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An unattended earth terminal for
satellite communications

L. POLLACK AND W. SONES

(Manuscript received May 24, 1974)

Abstract

Changing system constraints and developments in microwave technology
have led to a new satellite communications earth terminal designed for un-
attended operation. Synchronous orbit satellite stationkeeping tolerances of
less than f0.5°, grouping of satellites in 10° to 20° of orbital arc to serve earth
terminal communities, and the need to operate with two or more satellites and
ensure service continuity have been the major factors leading to the unattended

earth terminal (UET) concept.
The fixed reflector multiple-beam torus antenna (MBTA), which is an integral

part of the UET, uses steerable feeds coupled to several filter-multiplexed, low-
power, air-cooled transmitters and a broadband and uncooled low-noise receiver.
All-solid-state frequency conversion, IF amplification, and modulation equip-
ment are incorporated into microwave integrated circuits. With appropriate
quality assurance during implementation, this design is extremely reliable.

This paper describes the rationale that determined the major features of the
overall design and the performance of the terminal.

Introduction

Communications satellite earth terminal characteristics have evolved
over the past decade from the requirements imposed by the early medium-
altitude or nearly geosynchronous earth-orbiting satellites. To track
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these satellites, earth terminal antennas had to provide full hemispheric
tracking and communications capabilities. With the establishment of
geosynchronous satellites and orbital positions maintained within ±0.5°,
the earth terminal antenna requirements have changed. Satellites are now
grouped along 10° to 20° of the synchronous orbit arc to serve many
earth terminals located around the oceans or within major land regions.
Thus, hemispheric tracking is no longer required, and only limited steer-
ing is needed for narrow-beam antennas.

As communications satellite use has expanded, earth terminal opera-
tion has had to be extended to two or more satellites in each orbit com-
munity to meet the traffic demand and also to ensure service reliability.
Communications satellite traffic is expected to increase substantially
during the next decade. Although individual satellite communications
capacity will also increase, the use of multiple satellites and multibeam
earth terminals will undoubtedly continue.

With the number of earth terminals increasing, greater operating econ-
omy can be achieved with terminals left unattended for long periods of
time. However, to maintain the high overall service continuity now
achieved with manned terminals, the reliability of all the earth terminal
components must be substantially improved.

These considerations led to the initiation of a research project at COMSAT
Laboratories to develop a highly reliable unattended earth terminal
(UET). The program began during the fourth quarter of 1970 and reached
the engineering test phase by mid-1973, with experimental operation of
the new terminal through INTELSAT Iv satellites.

The program has incorporated the following major developments:

a. A multiple-beam torus antenna (MBTA) capable of providing
two orthogonally polarized receive and two transmit beams from each
of the one or more steerable feeds illuminating the fixed reflector.

b. A wideband parametric amplifier operating at room temperature
with a noise temperature less than 75 K. Synchronously tuned, inter-
changeable stages are arranged so that failure of any stage does not
interrupt the signal, but only reduces the system margin by no more
than 1 to 2 dB. This precludes the need for a redundant amplifier
and low-loss switch.

c. A 6-GHz, 400-W, 500-MHz bandwidth power amplifier using a
single traveling wave tube (the only vacuum tube in the terminal)
designed for 25,000 hours of life and with sufficient gain to be driven
by a solid-state up-converter.
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d. A directional-filter multiplexer capable of combining 10 power
amplifiers, each assigned to a 40-MHz portion of the band, with
guardbands not exceeding the 4 MHz assigned to the channelized
transponder.

e. An up-converter with a 30-mW output level, sufficient to drive
a single power amplifier to saturation, over the 500-MHz band.

f. Crystal-controlled local oscillators driving MIC frequency
multipliers with a 500-MHz bandwidth. Thus, the frequency can be
changed without retuning by simply changing crystals.

g. 500-MHz-bandwidth IF amplifiers at 855-MHz center frequency
incorporating parallel hybrid-coupled MIC transistor stages to
obtain "fail-soft" reliability.

It. A remote monitoring and control unit based on the choice of
essential parameters and nondiagnostic monitoring and control,
functions designed and constructed not to jeopardize the overall

system reliability.

System model

To define the terminal parameters, it was first necessary to postulate
an overall system and to apportion impairments among the major sub-
systems. The model assumed a network which included 400-500 earth
terminals, each operating with two or more satellites spaced 3° to 5° apart.
The satellite characteristics are listed in Table I and assume a channelized

transponder.

TABLE 1. ASSUMED SATELLITE PARAMETERS

Operating Frequencies

Antenna Gain

Receive G/T

e.i.r.p.

Type of Transponder
Bandwidth

3.7-4.2 GHz, transmit
4.925-6.425 GHz, receive
27 dB
-6.8 dB/K
34 dBW
Channelized

36 MHz/output amplifier

Although the modulation , multiplexing , and multiple -access technique

to be used in the system is assumed to be FM/FDM/FDMA with param-
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eters chosen to conform to INTELSAT standards, transition to wider band
digital modulation TDM/TDMA is possible. Therefore, to accommodate
future systems characteristics and to obtain reliability through large per-
formance margins, the bandwidth specified for all RF and IF subsystems
at the terminal is 500 MHz. Frequency and channel bandwidth selection
are determined by passive filters at IF.

Each station is to be monitored and controlled from a manned control
center serving a region containing 10 to 50 earth terminals. The region
encompasses a limited area so that a serviceman can travel by surface
transportation to a terminal in eight hours or less. (Helicopter transporta-
tion would obviously reduce this time or extend the area of coverage.)
It is assumed that service specialists will perform routine inspection and
maintenance once every three months.

Earth terminal performance objectives

The characteristics of earth terminals operating with INTELSAT Iv [1)
provided a general guide for determining performance objectives. How-
ever, the trend toward higher satellite G/T, increased interference (cross
polarization and adjacent beams), reduced baseband channel noise for
high-quality point-to-point or multipoint networks, and low-error-rate
digital transmission was also taken into account. These considerations led
to the performance objectives specified in Table 2.

The reliability objective of each subsystem is based on an overall ter-
minal, 10 transmitting and 10 receiving chains, achieving an availability
of 0.999 during a 3-month period of unmanned operation. This implies
that, of 100 terminals with 1,000 links, only one link would fail during
the 3-month period. Components subject to wearout, such as the traveling
wave tube, would have a minimum life of 25,000 hours.

Earth terminal configuration

With unattended operation as a principal objective, simplicity became
a major factor in the choice of the terminal design. In addition, the ability
to accommodate future growth and modifications required to operate in
the 11/14- and 20/30-GHz bands contributed to the choice of the actual
configuration. Figure 1 is a block diagram of the earth terminal which
includes the components described in the following subsections.
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TABLE 2. EARTH TERMINAL OBJECTIVES (FM)

Total System Noise 5,600 pWp

Total System Thermal Noise plus Intermodulation 3,600 pWp

External Noise Sources 1,000 pWp

Earth Terminal Noise Allocation (excluding
thermal noise)

Earth Terminal Noise Breakdown

1,000 pWp

Transmit Baseband 50 pWp

Modulator 100 pWp

Local Oscillators 75 pWp

Channel Filter Group Delay 125 pWp

Multiplexer and High-Power Amplifier 150 pWp

Receive Baseband 50 pWp

Demodulator 100 pWp

Local Oscillators 75 pWp

Channel Filters 125 pWp

Low-Noise Amplifier, Transistor Amplifiers,
and Channel Splitters

150 pWp

Crosstalk
Receive G/T

Transmit Antenna Gain
Transmit Power/36-MHz Bandwidth

TOTAL 1,000 pWp
<65 dB

30 dB/K at 4 GHz,
100 elevation

54 dB at 6 GHz
400 W

High-power amplifier

An examination of the problems associated with high-power (8- to
12-kW), liquid-cooled, traveling wave tube. amplifiers required for multi-
carrier operation led to the decision to designate single-carrier-per-
amplifier operation as the primary operating mode. Hence, it was possible
to avoid the 7- to 8-dB output power backoff required of traveling wave
tubes in multichannel operation to meet the limitation on "out-of-

band" intermodulation power, i.e., pi = 26 - 0.06 (a - 10) dBW/

4kHz.
The communications capacity (number of telephone channels per

36-MHz bandwidth) versus earth terminal power for a 32-ft (11.7-m)
antenna was examined by using the satellite model, as shown in Figure 2.

* a is the elevation angle of the earth terminal antenna.
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At 400 W, the number of voice channels was about 10 percent lower than
the asymptotic capacity established by the down-link thermal noise alone.
With the likelihood of future satellites providing greater receive sensitivity,
it was decided to accept the communications capacity limitation of the
400-W amplifier since at this power level it was feasible to achieve a long-
life, air-cooled, high-gain traveling wave tube. This power level would
also be useful for as many as 100 voice channels in single-channel-per-

carrier multicarrier operation with adequate saturation power backoff
to meet in-band and out-of-band intermodulation limits.

The power amplifier traveling wave tube (type 636171 developed by
Varian for COMSAT) has a minimum saturated power gain of 5 dB over
the 5.925- to 6.425-GHz band at a power output of 400 W. An overall
primary-power-input-to-RF-output conversion efficiency of 24 percent
has been achieved. The impregnated dispenser cathode emission current
density of <900 mA/cros at an operating temperature of 1,070°C ensures
the specified minimum lifetime of 25,000 hours. The permanent- magnet-
focused tube is conduction cooled by an air-cooled cold plate. Each tube
is energized by lead-acid rechargeable batteries through an inverter-type
supply operating at 1,500 Hz. This frequency in conjunction with elec-
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tronic regulation of the series-connected anode and depressed collector
supplies (each about 5,000 V) ensures constant power output and a low
ripple voltage with small filtering components (see Figure 3).
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Figure 3. UET High-Power Amplifier Block Diagram

The high-power amplifier monitoring and test access design is consistent
with the general philosophy adopted for the UET. The subsystems do not
incorporate any metering, on-off switches, or indicator lamps, since opera-
tion is by remote control. As a safety measure, the high-power amplifier
does include a high-voltage ON lamp and emergency high-voltage OFF
switch. A service test panel can be connected through a multipin con-
nector mounted on the front panel of the amplifier to permit access to
and measurement of important voltages and currents. To enable checking
while in service, RF test access is through directional couplers with test
ports brought out to the front panel.

