

_F _igurc 26 will be used to model the INTELSAT Iv communications system
Initially, one carricr will be traced from the madulator, through the Space—'
craft transgonder, to the demodulator to define the distortion effects en-
countered 1n this case. Subscquently, the additional distortjon effects
caused by multicarricr operation will be presented, and finally, the detailed
modeling of each of these effects will be described. ’

Single-carrier operation

At baseband, a stack of FDM telephone channels is represented by the
e_qu:va_[ent white noise load from f, to f, (sec Figure 27). After pre-empha-
sis, this f:(1n1positc signal band frequency modulates an IF carrier. The
procesF; 1s essentially distortion-free up to this point. A transmit'ﬁ]ter
foll(?wmg the modulator limits the out-of-band spectrum of the modulated
carrier. Out-of-band attenuation, which is dictated by adjacent channel
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b = {:Z-‘ operation.,
w | The ideal in-band characteristics of the filter are flat amplitude and group
3 © delay over the largest bandwidth which will satisfy the attcnuation require-
™ £ g ments in the adjacent band. With a realizable filter, several distortion com-
L . . . e
2 ¢ go ponents of the signal will exist at the output of an “ideal” frequency
5 a demodulator:
i} s .
o
e . . . . .
9 a. intermodulation noise at bascband caused by finite residual
——————————————— = . .
—————— Y & group-delay variation across the Carson’s Rule bandwidth [10], [11],*
L e b. truncation noise at baseband caused by the abrupt rise of either
% F =4 o group delay or attenuation at the filter band edge [12],
£ o e . . .
TE < Z, c. an increase in the onsct of the impulse threshold caused by
@ — . . N -
; ; 53 w @ [t momentary suppressions ol the modulated carrier when detection is
T @ I . .
ff; .i"; = w E performed in the presence of noise, and
<L - . . .
z z é i d. amplitude modulation (AM) components in the carrier envelope
Q Q . .- -
| 1 g 2 that arc coherent with the original baseband modulation because of
O o - - - - .
> > - x E their finite amplitude slope. These typically low-level AM compo-
z E o 2 %
g | 2 S i8] % -
E.-—- =4 e ! 2 “2 & *To compute the intermodulation distortions across the bascband, it is
= c:, = é - g sufficient to resolve the group-delay variation into lincar, parabolic, and ripple

components and Lo utilize the formulas given in References 10 and 11,
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nents are of interest primarily because they produce (:r(-)s:stlalk onto
other carriers in subsequent common path amplifiers exl_llbltmg .AM/
PM conversion effects. (These effects will be described in the discus-
sion of dual-carrier operation.)

The signal path through the up-converter, hig'h-power tran?‘mitter, afld
satellite receiver can be made essentially distortion free foF smgle—can:mr
operation. [The illumination level and satellite G,:’T'detem11ne the up-'hnk
carrier-to-noise temperature ratio (C/T), and requirements for mullll.ple-
carrier operation determine the other major pcr.formancc gharactenstlcs.]
At the input to the channelized satellite transmutter, two signal paths are

possible:

a. a path through the intended input channel ﬁlter,_ TWT, outpu.t
combining filter, and antenna to the receiving carth station at approxi-
mately zero relative attenuation, or

b. a path through the adjacent channel filters, TWT, and av:ntenna
to the receiving earth station at a relative attenuation dctermineq by
the skirt selectivity of the adjacent channel filters across the desired

channel bandwidth.

The sum of the microwave carrier vectors (i.e., the vector of the intended
path plus the vector of the adjacent channcl pth at a.rcduccd. level euluﬁ
different phase) results in the well-known m.ultlpalh ripple, with O\jera.‘
effect of amplitude and group-delay distortmn.' Thc dual-path e[ﬂ,ctl is
most severe at the band edge and drops to negligible levels towa'rd mid-
pand as the attenuation of the adjacent chal.mcl increascs. Tl11s effect
cannot be cqualized becausc of the rapid variations of the un‘desned_'cl.lan-
nel path length with illumipation in that channel, filter tuning varations
with temperature, and pointing variations of the. spac§craf t. -

At the input to the carth station receiver, the distortion levels prcvmus();
described for the single carrier are increased as a result of dugl_—path a‘n
unequalized residual group-delay contributin_)ns of the Chann.ehz;r.lg ﬁlt_u"S:
At this point, the down-link C/T is detcrmm-cd by the received 1llummdh
tion and the earth station G,/ T. Again, the signal path thr'ough the ea-rt
station receiver and down-converter may be ma.de CSSGI]tI:’:l”y dllstortllon
free for a single carrier. The function of the reccive ﬁlt.er {in COHJU-HCU.OD
with the transmit filter of the adjacent channel) is p‘nm'c}rlly that of rc)alucflrlzg_
adjacent channel interference. In the abscnce.oi 'c.ld_]aCCf]t channel cobe
siderations, the receive filter will definc a bandw1dth.just .w1_del c-nough tot 1
essentially transparent to the modulated carricr while minimizing the totd
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noise presented to the demodulator. This will provide a composite (carrier
plus noise) signal that can be used to derive the automatic gain control
at the detector input.*

The distortion components at the output of the receive filter are identi-
cal to those described previously for the transmit filter.

The state of the art in demodulator design [13] permits an essentially

linear detection of all signals with intermodulation contributions of less
than 100 pWp.

Mulilearrier operation

In addition to the baseband distortion components of each single carrier
(primarily in-band linear, parabolic, and ripple group-delay coeflicients),
three other components have a significant effect on multicarrier operation
of the INTELSAT Iv satellite: adjacent channel interference, RF intermodula-

tion distortion (caused by nonlinear P, vs P;, and A¢oy, vs Py, character-
istics), and coherent crosstalk.

Adjacent Channel Interference. To achieve the maximum channel
capacity in a bandwidth-limited mode such as that encountered by the
INTELSAT Iv satellite, the number of channels within each bandwidth unit
is maximized, and the guardband between adjacent channels is reduced
until the resulting distortions rise to a level of several hundred picowatts.
In the case of FDM/FM telephony transmissions, two interference effects
occur as the guardband is reduced:

a. Spectrum overlap giving rise to “convolution™ noise in the base-
band {measured in pWp). For purposes of computation, this noise
component, calculated from the convolution of two spectra, may be
assumed to have a Gaussian amplitude distribution in the baseband.

b. Impulse noise caused when the resultant RF vector at the
demodulator input undergoes an abrupt rotation of 2z radians as the

*In the case of phase-lock demodulators, a constant level into the phase
detector is required to achieve a constant loop gain. For conventional detection

above threshold with a limiter discriminator, the filter bandwidth will determine
the C/N ratio,

T This would provide a reasonable margin (3-6 dB) against accidental
overdeviation.
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adjacent carrier momentarily deviates into the desircd- c:l_]annel band-
width. This effect produces impulses at baseband, similar to those
obscrved at the onset of the FM threshold, which can be measured
as average noise in a 4-kHz voice channel and on a counter to dete.r-
mine the number of impulses above the —22-dBm0 reference level in
one minute.

For FDM/FM telephony, the multiplexed basebanq has a-Gaus‘Sian
amplitude statistic {i.c., links arc tested with bandlimm?d white nmse).;
therefore, large deviations for small periods of time are inherent. In this
case, receive filters alonce arc insuflficient to control the interfercnce_eﬂ'e-cts
described in the preceding paragraph. As noted previously, a combination
of a transmit filter on the interfering channel (to linut its instantan_eous
frequency excursions and spectrum) and a receive filter on the “desu'rcd”
channel (to limit the spectrum presented to the demodulator) are required.

For INTELSAT Iv, representative adjacent channcl cases were selected.
(A 10-MHz carricr positioned next to a 2.5-MHz ca!*rier was assﬁumed to be
a practical worst case before frequency plan readJustmen‘F.) }:ach of the
transmit,/receive filter pairs was then narrowed until the effects of m-ban.d
distortion were balanced against adjacent channel interfcrence.. In t‘h[s
tradeoff, the ultimate limit of in-band noise caused by the truncation cflect
was used [l4] with the understanding that the group-delay response
of the filters would be cqualized [15] so that truncation noise would be the
dominant contributor.

RF Intermodulation Caused by Muiticarrier Operation. Analysis and
experimental confirmation of RF intcrmodulatio.n levels produced by a‘rtl-
plitude and phase nonlinearities typical of traveling wave tubes have bu.g
previously published {16-19]. A brief summary of the_ base; .model us;f1
for computation, the serics representations O.F the ngr]!lm_rarlt:cs, and t i
logic algorithm used to sort the products will be given in a subsequen
subsection.

Crosstalk Caused by FM/AM /PM Conversion. The modeling tcchnlqtfe
presented here was originally developed to dctcrmir}e the extent to whl;él
the transponder channelizing filters could be perm_lttcc? to have round
corners caused by finite Qs and still meet the multicarrier crosstalk 'Sp??li
fications. To evaluate this effect for more than two carriers, a Stat]Stl%a
approach was used {o computc the AM componcnlt, and the 2-c.:arr1§1t:
AM/PM conversion coefficient was replaced by a dll’C'{:t computatlo‘n
the crosstalk term of interest from the serics representation of Agour V8 Pia:
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Descripiion of the individual distortion offeets

For convenience, the distortion components in this subsection will be
grouped into several relatively independent effects:

a. multipath considerations (satellite transmitter channelizing filter selec-
tion),
- TWT nonlincarities resulting in RF intermodulation products,
crosstalk considerations, and
d. adjacent channel interference (balancing of in-band and adjacent
channel effects).

o o

Muitipath. The dual path under consideration is shown in Figure 28.
The basic procedure for evaluating the distortion consists of computing
the desired (intended path) vector and adding it to the unwanted (adjacent
channel) vector. The resultant vector across the band of interest gives the
channel amplitude response. Differentiating* the phase response with
respect Lo frequency makes it possible to obtain the group delay. In this
case, with the unwanted path length independent of the desired path
length, the computation has been performed for initial mid-band phase
differences of 0° to 360° in increments of 30°,

To optimize the INTELSAT 1v satellite, the following constraints were
assumed at the beginning of the study:

a. no more than 21 microwave cavities per channel should be used
for the input filter, output filter, and input filter cqualizer because of
weight budget limitations;

b. the center-to-center spacing between channels should be 40 MHz,
with full communications performance over the center 36 MHz for an
arbitrary mixture of RF carriers; and

c. the loss in the output combining network {multiplexer) should be
no more than 0.5 dB,

An examination of microwave filters potentially capable of meeting the
gain slope requirements (typically 0.01-dB Tchebycheft filters) leads to the
foliowing initial configurations:

* High-resolution differentiation may be performed efficiently on a digital
computer by computing a set of phase values typically every 100 kHz, determin-
ing a corresponding second set of phase values displaced by 1 kHz from the
first set, and then forming #w) = A¢ /Aw,
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4. For realizable unloaded Qs of 7,000 to 10,000, the loss in th.e
output section can be met with six sections or less. Two output multi-
plexcrs and antennas (one sct for even channels and onc for odd. chan-
nels) are required to suceessfully combine the required output with the
sefectivity available from 6-pole filters. Initial computations of re-
quired intermodulation product suppression in thi? adjacent channel
indicated that the output filter should have six sections.
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b. Again, based on unloaded Qs of 7,000 to 10,000, the rate of
attenuation at the band edge of the adjacent channel reaches the point
of diminishing returns for filters with 9 to 11 sections,

¢. Since elliptic function filters were not realizable at microwave
frequencies in the early stages of the project, only TchebychefT filters
were considered.

d. A minimum of five equalizer poles is required to achieve
equalization over most of the 36-MHz band.

On the basis of these assumptions, a set of multipath calculations was
performed for the two most probable filter configurations:

a. a 10-pole input filter, a 5-pole equalizer, and a 6-pole output
filter; and
b. a9-pole input filter, a 6-pole equalizer, and a 6-pole output filter.

For both input filter configurations, the equiripple bandwidths were set at
15, 36, 37, 38, and 40 MHz. In addition, for each of these cases, the output
filter bandwidth was initially 2 MHz wider than that of the input filter*
(to limit the number of cases studied}, and the equalizer poles were set to
give the best equalization over the center 36 MHz.

The results for the nominal case of a 38-MHz input filter and a 40-MHz
output filter are presented in Figures 29-32. The other cases, which are
summarized in Tables 11 and 12, show that, for each of the filter sets, the
use of a 40-MHz equiripple bandwidth yields a very low inherent group
delay (caused only by the filters) across the center 36 MHz. However, the
multipath contribution (indicated by the spreading of the curves as the
initial phase of the adjacent channel is varied} severely limits the channel

* As previously mentioned, because of initial loss and design complexity
considerations, there is one output multiplexer for the even channels, and another
one for the odd channels. Hence, the diplexer at the output is no longer required
to provide total reflection at the edge of the adjacent channel. Instead, it must
provide “total reflection” of other signals at least one channel bandwidth
(40 MHz2) from band edge.