High-power amplifier filter-multiplexer

The key to the suitability of the power level chosen for the high-power
amplifier is an arrangement of filter-multiplexer units which permits ad-

REMOTE MONITOR
AND

CONTROL INTERFACE
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jacent channel amplifier operation. The dual-mode elliptic function filter-
multiplexer developed at COMSAT Laboratories [3] fulfills this requirement.
The design achieves a useful bandwidth of 36 MHz with 40-MHz spacing
between center frequencies to match the frequency plans of the INTELSAT Iv,
IV-A, and presently operating and planned U.S. domestic satellites. The
output multiplexer is group-delay equalized at the input to the traveling
wave tube with a 3-pole coupled waveguide cavity unit. Equalization at
this point is possible because of the small phase versus drive factor of the
traveling wave tube (35° with drive variation from -20 dB to saturation).
The noise contribution due to the filter group delay shown in Figure 4
is held to less than 150 pWp for an 1,800-channel carrier. The loss per

multiplexer section is 0.3 dB.

FREQUENCY IMHSI

H
MULTIPI EXER AMPLITUDE RESPONSE

17/Mlli^36

MUI TIPLEXEH EQUAI IZED DEIAY

6,050 6,0/0 6,090 6,110 6

D nn

6,1 h0 6,170

FREQUENCY IMI0I

Figure 4. Output Multiplexer Amplitude and Group-Delay Response

Up-converter

The varactor upper sideband up-converter [2] is capable of driving the
power amplifier to saturation. With the up-converter's minimum measured
signal gain of 4.8 dB, the IF amplifier drive is 10 mW for maximum trans-
mitter output. The pump-to-output-port response varies less than I dB
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over the 500-MHz band. Similarly, the IF signal-to-output response is
within 1 dB, L250 MHz, with the pump at 5.32 GHz. The wide band-
width permits channel switching simply by changing the local oscillator
frequency.

An alternate design using a low-level varistor mixer followed by a
medium-powered Gunn diode amplifier was considered, and a 500-mW
Gunn diode amplifier was developed. However, because of the early state
of the Gunn diode amplifier development and the critical transmission
performance required in the 6-GHz signal chain, contrasted with the
ruggedness of the up-converter varactor, the latter was chosen.

Local oscillator

To ensure reliability and to obtain the required frequency stability, the
chosen local oscillator design uses a crystal-controlled oscillator operating
at VHF followed by frequency multipliers and a transistor amplifier at
2 GHz with sufficient power to drive the final step recovery diode fre-
quency doubler to an output level of 400 mW (see Figure 5).

0.5-0.55 2.5--2]5 GHz

OSC AMP
IS F ,

X5 5 0-5 , 5
TRANS SRD 4-STAGE
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SEE

DOU-
RLERS lomw AMP 100 FILTER I iOri,W
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AMP 1 W
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FILTER

TRANS
AMP

X3 SRD

285. 3.35 GHz

4mA

FILTER
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2-STAGE

TRANS

AMP

2.85-3.35

GHz

15 mW

60-70 MHz RECEIVER LO

Figure 5. Transmitter and Receiver Local Oscillators

Designing all interstage filter and impedance matching circuits with
bandwidths in excess of 9 and 16 percent of the operating frequency for the
transmit and receive chains, respectively, has made it possible to achieve
a noncritical *fixed tuned local oscillator. The output frequency can be set,
without tuning, by choosing a crystal at the appropriate frequency. The
crystal can be plugged in, or alternatively, a series of crystals with the
desired frequency selected by a remotely operated switch can be provided.
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The thermal noise introduced by a chain of broadband frequency multi-
pliers and amplifiers has been reduced to an acceptable value by using
low-noise field effect transistors (FETs) in the master oscillator and buffer
amplifier stages and appropriate interstage filters. The local oscillator
noise contribution has been measured as less than 75 pWp with respect to
419-kHz deviation in a 4-kHz channel.

Each of the five modules shown in Figure 5 is a 2- x 2-in. (5.08-
x 5.08-cm) microwave integrated circuit using discrete parts. Other forms
of local oscillators, such as synthesizers employing phase-lock loops or
oscillators directly at the operating frequency using high-stability' cavities,
were evaluated and rejected for this application because of an undesirable
failure mode, i.e., loss of frequency lock with consequent potential inter-

ference to other carriers.

855-MHz IF amplifier

With the trend toward systems with higher capacity and larger band-
widths operating at higher frequencies, it seemed logical to reconsider the
use of the usual 70-MHz intermediate frequency. It was desirable to select
the lowest intermediate frequency which would permit future wideband
operation (up to 500 MHz) with economical filtering and amplification.
These factors, in conjunction with the usual mixer considerations for
reducing spurious frequency generation, led to the selection of an inter-
mediate frequency of 855 MHz. With this intermediate frequency, local
transmitter mixing products and all mixer products below the seventh
order would be placed outside the mixer filter passband responses.

Figure 1 indicates the insertion channel filters following IF amplifica-
tion. A series of stripline, 6-pole, Chebychev filters and 3- or 5-section
group-delay equalizers (depending on the bandwidth) has been designed
to cover a range of bandwidths from 2.5 to 36 MHz.

Parametric amplifier

At the present state-of-the-art, a noise temperature <75 K can be
achieved with varactors operating at room temperature and pump diodes
that are qualified for long life and high reliability.

The parametric amplifier, shown in Figure 6, uses the fail-soft approach.
Each stage, complete with varactor and pump diodes and diode bias regu-
lators, is included in a temperature-controlled module coupled to a 9-port
circulator. Temperature, and consequently paramp gain, is stabilized by
Peltier thermoelectric devices (TEDs). Current direction and magnitude
through the TED are controlled by a solid-state feedback controller which
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Figure 6. 4-GHz Low-Noise Amplifier Block Diagram

will hold the 45-GHz Gunn diode pump and varactor diodes to within
2°C over an ambient range of 10°C to 50°C.

In the event of a stage failure, the signal is circulated to the next stage,
and the gain loss is automatically compensated by the IF amplifier auto-
matic gain control. Failure of the first stage results in a maximum noise
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temperature degradation of 1.5 dB, while failure of the later stages results
in correspondingly less degradation. The design implemented employs
three identical parametric amplifier stages followed by a 4-stage transistor
amplifier.

Transistor amplifier

The low-noise solid-state amplifiers following the paramp use silicon
NPN bipolar transistors (HP 35876 E, option 100). Two of these modules
are cascaded to obtain 30-dB gain. The measured performance of each

module is shown in Table 3.

TABLE 3. MEASURED PERFORMANCE OF TRANSISTOR

AMPLIFIER MODULE

Frequency 3.7-4.2 GHz

Gain 15 t 0.2 dB over frequency,
±0.3 dB over O°C-50°C

Noise Figure 3.8 dB maximum

C/I Two-Tone > 50 dB at P°„i = 5 dBm

The amplifier incorporates an FET constant-current regulator to pre-
vent overvoltage and to stabilize performance over temperature. The
circuit is etched on a 2- x 2-in. (5.08- x 5.08-cm) copper-clad polyphenyl.ne-

oxide substrate.

Receiver multiplexer-mixer preamp

A separate down-converter is assigned to each RF channel through a
stripline filter-multiplexer. The insertion loss (0.4 dB per section) of the
suspended substrate photo-etched filter can be tolerated at the low-power
levels in the receiver, and has a negligible effect on receiver noise tempera-
ture because of the preceding 60 dB of gain. The 3-pole filter provides
> 30-dB rejection to the alternate channels on either side of the desired
carrier, thus eliminating concern that higher order intermodulation prod-
ucts could contribute to channel noise if the mixer were presented with

several large carriers.
The multiplexer approach permits modular addition of carriers with

relatively low loss, i.e., 5 dB for the filter multiplexer versus 12 dB for the

hybrid-coupled 12-port divider.
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The microstrip mixer-preamp shown in Figure 7 includes the single
mixer diode and three hybrid-coupled transistor amplifiers. The hybrid-
coupled stages yield higher reliability as well as an improved dynamic
range. The net gain is 27 ±0.5 dB over the 3.7- to 4.2-GHz band. The
wide bandwidth provides noncritical performance when the mixer is used
in the present 36-MHz/carrier application and will be directly applicable
to future systems with wider bandwidths.
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Figure 7. Multiplexer-Mixer-IF Preamplifier

Frequency selection, as described in the transmitter section, is achieved
by switching or inserting the appropriate crystal into the local oscillator
unit. Carrier bandwidth selection is accomplished with passive filters
identical to the stripline units in the transmitter chain.

IF amplifier-automatic gain control

The 60-dB gain required between the mixer preamp output and the
0-dBm demodulator input to accommodate a range of signals from 24
to 1,872 channels is obtained with two amplifier units of the 3-stage
hybrid-coupled transistor amplifier [4] identical to those of the mixer pre-
amplifier. As shown in Figure 8, the automatic gain control (AGC) PIN
diode attenuators preceding the IF amplifier units maintain the input to
the demodulator within f1 dB over a +10- to -30-dB level change.
Thus the AGC range compensates for gain loss incurred when a para-

Figure 8. IF Amplifier Multiplexer Automatic Gain Control

metric amplifier , 4-GHz transistor amplifier , and/or IF amplifier stage

fails.