"The major factor in determining the output filter bandwidth was the tradeofl
between the rapid risc of group delay over the last 10 percent of its equiripple
bandwidth {leading to widening of the filter to facilitate equalization) and the
requirement for attenuating those intermodulation products falling into the
adjacent channel. For the input filter selected, further compulations showed a
broad maximum of system performance, varying slowly with the choice of
output filter equiripple bandwidth.
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TABLE 11. MULTIPATH RESULTS FOR A 9-SECTION TCHEBYCHEFF INPUT FILTER AND A
6-SECTION TCHERYCHEFF QUTPUT FILTER (6-SECTION NETWORK DELAY EQUALIZER) o
Z,
Percent of Additional Group Delay (ns) Gain Slope (dB/MHz) E :
Filter Bandwidths 36-MHz — : — -
(MHz) Bandwidth Maximum Minimum Maximum Minimum g
jas}
70 0.6 —-0.6 0.0354 - 0.0302 Z
Input = 38.9, 80 2.68 2.69 0.14 —0.154 ;,
Output = 41 90 11.1 —11, 0.59 —0.697 - :
100 22.4 —53. 1.9 —4.17 E .
(o] i
70 0.209 —-(.209 0,932 X 102 —0.0135 i ;
Tnput = 37, 80 0.947 —0.947 0.0518 —0.0517 S .
Qutput = 39 90 4.56 —4.6 0.236 —0,267 =
100 18.1 —21.3 1.03 —1.33 E :
[£%]
70 0.0667 —0,0667 —0.161 x 1072 —0.89 » 102 >
Input = 35, 80 0,292 —0,292 0.0198 ~0.0121 §
Qutput = 36.9 90 1.48 —1.48 0.074 —0.883 E
100 8.48 —8.66 —0.314 —1.25 =
!\.}
70 0.0215 —0.0215 —0.114 x 102 —0.349 x 1072 =
Input = 33.1, 80 0.09 —0.09 —0.176 x 102 —0.116 x 10! 5
Output = 34.8 90 0.443 —0.443 0.046 —0.242 x 102 ~
100 5.82 —5.84 —35.25 —5.89 S
(%]

TABLE 12. MULTIPATH RESULTS FOR A 10-SECTiON TCHEBYCHEFF INPUT FILTER AND A
6-SECTION TCHEBYCHEFF QUTPUT FILTER (5-SECTION NETWORK DELAY EQUALIZER)
Percent of Additional Group Delay (ns) Gain Slope (dB/MHz)
Filter Bandwidths 36-MHz
{MHz) Bandwidth Maximum Minimum Maximum Minimum
70 0.266 —0.266 0.025 —0.416 % 102
Input = 389, 80 1.33 —1.33 0.0658 —0.0794
Output = 41 90 6.57 —6.68 0.351 —0.379 Z
100 26.4 —39.2 1.63 —2.66 e
=
w
70 0.0863 —0.0863 0.0127 —0.33 X 102 3
Input = 37, 80 0.0432 —0.0432 0.014 —0.0333 =
Output = 39 90 2.36 —2.36 0.13 —0.128 A
100 12.4 —13 0.685 —0.74 =
2
70 0.0256 -0.0256 —0.224 % 103 —0.302 X 102 tg
Input = 35, 80 0.123 —0.123 0.663 x 102 —0.684 > 102 1‘ §
Qutput = 36.9 90 0.696 —0.696 0.025 —0.0511 P od
100 4,91 ~4.94 —1.06 —1.6 )
w
70 0.769 x 10~ —0.769 X 10t —0.0104 —0.0113 E
Input = 33.1, 80 0,0351 —0.0351 0.643 x 10— 0.26 x 102 ;}
Output = 34.8 90 0.19§ —0.191 0.0428 0.022 Z
100 4.15 —4.15 —8.13 —8.58

oS
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capacity. As the equiripple bandwidth is narrowed, the multipath effect is
reduced, and it becomes more diflicult to equalize across the center 36
MHz. For both filter sets, the optimum bandwidth choice (where inherent
group-delay and multipath effects are approximately equal and their sum
is a minimum) is a bandwidth between 37.5 and 385 MHz, and the 10-
cavity filter yields slightly better results.

Amplitude and phase nonlinearities

For the purpose of discussion, the traveling wave tubes (earth station
HPA, satellite receiver driver, and satellite transmitter} will be assumed to
dominate the nonlinear amplitude and phase behavior of the INTELSAT 1v
systern. *

In general, a traveling wave tube may be represented by cascaded filters
and two nonlinear effects, as shown in Figure 33.1 Since the nonlinear

INPUT OUTPUT
FILTER A vs Py VouT ¥ Vin FILTER

Figure 33. Simplified Model of Helix TWT

element (the beam interacting with the helix) has a bandwidth which is
much larger than the possible rates of change of the envelope, the non-
linearities are assumed to be memoryless and are represented by a series
expansion. To choose a series expansion, several factors were considered.
First, the series approximation of measured single-carrier behavior should
provide high accuracy over the range of output drive from zero to the
drive required for saturation, reasonable accuracy for inputs up to twice
the drive required for saturation, and bounded valucs {for which the mag-
nitude of the computed value should not exceed the saturated value) for
inputs from twice to at least four times the drive required for saturation.

* Detailed measurcments of individual circuits have shown that C/I contribu-
tions of the 6- and 4-GHz TDAs in the satellite receiver may not be neglected.
However, the bandwidth of the nonlinear element (the diode) is large enough
so that the instantaneous (memoryless) modeling developed for the TWTs
may also be used to predict their low-level nonlinear performance.

T The present state of the art in traveling wave tubes makes it possible to
omit the filters in the case of the satellite tubes, and to reduce them to input and
output linear slopes for a majority of the HPAs,
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Second, the series selected should be suited to efficient solution by com-
puter and should typically yield closed-form algorithm solutions.

Amplitude Nonlinearity, As shown in Figure 34 and Reference 16, the
amplitude noniinearity is characterized by

€ous = €1 8N {@e;,) + ¢4 sin Caegy)
- ¢ 8in (3ae;n) + ¢ sin (Sae;,)

where the coefficients are determined graphically from the measured
single-carrier data.

TRIAL 1 NC EVEN-ORDER TERMS

TRIAL 2 BOTH EVEN-& QDD-
ORDER TERMS

NOTE:

TRAIAL 2 FINALLY SELECTED
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Figure 34. Instantaneous Voliage Transfer Characteristic

For the general case of an arbitrary set of inputs,

Ein = ; A,‘ sin [wit -f—fyb, dt]

where A; = amplitude of the ith carrier
w; = center frequency of the jth carrier
¥: = rms value of the frequency deviation when the RF carrier
is modulated with a noise-like baseband signal.

f

The output, e,,.,, may be written as

Loyt = CISin [le ZA: Sil'l w,-!-i—fl}/,-dl‘:' + PR

i=1
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The output of any terms may be obtained by appropriately manipulating
the subscripts; i.e.,

et = k1 2, ; 3. Zd) JolaAy) - Jolods)
Jads)y .. Slady)
-cos [(awy + bwy + cws + ... dwa)t
+ [ dil+ ...

where ¢, = V(agn)? + (bo)? + (s + . . - (@)

in the case of high-index noise modulation. If the ith subscript is assumed
to be 1 (and all others are assumed to be 0), the useful power outpqt of the
ith carrier may be computed. Similarly, if the remaining subscripts are
appropriately evaluated, all of the output products can be computed. For
certain applications with small numbers of carriers, the useful power out-
put and product heights are utilized directly. However, in the general mul-
ticarrier case, it is desirable to use an appropriate algorithm to further
process the products before the computer prints out the final v-alues. _
For the INTELSAT Iv multiple-carrier computations, the following sorting

modes have been provided:

a. classifying product types, with options to compute or neglect (see

Table 13),
b. sort/store by frequency,
product spreading caused by modulation, and
d. coherence between products [19].

e

TABLE 13. CLASSIFYING ProDUCT TYPE

Subscript Forms Type
1,000,...,0 1st-Order Desired Carrier Qutput
2,1,00,0,...,0 3rd-Order A*B Intermodulation Product
1:1,1,0,0,0, ..., 0 3rd-Order ABC Intermodulation Product
1,1,1,1,1,00,.. ., 0 5th-Order ABCDE Intermodulation Product
2,2100,...,0 5th-Order A3B2C Intermodulation Product
3.1,100,...,0 5th-Order ASBC Intermodulation Product
3,200,....0 5th-Order A®B? Intermodulation Product
4100,...,0 5th-Order A*B Intermodulation Product
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In the sort/store by frequency mode, the 500-MHz communications
band is subdivided into 5,000 cells. For each product type, an al-
gorithm gives the frequencies of the product {i.e., an A% A4, product falls at
|2w; — «;]), enters the product into the appropriate cell, and keeps a run-
ning power total for each of the cells. A plot of the total in the cells yields
the intermodulation density.

In the case of FDM/FM telephony (sorting mode ¢), the spectrum of an
RF carrier is approximately Gaussian, with an rms value cqual to the
rms deviation of the baseband noise load.* For any product of the form
AT AL (rigorously obtained from the multiple convolution of the carriers
comprising it), the spectral shape will be Gaussian with an rms index given
by

g = (I'.‘r’.!c.r.i)‘ZZ -+ (na';,):' e (pr:rk)ﬂ.

The spectral density of cach product is computed, and the portion fall-
ing into each frequency cell is entered into the total of that cell (sorting
mode b).

It should be noted that, for other forms of modulation, the spectral
shape must be computed only once for each product type; it can then be
stored as a “library™ function.

If a significant number of carrier pairs have instantaneous difference
frequencics that are smaller than the baseband widths of other large car-
riers within the multiple-access community, the fourth sorting mode
should be used to properly interpret the intermodulation noise density
when deriving the resulting baseband (detected) noise spectrum.

For FM carriers, products having the formt w; 4 (v, — w) = w; 4+ Aw
will appear as an amplitude modulation about «,. If Aw is less than the
Carson’s Rule bandwidth of «,, the product pair is discarded. On the other
hand, if Aw is greater than the Carson’s Rule bandwidth of w;, then each
of the individual terms will appear as an unrelated intermodulation product
about some other carrier; each term must then be retained and added ({in
power) to the appropriate cell (sorting mode b).

* To compute the spectral density of the intermodulation products, the Gaus-
sian appreoximation is sufficiently accurate for the range of rms indexes
encountered by the INTELSAT Iv system.

T For most cascs of interest, only ABC products are significant; fifth-order
products may be neglected entirely.
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Phase Nonlinearity, The single-carrier phase nonlinearity curve is shown — |
in Fi i i e series [17
in Figure 35. The curve is approximated by th [17] | 4
d} = kl[l - exp(—kZPin)] + k3Pin N
E 400 ______._-—-—-'x——-—"'_!
& B e
where ki, ks, ks = tube constar_lts :
P;. = normahized input power g
¢ = relative phase shift. T o )
s SINGLE-CARRIER SATURATION = O dB
' - g X MEASURED
i i set of input carriers, s |
With an arbitrary p z 20 4 COMPUTED Ky = 0372 Ky = 614 Kz = 027 .
> ! * o COMPUTED 0602 354 0.0524
Cin = E Aj; cos w; 100/ o COMPUTED 0458 4864 0.0 ]
B ‘KaPin
p=Ky {1 -¢ )+K3PlN
The squared envelope is given by . | ‘
—=16 —19 -5 0 -
1 5 3 Py ldB }
feaD = 2. A} +2 2 2. Ardicos (wi— wit e,
/AN
i=1 I=1 k=1

leading to output terms of the form

—~1

p 2 F.. +e
eme= 2. A2, 2 Il 2 Jeulomw)
i=1 i

=1 k=41 m=1 pan=—"

-cos [wi + mnmm(w; — wk) 1}

P
where amix = 2k, exp (—k2 ;=21 A’i.)
ksdidim =1
T2k A1 Ay + 0, m = 1

As in the case of the AM nonlinearities, sorting modes a through c, listed
iously, are used.
pr;v;(r)u;hsgse nonlinearity, sorting mode d is altered as follows. Pr.ocsl‘?lf‘;c:
of the form «; + Aw produce coherent phase mgdulat.lon a!olc)Et wgded o
the output of the computations is a spectral density whxch' wil It: a -
other noise densities during the course of system computations, t ; p o
value is doubled (in power) before it is added to the tgtals in the (; o
Aw < Carson’s Rule bandwidth of w.. Then, the amphtude interm
tionndensity and the thermal noise density are added in powe;.b i hase
Subsequent work in this area has shown. that the effccts 0l c:] Onﬁnear
and amplitude nonlinearities can be derived from a single

Figure 35. Measured and Computed Phase Shift Transfer Function

transfer function expanded as a series with complex coefficients. This
characterization has resulted in a unified formulation which allows
convenient sorting for coherence relationships, and direct computation of
baseband noise for a variety of modulation types. *

Crossialk computations

In multicarrier FM systems, crosstalk results from a sequence of two
phenomena: first, an amplitude response which varies with frequency,
producing amplitude modulation coherent with the original frequency
modulation of an RF carrier (FM/AM transfer) ; and secendly, a coherent
amplitude modulation, which phase modulates all carriers in a subsequent
traveling wave tube amplifier exhibiting AM/PM conversion,

For those cases in which the gain slope is smail and may be characterized
by a linear coeflicient (in dB/MHz), and the phase shift vs drive may be
represented by an average conversion coefficient (in deg/dB), accurate
results may be obtained from Reference 20. However, several cases of in-

* This work will be reported in a forthcoming paper.
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terest in the INTELSAT 1v system required further refincment. For example,
in the satellite transmitter (and again in the earth station transmitter), sig-
nals intended for channel If were slope detecied on the skirt of channel I,
producing coherent AM components and crosstalk in channel 1, In this
case, the usc of an unmodified gain slope (in dB/MHz) resulted in grossly
inaccurate predictions of the AM produced in channel 1. As a second
example, when two or more carriers were located within one input filter
bandwidth, the carrier near band edge experienced a high-order unsym-
metrical gain slope because of the filter’s finite untoaded Q {and consequent
rounded corners). In this case, the use of either an instantaneous gain slope
or an average chord would yield predictions of the coherent AM
component that may be in error by as much as a factor of 2 to 5.