Wideband modulator-demodulator and baseband module

The wideband modem and baseband processors shown in Figure 9
are divided into four modules. The transmit baseband module controls
the baseband level and the frequency response of the signals to be trans-
mitted. The baseband limiter sets a predetermined upper limit on the
deviation and holds that level within tl dB. It also controls the output
level of the spreading waveform generator so that the ultimate carrier
flux density is within FCC and ITU limits. This is accomplished by adding
to the baseband input a 20- to 150-Hz triangular waveform with a level
inversely proportional to the baseband level. The spreading waveform also
acts as the carrier signature. In addition, within the baseband module,
a 60-kHz pilot signal and pre-emphasis are applied to the baseband. The
baseband module contributes no more than 10 pW of noise and distortion

to the modem output.
The wideband modulator employs two varactor-controlled oscillators

(1.4 and 2.25 GHz) in a push-pull circuit. This method of operation yields
high modulator sensitivity (226 MHz/V) and, by mixing these signals,
effects a cancellation of the even harmonics produced in the modulator.
Deviation from the 855-MHz modulator center frequency in excess of
±4O MHz peak-to-peak with baseband from DC to 10 MHz is possible

with less than 1.0-percent intelligible AM.
The phase-locked-loop demodulator employs the same dual oscillators
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as the modulator. The phase detector sensitivity is 0.05 V/rad. The modem
has been implemented for a 612-channel carrier, although it is capable of
handling 1,872 channels as well as TV. For the 612-channel implementa-
tion, the modulator-demodulator contributed less than 200 pW in the
worst channel (14 kHz), met all INTELSAT Iv operating specifications, and
provided a threshold improvement of 1.5 dB over a conventional

discriminator.
The receive baseband module provides the de-emphasis and amplifica-

tion. It also contains the pilot detector, loss of pilot alarm, and out-of-
band noise detector circuitry.

All circuits are solid state and implemented in printed circuit and MIC

form.
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As indicated earlier, earth station location and antenna elevation angle
limitations plus the need for two or more satellites in the orbital arc to
serve a community of users have resulted in increased restrictions on satel-
lite orbital positions. These restrictions suggest the use of a fixed reflector
multiple-beam antenna. Previous studies [5] of multibeam antennas had
shown that a conical torus reflector with offset feeds would provide mul-
tiple steerable beams at a lower cost than separate antennas for each beam,
as well as improved reliability and performance.

The surface of the reflector is generated by a parabolic are rotated about
an axis appropriately oriented at the earth site to obtain uniform scanning
of the geosynchronous are. This surface yields higher efficiency but less
out-of-plane scanning flexibility [6] than that of a spherical reflector. The
feeds are positioned along an arc matching the reflector paraxial arc and
at a distance from the reflector located between the paraxial and parabolic
focal arcs. Beam steering in equivalent hour angle motion is accomplished
simply by sliding a carriage which supports the feed assembly and low-
noise amplifiers along a pair of bearing rods formed to match the feed
arc. The declination motion required to follow out-of-plane satellite drift
is guided by a pair of parallel rods perpendicular to the first set, as shown
in Figure 10.

The antenna feed geometry has been designed so that the simple X-Y
motion of the feed scans as much as 40° of the geosynchronous are with
negligible error. Mechanical interference limits adjacent feed (beam)
spacing to about 2°.

The engineering model shown in Figure 11 has a lightweight structure
that has been analytically developed by using NASTRAN programs. The



222 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2 , FALL 1974

Figure 10 . Feed and Paramp Support and Guides

32- x 55-ft (9.6- x 16.5-m) aperture provides beams to scan 20° of the
geostationary arc. The reflector is positioned to cover the orbital arc from
18° to 38° west longitude.

The reflector backup structure is formed of standard steel angle which
can be easily assembled in the shop and checked for proper curvature.
The tubular steel curved spline which determines the circular curvature of
the reflector backup structure and provides the 4-point attachment to
the support structure (see Figure 11) is fabricated in three sections so that
it can be shipped to the site via conventional trucks. The tubular steel
support structure utilizes a tripod of fixed length for the right front sup-
port point, an A-frame for the left front support point, and an inverted A
for the rear two points. For a particular location, the A-frame members
are fabricated to the required length. Small adjustments to account for
installation inaccuracies are accommodated by the locking nuts on the
foundation mounting studs.

To provide greater insight into fabrication and installation problems,
detailed drawings and separate work statements were prepared for steel
structures, aluminum reflector surface, foundation, and erection and
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Figure 11 . UET/MBTA
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adjustment on-site. Separate contracts were let for each activity.
The reflector was assembled in the horizontal position (focal point up)

on four concrete piers corresponding to the four reflector backup struc-
ture support points. After final alignment of the 32 panels, the reflector
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was lifted into position on the support tripod and A-frames previously
aligned by star observations and standard surveying techniques, as shown
in Figure 12.

AN UNATTENDED EARTH TERMINAL FOR SATELLITE COMMUNICATIONS

Feed position versus satellite motion has been calibrated against the
orbital motion of INTELSAT IV F-2 and F-7. The feed positioning worm
screws provide ±1° of beam steering, corresponding to ±8 in. (20.32 cm)
of travel along the X and Y guide rails. Position adjustment can be held
to ±0.04 in. (1.016 mm) or 0.005°. The north-south feed travel versus
time follows a sine function with a period of 24 hours. The X-plane motion,
which Corte ponds to satellite in-plane drift, although it has constant
velocity until a satellite drift correction is made, is slight. Therefore, it is
necessary to correct this position only once or twice a day. The feed is
behind a mylar window completely protected from the weather and di-
rectly connected to the parametric amplifier. The major antenna perfor-
mance characteristics are shown in Table 4.

TABLE 4. ANTENNA PERFORMANCE CHARACTERISTICS

Figure 12. Antenna Reflector Being Lifted Into Position

Measurements of the reflector surface indicate that it is better than
0.015 in. (0.381 mm) rms with respect to a true parabolic vertical section.
The structure is designed to maintain surface errors over the entire surface
within less than 0.035 in. (0.889 mm) rms of the true parabolic torus
surface for wind loads up to 35 mph (56 km/hr) with gusts up to 45 mph
(72 km/hr). The reflector support structure and feed equipment tower
stiffness result in signal variations of less than 0.1 dB in winds of 60 mph
(96 km/hr) and no permanent deformation in winds of 100 mph (160
km/hr).

A broadband corrugated horn feed and a 5-port orthomode transducer
have been developed to illuminate the 32-ft (9.6-m) aperture. This effort
has resulted in a more complete understanding of corrugated feed design.
Exceptional symmetry of E- and H-plane radiation patterns, low sidelobes,
constant phase center with frequency, and octave band impedance match
have been obtained with a considerably smaller feed than had previously
been possible.

Frequency
Transmit 5.925-6.425 GHz
Receive 3.70-4.20 GHz

Gain
at 6 GHz
at 4 GHz

Sidelobes

53.8 dB
50.5 dB

First >25 dBi below beam peak
1° < 0 < 48 ° Profile 32-30 log 0
o > 48° less than 20 dBi

VSWR
Output of Orthomode Transducer 1.2:1

(receive)
Input to Orthomode Transducer 1.2:1

(transmit)
Polarization linear or circular with axial ratio

<0.5 dB in transmit and receive
bands

Isolation
Feed-to-Feed >40 dB
Transmit-to-Receive >80 dB
Polarization-to-Orthogonal >40 dB

Polarization
Noise Temperature

(total antenna + feed + polarizer
and orthomode transducer)

Structure

20 K at 29° elevation

Gain Loss (winds 60 mph, or 112 <0.1 dB
km/hr)

Temperature
No Permanent Distortion

-20°F to +120°F
winds 100 mph ( 160 km/hr)
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Monitoring and control

Based on the premise that telemetry and command monitoring will not
be diagnostic, but will determine only the terminal's operational status,
the number of subsystem parameters to be monitored has been kept to
a minimum. The essential parameters monitored and the operations com-
manded are shown in Figure 13. In case of monitoring and control system
failure, the terminal will operate "blind" until monitoring and control are
restored, although the radiator power can be monitored through the

satellite.
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This battery will supply up to three power amplifier modules for two
hours. The second battery has 60 cells, each with a capacity of 73 Ah,
to yield 129 V. This second battery operates all the other equipment except
building lighting, heating, and cooling through an inverter which gen-
erates 117 V, 60 Hz, single phase. All of the low-power equipment operates
from this 60-Hz source with standard self-contained power supplies.

This arrangement permits redundancy, as shown in Figure 14, since
either of the two battery banks may be used directly for the traveling
wave tube amplifier power supplies, the 60-Hz inverter can be bypassed,
and all the low-voltage equipment can be operated directly from the power
line. The battery watt-hour capacity depends on the depth of discharge
permitted; battery operation for long life has dictated a discharge limita-
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Figure 13. Monitoring and Control System Block Diagram

The control system operates through a voice channel that can be trans-
mitted via satellite. Antenna pointing information, transmitter ON/OFF,
and power level adjustment of each terminal are centrally controlled.

Prime power

For reliable operation, it is necessary to isolate the transmission equip-
ment from power transients and to continue operation during power
interruptions. Therefore, prime power is taken from two lead-acid battery
banks which are constantly being recharged by the AC power line. One
battery bank has 72 cells, each with a capacity of 32.5 Ah, to yield 156 V.
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Figure 14. Uninterrupted Power System Block Diagram
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tion of 126 V for the 72-cell system and 105 V for the 60-cell system.
With this depth of discharge, two complete transmit and receive chains
will operate for two hours in the absence of line power.

initial tests

In early 1973, as an initial test, circuits were established between Clarks-

burg and a small terminal aboard the S.S. HOPE in Maceio, Brazil,

through the global beam of the INTELSAT IV F-3 satellite. Three telephone
channels, 300 Hz to 4 kHz, 12 to 16 kHz, and 16 to 20 kHz, were used for
slow-scan television, facsimile, telecopier, and voice communications.
Frequency modulation with a peak deviation of 75 kHz per channel was
used. The occupied bandwidth was 300 kHz. For e.i.r.p. and G/T values
of 59.8 and 75 dBW and 14.2 and 30 dB/K at the S.S. HOPE and Clarks-

burg, respectively, the operating C/T was 160.5 dBW/K, resulting in
signal-to-noise ratios of 48 dB in each channel. The direct and reliable

communications enabled doctors on board the S.S. HOPE to consult

with specialists in the United States, and to obtain information directly
from the Library of Medicine of the National Institute of Health and

various universities.
A television test transmission was conducted through the INTELSAT IV F-3

spot beam between the UET and a 15-ft (4.5-m) receiving station at
COMSAT Headquarters in Washington, D.C. The RF bandwidth from the
video signal was reduced to 18 MHz through a 6-dB reduction of the color
subcarrier at the UET transmitter and corresponding restoration at the
Washington receiver. The sound was transmitted on a separate carrier
with 15 dB less power and at a frequency 14 MHz higher than the video
carrier. Although the signal-to-noise ratios (47 dB at Washington and
50 dB at the UET) were lower than current INTELSAT IV system standards,

the quality was judged adequate for many purposes.
Initial operating experience has been gratifying in terms of reliability.

Almost all parts except special microwave components were selected
from the NASA PPL-11 * high-reliability list, and all parts were derated
according to satellite practice. Although strict quality assurance practices
such as those which would apply to parts, source control, and burn-in
in the production phase were not followed for the engineering model,
failures have been few. For instance, the paramp has operated over 6,000
hours without failure. Since the feed and all radio equipment have been
mounted in an enclosure, well protected from the weather, operation
through rain, snow, and wind storms has been uneventful.

* Now replaced by PPL-12.

AN UNATTENDED EARTH TERMINAL FOR SATELLITE COMMUNICATIONS

The terminal will undergo further testing to evaluate remote supervision
and control, equipment performance, and reliability. The UET will also
be used to test polarization isolation measurement techniques using the
dual polarization feed, polarizer and orthomode transducers.

Conclusion

A complete earth terminal based on new concepts has been developed
to achieve the high reliability required for unattended operation. These
basic concepts include broadband microwave integrated circuit ampli-
fiers with fixed tuning, a fixed reflector antenna with multiple steerable
feeds enclosed in the equipment room, passive multiplexing of low-power
broadband final amplifiers and receivers, hybrid-coupled active redun-
dancy in all signal amplifiers except the traveling wave tube, and remote
control and monitoring of each terminal from a central point.
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The unattended earth terminal
multiple-beam torus antenna
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Abstract

This paper deals first with the electrical characteristics of the front-fed conical
torus antenna as developed analytically and verified by scale-model antenna
measurements. The unattended earth terminal multiple-beam torus antenna
(UET MBTA) design and measurements are then discussed. Noise tempera-
ture performance is estimated. Next, the corrugated horn used to feed the
MBTA is briefly reviewed. The orthomode transducer and polarizer require-
ments, design, and performance are then developed. The beam steering mech-
anism is described in detail. This is followed by a discussion of the structural
requirements, analysis, and design. Finally, the erection and checkout of the
structure are described.

Introduction

The unattended earth terminal multiple-beam torus antenna (UET
MBTA) shown in Figure 1 and described herein is designed to meet the
overall antenna requirements of the UET. * As such, it provides for mul-
tiple steerable beams to view satellites in geosynchronous orbit with

*The UET is described in detail in a companion paper in this issue, "An
unattended earth terminal for satellite communications," by L. Pollack and W.
Sones.
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improved reliability and wide-angle sidelobe performance at a cost lower
than that of antennas of conventional design.

The MBTA is a fixed reflector, multiple-beam, offset-fed, conical torus
antenna. The fixed reflector design gives improved reliability and lower cost
by eliminating the reflector pedestal and using more efficient load paths,
resulting in a lighter but stronger reflector. The multiple beams provide
simultaneous RF connections with several satellites at reduced cost through
reflector reuse by the overlapping illuminated areas. The offset-fed
geometry results in an unblocked aperture which gives rise to very low
wide-angle sidelobes as well as convenient access to feeds and the nearby
RF equipment. The circular symmetry of the conical torus geometry per-
mits identical beams to be generated by the feed system along the geosta-
tionary arc; further, it leads to cost-effective structural design by permitting

eightfold iterative panel and truss sections.

UET MULTIPLE-BEAM TORUS ANTENNA Z33

The front-fed conical torus antenna

Consider the geometric optics of the generalized toroidal reflector an-
tenna [1]-[3] with a simple point feed, as shown in Figure 2. For the

MBTA, the section M is a parabola; V is its vertex; F is its focus; z is the

direction of its axis; R is the radius of rotation at the vertex, V; d is the off-

set of the reflector; and the x-y plane is a plane perpendicular to its axis.
The parabolic section collimates a fan of rays originating at the focus and
lying in the x-y plane so that they emerge parallel to the z-axis, which can
therefore be thought of as the beam direction.

The angle between the axis of rotation (the z'-axis) and the beam direc-
tion is a. The parabola, M, is rotated about the z'-axis to form the torus.
For a = 95.5°, the reflector is a "generalized" parabolic torus whose
beam directions closely approximate the direction of the geostationary arc.
It has been shown that, for a 40° field of view and locations between 30°
and 50° north latitude, an angle of 95.5° between the axis or the conic sec-
tion and the axis of rotation of the generalized torus reflector is nearly

REFLECTOR

z - AXIS OF ROTATION (LIES IN x-z PLANE)

REFLECTOR IS FORMED BY

ROTATION OF CURVE M ABOUT AXIS

Figure 1. UET MBTA I Figure 2. Torus Antenna Geometry
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optimum. It results in a reflector whose beams, when moving on the scan
cone, depart from the geostationary arc by much less than a beamwidth
(for the proposed reflector size and desired field of view) for sites in the
contiguous U.S. [4].

In Figure 2, when the feed point F is moved, it sweeps out a curve parallel
to and near the focal arc. This feed curve is a circle. Because of the circular
symmetry, feeds placed anywhere on this feed are form identical beams
which lie on the surface of a cone. (The cone arises from the relationship
between z', the axis of rotation, and z, the axis of the parabola, which
causes the latter to sweep out the surface of a cone as the parabola sweeps
out the torus.) As a consequence, because a given portion of the reflector
illuminated by a given feed is geometrically and optically identical to any
other section illuminated by another feed on the focal arc, no performance
degradation is incurred when using several feeds to place several beams on
the orbital arc. There is of course a mechanical limit to the number of feeds
which may be conveniently placed on the focal are. (At present the feed
systems have been designed for a 3° minimum spacing.)

As a further consequence of this symmetry, moving a feed along the
feed arc steers the corresponding beam along the orbital arc, i.e., east-
west, with no performance degradation. Feed motion perpendicular to the
focal are moves the beam across the orbital are, i.e., north-south, and re-
sults in a small amount of performance degradation comparable to off-
axis defocusing of a paraboloid of similar geometry.

To obtain these desired symmetries, which provide degradation-free
east-west scanning and permit the use of identical feeds, it is necessary to
use optical systems, such as the torus, which have some aberration. For
aperture diameters up to about 200 wavelengths, the front-fed configura-
tion, used in the 10-ft (3.04-m) scale model and the 32-ft (9.75-m) design,
may be employed. For larger apertures, the use of aberration correction
is profitable, and this feature is presently under investigation.

Sections of the reflector taken by plane cuts including the z'-axis are all
identical to M. Sections obtained by planar cuts perpendicular to the z'-
axis are circular. Thus it can be seen that, in the plane cuts including the
z'-axis, focusing is similar to that of a parabola, while in the plane of the
circle, focusing is similar to that of a circular section. M(x, y) can be Written

as a parabola of the form

x2 = 4f(zo -f)

where f is the focal length , the focus is at F(0, zo) on the z' -axis, and the

vertex is at V(0, zo - f). It should be noted that , in the x'-y plane, the
reflector sections are circles,

x'2 + y2 = X'2

where x' is the x' coordinate of the parabola in the x'-y' plane.
For nearly constant path lengths from the feed point H(x,,, z„) to the

aperture plane, the path length, L, can be approximated by

L ^ z + [(Z - Z^) 2 + (x - xn)21v2

The change in path length is lJ

AL=L - Izo - fI - f

For normalization purposes the calculation was performed in units of
R (R = OV sin a), where R is the radius of curvature in the x'-y' plane
at the vertex. The results of the computations are presented as contour
plots, where the contours are marked in units of 10-IR to permit freedom
of choice in terms of DIN, the aperture diameter in wavelengths, and DIR,
the curvature parameter (which also fixes f/D). Calculations were per-
formed over a wide range of parameters. In addition to the variations in a
(a = 90°, 95.5°, and 101.1°), the relative focal length was varied [0.450
< (f sin a)/R <0. 525]. From these calculations it appeared that (fsin a)/R
= 0.485, i.e., f/R = 0.487, was the best choice. Exploration of feed posi-
tion yielded optimum field coordinates H(x, y) = H(0.001, -0.518).

Figures 3a and 3b are contour plots of aperture path length distribution
and radiation field. The circle in Figure 3a delineates a circular aperture
in which the path length variation is sufficiently small to be useful. The
tendency of the main beam around the - 15-dB contour in Figure 3b to
become triangular is characteristic of the radiation pattern of offset
toroidal reflectors.

Consider now the variation of gain as a function of frequency. The
parameter D/),, which is proportional to frequency, is preferable for this
purpose. For a torus defined by a = 95.5°, R/D = 2, and f/R = 0.487,
with the feed at H(x, y, z) = H(0.001R, 0.0, -0.5204R), gain has been
evaluated for a wide range of DIN and several illumination functions of the
form Efeed = A(cos)^. The results of this evaluation for n = I and 2 are
shown in Figure 4.