In addition, when there is a wide variety of carrier combinations, the
use of an average AM/PM conversion coefficient results in a poor correla-
tion between predicted and measured results. The latter problem is readily
overcome¢ (once the AM component is known) by using the phase non-
linearity scries described previously™ to directly compute the one term of
interest.

To compute the resulting AM component, a test tone inserted into the
top baseband telephone channel is represented by a pair of low-index side-
bands about the carrier. The remainder of the multiplex signal (having an
average frequency lower than that of the top baseband signal) is assumed
to be a low-frequency slewing signal with a Gaussian probability density.
To provide computational assistance, a program has been written to slew
the carrier and sideband pair across a given fiiter respense (one of the
program inputs) in small increments. For each position, the imbalance in
sideband heights is resolved into an AM component and multiplied by the
probability that the carrier is in that position (determined from the Gauss-
ian statistic of the noise toad). The probabilistic weighted sum over all
positions gives the average AM component that would cause crosstalk
into another 4-kHz voice channel.

Experimental verification of this model, detailed in the following, indi-
cates good agreement with theory over a large range of rms indexes (> 0.5),
gain slopes (> 0), and locations on the filter curve.

* To simplify the computations, the AM component is represented at the input
to the phasc shift program as a small carricr next to the AM producing carrier;
the spacing is set to yield the desired rate, and the height of the small carrier is
sct to yield the desired AM index.
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Verification of the erosstalk model

Theoretical Model. Figure 36 is a 2-block model used to represent the
satellite repeater, The first block of Figure 36 contains the amplitude and
group-delay frequency response of the communications path up to the
input of a TWTA. The second block models the AM/PM conversion
exhibited by a TWTA or other active device.

INPUT ouTPUT
PASSIVE NETWORK TWT
AMPLITUDE FM—AM AM—PM
CROSSTALK! \I ! \ @
_ CROSSTALKING N &
CARRIER - I .
< /\/\
-
o
O " FREQUENCY {NPUT_POWER

_ WANTED CARRIER
" OTHER CARRIERS

Figure 36, Model of a Satellite Repeater

In this analysis, the crosstalking carrier bears a multicarrier frequency
modulation, the wanted carrier is an unmodulated carrier, and other car-
riers (with arbitrary angle modulation) are inserted to achieve the actual
operating conditions for the TWT characteristic. The intelligible crosstalk
originates from a baseband channel on the crosstalking carrier and is trans-
ferred onto the wanted carrier. In this case, only the crosstalking carrier
must pass through the FM/AM conversion block of the model. The wanted
carrier and the other carriers are injected at the input of the AM/PM
converter so that any frequency response in their path may be neglected.

For this analysis, intelligible crosstalk is defined as a performance re-
quirement specified in terms of the ratio between wanted and unwanted
levels of a sine wave test tone inserted into the baseband channel of in-
terest. The actual level used to represent an average talker is not significant
in the computations; however, this level must be taken into account when
comparing experimental results measured with an NPR test set with theo-
retical predictions referenced to a 0-dBm0 test tone.

It is well-known that the intelligible crosstalk increases proportionally
with the baseband frequency. Therefore the worst case can be expected to
occur at the high-frequency end of the baseband spectrum of a multichan-
nel signal. For system performance evaluation, the worst case is usually of
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interest; consequently, the frequency of the test tone can be restricted to
the high end of the baseband spectrum. This restriction leads to a signifi-
cant simplification of the analysis; i.e., the test tone can be represented in
the RF spectrum by a low index modulation, and the noise loaded base-
band including the test tone can be represented by a high index modulation.
Figure 37 shows the baseband and RF spectrum for this situation.

For clarity, the analysis has been divided into two parts. The first part
follows the path through the model for the simple case of a single tone-

SINE WAVE
TEST TONE
[
w
g NOISE NOISE
a
fm Tt FREQUENCY
BASEBAND SPECTRUM ——{ l=—4 kH:
GAUSSIAN CARRIER AND SIDEBANDS
DUE TG TEST TONE AT
|/A GIVEN INSTANT IN TiME
] |
w
g | |
[o]
i I | ]|

l__H FREQUENCY
fm fm

RF SPECTRUM

Figure 37. Baseband and RF Spectrum Representation of
Crosstalking Carriers
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modulated crosstalking carrier. The second part leads to an equation which

allows computation of intelligible crosstalk for the noise foaded case.
Consider a crosstalking carrier modulated by a sine wave of frequency

fom» where 3, is the modulation index. In the time domain, this can be

expressed as
+

Ao 2 Ju(B0) - cos 2x(fe + nf) t (10}

=

where A, is the carrier amplitude and f; the carrier frequency.

The carrier and sidebands described by equation (10} will be modified in
accordance with the transfer characteristic of the passive network at the
particular carrier and sideband frequencies. For the simple case of a car-
rier with only two sidcbands and a passive network with amplitude re-
sponse G(f) and constant group delay, this process is shown in Figures 38
and 39. After passing through the amplitude response G(f), the carrier
and its sidebands will have new amplitudes:

carrier amplitude = A,- G(f.)
upper sideband amplitude = A,- G{f. + f.) - J(8) (1)
lower sideband amplitude = A4,- G(f, — f.)- ~(8.)

where it is assumed that Jy(3.) ~ 1.

Q.5 |-

AMPLITUDE, Gt}

AMPLITUDE
SPECTRUM
AFTER
PASSIVE
NETWQRK

fo fmfefe * fm FREQUENCY

—

Figure 38. Amplitude Response and Spectrum at Output of Passive Network
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Figure 39. VFector Diagram of the Crosstalking Carrier

AM is

It is apparent that the sidebands become unbalanced s;) (;[hiz;t opon

nerated. In this simple case, the amount of A.M genera ehiCh pCan -
%i?)nal to -the amplitude difference of the two sidebands, w

12
expressed as A, 18D (12)

here D = [|G(f. + fu) — G(f. — f)]]. The AM index can be obtained by
:iv(i:;‘iang equatim: (12) by the actual carrier amplitude, i.e.,

()
= G

m D. (13)

/ :rter, ampli-
On the crosstalking carrier in the subsequent AM{ PM con:}c{gtonly Copm-
tude modulation or envelope fluctuations cphcrent with f, a;e e
L;ncnts of interest. The crosstalking carrier at the output o
Eetwork can therefore be expressed as

A G 4+ m cos (2nfut)] -sin 2nf.t. (14)

arri to the
i ier, the wanted carrier, and other eve:ntual carriers are fzg o
AM fl;"iTMf (;nverter The AM on the crosstalking carrier then }%]VAM/PM
C . ) =
gll\\d{/at the same rate on all other carriers passing through the

converter.

modulation index of the interfering PM on the wa

where 3, is the modulation
the wanted carrier. In satel]
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For clarity, the pertinent results of Reference 18
the following. Assume that there are three carriers, described by their

amplitudes 4,, A,, As, and their frequencies £, fa, fa, at the input of the
AM/PM converter. For illustrative purposes, also assume that N < f
and /> 2= f,. After the AM/PM converter, carrier 4, will beay sidebands at
the rate of {f, — JS3|. Each sideband will consist of two components; j.e.,

will be summarized in

SB = v K2k he o) [ (2ky dy ) 4 2k AoAy)
CCOS2r[fi — (fo — SO
+ s K 2aeFarid [0k, 4,4,) 1 ks di )
1 €08 2n(fs + (f; - fi) ]t (15)

where k1, k., k, are constants characterizing the AM/PM converter, P,
is the input backoff (input power to the AM/PM converter normalized
with respect to the saturation power), and Z, A= p,,

For this part of the analysis, the AM on the crosstalking carrier can be
represented by a carrier whose amplitude = A.-G(f.) and one sideband
whose amplitude = AS 1B D, If these amplitudes are substituted into

equation (15}, the amplitude of the PM sidebands generated on the wanted
carrier is

SB = A Ji{2ket—4ar L2k A3G L) Jy(8.) D]
+ 2Kk:342G(f) L8, D3
T AS(B.) D-Jy{ 2o —F2p Ni[2k2A4.G( f,) A,]
+ 2k:4.G(f) A,] . (16)

This PM sideband amplitude will be much smal

ler than the wanted carrier
amplitude, 4,,. There

fore, the approximation Ji{x) = x/2 is valid and the
nted carrier is
4 (17

The crosstalk ratio for this simple case can now be calculated ag

IXTR (single-tone FM) = 20 log ‘gi (18)
index of a similar test tone of frequency £, on
ite systems, 8, and B. may or may not be the
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same. For example, for a 432-channel carrier crosstalking inte a 252-
channel carrier, the highest f,, of interest is obviously that of the 252-
channel carrier, and depending on pre-emphasis, 3. 7 Bu-

For the general case of a noise loaded baseband, the same procedure
will be followed. The baseband of the crosstalking carrier is as shown in
Figure 37. If the quasi-stationary FM model is used and a Gaussian
probability density is assumed, the RF spectrum can be written as

1 — )
SU) = 5 Fomer X {(gf?m{:) }
+a
. H=Z_w A (B2) - cos 2x(f, + nfm)t (19)

where fm, is the rms deviation of the crosstalking carrier.

In a practical situation, the passive network given by the amplitude and
group-delay response may contain sharp filters. Hence, if a polynomial
representation is used, several higher order terms will be required.

The approach presented here uses directly measured responses. The
envelope of the crosstalking carrier will contain a broad spectrum after
passing through the passive network. For calculations of intelligible cross-
talk, the envelope components at rates of f,. and integer multiples of f.are
of interest, and a Fourier series is an adequate representation. Since the
energy of the crosstalking carrier is spread out over a bandwidth approxi-
mately equal to the Carson’s Rule bandwidth, the coefficients of the
Fourier series are functions of the instantaneous carrier frequency. This
Fourier series can be pictured as a carrier amplitude modulated by a time-
varying complex wave with a fundamental frequency Jm All other envelope
components may be neglected.

The amplitude modulated carrier, wanted carrier, and other carriers are
fed to the AM/PM converter. At the output, all carriers will bear a
similarly complex wave phase modulation, which, after demodulation, will
result in a baseband complex periodic wave. The phase modulation side-
bands on the wanted carrier can be calculated according to Reference 18,
regardless of any angle modulation this carrier might bear before entering
the model. The complex wave at baseband can be developed into another
Fourier series, in which the coefficient of the fundamental represents the
instantaneous amplitude of the crosstalking signal. A time average of this
amplitude can then be calculated and compared with the level of a similar
test tone on the wanted carrier, and the intelligible crosstalk ratio can be

determined.
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.For engmeer.ing purposes, this process can be simplified considerably
w1thc3u§ appreciably degrading the accuracy of the results. First, the series
describing the angle modulation of the test tone on the crosstalk’ing carrier
may be t.runcated so that only one pair of sidebands is considered. i.e
n= 41 in equation (19). Hence, a Fourier analysis of the envelope c;f l;h:;
crosstalking carrier after the passive network is no longer necessary, Al-
though‘ the AM of interest is still a complex wave, the amplitude oi‘ the
first pair of.AM sidebands can be calculated by using equation (11). This
approximation is valid for 8. <« 1. (For 8, = 0.9, the amplitude error is
1.5dB; for 3. = 0.6, itisless than 0.7 dB.)

in addi?ion, since experimental data indicate that, in practical networks
such as microwave filters, group delay is only a minor worst-case contribu-
tf)r to_ the FM/AM conversion, it can usually be neglected. As a further
simplification, the series describing the complex periodic AM wave ma
be tfuncated. Omitting the higher order (2f,, 3f,., . . .) AM sidebands doe);
not introduce any significant error, at least for all practical cases of interest
Since the transfer from AM to PM is small in practical communications.
systems, this approximation makes it possible to calculate the PM side-
bands on the wanted carrier by using an expression similar to equation (16)
A Fourier development of the wanted carrier’s complex periodic wave at‘
baseband is no longer necessary, and the time average can be taken direct]
on the PM sidebands. As a result of these three simplifications, the time{

averaged PM sideband amplitude on the wanted carrier can be expressed
as

_— 1 + o
SB = Vo Fom fms,;f [Awh{Zkle(—ksz).11[2k2A%G(f) Ji(B.) D]

— w

+ 2k A2G(f) J(B.) D} + A(B) D
[ 2ke TP L2k A G(f ) 4] 4 2ksAGf) Aw}]

. U~ £
o = {52 ar (20)

The intelligible crosstalk ratio can now b i

! ¢ calculated b -
tions (17) and (18): Y s ean
2SB

wHw

IXTR = 20 logy,

o2y,

This equation,.wthich has been slightly modified by using a finite sum of
samples at equidistant frequeneics covering the Carson’s Rule bandwidth
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has been programmed on a digital computer. The spacing between samples
is selected according to the frequency-response of the passive network.
Equation (21) describes the most common process involved in the gen-
eration of intelligible crosstalk in satellite repeaters. Actually, inteiligible
crosstalk can also be produced by more elaborate processes. An example
that has been observed experimentally is as follows. Assume that a non-
linear amplifier passes two carriers at f1 and f5, generating a third-order
intermodulation product at 2f; — f3 This product falls on a steep ampli-
tude or group-delay slope of a passive network following the amplifier.
It can be shown that, at the output of this passive network, the inter-
modulation product contains amplitude modulation coherent with the
frequency modulation of both f; and f;. Amplifying this intermodulation
product and one of the two carriers in a subsequent AM/PM converter
will result in intelligible crosstalk. This process can be calculated by
modifying the model described here to achieve a 3-block model.