It is evident from these curves that the variation of gain with normalized
aperture diameter, D/X, falls into two regions. For larger D/X (D/X > 400),
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Figure 4. Parabolic Torus Gain vs Antenna Diameter with Illumination as
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there is a region where aberration dominates. In contrast, for smaller
normalized apertures (D/X < 250), a more uniform illumination function
results in higher efficiency and antenna gain. This clearly implies that all
of the illuminated region is adding to the gain. And so it may be concluded
that the aberration is sufficiently low and that the system behavior is akin
to that of focused systems. Between the two regions discussed above, there
is a transition where neither regimen is dominant. It is clear that, for the
parameters discussed, only for smaller reflectors, i.e., (D/X)ma, N 220,
are good aperture efficiencies obtained without compensating for aberra-
tion or increasing the value of the parameter R/D.

Experimental model

Based on the preceding computations, the 10-ft scale model shown in
Figure 5 was designed and fabricated to permit the detailed performance
evaluation [2], [5] essential to verify the analytic design and provide an
experimental basis for a full-scale design. The parameters of this scale
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Figure 5. Experimental Torus Reflector

model are f/R - 0.487 , RID = 2.0, a = 95.50°, and antenna field of view
= 15°. Figure 6 shows measured gain as a function of the frequency used
in the scale model . Two gain points computed using an exact path length
model are shown for comparison . The comparison is very good , within a

few tenths of a decibel.

Wide-angle radiation patterns were measured at several frequencies, and
the peaks of the sidelobes plotted. The envelope of the peaks, shown in
Fig. 7, is always below the line for a sidelobe level equal to (32 - 251og 100°) dB,
which is a widely accepted standard [6] for the sidelobe envelope representa-
tion of the "smoothed" peaks. In fact, the smoothed envelope falls off at
-30 log 10 0° or better.

It has already been noted that the circular symmetries of the torus con-
figuration permit the feed to be moved on a feed circle while scanning the
unchanged beam over a scan cone defining the field of view of the antenna.
Figure 8, which shows radiation patterns measured for the center beam
(at 0°) and for a beam near one edge of the reflector (at 6° scan), demon-
strates this property.

Again, as noted earlier, to obtain the necessary field of view, scanning
orthogonal to the symmetry cone is required to follow the out-of-plane
motion of the satellite. Here the geometry exacts a loss of gain comparable
to the off-axis defocusing of a parabola of similar geometry. The results of
measurements of this loss of gain are shown in Figure 9.

It has also been noted earlier that, because of the overlapping of illum-
inated regions on the toroidal reflector, less reflector area is required for
several beams, with a consequent potential savings. The reflector surface
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area has been calculated for a 32-ft torus and a typical 32-ft paraboloid.
The results shown in Figure 10 clearly indicate that, for only two beams,
the torus antenna surface is smaller than that of the paraboloid for fields of
view approaching 20°. For three or more beams, the area of the torus an-
tenna is significantly smaller for fields of view less than 37°.
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242 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2, FALL 1974
LET MULTIPLE-BEAM TORUS ANTENNA 243

The UET torus antenna

The improved computer model [7] developed and verified using the scale
model was applied to the design of the 32-ft UET MBTA. The results of a
parametric study of variation of gain as a function of the parameters DIR,

f/R, and feed displacement from the focus, 0/R, versus frequency are
shown in Figure 11. It is clear that aberration correction was not needed.
Because it was desired to closely match the requirements of a domestic

system (G/T > 30 dB/K), the values off/R and R/D were chosen as 0.488
and 2.5, respectively (where R = 80 ft or 24.4 m), yielding a computed gain

of about 54 dB at 6 GHz.
The UET MBTA (shown in Figure 1) was designed and fabricated to

these electrical parameters as discussed below. Gain and far-field radiation
patterns were measured by moving the feed horn and measuring the signal

D = 32 ft
R/D = 2, 2.5

FREQUENCY = 4, 6 GHz
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mg
CASE 2: f/R - 0484
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CASE 1. f/R = 0.480

from an INTELSAT IV spacecraft . As discussed below, feed motions are in
hour angle and declination . The hour-angle pattern (half-power beam-
width = 0.47°) with its characteristically low sidelobes is shown in
Figure 12. The declination pattern shown in Figure 13 has a half-power
beamwidth of 0.58°, with somewhat higher sidelobes since the scan motion
introduces more aberration.

Gain and beamwidth were measured at several frequencies in the receive
band . These data, shown in Figure 14, are remarkably consistent with ex-
ternal verification . A gain of 50.3 dB was calculated by using the formula
gain = 30,000/beamwidth product. System loop measurements with a
cooperating earth station at Andover, Maine, yielded a gain of 50.2 dB at
3,876 MHz. A gain of 50.5 dB was measured by comparison with another
antenna (whose gain had been measured with some care) working the same
satellite at the same frequency . Previous independent calculations based on
computer modeling with due allowance for surface tolerance, feed effi-
ciency, and waveguide losses gave an estimated gain of 50.3 dB at
3,900 MHz.

In the transmit band, the gain at 6,200 MHz was measured as 53.6 dB,
while the computation -based estimate was 54 dB . The correspondence is
still quite good.

The system G/T for a 32 -ft earth terminal is calculated assuming a low-
noise receiver noise temperature of 75 K, where the low-noise receiver is an
uncooled paramp /receiver. Since

the estimated torus antenna noise temperature, ta, is

51
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R/D = 2
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Figure 11. Gain Analysis for Front-Fed Torus

spillover = 5 K
blockage = 0 K

main beam (10° elevation) = 12 K

t°=17K

where tL = feed, orthmode transducer (OMT), filter, and waveguide
noise temperature

=0.2dB= 13 K
tRCVR = uncooled paramp/receiver noise temperature

= 75 K.

Therefore, = 17 K + 13 K + 75 K = 105 K. Taking the measured
gain as 50.3 dB, a G/T of 30.1 dB/K is obtained for a 32 - ft torus with a
75-K uncooled paramp.
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Figure 12. UET Antenna, Scan Plane Pattern

Corrugated horn feed

Tests of the scale model have shown that a torus antenna fed by a corru-
gated horn gives better performance than the same antenna fed by other
feeds. The corrugated horn shown in Figure 15 provides axial symmetry

UET MULTIPLE-BEAM TORUS ANTENNA 2.4.'

-1.5

I P

FREQUENCY = 3876 MHz

SCAN LIMIT

-10 -0.5 0 0.5 1A 1.5

3 (DEG)

Figure 13. UET Antenna, Out-of-Plane Scan Pattern

(equal E- and H-plane patterns), sidelobe levels below 30 dB, appropriate
amplitude taper, a beamwidth essentially independent of frequency over
wide ranges of frequency, and negligible cross-polarized radiation. These
properties are illustrated in Figure 16. The E- and H-plane radiation pat-
terns shown are typical of this horn over the frequency band of 3.7 to
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UET MULTIPLE-BEAM TORUS ANTENNA 247

the elemental Huygens source. This behavior results from the field dis-
tributions built up principally in the center of the horn by hybrid modes
which are generated near the throat of the horn and propagate along the

corrugated structure.*

Figure 15. Corrugated Horn

6.425 GHz. The horn has a true phase center whose location does not
change with frequency. *A more detailed discussion of the corrugated horn is given in the paper by

The axial symmetry of the radiation patterns, together with the phase R. Price, "High-performance corrugated feed horn for the unattended earth

center properties, describes a polarization character which is identical to terminal," which also appears in this issue.
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Orthomode transducer and polarizer

There are basically two sets of requirements imposed on the OMT and
polarizer design for the UET. The first set pertains to the INTELSAT IV
operational requirements: receive on right-hand circular polarization,
transmit on left-hand circular polarization, axial ratio less than 0.3 dB,
and isolation adequate for receive protection (typically 80 dB). Figure 17
is a photograph of the OMT and polarizer designed to these requirements.

Far more interesting is the set of requirements imposed by frequency
reuse using orthogonal polarizations, which enables theoretical doubling of
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Figure 17 a. GMT b. Polarizer

the communications capacity. Implied in this operation are the require-
ments imposed on the OMT and polarizer circuits: simultaneous reception
and transmission on orthogonal polarizations and a high degree of isola-
tion between waves which are nominally orthogonally polarized.

The system requirements imposed on OMT/polarizer designs for

frequency reuse are as follows:

polarization mode: dual linear polarization (LP) or dual
circular polarization (CP)

polarization rotation (LP only): ±10° transmit relative to receive

axial ratio: CP: <0.5 dB; LP: >40 dB

insertion loss: <0.1 dB
VSWR: <1.15:1

These specifications apply to both transmit and receive bands.
The design approach selected to meet these requirements centers on the

use of a novel junction to separate the transmit and receive frequency
bands. Once the frequency separation has been achieved, the remaining
components, e.g., the polarizers, can be designed for relatively narrowband
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operation, thus attaining the required polarization characteristics. The
successful design of the directional junction is fundamental to the success-
ful design of the network.

The directional junction is based on coupling between circular and
coaxial waveguide sections using a short section of corrugated waveguide
as a transition. The basic junction geometry is illustrated in Figure 18. As
indicated, the circular waveguide section supports both transmit and re-
ceive frequencies in the TEII mode, the coaxial waveguide supports the
TE,, mode in coaxial guide, and the center conductor supports only the
TE1I 6-GHz mode. The design problem then is to funnel the 4-GHz fields
in the circular grid into the coaxial guide while simultaneously coupling
the transmit fields from the conductor guide to the larger circular wave-
guide. The corrugated waveguide section is used to perform this function.

The actual design of the junction entailed a substantial amount of de-
tailed effort relating to such problems as impedance matching, achieving
6- to 4-GHz isolation, and mode purity.

Once frequency band separation has been achieved by means of the
directional junction, the remaining components are designed on the basis
of a 10- to 12-percent bandwidth. Figure 19 is a sketch of the complete
OMT/polarizer assembly implemented for circular polarization. For linear
polarization the polarizer sections are removed and a rotary joint is
mounted on the transmit waveguide to permit relative isolation rotation.