Comparison with Previous Results. The intelligible crosstalk ratio has
previously been calculated by Chapman and Millard [21]; Le.,

IXTR = 20 log 2KiA%gf

where K, is a tube constant related to the phase shift and the input power
of the TWT by their equation (56):
K, P‘i'n
b=y (22)
A? is the power of the crosstalking carrier referenced to single-carrier
saturation, g is the gain slope defined by

Gf—f)=1+g—-h (23)

and f,, is the baseband frequency under consideration.

It can be shown that Chapman and Millard’s result is a special case of
the foregoing analysis. If the operating range of the TWT is restricted to
low input power, and small signal approximations are used, both results
become identical.

For low input power, it can be assumed that J () = x/2, I(x) ~ x/2,
and exp — (koPin) = 1 in equation (20). Furthermore, according to Refer-
ence 18, the phase-input power characteristic of a TWT can be described as

¢ = kil + ek 14 kaPi (29
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which, for P, < 1, reduces to
¢ = (kika + ks) Pin . (25)

A comparison of equations (22) and (25) indicates that

K,

k1k2 + k:l. = _2_ . (26)

These approximations can be used to simplify equation {(21) as follows:

2 T KALALGUf) BB D-exp — {(f_?ff)z} dr

IXTR = 20 10g10 ‘\/27} y B f 2frm.w:

27)

Assuming a linear gain slope as in equation (23), where f — f1 = f. and
G{(f) ~ 1, makes it possible to simplify equation (27}:

Bu

1 + = _ 2
' vszm.f,m P = {(szﬂmf_)1 4 28)

IXTR = 20 lng

The integral with the preceding factor 1/+/27 fi.., is equal to 1. With
further simplification, equation (28) can be expressed as

2
IXTR = 20 logy, Z—Kl’fgﬂgf’"m . (29)

W

For equal modulation parameters, equation (29) can now be reduced to
vield the result of Chapman and Millard.

Experimental results

The objective of the experimental work was to verify specific parts of the
model for which a correlation between experiment and analysis had not
vet been established instead of using a baseband-te-baseband measure-
ment of intelligible crosstalk to verify the overall model. Such an overall
crosstalk measurement presents many possibilities for error that cannot be
recognized as easily as in a part-by-part verification of the model.
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Since the validity of the model for the AM/PM conversion mechanism
had already been established, the experimental work concentrated on the
first part of the model, the FM/AM conversion. The first objective con-
sisted of matching measurements and computed predictions of AM at the
output of a linear network. For convenience, the AM index was measured
for three values of 8. The test object was a filter characterized by
the measured responses shown in Figure 40. A carrier was frequency
modulated with a single tone at 100 kHz and fed through the filter; the AM
index was then measured at the output of the filter. The resulis for three
modulation indexes (Figures 41-43) show excellent agreement with com-
puted data. These computations included up to seven pairs of FM side-
bands, and both amplitude and group-delay responses. The AM index was

—

LOSS (dB}

|
67 68 69 70 71 72 73 74
FREQUENCY (MHz)

Figure 40. Frequency Response for 5-Pole, 5-M Hz, Elliptic Function Filter
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Figure 41. AM Index for § = 0.5

obtained from a Fourier evaluation of the envelope at the output of the
filter.

Omitting the group delay in these computations affected only the AM
close to the sharp dip occurring around 70.4 MHz; where the AM index
peaks (for instance, at 69.7 MHz and above 71 MHz), no appreciable
group-delay effect could be detected.

These single-tone measurements were used as a basis for two of the
approximations made in the analysis. Another assumption used in the
model, namely, the assumption that the test tone is represented by a low
index modulation and the noise loading by a high index modulation, was
verified as follows. A carrier was frequency modulated by a 1002-kHz sine
wave with an index of 0.14, and a triangular wave with a peak deviation of
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Figure 42. AM Index for § = 2.0

+3 MHz. (The triangular wave was chosen because it has a constant
probability density so that the RF spectrum of the modulated carrier can
be easily calculated.) This composite signal was fed through a 10-section
TchebychefT filter with the carrier placed close to the sharp dropoff in am-
plitude response. The triangular wave frequency could be varied from 20
to 100 kHz without appreciably changing the AM index measured at the
output of the filter.
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Figure 43. AM Index for § = 4.0

Next, noise loading was measured for a 252-channel carrier using
standard parameters and a 1002-kHz test tone. The modulated carrier was
fed through the same 10-section filter used previously, and a weighted AM
index was measured at the output of the filter and compared with com-
puted data (Figure 44). The computations omitted group delay and in-
cluded only one pair of FM sidebands on the carrier. The weighted AM
index was computed as follows:
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_ _hiBo e {(f_ﬂ)tz}
M= = eXD — L ar
'\/271' frmsc — = D exp 2f3msc df (30)

To verify that the probability approach to the problem was correct, the
noise baseband spectrum width was varied from about 252 kHz to above
2 MHz, while the rms deviation was kept constant. The modulation index,
M, varied less than 4-0.5 dB over this range.

These measurements complete the verification of the first block of the
model. Additional corroboration was obtained from a baseband-to-base-
band measurement of a 132-channel carrier. The test setup, the measured
filter response, and the computed intelligible crosstalk ratio are shown in
Figure 45, Discrepancies, caused by an imperfect test setup, occur in the
case of low crosstalk. In addition, the measurement accuracy for cross-
talk ratios greater than 70 dB degrades very rapidly because of noise,
Otherwise, the agreement between predictions and measurements is
considered to be good.

Adjacent channel interference

Adjacent FDM/FM telephony channels are characterized as shown in
Figure 46 [14]. At the output of the desired channel reccive filter, two effects
are noted. First, there is a spectral density caused by modulator 2 (modified
by filters Gr and Ggp.) at the output of Gyp. It can be shown that, after
demodulation, the resulting phase noise at baseband is given by the con-
volution of the desired spectrum with the residual adjacent channel spec-
trum (both referenced to the output of Gyp). The only restriction on this
derivation is that the instantaneous complex amplitude of the desired
carrier must always be greater than that of the interfering carrier.

Secondly, when viewed in the time domain (i.e., at output R,) with a
detector having a video bandwidth ~10 times greater than the top base-
band frequency of the interfering modulation, M., the instantaneous am-
plitude of the waveform caused by M, is greater than the amplitude of the
waveform caused by the desired modulation, M, for short random time
pericds. This random impulse interference was the limiting factor in the
guardband and filter requirements determined for the cascs of interest in
the INTELSAT IV system.

It can be shown [14] that the rate of impulses is

rate = [ T NE = £ () pLAS) < AS)TdS”
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where F, = center frequency of the desired carner

f’ = frequency variable of integration
P(f") = probability density [or the interfering carrier at
frequency f*
PlAp(f) < A{f"}] = probability density when the amplitude of the
desired carrier is less than that of the interfering
carrier and the interfering carrier is at frequency f.

In a bandwidth-limited mode, the system capacity increases in proportion
to the useful bandwidth. To increase the useful bandwidth while maintain-
ing the impulse interfercnce at an acceptable level, all adjacent channels
should have transmit filiers with very high rates of attenuation for the
initial 10 to 15 dB, and bandwidths as narrow as possible without distorting
the modulation in the adjacent channel. Companion studies [I5] have
shown that elliptic function filters with up to seven poles may be used at
intermediate frequencies (typically 70 MHz) before the achievable un-
loaded Qs begin to limit the achicvable rate of attenuation. It has also
been shown that these filters may be group-delay equalized over their full
equiripple bandwidth.

For the case of interest, the residual ripple component of group-delay
was set to contribute ~100 pWp to the overall noise budget, and the per-
formance limit was determined by truncation noise caused by the abrupt
attenuation at the filter band edge. In the adjacent channel interference
study, the filter characteristics (summarized in Table 10) were set to
balance the in-band impulse effects caused by truncation noise against the
impulse effects caused by the adjacent channel.

For the entire range of parameters in the INTELSAT Iv system, the con-
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cept of instantaneous frequency was used to predict the number of
impulses. In addition, a phase-lock loop was modeled as a single-pole
tracking filter (whose bandwidth was set approximately equal to the closed-
loop bandwidth of the receiver), and a statistical distribution of center fre-
quency was determined from the modulation statistics. The validity of this

= modeling for engineering purposes was confirmed by the accuracy with
. = 2 = which the modeling predicted the onset of impulses as the adjacent carrier
25E@ ‘5\ 2@ 28>0 and its transmit filter were translated in frequency toward the desired
“EE % Fa carrier and its receive filter, and the statistical improvement offered by the
= use of a threshold extending receiver that could be logically characterized

as a “narrow” tracking filter (see Figures 47 and 48).
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Transmission simulations

N. K. M, CHITRE

Puarpose

The individual mathematical models which adequately define the trans-
mission impairments have been described in the previous section. How-
ever, it was necessary to ensure that the individual impairments were
properly added before predicting the overall degradation. It was therefore
deemed prudent to perform a transmission simulation of the INTELSAT 1v
communications system during the summer of 1970 to confirm its ability
to meet the predicted performance requirements and to support the traffic
for which it was designed. Additional objectives of the simulations pro-
gram were to investigate the range of operating parameters over which the
system could meet its performance objectives and to generate overall
systems models.

Test plan and simulation setap

In the overall system noise budget, thermal noise is the major compo-
nent. Therefore, in an overall system test, all other impairments will be
masked by noise and only gross errors in transmission modeling will be
detected. Hence, this simulation has emphasized the importance of isolat-
ing and measuring the individual impairments through the INTELSAT 1V
transponder before performing the overall tests. The transmission impair-
ments can be classified, as shown in Table 14, according to whether or not
they are produced in the satellite, whether or not they are generated by one
transponder in use, and whether the linear or nonlinear transfer charac-
teristics of the transponder are involved.

Simulation Test Setup. An engineering model of the transponder
assembled by the RF Transmission Laboratory at COMSAT Labs was
used for this simulation. The transponder assembly basically consisted of
one quadrant of the INTELSAT IV communications platform. In addition
to the common low-noise receiver and driver TWT, it had three output
TWTAs and associated filters. The three transponders were tuned to

N. K. M. Chitre is Manager, Systems Sinudation Department, Systems Division,
COMSAT Laboratories.
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TABLE 14. TRANSMISSION IMPAIRMENTS

Satellite
Transfer - —
Charac- Single Two Out of
teristic Transponder Transponders Satellite
Thermal Noise Multipath Group- Thermal Noise
Linear (up-link) Delay Distortion {down-link)
Group-Delay Adjacent Carrier
Distortion Interference
Intermodulation Adjacent Transponder
Intermodulation
Nonlinear Intelligible Intelligible Cross-

Crosstalk

talk (out-of-band}

(in-band}

channels 2, 3, and 4 of the INTELSAT 1v frequency plan. A command con-
sole, which allowed external control of the gain settings, and transmission
configurations of the transponders compleied the assembly.

Simulation Equipment. The transmit side simulation equipment is shown
in Figure 49. It was capable of generating and combining up to gight up-
link, crystal-controlled carriers in the 6-GHz band. The level of each car-
rier was individually controlled and the total level of the carriers could be
set by a separate control. Three of these carriers, which were generated by
using standard carth station modulator up-converter chains, represented
high-quality “wanted”” and “interfering” carriers. The other five carriers,
which were generated by directly modulating solid-state RF sources with
bandlimited noise, represented the “loading™ carriers.