The design of the transmit band ortho-coupler was matched to better
than 1.15 and had more than 40-dB/in. (15.8-dB/cm) linear or about
25-dB/in. (9.8-dB/cm) circular polarization isolation between ports. The
polarizer was designed with a maximum axial ratio of about 0.15 dB. The

COAX WAVECUIDE

4 GHz BAND ONLY
CIRCULAR WAVEGUIDE

4-AND 6 -GHz BANDS

Figure 18. Directional Junction Geometry

4-GHz OMT

CORRUGATED

TRANSITION

Figure 19. OMT/Polarizer Assembly ( CP mode)

ortho-coupler and polarizer together had an insertion loss of about
0.06 dB.

On the receive side a considerable effort was required to design the ortho-
coupler and polarizer in coaxial waveguide. The ortho-coupler consisted
of a pair of displaced unbalanced waveguides shunt coupled to the coaxial
waveguide. The guides were displaced to prevent evanescent TE21 mode
coupling and a vane was employed to provide appropriate reactive loading
to the guides. To increase the 6- to 4-GHz isolation to that required for
receive protection, waffle-iron low-pass filters were designed in each of the
coupled waveguides with reference planes essentially at the junction.

The polarizer design in the coaxial guide utilizes periodic reactive ele-
ments. On the basis of extensive experimental evaluation, a simple iris
has been selected as the reactive element. The final design of the polarizer
embodies 12 iris pairs in a tapered distribution. The design achieves an
axial ratio of less than 0.20 dB over the entire receive band.

The complete OMT and polarizer design meets all the requirements dis-
cussed earlier. The overall insertion loss is 0.5 dB in the transmit band and
0.15 dB in the receive band. The axial ratio is less than 0.25 dB (CP mode)
in either band and all ports are matched to better than 1.15 CP.

Beam steering mechanism

It has been noted in the previous section that, for feed positions along the
geostationary arc, the feed point sweeps out a circular are (see Figure 2).
This arc is the same are used for in-plane scanning of a single feed to follow
the motions of a single satellite, and it almost exactly simulates hour-angle
motion in a satellite tracking hour-angle/declination mount. Moving the
feed orthogonal to this trajectory closely corresponds to declination scan-
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Bing. Because of the torus geometry, these are the natural ways to move the
feed; the feed mechanism has been constructed accordingly. The require-
ment for feed steering [8] has been given careful consideration. Table I
shows the history of satellite box size, and Table 2 indicates the gain loss
as a function of satellite station box size. For the UET MBTA in an
INTELSAT IV environment with stationkeeping of about ±0. 5°, gain loss
would be prohibitive without steering. However, for future applications
involving stationkeeping within ±0.1°, this question will be reopened.

The feed support shown in Figure 20 has been designed and built to sup-
port several feeds on the focal arc of the reflector and to look through a

UET MULTIPLE-BEAM TORUS ANTENNA 253

TABLE 1. HISTORY OF SATELLITE BOX SIZE

Satellite Box Size

Satellite Epoch
East-West
(in-plane)

North-South

(out-of-plane)

EARLY BIRD 1965 12° no control
INTELSAT n 1967 4° 3°
INTELSAT nl 1969 2° 2°
INTELSAT Iv 1971 1° 1°

Domestic Satellite 1975 0.2° 0.2°
(COMSAT GENERAL)

window in the side of the upper room. The window is about 40 in. (1.01 m)
wide and runs just below and parallel to the sloping roof of the tower. The
roof slope is determined by the tilt of the reflector, which is set by the satel-
lite geostationary arc as seen from the antenna location. The feed support
consists of two bearing rails, one attached to the roof and the other
attached to brackets just below the window. The rails are curved to follow
the focal are of the torus reflector. They support an azimuth plate through
several roller bearings. Motion of the plate assembly along the curved rails
provides hour-angle steering. Two similar straight rails are mounted on the
back of this plane and an elevation plate is supported on these to provide
declination steering. The feed and its associated paramps and other equip-
ment are supported on a truss structure mounted on the elevation plate.
Provisions are made for mechanically adjusting the feed toward and away
from the reflector to coincide with the focal point.

TABLE 2. GAIN Loss* VERSUS SATELLITE STATIONKEEPING

Minimum Half-Power Beamwidth (deg)
Uncertainty

Box Size 0 . 5-dB 1-dB 2-dB 3-dB 4-dB
(deg) Gain Loss Gain Loss Gain Loss Gain Loss Gain Loss

0.03 x 0.03 0.075 0.052 0.037 0.03 0.026
0.1 X 0.1 0.25 0.17 0.12 0.1 0.09
0.2 X 0.2 0.49 0.35 0.25 0.2 0.17
0.3 X 0.3 0.75 0.52 0.37 0.3 0.26
0.5 X 0.5 1.2 0.87 0.61 0.5 0.43
1 X 1 2.5 1.7 1.2 1.0 0.9

Figure 20. Feed Support I * Gain loss is 1-way loss in directive gain.
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Once the feed is adjusted to its focal point, it remains fixed and all other
steering is provided by moving the elevation and azimuth plates. Jactuator
mechanisms are provided on each plate to steer the feed f 1° on each axis.
These have been motorized with a small AC motor so that the feed can be
remotely positioned using the communications signal as a reference for
peaking. If the feed is to be moved to another satellite, the Jactuator sup-
port for the azimuth steering can be relocated and the whole mechanism
can be slid along the focal arc to the new position. A readout synchro has
been provided to remotely indicate the feed position.

Structure

The structural requirements of the MBTA were predicated upon the
desire to view synchronous satellites within a 20° sector of the synchronous
arc. The 32-ft-aperture antenna was to operate in winds of 45 mph (72
km/hr) with full capabilities and up to 60 mph (96 km/hr) with a small
degradation in performance. The structure was designed to survive 100-
mph (160-km/hr) winds without exceeding stress levels which allow normal
safety factors. In the operational environment, the antenna, after align-
ment, was to be capable of pointing at a given satellite to within one tenth
of a beamwidth (0.05°). A surface accuracy of 0.035 in. (0.09 cm) rms was
required.

The requirement to look at satellites in a 20° longitude band has estab-
lished the width of the antenna as approximately 55 ft (16.76 m). This
allows the feed or multiple feeds to be located anywhere along the feed are
f 10° from the center satellite position (see Figure 21). An additional re-
quirement is imposed for beam steering to follow individual satellites
which may vary fl° in hour angle and declination.

The wind environment imposes the major loads on the antenna struc-
ture. An analysis was made to determine the distorted shape of the reflec-
tor while subjected to steady 45-mph wind loads from the front and back.
Nonsymmetrical wind loads were also analyzed. Survival wind load stress
levels were easily met in most members, since the reflector design had to be
very stiff to meet the pointing and surface accuracy requirements. Although
the dead load of the structure in its final position contributes to the mem-
ber stresses only at survival, distortions were calculated for faceup and
look angle positions to determine the contour change between the reflec-
tor surface alignment faceup in position and final position. This contour
change was budgeted in the total error allowed in the look angle position.
A 10° temperature differential between the front and back structural mem-

Figure 21. Location of Feeds Along the Feed Are

bets was used to determine the solar differential effects on the surface
tolerance while operating.

A preliminary design concept provided a modular type of structure that
realized economy of fabrication. Hand calculations established the first
estimate of member sizes. With these calculations and the design concept
it was possible to calculate the coordinates of node points in the truss struc-
ture for analysis by the NASTRAN program created by NASA for analysis
of complicated 3-dimensional structures. * Once the program was estab-
lished it was possible to vary member sizes to optimize them for the desired
surface accuracy and pointing errors. A typical set of rms values obtained

*A more detailed discussion of this analysis is included in the paper by
A. Abu-Taha, entitled "Structural analysis of the unattended earth terminal
antenna," which also appears in this issue.
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from such an analysis is shown in Table 3. The surface accuracy budget
was established to allocate the allowable error to various factors which
had to be included. The budgeted and measured values for 45- and 30-mph
(62- and 48-km/hr) wind are shown in Table 4.

Since a sandbag test indicated that the panel design was not as stiff as
anticipated, the actual achieved surface error was higher than desired, but
within the original design goal. The numbers shown in Table 4 are based
on consideration of the full reflector. If only the 32-ft aperture had been in-
cluded, an improvement in surface accuracy would have been realized. The

TABLE 3. SUMMARY OF ANTENNA SURFACE RMS CALCULATIONS

rms (in.)

Loading Condition
Case

I a

Case

II-

Case

III-

Case

IV a

Case

V a

Gravity Loading at Look Angle 0.023 0.022 0.017 0.020 0.015
45 mph, Horizontal to Beam Axis 0.010 0.008 0.007 0.009 0.006
100 mph, Horizontal to Beam Axis 0.042 0.034 0.028 0.034 0.022
45 mph, Horizontal to Ground 0.024 0.021 0.017 0.020 0.013
100 mph, Horizontal to Ground 0.095 0.082 0.069 0.082 0.052
Gravity Loading + 45 mph Horizontal to 0.015 0.015 0.012 0.014 0.013

Ground, Front Face of Antenna

Gravity Loading + 45 mph Horizontal to 0.032 0.030 0.022 0.027 0.019
Ground, Back Side of Antenna

Gravity Loading + 100 mph Horizontal to 0.025 0.017 0.020 0.022 0.018
Beam Axis, Front Face of Antenna

Gravity Loading + 100 mph Horizontal to 0.063 0.054 0.042 0.051 0.033
Beam Axis, Back Side of Antenna

Gravity Loading + 45 mph Horizontal to 0.007 0.005 0.007 0.007 0.007
Ground, Front Face of Antenna

Gravity Loading + 45 mph Horizontal to 0.046 0.043 0.033 0.040 0.028
Ground, Back Side of Antenna

Gravity Loading + 100 mph Horizontal to 0.073 0.061 0.054 0.063 0.039
Ground, Front Face of Antenna

Gravity Loading + 100 mph Horizontal to 0.117 0.104 0.084 0.100 0.066
Ground, Back Side of Antenna

10° AT 0.014 0.014 0.014 0.014 0.014
Gravity Loading, Antenna Looking 0.007

Horizontally

Gravity Loading, Antenna Looking Faceup 0.005

a Cases I through V represent the original configuration and sizing and four subse-
quent connect rod configurations, respectively, used in NASTRAN computations.
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TABLE 4. SURFACE ACCURACY

rms (in.)