On the receive side (Figure 50), two parallel receivers were available;
both receivers were standard earth station down-converter demodulator
chains. A calibrated 1F noise generator was used to insert the down-link
equivalent noise for the overall NPR tests.

Frequency plans

For the FDM/FM tests, two representative frequency plans, each in-
cluding the associated spot- or global-beam operating parameters, were
used during the simulation. Figure 51 shows the carrier arrangements
chosen for the two plans. The baseband frequencies, multichannel and
test-tone deviations, and relative carrier levels, listed in Table 15, were in
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Figure 49. Simularion Fquipment, Transmit Side

af:cordance with the INTELSAT Iv transmission standards. The complete
v1deo‘reference link, with its associated audio and return audio channels
was simutlated in accordance with the third frequency plan given in Tabli;
15. Pre-emphasis and de-emphasis nctworks were in accordance with
C.C.LR. rec. 2751 [22] for FDM/FM tests and C.C.LR. rec. 405, curve
B, for video tests [23]. ’
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Results of measuremenis

In-Band Intermodulation Products. RF Levels. To locate the frequencies
and normalized output levels of the third-order intermodulation products
(and some of the larger fifth-order intermodulation products) generated
in the output TWTA, the unmodulated input carriers were inserted at
the correct relative levels. Figure 52 shows the output spectrum, referenced
to the output level of a single carrier at saturation, for the frequency
plans of simulations 1 and 2. The levels of the output carriers and the
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FREQUENCY PLAN: SIMULATION 1, INFUT BACKOFF = 6 dB

intermodulation products were measured at various input backoffs and CARHIEﬂﬂj M I B c o €
compared with the levels predicted by using a computer program based 0 iy ' '
on the principles included in the previous section. This comparison, shown
in Figure 53, indicates a close agreement between the predicted and mea-
sured levels of all carriers and intermodulation products except those at
levels which were too low to measure accurately.

Baseband Distortion. To evaluate the baseband distortion produced by
intermodulation products generated in a TWTA operating in a multi-
carrier mode, an overall system model was assembled by using the prin-
ciples outlined in the previous section. The inputs to this model were the
frequency plans and transmission parameters of Table 15, and the outputs
were the NPR and baseband noise (expressed in pWO0p) in the top slot on
each carrier. The calculated distortion for the simulation 2 frequency plan
at nominal operating levels is indicated in Table 16,

In is interesting to note that the distortion is distributed quite unevenly
and that carrier A in the global-beam configuration has very little dis-
tortion. The latter effect is partly caused by the preponderance of sym-
metrical twin intermodulation products of the type A-t (X — Y) in the Figure 52. Quiput Spectrum

RELATIVE LEVEL (dB)

FREQUENCY PLAN: SIMULATION 2, INPUT BACKOFF = & dB
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TABLE 15. FREQUENCY PLANS AND TRANSMISSION . TABLE 15. FREQUENCY PLANS AND TRANSMISSION
PARAMETERS FOR SIMULATIONS : PARAMETERS FOR SIMULATIONS {continued)
a. Frequency Plan 1 , ) Carrier Designation
a : Parameters A B C D E
Carrier Designation :
. - — - Spot Beam
Parameters A B C D ' Number of Channels 432 252 132 60 60
i [ Baseband (kHz) 12-1796  12-1052  12-552 12-252 12-252
Transmit Frequency (MHz) 6020.00 6035.00 6043.75 6046.25 1 rms Deviation {(kHz) 1479.00  1009.00  §28.00  275.50  275.50
Receive Frequency (MHz) 3795.00  3810.00 3818.75  3821.25 Test-Tone Deviation 401.00  358.00 236.00  136.00  136.00
Nominal Bandwidth {(MHz) 15.0 15.0 2.5 2.5 : {kHz)
t Relative Carrier Input 0.0 —-3.0 —4.5 -7.0 —7.0
Global Beam 3 Levels (dB)
Number of Channels 252 252 24 24
g . Fi Plan 3
Basebanfi (}(Hz) 12-1052  12-1052  12-108 12108 F ¢. Frequency
rms Deviation (kHz) 1627 1627 274.7 274.7 5 Channel /Carrier Designation
Test-Tone Deviation (kHz) 577 577 164 164 : - R
Relative Carrier Input Levels (dB) 0.0 0.0 —-8.1 — - eturn .
. Parameters Audio/A Audio/B Video/C
Spot Beam : Transmit Frequency (MHz) 6013.25  6015.75  6033.00
Number of Channels 432 432 60 60 ' Receive Frequency {MHz) 3788.25  3790.75  3898.00
Bascband (kHz) 1221796 12-1796  12-252  12-252 Nominal Bandwidth (MHz) 2.5 2.5 30.0
rms Deviation (kHz) 1479 1479 275.5 2755 -
Test-Tone Deviation (kHz) 401 401 136 136 H Number of Channels 24 24 Video
Relative Carrier Input Levels (dB) 0.0 0.0 ~7.0 —7.0 Baseband (kHz) 12-108 12-108 DC-4200
: rms Deviation (kHz) 275.5 275.5 -
b. Frequency Plan 2 Peak-to-Peak Test-Tone Deviation {(MHz) — — 2(1)8
- . i Relative Carrier Input Levels (dB) —12.6 —12.6 .
Carrier Designation
Parameters A B C D E
, TABLE 16. BASEBAND DISTORTION CAUSED BY INTERMODULATION PRODUCTS
Transmit Frequency (MHz)  6020.00 603250  6040.00 6043.75  6046.25 (simulation 2 frequency plan)
Receive Frequency (MHz) 3795.00  3807.50 3815.00 3818.75 3821.25
Nominal Bandwidth (MHz) 15.00 10.00 5.00 2.50 2.50 Calculated Intermodulation Distortion (pWO0p)
Global Beam Global-Beam Parameters Spot-Beam Pgrameters
Number of CI ] 252 (nominal input (nominal input
umber of Channels 132 60 24 24 : conati backoff = 11 dB} backoff = 16 dB}
Baseband (kHz) 12-1052  12-552  12-252 12-108 12-108 Carrier Designation
rms Deviation (kHz) 1627 1019 545.80  247.70  247.70 A 173 523
Test-Tone Deviation 577.00 430.00  270.00  164.00  164.00 B 1000 298
(kHz) cC 266 274
Relative Carrier Input 0.0 —2.2 —5.0 —8.1 —8.1 D 450 331
Levels {dB) E 520 373
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Figure 53. Comparison of Calculated and Measured Intermodulation Levels

vicinity of carrier A. As discussed in the previous section, the in-phase
components of these products do not contribute to baseband distortion.

Many distortion contributors are included in an NPR measurement.
Furthermore, under “nominal” conditions the intermodulation noise is
only a fraction of the total. It is thus necessary to deviate from nominal
operating conditions to isolate the NPR resulting from intermodulation.
This was accomplished by reducing the thermal noise to a minimum and
measuring the NPR of each carrier under both single- and multiple-
carrier conditions with the TWTA operated closer to sataration.

Figure 54 summarizes the comparison of measured and calculated
NPR caused by intermodulation products for some of the carrier con-
figurations. In view of the average tube constants used in the calculations
and the margin which had to be included for measurement errors, the
agreement between the measured NPR and the predictions is quite good.
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Figure 54. NPR vs Input Backoff

Out-of-Band Intermodulation Products. The intermodglation products
generated by nonlinear amplification of multiple carriers in & Fransponder
occupy a frequency band approximately three times the width of one

transponder channel. Thus some of the intermodulation noise spills over
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into the adjacent transponder channels, where protection is provided by
only the output multiplexer filters.

To evaluate the degradation caused by this out-of-band intermodulation,
it was assumed that transponder 3 was loaded with the frequency plan
of simulation 2. The first step was to calculate and measure the inter-
modulation noise spectral density falling in transponders 2 and 4. This is
plotted in Figure 55, where the noise densily is measured in a 100-kHz
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Figure 55. NPR vs Input Backoff for Transponder no. 3
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band and normalized to the single-carrier saturated output of the TWTAs,
Curves A and B refer to global carrier loading with 16-dB backoff.
Without the output multiplexer filters, the noise density decreases slowly
across the band; with the filters, it decreases at about 2 dB per MHz.

The size and capacity of the carriers located at the edge of the band in
transponders 2 and 4 determine the amount of degradation which will
be produced. The small carriers with nominal bandwidths of 2.5 MHz are
located in regions of high intermodulation noise density and will therefore
be particularly susceptible to degradation.

The measured and calculated NPR caused by adjacent transponder
intermodulation in a global 2.5-MHz carrier is plotted in Figure 56 as a
function of the TWTA backoff in transponder 3 with and without a
typical output multiplex filter. Table 17 gives the NPR resulting from
out-of-band intermodulation for various carriers. It should be noted
that, when two adjacent transponders are connected to global- and spot-
beam antennas, respectively, the degradation depends on the relative
gain through the two beams at the location of the earth station. Table 17
assumes that the gain in the spot beam is 11 dB higher than that in the
global beam.

TaBLE 17. NPR 1N A TeEST CARRIER IN THE ADJACENT TRANSPONDER *

Nominal Noise Power Ratio (dB)
Loading in Test Bandwidth
Transponder 3 Carrier (MHz) Transponder 2  Fransponder 4
Gilobal 48.0 47.5
2.5
Global Spot 46.3 45.8
Frequency
Plan 2 Global 59.7 57.2
15
Spot 60.2 57.7
Global 51.0 50.5
2.5
Spot Spot 49.3 48.8
Frequency
Plan 2 Global 60.2 57.7
15
Spot 60.7 58.2

*Nominal operating parameters and suppression resulting from the use of a typical
output multiplexer filter are assumed.
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Figure 56. Measured and Calculated NPR vs TWTA Backoff for Trans-
ponder no. 3 with and without a Typical Output Multiplex Filter

Degradation of the smaller carriers at the transponder edges as a result
of adjacent transponder intermodulation is significant enough to be con-
sidered during the frequency planning and allocation phase.

Intelligible Crosstalk. Worst Crosstalk Configuration. The INTELSAT v
system parameters have been used to calculate the carrier combination
which results in the worst crosstalk for a given input gain slope. For the
global-beam configuration, the worst crosstalk configuration consisted of
two 252-channel carriers; for the spot-beam configuration; it consisted
of two 432-channel carriers.

Crosstalk Measurements. Since all other carrier configurations can he
related to the worst crosstalk configurations through the adjustment
factors given in Table 18, laboratory measurements of only the worst
crosstalk cases were conducted.

The crosstalking carrier was noise modulated in the conventional
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manner using the appropriate INTELSAT Iv parameters, but the top base-
band channel was replaced by a 0-dBmO test tone. A measurement of
the test tone transferred from the crosstalking carrier to the wanted
carrier indicated the amount of crosstalk produced.

TABLE 18. ADIUSTMENT FACTORS IN CROSSTALK RATIOS FOR
OTHER THAN WORST-CASE CARRIER SIZES

a. Global-Beam Conftguration

Crosstalking Wanted Carrier Size {channels)
Carrier Size —— s
{channels) 24 60 96 132 252

Adjustment in Crosstalk Ratio (dB)

24 —35 -34 —35 —36 —138

60 —30 —22 —21 21 -22
96 =23 —~20 —13 —14 —-13
132 —22 —18 —13 -9 —7
252 —16 -12 —10 -7 0

b. Spot-Beam Configuration

Crosstalking Wanted Carrier Size (channcls)
Carrier Size =
{channels) 60 132 192 252 432

Adjustment in Crosstalk Ratio (dB)

60 —31 —30 =31 -33 —313
132 =27 —19 —19 —18 —18
192 —24 —18 —14 —14 —11
252 —22 —17 —14 -1 —8
432 —15 —11 —10 -8 0

Measurement results of the worst-case crosstalk configuration are
plotted in Figures 57 and 58 for the global- and spot-bearn configurations,
respectively. For the global-beam configuration, the worst measured in-
band crosstalk is —58 dB, which barely meets the appropriate C.C.L.T.T.
specification. However, this configuration of two 252-channel global
carriers in a transponder is certainly not typical. A more realistic opera-
tional worst-case configuration will result in an expected crosstalk ratio
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of about —65 dB, which is well within the —58-dB specification (see
Table 19). These calculated values were derived from the model described
in the previous section, which included Gaussian power averaging over
the first two AM sidebands and a weighted TWTA gain response to take
into account any additional AM generated within the TWTA.

It is apparent from this study that the out-of-band crosstalk, which
monotonically decreases as the crosstalking carrier is moved further out-
of-band, is less than —70 dB for a nominal carrier location in the adjacent
channel. Even if a spot-beam carrier is positioned next to a global-beam
transponder on one occasion, less than —70 dB of crosstalk can be
expected, since the adjustment in the carrier sizes more than
compensates for the higher input level of the adjacent channel spot carrier.
Therefore, it appears that the in-band entry will be the dominant con-
tributor to crosstalk in the INTELSAT Iv system.

The intefligible crosstalk ratio is dependent on the total amplitude
responses of the earth station equipment, the satellite receiver, the input
multiplexer and its associated equalizer, and the TWTA. The major
contribution to crosstalk appears to be the first derivative of the gain
variation or gain slope. It has been experimentally verified that the addition
of a simple gain-siope equalizer at the transmit side leads to a considerable
reduction in the crosstalk ratio.

Linear Dispersion. The transmission distortion caused by group-delay
and amplitude transfer responses across the transponder frequency band
was evaluated first for the responses assumed during the planning stage
(ICSC/T-33-10 [24]) and then for the measured responses of transponder
3 in the simulation setup. In both cases, the distortion was computed for
the maximum carrier displacement from the transponder center frequency.
The results are listed in Table 19. Since no group-delay equalization was
assumed, there was a high value of distortion in the case of the large
carrier.

The overlap in the filter skirts of the input and output multiplexers,
resulting in imperfect isolation between adjacent transmission channels,
causes dual-path transmission and modifies the overall transfer response.
Laberatory measurements of distortion were made for the 24-channel
global-beam carrier and the 60-channel spot-beam carrier with the ad-
Jacent transponder sct for equal gain but variable phase. The dual-path
distortion was measured as a function of the carrier center frequency
for the worst phase difference. The results of the dual-path distortion
(NPR) are plotted in Figure 59 and compared with the calculated values.
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TABLE 19. TRANSMISSION DISTORTION (SINGLE PATH)

Assumed Responses Measured Responses
from ICSC/T-33-10 of Transponder 3

Maximum Trans- Trans-

Frequency NPR in mission NPR in mission

Displace- the Top Distor- the Top Distor-
Carrier ment Channel tion, Channel tion,

Designation {MHz} (dB) N, (pW) (dB) N, {pW)
G 24 16.25 70.5 4 66.7 11
G 60 15.00 62.5 16 60.1 29
G 96 13.75 598.5 24 60.7 19
G 132 12.50 59.5 20 59.6 20
G 252 10.00 56.5 30 52.2 80
G 432 5.00 52.8 70 50.0 133
G 900 0 36.8 2,780 43.3 622
G 960 0 37.3 2,480 42.9 685
S 60 16.25 63.3 14 59.3 4
S 132 15.00 55.1 55 53.6 78
S 192 13.75 54.3 33 54.9 47
S 252 12.50 54.3 50 53.6 59
S 432 10.00 52.8 70 48.3 196
S 612 7.50 47.8 224 45.7 356
S 792 5.00 48.0 212 45.0 420
S 1,500 0 34.3 5,000 40.7 1,055
S 1,800 0 34.3 4,790 39.3 1,495

For the 24-channel global-beam carrier and the 60-channel spot beam
carrier at nominal carrier locations, the distortion contributions are 35
and 180 pWOp, respectively; however, the distortion rises very steeply
as the carriers are offset.

Adjacent Carrier Interference. Adjacent carrier interference tests were
conducted for a 132-channel carrier interfering with a 24-channel carrier
having a relative carrier power of 8.9 dB, which is 3 dB higher than that
specified for the INTELSAT 1v system. NPR and impulse rates were measured
as the desired channel C/N and carrier separation were varied. The impulse
counter was set to count whenever the voltage in the 34-kHz slot ex-
ceeded —22 dBm0. Test were performed on both the IF and transponder
loops.

Results indicate that, for transmission through the transponder or
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IF loop, the NPR contributions as functions of C/N and carrier separation
are essentially the same, at least for values of C/N above threshold. Above
threshold the NPR contributions from adjacent channel interference and
thermal noise are essentially independent; the total impairment is simply
the sum of the individual impairments.

As shown in Figure 60, below threshold, cross products arise and the
NPR caused by adjacent channel interference is a function of both carrier
separation and C/N. A similar effect is observed in the impulse rate test
(see Figure 61).

Overall Impairments. It appeared to be more fruitful to depart from
nominal conditions to determine the effect of changes in some parameters
on the total measured NPR. The basic tradeofl between down-link thermal
noise and intermodulation noise was experimentally determined to
establish a range of parameters over which the system could meet its
performance objectives,

Although the final objective of a frequency plan evaluation is the ad-
justment of the relative carrier levels until all carriers exhibit a relatively
uniform degradation (in picowatts), this was not attempted here. Instead, it
was attempted to map the resulting measured noise performance for a
range of multichannel input levels and transponder gain settings. Hence,
lines of constant crosstalk could be shown.

Representative results of such measurements are shown in Figure 62
for the largest carrier in a S-carrier frequency plan in the spot-beam
configuration. The effect of intermodulation noise on carrier A, as noted
earlier, is considerably less than the effect which may have been predicted
by the prevalent intermodulation theory. Therefore, the noise can be
considerably reduced if the multicarrier input power is increased from
nominal and the optimum transponder attenuator setting is used.

Also shown in Figure 62 are lines corresponding to combinations of
input power and transponder gain setting which result in constant cross-
talk. The crosstalk values correspond to the worst-case conditions discussed
earlier, and the factor A represents the adjustment factor for the worst-case
configuration.

FM /video transmission
The frequency plan of simulation 3 was used to evaluate FM/video

transmission in the INTELSAT Iv system. During these tests, only trans-
ponder 3 was activated; its transmission parameters are listed in Table 20.
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Intermediate-frequency filters with nominal bandwidths of 2.5 and 30.0
MHz for the audio and video carriers, respectively, were used on the receive
side. These filters meet the “preferred” requirements of 1CSC/T-45-13
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[25]. A noise weighting network in accordance with C.C.I.LR. reccommenda-
tion 421-1 [3] for system M was used to measure the weighted signal-to-
notse ratio {(S/ N}, in the video channel.

The intermodulation products causing the most degradation in the
video channel were expected to be twin C =& (B — A4) products whose

TaBLE 20, TRANSMISSION PARAMETERS FOR TRANSPONDER 3

Gain Setting H
Input for Single-Carrier Saturation —82.5 dB (W)
Noise Temperature 44.2dB (°K}

C/T Up-Link at Single-Carrier Saturation =130.1 dB {W/°K)
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measured RF level was only 31 dB below the video carrier. However,
only the phase quadrature component of the intermodulation products
appears at the demodulated output; consequently, very little degradation
results. Table 21 summarizes the various contributions of weighted noise
over the video link, The initial estimate of the total (§/N),. was approxi-
mately 1.4 dB larger than the simulation measurement because 1t included
a slightly higher up-link thermal noise and an allowance for in-phase
intermodulation product contributions. Further tests confirmed that the
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TaBLE 21. CONTRIBUTIONS TO (S/N},"

C/T (dBW /°K) (S/N)w (dB)

Source Initial Simulation Initial Simulation
Estimate Measurement FEstimate Measurement

Up-Link Thermal Noise —132.8 —132.5 58.4 58.6

Down-Link Thermal Noise —134.4 —134.4 56.8 56.8

Amplitude Nonlinearity —131.1" - 60.1 —
Intermodulation

Phase —125.1¢ -122.6 66.1 68.6

Total —138.0¢® —136.6 53.2 54,6

= Input transponder backoff = 2.4 dB, output transponder backoff = 0.1 dB.
b Bquivalent carrier-to-noise temperature ratio.

degradation in (S/N), caused by the presence of two audio carriers was
less than 0.1 ¢B for all values of transponder backoff.

The differential phase and gain of the overall simulation link were
initially measured without group-delay equalization: a linear group-
delay equalizer (—0.65 ns/MHz) was later added to the transmit side.
The measured results are compared with the INTELSAT 1Iv video link ob-
jectives in Table 22, During these tests, although the two audio carriers
were present in the transponder, they were unmodulated.

TABLE 22. DIFFERENTIAL PHASE aND DIFFERENTIAL GAIN

Amplitude INTELSAT IV Simulation Link
and Phase Video Link IF Loop —+ —— ——— e
Linearity Objectives  Measuremenis  Unequalized Equalized

Dilferential Phase

10, +3° Negligible +1.5° <i°
304% +3° Negligible +4,1 <1¢
907, — +0.5° +5.2° +1.4°

Ditferential Gain

1047, 109, Negligible +4.5%,
s0c 109, Negligible +3.0%
90% - 29 +3.0%, 43.04
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Remarks

The results of the simulations indicated that the INTELSAT Tv transmission
system would exceed its performance objectives for both telephony and
video transmissions. During the course of these simulations a major
effort was expended to generate overall transmission systems models which
could directly predict the baseband {(or video channel} distortion from
various impairment mechanisms in the earth station to satellite to earth
station link.

These overall models, which proved very useful during the field tests
described in the following section, have been integrated into the planning
models. The promising results obtained from the laboratory simulations
and the subsequent field test also led to increased interest in a tradeoff
between performance and capacity. The simulations and the overall models
have thus contributed to the proposed capacity increase per transponder
by making possible the usc of expanded capacity carriers.

Field Ltests
P. H. ScHuLTZE AND B. A. PONTANO

During the months of June and July of 1971, FM multicarrier telephony
testing was conducted on transponder no. 5 of INTELSAT Iv F-2, the
Atlantic primary satellite, from the Cayey, Puerto Rico, carth station.
The primary purpose of the testing program was to acquire sufficient
data to permit a thorough assessment of the system models under opera-
tional conditions. A combination of INTELSAT tv carrier sizes, including
some expanded carriers, was devised for the test programs. One of these
frequency plans was used in the laboratory simulation studies to provide
a common bridge between laboratory, theoretical, and field test results.
The field test program was also intended to determine the extent to which
the INTELSAT 1v satellite system could be loaded without sacrificing
C.C.L.LR. performance quality in the worst channel for each carrier. In

P. H. Schultze is Manager, Engineering Economics, Systems Division, COMSAT
Laborartories.

B. A. Pontano is Manager, Laboratory Simulation, Svstems Division, COMSAT
Laboratories.
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addition, transmission impairments, including intermodulation in the
satellite traveling wave tube amplifiers(TWTAs) and dual-path transmission
through adjacent transponders, and the extent to which crosstatk might
fimit the use of large carriers were investigated,

The frequency plans implemented in the field are shown in Figure 63. The
frequency plan for case | was used in the laboratory simulation and is in-
cluded here to provide a comparison with these measurements, The original
frequency plan for case 2 included carriers which were larger than had been
planned so that a heavy load could be placed on the transponder’s avail-
able power. The frequency plan for case 3 was intended to test spot-beam
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Figure 63. Test Frequency Plans
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operation, and the case 4 frequency plan was a dual-carrier plan developed
for contingency traffic restoration. These plans were tested at the nominal
TWTA operating points shown in Table 23 as well as at regular increments
which were above and below these points, but within equipment limitations
and thresholds.

Intermodulation noise

To estimate the expected performance of the various frequency plans
tested, the satellite system noise was calculated for the worst {top) tele-
phony channel as a function of the satellite operating point. The computer
model used to calculate the expected values of the NPR in the top channel
included the three major sources of noise and interference:

a, up-link thermal noise, governed by satellite sensitivity, G/T, and
up-link power;

b. down-link thermal noise, governed by earth station G/T and satellite
e.l.r.p.; and

c. intermodulation noise, governed by TWTA amplitude and phase
nonlinearities.

Although other smaller noise sources, such as out-of-band emissions
caused by the transmit chain nonlinearities of 13 earth station amplifiers,
receiver impairments, and adjacent channel interference, are an inherent
part of the measured data, they were not included in the model because
their contributions were minimal. Other tests for crosstalk, group delay,
and dual-path transmission were used to isolate additional transmission
impairments. System noise components were computed by using a com-
puter model similar to the one used for the previous system evaluation.

The results of these calculations give the NPR for cach of the carriers
in the test plans as a function of transponder operating point and gain
setting. Figures 64 to 68 show calculated and measured performance for
each carrier of test case 1. Note that measured data are in good agreement
with calculations over a wide range of operating points.

In addition to the loading tests discussed in the previous paragraphs,
tests on carrier crosstalk and dual-path transmission effects were
performed.

Intelligible erosstalk

Intelligible crosstalk is generated when two or more angle-modulated
carriers are passed through any nonlincar (phase) device. In an operating
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TABLE 23. TRANSMISSION PARAMETERS AND TEST RESULTS OF THE FREQUENCY PLANS TESTED

Cayey
Earth
Station
e.Lr.p.