Budget
45 mph

(measured)
30 mph

(measured)

Panel Manufacturing 0.015 0.015 0.015

Panel Alignment 0.015 0.015 0.015
Panel Wind Load and Dead Load 0.015 0.030 0.015

0.007 0.007

Structure Wind Load at Look Angle 0.015 0.016 * 0.008*
Structure Dead Load at Look Angle 0.015 0.013 * 0.013 *
Support Alignment 0.010 0.013 0.013

TOTAL 0.035 0.044 0.034

* Calculated.

panels could be designed to be stiffer or more intermediate supports could
be used if a tighter surface accuracy were required.

The pointing error is subject to reflector alignment, feed alignment, and
relative positions between the reflector and feed. The pointing errors cal-
culated for a 39.4-ft (12-m) antenna are shown in Table 5. The values for a
32-ft antenna are smaller.

The foundation and structure were aligned to better than 0.01°. After

TABLE 5. POINTING ERRORS

Error (deg)

Reflector and Support

Elevation 0.013

Azimuth 0.004
Vector 0.013

Tower Foundation 0.007

Reflector Foundation 0.005

Tower 0.006

TOTAL (Algebraic) 0.031
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installation it was realized that the fine alignment of the structure was not

as significant as originally thought since the steering capability allows for a
f 1 ° adjustment of the beam. As a result, beam positioning can be used to
compensate for some of the misalignment.

The desire to develop an antenna which could be ^sed anywhere in the
U.S. has resulted in a universal reflector structure design. It consists of a

triangular spine truss with nine vertical flat trusses , each identical to the
others, to provide a modular structure. The spine truss is supported on four
points by the reflector support structure. This structure is a universal
design, but requires changes in the lengths of some members to fit the orien-
tation for each specific site. The foundation center line dimensions and the
tower location with respect to the reflector must also be varied for different
locations. Only four different reflector panels are used in the reflector sur-
face, eight units of each.

This modular concept for the panels and reflector backup structure sim-
plifies the shop tooling and lowers the fabrication costs. The reflector struc-

ture is shop welded whenever possible and field bolted with high-strength
bolts. The spine truss is shipped in three pieces and bolted together in the
field. The flat trusses are shipped as subassemblies and bolted to the spine
truss with intermediate bracing. The panels come as complete units, which
are supported on four stud bolts welded in the field to the backup struc-
ture. These studs provide the adjustment mechanism to set the surface to
the required accuracy and reduce secondary stresses and distortions due to
differential expansion of the steel backup structure and the aluminum
panels.

The field alignment of the reflector surface was performed with the an-
tenna on four temporary foundation supports and the reflector looking at
the zenith. A special jig was mounted on the reflector to support the theo-
dolite used for surveying the panels, and a special theodolite mount with a
bearing mounted tape attachment permitted a tape to be stretched from the
center of the instrument to the panel corners where the targets were fixed at
precalculated positions. A 1-second theodolite was used to survey azimuth
and elevation angles to establish the position of the targets to within 0.015
in. (0.04 cm) rms of the desired surface. All final surveying was performed
at night to prevent distortions and nonrepeatable readings which would
have resulted from temperature changes due to solar radiation. After the
surface alignment the entire reflector was picked up by a crane and set on
the four support points (see Figure 22), which were then aligned to be at
the proper slope and to lie within a plane, duplicating the alignment condi-
tion during the surface accuracy survey.
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Figure 22 . Placement of Reflector on Support Points

The tower has been designed to provide a stiff structure to prevent beam
misalignment due to focal length changes with respect to the reflector. It
provides space for batteries , power equipment , transmitters , feed horn, and
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receivers. The batteries and power equipment are located on the ground
floor and the RF equipment is located in the upper room. To minimize the
tower height and provide easier access, the ground has been filled about
5 ft so that the ground floor is level with the adjacent road. The tower is a
simple steel structure with diagonal bracing for stiffening. The upper floor
is metal decking covered with fireproof plywood and vinyl tile. The roof
and walls are corrugated steel, insulated with flat steel interior panels. The
walls and roof are galvanized and prefinished in the shop. They are fitted,
cut, and attached to the steel with stainless steel self-tapping nylon hex

head screws.
The engineering model built at Clarksburg was manufactured and

erected with COMSAT acting as the general contractor. Contracts were
awarded separately for the fabrication of the steel structure and for the
panels. Another contractor aligned and installed the reinforced concrete
foundations by using a north-south baseline established by COMSAT Labor-
atories and a surveying subcontractor. The steel and aluminum for the
reflector and tower were aligned and erected by still another contractor.

Panel alignment using theodolite and tape was accomplished at night in
a conventional manner, although the lack of complete circular symmetry
required more individual attention to each panel point adjustment. Only
two points could be set with each tabulated elevation angle, and azimuth
angles were more important than usual for a paraboloidal reflector, since

they established the spacing between panels in the wide dimension of the
reflector. The unique alignment problem for this type of antenna is the
requirement to place the four points of support in a plane once the reflec-
tor was mounted at the look angle. This requirement resulted from the
desire to obtain a surface accuracy at the look angle that is the same as that
built into the surface when it was adjusted on the ground. These four points
were surveyed from a baseline oriented with respect to north using a I-
second theodolite and surveyor's tapes. After alignment the points were
found to be in a plane within 0.024 in. (0.06 cm). This resulted in an overall
surface misalignment of 0.013 in. (0.03 cm) rms, which was considered
acceptable. Since the engineering model was to be used for experiments at
higher frequencies, the alignment requirements were more rigorous than
those which would be necessary for an antenna to be used in the 4- to 6-

GHz range.
The MBTA reflector structure and tower were designed and built using

standard techniques of analysis, fabrication, and erection to produce an
economical and useful antenna system which would demonstrate the feasi-
bility of a multiple-beam system.
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Structural analysis of the
unattended earth terminal antenna

A. ABU-TAHA

(Manuscript received April 9, 1974)

Abstract

This paper describes the semiautomated structural analysis of the fixed un-
attended earth terminal (UET) multiple-beam torus antenna (MBTA). The
iterative analysis cycle has resulted in a lightweight engineering model that meets
design requirements. The stringent design criteria are surface accuracy under
operational loading conditions and structural integrity under survival loading
conditions.

NASTRAN, the NASA structural analysis program, is used as the' analysis
tool in the design procedure. The design procedure includes the formulation of a
representative structural model, the NASTRAN static and normal mode analy-
ses, and processing of the results. The use of additional software in concert with
NASTRAN has improved the accuracy of the analysis and enhanced the con-
vergence on a final design.

Introduction

General-purpose digital computer programs based on finite-element
techniques have proved to be valuable tools for determining the behavior
of large elastic structures. One such program which provides a wide range
of analytical capability is the NASA structural analysis program,
NASTRAN. The basic idea of the finite-element method is to divide a
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complex structure into simple interrelated structural elements. The useful-
ness of the method is best realized by employing the digital computer to
solve the resulting matrix equations. Additional software used in concert
with NASTRAN and resulting in a semiautomatic design procedure can
greatly improve the speed and accuracy of the analysis of structures having
many degrees of freedom. Such a design procedure has been used in the
iterative design cycle of the unattended earth terminal (UET) multiple-

beam torus antenna (MBTA). *
The UET antenna, shown in Figure 1, is a fixed torus antenna with

satellite tracking accomplished by independent steering of the feed horns.
Surface accuracy under operational loading and structural integrity under
survival loading have been the major controlling design factors.

The NASTRAN program has been used as the analysis tool in the struc-
tural design of the UET antenna structure, which includes a reflecting sur-
face, a backup structure, and a fixed support structure. The final results
of each design cycle have been evaluated and structural modifications
incorporated where necessary. Four different configurations have been
analyzed, and approximately six redesign cycles of the selected configura-
tion have been required to converge on a final design. The final configura-
tion and one redesign cycle are described in this paper.

General description of the UET antenna

A typical synchronous satellite communications antenna consists of a
parabolic reflecting surface and a backup structure supported and driven
by a steerable mount. The elevation/azimuth steering is essential to main-
tain line-of-sight with the synchronous satellite as it experiences perturba-
tion in its geostationary orbit. Such an antenna system is capable of receiv-
ing and transmitting signals to one satellite at a time. For simultaneous
links with three satellites, three such antennas are necessary.

A novel multiple-beam earth terminal [1] can provide simultaneous
links with three or more satellites occupying a 20° segment of the geo-
stationary arc. The reflecting surface is a fixed torus with satellite tracking
accomplished by independent movements of several feed horns. This
configuration eliminates the driving gear needed to steer the typical 10-
to 30-m (32.8- to 98.4-ft) parabolic antennas and replaces it with a simple

feed steering mechanism.

`See the papers entitled "An unattended earth terminal for satellite commu-
nications" and "The unattended earth terminal multibeam torus antenna," which
also appear in this issue.