TWT

NPR NPR
Nom-  Mea-

5/N

Satel-

Operat-

Band-

A
NPR
(dB)

Nom-

lite

e.1L.I.p.
{dBW)

width ing
Point

Unit

Receive

Transmit

sured
(dB)

inal

inal
(dB}

C/T

Chan-

Freq
(MHz)

Freq

Case Car-

(dBW) {(dBW/°K) (dB)

nels (dB)

(MHz)

(MHz)

No. rier

o~ <k

]

—141.4  53.7 350 35.3

79.1

76.9

18.7

15 252

3875

6100

1
2
3
4

o oo

+ 4

—144.8  33.7 36.3 36.4
—146.8

—150.1
—150.2

16.3

10 132

5

3887.5
3895

6112.5
6120

38.8 39.0

54.2

13.4 74.1

11

60
24
24

1

40.8 40.4

53.7

71.0

10.3

2.5
2.5

3898.75

3901.25

6123.75

0.6

40.8 414+

53.7

71.0

10.3

6126.25

5

—-0.2
+0.3

50.1 32.7 32.5

—142.0
—147.8

3870 5 132 19.4 82.3
10 132

6095

1

2

331 33.4

50.5

79.7

16.6

3877.5

6102.5

50.3 32.9 2.4 —-0.5
31

—147.9
—140.3

6112.5 3887.5 10 132 16.6 79.7
6122.5 10 252

3
4

+0.5

31.8

49.9

83.3

20.6

3897.5

28.7 29.5
28

46.1

—141.2

3870 5 132 22.9 82.1
10 252

6095

1
2

29.2

.3

47.3

—139.7

84,1

24.9

3877.5

6102.5

-12

47.7 28.9 28.4 —-0.5
—0.1

—139.5
—131.4

84.4

25.2

6112.5 3887.3 10 252
10

3
4

25.8 25.7

44.5

89.3

0.4

3897.5

6122.5

53.4 34.7 34.9 +0.2

—138.5

84.2

22.8

3876.25 17.5 432

6101.25

1

53.4 34.7 34.9 +0.2

—138.5

84.2

22.8

17.5 432

3893.75

6118.75
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Figure 65. S/ N vs TWT Backoff for carrier no. 2 of case 1.

multicarrier satellite system, there may be more than one element within
the link which can generate crosstalk. {For instance, crosstalk can be
generated in the HPA, up-converters, down-converters, IF amplifiers,
and demodulators.) In general, however, the major contributor will be
the TWTA of the satellite transponder.

Since crosstalk is dependent upon the composite amplitude variation
which precedes the satellite TWTA, the amplitude characteristics of the
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Figure 67. S/N vs TWT Backoff for carrier no. 4 of case 1.

transmitting earth station equipment may have a significant effect on the
resulting crosstalk. Therefore, the crosstalk measurements made at one
earth station can provide only an estimate of the crosstalk performance
for similar carriers generated at other earth stations.

Because the number of carrier combinations which could be investi-
gated for crosstalk was quite high, two worst-case configurations were
considered:
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Figure 68. S/N vs TWT Backoff for carrier no. 5 of case I.

a. two identical 432-channel carriers in a spot-beam configuration, and
b. two identical 432-channel carriers in a global-beam contingency con-
figuration (case 4).

The crosstalking carrier was noise modulated in the conventional manner,
but the top baseband channel was replaced by a 0-dBm0 test tone. The
test tone which transfers from the crosstalking carrier to the wanted
carrier is a measure of the crosstalk,

The measured results for the worst-case configurations are presented in
Figures 69 and 70. The data plotted in Figure 69 are a function of input
backofl for the 432-channel spot-beam configuration. In Figure 70, cross-
talk is plotted as a function of the crosstalking carrier location at an input
backoft of 10 dB. Crosstalk as a function of location for other backoffs
may be estimated by combining Figures 69 and 70. The nominal backoft
for this worst case configuration is approximately 15 dB; thus it can be
seen that the crosstalk ratio will not exceed the C.C.I.T.T. recommenda-
tion of 58 dB.

Dual-path effect

The dual-path effect occurs in a communications system when the isola-
tion between adjacent transmission channels is less than perfect. In the

tn
o
-]
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case of the INTELSAT 1v repeater, this effect occurs because of the overlap
in the filter skirts of both the input and output multiplexers. If a dual path
exists, a carrier which is located near the band edge may also be partly
transmitted through the adjacent channel and recombined at the receiving
earth station, thus causing distortion in the transmitted signal.

Field measurement of the dual-path effect was performed on a carrier
using expanded parameters. In such a case, the dual-path effect would be
more pronounced because of the higher bandwidth utilization of the car-
rier. The results of measurements made on & 132-channel/5-MHz carrier

5 — \ —
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o
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Figure 69. Equal Carrier Test (432-channel spot-beam carrier, guin seiting 1,
crosstalking carrier frequency = 6102 MHz)
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are shown in Figure 71. Since the thermal noise contribution has been
minimized, the results which are presented indicate primarily the distortion
noise contribution. The dual-path effect does become quite noticeable
when the test carrier is displaced by more than 2 MHz trom the nominal
location toward the band edge. For example, as the gain setting in trans-
ponder no. 5 was increased from 1 to 3 to 5 (corresponding to a gain re-
duction in the direct path), the relative effective gain of the adjacent path
increased. Thus, the increase in dual-path distortion at higher gain settings
can be understood.

Extrapolation of measurements of the dual-path effect to the nominal
carrier location indicate that the noise level is on the order of several
hundred picowatts for this carrier configuration. Since the geographical
location of the station affects the relative phasing between channels, these
results cannot be generalized for other earth stations.

I[f_iT[_rl_r[i[

10,000 }— ]
9000 GAIN
— SETTING § 7
5 8000 |— —
Z 7000 [— GAIN —
) SETTING 3
£ 6000 |— —
"
e
I _
2 5000 -
I
S 4000
& GAIN
2 SETTING 1
o=
@ 3000 L —
2000 ’— —
- -y
BAND-EDGE CARRIER
LOCATION
1000 S R K W SN SN S
6090 6091 6097 5093 6094 6095

FREQUENCY {MHzI

Figure 71. Field Measurement of the Dual-Path
Effect on a 132-Channel/5-MHz Carrier



562 COMSAT TECHNICAL REVIEW VOLUME 2 NUMBER 2, KaLL 1972

Operational planning

F. J. BURKITT anD R. J. RODGERS

The .ﬁrst INTELSAT IV was brought into service in the Atlantic Ocean
region in early 1971. In the same 500-MHz allocated bandwidth, this satel-
lite a?hleved a capacity about five times greater than that of th,e previous
sate'llfte by using a higher e.i.r.p. per unit of bandwidth. To utilize this
adqmonal e.i.r.p., the transmission parameters (power and bandwidth)
assigned to all earth stations had to be changed when the INTELSAT Iv was
p!aced in service without interrupting the commercial service being prol
vided by the system. Therefore, operational plans had to be developed and
app.roved in time to permit all carth stations to procurc the necessary
equipment, and detailed transition plans were needed to implement
the. INTELSAT 1V operational system without loss of commercial service.
This section will discuss some of the factors involved to bringing the
INTELSAT 1v satellite into commercial scrvice.

Sysiem operating philosophy

Th_elglobal INTELSAT system has been divided into three regions of
opc*jratlop: the Atlantic, Pacific, and Indian Occan areas. Within these
regions it is desirable for each earth station to have direct contact with
any other carth station. To achieve this direct contact by using a single
antenfla per region for each country, a satellite must have sufficient
capacity to handle all the requirements of the region.

-One INTELSAT III over the Pacific and one over the Indian Ocean pro-
vided sufficient capacity to meet requirements in those regions. However
two INTELSAT Iis were needed in the Atlantic region. ’

During the INTELSAT Il operations period, it was necessary to divide the
AFIantic region into two “communities of interest” (i.e., groups of coun-
tries having similar communications requirements) so that two satellites
could be employed. Hence, most of the circuits required by a country could
be provic_]ed directly and the remaining circuits could be provided by
routing via an adjacent earth station. For example, circuits from Germany

. J. BM Al[ s M 3y N E .SA] Pians, Co. fons S vsiem anage-
. ¥ [ andger, I ] 1 5y RTLNICal i
menli, COM;;[I] . ’ M §

R.J. Rodgers is a Senior Staff Engineer, INTELSAT Plans, Communications
System Management, COMSAT.
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to destinations in Africa might be routed via France, while circuits from
France to destinations in South America might be routed via Germany.
While this met the service requirements of all administrations, it did not
provide direct contact among all earth stations in the region.

For direct access among all earth stations in a region while operating
more than one satellite per region, COMSAT has developed a technique
employing a primary satellite and a major path satellite. Basically this
technique permits all countries to access a single primary satellite; the
larger users can then construct second antennas to access the major path
satellite for their large traffic requirements. This technique also permits
the larger users to diversify their requirements between two satellite paths,
thereby reducing the probability of total loss of service on these routes.
This concept can be extended so that very large users can operate with a
third or fourth satellite for the very heavy trafiic routes, thereby extending
the useful operating period of smaller capacity satellites. One of the advan-
tages of this concept is that only the large users need to construct second
antennas; these users generally wish to construct additional antennas to
provide protection for their service. This concept is applicable to all three
regions, although for the foresceable future it is unlikely that the Indian
Ocean region will require more than one satellite.

Development and coordination of operational and
contingency plans

The foundation of all operational plans is the INTELSAT traffic data
base. To produce this data base, traffic experts from all administrations
meet once a year and agree to the number of circuits required between each
country. This country-to-country traffic is then converted to earth-station-
to-earth-station requirements, since some of the countries requiring service
do not yet have earth stations and must route their circuits via another
country.

From this approved traffic data basc, COMSAT develops operational
plans showing the carrier size, frequency, and baseband configuration
needed to meet all stated requirements. For the INTELSAT Iv, the main
transmission scheme utilizes frequency modulation/frequency-division
multiplex,/ frequency-division multiple access FM/FDM/FDMA). A
single global-beam transmit carrier handling all of a country’s require-
ments can be received by all other earth stations in the region. However, to
take advantage of the increased capacity available through the spot-beam
antennas, requirements for earth stations within the coverage pattern of
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those antennas are separated and assigned to another transmit carrier. This
means that an earth station may have to transmit three separate carriers to
satisfy its requirements, e.g., one to the cast spot beam, a second to the
west spot beam, and a third to the global beam. After the requirements
have been sorted according to spot-or global-beam transmissions, carriers
are arranged in standard INTELSAT sizes. Table 24 shows the baseband
arra‘ngements for the INTELSAT 1v carrier sizes. A transmit carrier may be
received by 10 earth stations, each demodulating the specific supergroups
groups, or channels assigned to this service. !

Included on ecach transmit carrier are two engineering service circuits
(ESCs) assigned to the 4- to 8-kHz and 8- to 12-kHz portions of the base-

TABLE 24, BASERAND COMPOSITION FOR INTELSAT Iv CARRIERS

o

nels Baseband Composition (kcll-?z)
24 Group A (erect) [26] plus Group 5 of 8G1 (inverted) 12--108
36 Group A {erect) [26] plus Groups 5 and 4 of SGI {inverted) 12-156
60 Group A (erect) [26] plus Groups 5-2 of SGI (inverted) 12-252
72 Group A (erect} {26] plus SG1 (inverted) 12 -300

96  Group A (erect) |26] plus SG1 (inverted) plus Groups 1 & 2 0f SG2  12-408
132 Group A (erect) [26) plus SG1 (inverted) plus SG2 (crect) 127] 12-552
192 Grqup A (erect) |26] plus SG1 (inverted), SG2 {erect), and SG3  12-804

(inverted) [27]
252 Group A (erect) [26] plus SG1 (inverted), SG2 {erect), and SG3  12-1052
and $G4 (inverted) |27]
312 Grgup A (erect) [26] plus SG1 (inverted), SG2 (erect), and 8G3-5  12-1300
{inverted) [27]
432 Group A (ercct) |26] plus SG1 (inverted), SG2 (erect) and $G3-7 121796
(inverted) [27]
612 Group A {erect) [26] plus SGI (inverted), SG2 {erect) and SG3  12-2540
10 (inverted) [27]
792 Group A (erect} [26] plus SG1 (inverted), SG2 (ercct), and SG3-  12-3284
13 {inverted) [27)
972 Group A (erect) |26] plus SGI {inverted), SG2 (erect), and SG3 - 12-4208
16 (inverted) [27]
1092 Groug A (erect) [26] plus 5G1 (inverted), SG2 (erect), and SG3- 12 4892
16 (inverted) [27] plus 8G16 and 15 (erect, modulated) [27]
1872 Group _A (erect) |26] plus SG1 (inverted), SG2 (erect), and SG3- 12-8120
16 (inverted) [27], plus SG16 3 (erect) and SG2 (inverted
modulated) [27] '
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band and used by maintenance personnel to report problems and to test
and maintain service on the carrier. Each ESC contains one voice channel
and up to five telegraph channels so that a total of 10 telegraph channels
per transmit carrier are available. INTELSAT operational plans include
assignment of these “order-wire™ services between earth stations and from
earth stations to the INTELSAT technical and operational control centers
of each region for coordination and control of system operation.

System planning

Operational planning for the INTELSAT IV system requires two steps:

a. development and coordination of operational and contingency plans,

and
b. development of transition and implementation plans.

First, COMSAT, as Manager for INTELSAT, reviews the operational
requirements for a particular year and develops frequency plans showing
the carrier sizes and baseband arrangements needed to satisfy all opera-
tional requirements. These plans are coordinated with representatives of
all concerned administrations and, when an agreement has been reached,
they constitute an INTELSAT operating plan. Similarly, COMSAT prepares
contingency plans for maintenance or restoration of service in the event of
a satellite failure or partial failure. After these plans have been approved,
plans for implementation and transition to the new INTELSAT operational
plan are developed. These include arrangements for continuation of exist-
ing service, either by using temporary support carriers or by using another
country’s earth station whilc new carriers are being established, lined up,
and tested.

Earih station consiraints

In addition to the service requirements, INTELSAT plans must consider
various system constraints which limit to some extent the frequency
plans which may be developed. These primarily fall into the category of
frequency restrictions and earth station equipment or design limitations.
The frequency constraints are generally due to poteniial interference
between terrestrial microwave systems and earth stations operating on
selected frequencics. Therefore, some earth stations cannot be assigned to
transmit or receive selected frequencies. In a large system of 40 or more
earth stations, each transmitting to five or more other stations, this can
cause considerable difficulty. The constraints caused by earth station
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cqu-ipment or design generally delay implementation of operational plans
until the earth station owner can procure the necessary cquipment or make
necessary modifications in the station.

Coordination of operating plans

Afjter COMSAT has prepared the operating plans, considering service
requirements and system constraints, the plans are sent to cach earth
staan owner in the region for coordination and approval. These plans
wh1ch_usually cover a period of one to three years, are prepared IW(;
years in advance. Because changes requested by any earth station owner
can affect many other earth stations, it is generally impractical to coor-
dinate these plans through correspondence. Therefore, INTELSAT has
established an operational organization, consisting of represcntatives of
all present and planned earth stations. This body meets as required (gen-
erally 'annually) to agree on future operating plans and resolve mutual
ope-ratmg p[-‘OblﬁmS. Agreement by all operational representatives of a
region constltgtes a mutual agreement among all countries to procure the
necessary equipment to implement the plan.

In a similar manner, contingency plans are developed and coordinated
to_deal with emergency situations that can arise in the event of satellite
failure. As an example, the Atlantic region, presently operating with two
INTELSAT 1V satellites, has no spare in-orbit satellite. It has been agreed
that, until a spare in-orbit satellite is available, all service will be restored
through the surviving satellite if one satellite fails. When a spare satellite
becomes available, a restoration will be achieved by transferring all
aﬂ"c_cted carth stations to this satellite. For the Pacific and Indian Ocean
regions, plans have been developed to revert to the predecessor satellite
(INTELSAT 1) until a spare in-orbit INTELSAT 1v is available.

Other contingency plans include provisions for a failure of one of the
12 transponders of an INTELSAT 1v. These plans are also coordinated with
the operational representatives to ensure that all earth stations will have
the necessary equipment to implement the plan,

Transition and implemeniation plans

After a plan has been approved, the next step is to develop detailed
plans for implementing it. These can be relatively simple plans involving
Tnodification of existing carriers or quite complex plans requiring changes
in transmission parameters, frequency assignment, and baseband arrange-
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ments, but all such plans are intended to prevent interruption of existing
services. Therefore, arrangements must be made to provide continuity
of service while changes are being made in the existing system. For ex-
ample, temporary carricrs can be established on the television frequency
to carry the service, or service can be transferred to another earth station
until changes arc completed.

Transition and implementation plans must be detailed, day-by-day,
step-by-step plans. At each significant step, performance must be measured
and documented so that records of the lincup performance are available
for future reference during maintenance. Before a transition is started,
all earth stations must be prepared to follow the plan, since failure of any
earth station to mect its commitment can have a snowballing effect on
previously approved support arrangements. [n many cases steps taken
are interim arrangements that cannot be sustained for extended periods
without jeopardizing the integrity of service. Therefore, it is important
for operating plans to be approved in time to permit all earth stations to
be properly equipped. In some cases the required lead time to purchase
equipment is on the order of 18 months.

The transition from INTELSAT Il to INTELSAT 1V in the Atlantic area was
a rather complex operation involving 27 major steps, each requiring up to
50 coordinated actions at the earth stations. The first action required was
to rearrange the carriers on INTELSAT Il so that a direct pointover to
INTELSAT 1v could be made. This was necessary because INTELSAT IV has
12 transponders, each 36 MHz wide, with 4-MHz gaps between trans-
ponders, whereas INTELSAT Tl has two transponders, each having a 225-
MHz bandwidth. Some of the carriers assigned to INTELSAT 1 would have
fallen into the gaps between the INTELSAT 1v transponders unless the
frequency plan had been rearranged prior to pointover.

To rearrange the frequency plan without interrupting service, it was
necessary to cstablish temporary support carriers in the band reserved
for occasional use (¢.g., for television and restoration of services on in-
operative submarine cables), line up these carriers with all receive stations,
and transfer the traffic to them while changes in the original carrier were
being made. In some cases it was impossible to move directly to the
INTELSAT [v frequency because another earth station was transmitting in
that spot. It was then neccssary to assign services to an interim carrier
until the ultimate frequency band could be cleared. All of these actions
had to be planned around scheduled television programs and provisions
for reverting to previous operation in the event of a break in a submarine

cable.
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After the necessary carrier rearrangements were completed, a pointover
to the INTELSAT Iv was made. Because this step would cause an interrup-
tion of scrvice, it was accomplished in the early morning hours {about 2
AM), when traffic was at a minimum. At the time of pointover, all
INTELSAT IV transponders were switched to the global transmit antennas
so that the carrier operating through INTELSAT 1t (which did not have spot
beamns) could be accepted. After a rapid readjustment of earth station
power to account for the difference in satellite receive gain, service was
again restored to the customers.

The next step was to bring the spot beams of the INTELSAT 1V into service.
To do this, it was necessary to transfer all service from the transponder
to the temporary support carrier in the occasional use band, After the
transponder was cleared and switched, the new carriers using spot-beam
transmission parameters were brought into service one at a time. When
each new carricr had been lined up, the traffic was transferred from the
support carrier and the support carrier was discontinued. This process
was repeated until the three transponders required for INTELSAT 1V service
were switched to the spot-beam mode. (Transfer of traffic from one carrier
to another is done at the baseband Jevel and can be accomplished in less
than one second. Therefore, the transfer of service from one carrier to
another does not affect the telephone user.)

Because it was necessary to maintain normal service during the transi-
tion, it was essential to confirm that all carth stations were ready before
any step could begin. [t was also necessary to document results of each
step so that a benchmark would be available for future maintenance,
If this documentation were not done, it would be difficult to locate faults
in the system, since the normal system measurements would not be known.,
Therefore, the transition to the INTELSAT 1V required over six months from
start to finish. It is noteworthy that this transition was carried out virtually
without noticeable interruption of scrvice to the communications users.

To help establish and maintain service, INTELSAT has provided a
monitoring system which can measure the characteristics of signals being
received from the satcllite. This system has been fully described previously
[28].

System planning guidelines
Naturally the most important goal of INTELSAT planning is to mect

all service requirements. The next most important objective is to make the
most eflicient use of the available satellite capacity so that the maximum
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number of circuits can be derived and the cost of providing service can
eventually be reduced. A further consideration is that of providing for
expansion without requiring extensive changes at earth stations so that
costs to earth station owners can be reduced, This is particularly important
in a system using multidestination carriers, since changes in one transrpit
carrier can affect 10 receive earth stations, some of which will not derive
additional service to offset the added expenses. If possible, operaticonal
plans should cover a period of several years so that a degree of stability
can be introduced into the system. Ideally a plan should cover the period
from the initiation of service via a particular satellite to the time when
that satellite is operating at its maximum capacity. In practice, because
of changes in requirements and the introduction of new services made
possible by satellites, this ideal situation is not achieved. Generally plans
can be formulated for a period of only two or three years.

For the INTELSAT Iv, the planning cycle for the Atlantic region has
required three plans over the lifetime of the satellite. The first plan imple-
mented was intended to bring the new satellite into the sysic... and to
convert from INTELSAT I transmission parameters. At that time it was
impossible to assign carriers which would be useful throughout thf: satellite
lifetime, since it was necessary to maintain spare satellite capacity 1o ac-
complish the required carrier changes. .

The second plan was designed to provide for all of the services that had
been forecast for the useful life of the satellite. This plan used all of the
design capacity of INTELSAT 1v and in effect defined the time when addi-
tional satellite capacity would be required.

Since these plans were approved, additional requirements have been
introduced which cannat be satisfied by using the second generation plan,
Therefore, it has become necessary to implement a third generation plan
to satisfy these new requirements until a satellite with a larger capacity
becomes available. The third generation plan must deviate somewhat
from the basic concept of operation to provide the additional capa.city
required. Specifically, it will be necessary to transfer some earth stations
having a limited community of intercst from the primary satellite to the
major path satellite, When the larger capacity satellites become avallabln_a,
the transition plan for these satellites will include a return to the. basic
system concept. Therefore, the third generation plan can be conS{dered
to be a stopgap plan to be used until larger capacity satellites are available.

New transmission sysiems

INTELSAT is presently introducing a new system for providing com-
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munications via satellite known as SPADE, an acronym derived from
Single-channcl-Per-carriecr  PCM  multiple-4ccess  Demand-assignment
Equipment [29].

To serve SPADE, an initial pool of 400 circuits has been made available
in the INTELSAT 1v satellite. These circuits will permit 400 simultaneous
telephone conversations. Depending on factors such as required minutes
per day per link and peak busy hour spread, they may provide service
equivalent to 1500 preassigned voice circuit links. In addition to providing
for small traflic routes, SPADE will permit service between large users
during periods when all preassigned circuits are busy. Therefore, it is
unnecessary for countries to provide additional preassigned circuits which
are idle most of the time to mect the requirements of peak busy periods.
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Le satellite Intelsat IV
Epitié par E. T. JiLG

Sommaire

On décrit le satellite de télécommunication INTELSAT IV en traitant
séparément de chaque sous-systéme. Le satellite, congu pour une durée
de vie de 7 ans, pése 1410 kg au lancement, ct 730 kg apres fonctionne-
ment du moteur d’apogée. Tout lc sous-systéme de télécommunication
est placé dans la partie du satellite qui est en contre-rotation. Chacunc
des deux antennes 4 6 GHz, a couverturc globale, alimente une paire de
récepteurs redondants ayant S00 MHz de bande. Pour chacun des douze
canaux de 36 MHz de bande 'amplification est fournie par une paire
de TOP redondants, A 1’émission il y a deux antennes a faisceau global,
et deux autres antennes i faisccau étroit, d’ouverture angulaire de 4, 5
degrés.

La majeure partie du satellite (450 kg) tourne sur clle-méme & une
vitesse nominale de 51 tours par minute; elle comprend les sous-systémes
d’alimentation électrique, de commande de contre-rotation, de maintien
en position et d’ortentation. Deux panneaux solaires cylindrigues fournis-
sent une puissance utilc de 365 watts; deux batterics de 25 éléments au
nickel-cadmium assurent I'alimentation lors des éclipses. Le satellite est
en rotation autour d’un axe correspondant a un moment d’inertie mini-
mum, sa stabilité est maintenue par deux amortisscurs pendulaires a
courants de Foucault.

Lancement et mise en orbite des
satellites Intelsat IV

A. M. McCaskiLL, D, V. NEILL, A. A. SATTERLEE
Sommaire

On décrit Atlas-Centaur, le véhicule de lancement d’INTELSAT 1v,
et la séquence d'événcments lors de son envol. On établit une liste des
contraintes auxquelles est soumise la fenétre de lancement, et on indique



	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46
	page 47
	page 48
	page 49
	page 50
	page 51
	page 52
	page 53
	page 54
	page 55
	page 56
	page 57
	page 58
	page 59
	page 60
	page 61
	page 62
	page 63
	page 64
	page 65
	page 66
	page 67
	page 68
	page 69
	page 70
	page 71
	page 72
	page 73
	page 74
	page 75
	page 76
	page 77
	page 78
	page 79
	page 80
	page 81
	page 82
	page 83
	page 84
	page 85
	page 86
	page 87
	page 88
	page 89
	page 90
	page 91
	page 92
	page 93
	page 94
	page 95
	page 96
	page 97
	page 98
	page 99
	page 100
	page 101
	page 102
	page 103
	page 104
	page 105
	page 106
	page 107
	page 108
	page 109
	page 110
	page 111
	page 112
	page 113
	page 114
	page 115
	page 116
	page 117
	page 118
	page 119
	page 120
	page 121
	page 122
	page 123
	page 124
	page 125
	page 126
	page 127
	page 128
	page 129
	page 130
	page 131
	page 132
	page 133
	page 134
	page 135
	page 136
	page 137
	page 138
	page 139
	page 140
	page 141
	page 142
	page 143
	page 144
	page 145
	page 146
	page 147
	page 148
	page 149
	page 150
	page 151
	page 152
	page 153
	page 154
	page 155
	page 156
	page 157
	page 158