STRUCTURAL ANALYSIS OF UET ANTENNA

THE TWO PHOTOS IMMEDIATELY ABOVE CAN BE VIEWED AS

A STEREOSCOPIC PAIR. SEE FIGURE 9 FOR METHOD

Figure 1. UET/MBTA Fixed Antenna
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The UET/MBTA reflecting surface and backup structure are mounted
on a fixed support structure which is designed to orient the reflecting sur-
face so that a given segment of the geostationary orbit is scanned. The
orientation (look angle) of the torus, which depends on the location of the
antenna relative to the central satellite point, consists of two rotations of
the aperture plane from the local vertical plane: an elevation angle, E,
and a tilt angle, B, shown in Figure 2. The orientation of several torus

GEOSTATIONARY ORBIT

Figure 2. UET/MBTA Look Angle

CENTRAL
SATELLITE

antennas at different earth locations to scan the segment S, S2 of the geo-
stationary arc is shown in Figure 3. The latitude, A, and longitude, L,
of the terminals, and the longitude of the central satellite, S0, are as indi-

cated in the figure. The torus reflecting surface and backup structure de-
scribed here can be used at different locations. Only the support structure
members and feed support require modification so that the look angle at

the desired location is obtained.
The toroidal reflecting surface is generated by rotating a parabolic

section about an offset axis of rotation, as shown in Figure 4. The para-
bolic section is divided into four equal parts along its directrix, and the
circular arc is divided into eight equal parts, resulting in a total of 32 quad-
rilateral panels. Figure 5 shows a cross section of the truss supporting
the reflecting panels. An equilaterial triangle (indicated by heavy lines)
composes the main spine of the backup structure. The geometry of the
foundation plan is shown in Figure 6, where p, and p2 are the projections
of the lower pickup points on the backup structure onto the ground plane.
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Figure 3. Orientation at Different Earth Locations

Figure 7 shows the support structure that connects the pickup points of the
backup structure to the foundation.

Formulation of the structural model

The idealized model of the antenna structure consists of a finite number
of nodal points defined in pertinent coordinate systems. Structural ele-
ments with given properties connect these points. Three local coordinate
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V

I

GENERATING AXIS OF

PARABOLA ROTATION

Figure 4. The Generating Parabola Section

systems, referenced to a basic coordinate system , are needed to completely

define the UET model . The basic system is a rectangular cartesian system

designated XYZ. The Z axis denotes the local vertical at the site , while the

X axis is the projection of the axis of the parabola on the ground plane.
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Figure 6. The Foundation Plan

The local coordinate systems account for the offset axis of rotation and
the angles of elevation and tilt. The vertex of the generating parabola is
assumed to be the origin of all coordinate systems used.

A digital computer program has been written to generate the data neces-
sary to define a model for the NASTRAN analysis. The input to the pro-
gram consists of the RF defining parameters, the location of the terminal
and central satellite, and the geometry of the generating truss and founda-
tion . The program generates the necessary elevation and tilt angles for
the specified location, the coordinates of the grid points in the pertinent
coordinate systems, the magnitude of loads to be applied to the grid points,
and other pertinent data.

Figure 5. The GeneratingTruss I Figure 7. The Support Structure
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The structural model was assumed to be a pin-jointed framework and
the contribution of the panels to the total stiffness of the structure was
neglected. These assumptions were intended to simplify the mathematical
model and reduce the computation times without significant loss of ac-
curacy. The bending rigidity of the joints was either negligible or nonexist-
ent because of the method of connection. The actual structure should
exhibit deflections that are smaller than those calculated here because of
the extra stiffness, although small in value, contributed by the panels.

Loading conditions

The three basic forces that affect the behavior of the structure are gravity
loads, wind loads, and temperature gradients. These loads have been ap-
plied to the model individually and in various combinations. The dis-
tributed forces acting on the reflecting surface panels have been converted
into equivalent joint loads and applied to the backup structure grid points.

The operational and survival wind loads for the UET antenna have been
specified as 72 km/hr (45 mph) and 160 km/hr (100 mph), respectively.
Wind tunnel test results predicting pressure distribution over the toroidal
surface are not available; hence, approximate calculations of the generated
forces have been used. Several wind directions have been considered in the
analysis. The most pertinent of these directions for the antenna at look
angle is wind parallel to the ground plane, since this condition produces a
higher combination of forces and torques on the structure. The wind load
over each panel area is obtained by using

and back of the antenna structure has been used in the analysis. This simple
distribution may be representative of early morning conditions since the
reflecting surface is oriented toward the east (looking at Atlantic satellites).
As the day progresses, the front-to-back gradient should diminish. Since
the structure is open, the wind will also contribute to a reduction in this
"morning" gradient.

The loading conditions listed in Table 1 have been analyzed. The last
two cases have been included to study the effects of constructing the
antenna faceup and then mounting it at the look angle.

TABLE 1. LOADING CONDITIONS

Case No. Loading Condition

I
D = 2 CD pAV 2

where D = drag force
p = air density
A = projected area of the panel
V = wind velocity

CD = drag coefficient.

A drag coefficient value of 1.3, which is the shape factor for a parabola,
has been used. The effects of side wind have been approximated by apply-
ing 20 percent of the front wind load to the structure.

The complexity of the structure makes it difficult to choose a representa-
tive temperature distribution. Numerous factors, such as wind, solar
radiation, and gain or loss of heat by reflection and radiation, affect this
distribution. A temperature differential of 5.6°C (10°F) between the front

I gravity (g)

2 operational wind load
3 survival wind load
4 side wind (operational and survival)
5 temperature differential
6 g + case 2 (front side)
7 g + case 2 (back side)
8 g + case 4
9 g + case 3 (front side)

10 g + case 3 (back side)
11 g (antenna face up)
12 g (antenna horizontal)

Analysis of the structural model

The NASTRAN basic static analysis and normal mode analysis rigid
formats are used for the static and dynamic analyses, respectively. The
displacement method approach is specified. These analyses entail the
solution of the matrix equations

and

where

[K] Jul = {p}

[K-XM](u} =0

[K] = stiffness matrix
[M] = mass matrix
Jul = displacement vector
{p} = load vector

A = square of the natural frequency.



272 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2 , FALL 1974 n
STRUCTURAL ANALYSIS OF UET ANTENNA 273

The outputs of the basic static analysis include the following:
a. plots of the structural model,
b. weight and balance information,
c. displacements of grid points,
d. foundation point reactions,
e. forces in elastic elements,
f. stresses in elastic elements.

The NASTRAN plots of the undeformed structure were obtained to
verify the coordinates of the grid points, the transformation of coor-
dinates, and the members of connection. Figure 8 is an orthographic
front view projection of the final model. Figure 9 is a stereoscopic projec-
tion including the viewing method. The surface accuracy of the reflector

A three-dimensional effect may be achieved without the aid of a special
viewer by holding a long envelope or piece of cardboard vertically out
from the nose as a divider between the lines of sight so that each eye
can see only one image of the stereo pair. By relaxing the eyes as if
daydreaming the two retinal images can be made to merge into one.
With practice the same effect can be achieved without the divider.

Figure 8. Orthographic Front View Projection I Figure 9. Stereoscopic Projection
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under operational loading conditions and the safety factors for structural
members under survival loading conditions were calculated by using the
NASTRAN outputs.

rms surface deviations

The displacement vector obtained from the NASTRAN static analysis
for each of the loading cases analyzed has specified a distorted position
of the reflecting surface relative to the undistorted (zero deflection) posi-
tion. The surface deflections consist of rigid body translations and/or
rotations in addition to surface distortions. The rms surface error can be
minimized if the average rigid body motions are applied to the structure
in reverse and only the surface distortion component of the displacement
is used in the calculations. The average rigid body translation and rotation
of the surface are calculated and applied to the undistorted surface, hence
defining a mean surface.

The rms surface error is defined by

/E62
rms I\

It

where S; = displacement of joint from distorted
surface to mean surface

n = number of joints.

The displacements of the panel's supporting joints (backup structure joints)
have been assumed to be identical to those of the reflecting surface. The
X component (wind direction) of the displacement vector is the major
contributor to surface distortions. Only this component is used in the
surface rms calculations.

The surface accuracy results for pertinent loading cases are given in
Table 2. These values take into account the distortions of the backup and
support structures. The rms values are those calculated for the total re-
flecting surface. It should be noted that a given beam will illuminate only
a portion of the total reflecting surface. The local rms values calculated
for such regions are, on the average, 10 percent better than the values

tabulated.
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TABLE 2. REFLECTING SURFACE rmS AND POINTING ACCURACY

rms
Loading Elevation Azimuth
Case cm in. (deg) (deg)

1 0.033 0.013 0.016 0.004
2 0.041 0.016 -0.012 -0.004
5 0.036 0.014 0.000 -0.002
6 0.025 0.010 0.004 -0.002
7 0.071 0.028 0.028 0.008
8 0.038 0.015 0.014 0.005

11 0.010 0.004 0.002 0.000

Stress In structural members

Elements having only extensional properties have been used to repre-
sent the structural members of the backup and support structures. The
backup structure members have been divided by function into two cate-
gories, main and secondary members. The support structure consists of
a tripod, a bipod (semi A-frame), and a yoke (V) frame connected to the
backup structure spine as shown in Figure 7. The combined gravity and
survival wind loadings produce the highest stresses in these members.
The stresses are either tensile or compressive, depending on the orienta-
tion of the elements and the direction of the applied loads.

The stresses obtained from the NASTRAN analysis are examined to
ensure that the various members have sufficient safety factors without
overdesigning. The safety factor, SF, of each member is based on its
actual maximum stress, am, and its allowable stress, c,; i.e.,

SF=Q°
Cm

Simple material failure (yielding) of members in tension and instability
failures of members in compression govern the magnitude of the allow-
able stresses. Yielding is a material property, and the yield stress used is
specified in the American Institute of Steel Construction (AISC) manual
[2]. However, the allowable compressive stresses must be calculated for
the various members that have different slenderness ratio values by using
the modified Euler's formula specified in the AISC manual; i.e.,
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1272E

o° = 23(K1/r)2

oa

1.6 - (l/200r)

where oa = allowable compressive stress for
main members

= allowable compressive stress for
secondary members

E = Young's modulus of elasticity
1 = length of structural member
r = radius of gyration

K = effective length factor
KI/r = length-slenderness ratio.

An effective length factor, K, of 1.0 has been used for truss members. The
lengths of the members have been obtained from the generated mathe-
matical model data, and the radii of gyration have been calculated from
the member cross sections.

For the final model typical safety factors of 2.2 to 5.3 for the support
structure members and 1.2 to 2.6 for the backup structure members have
been obtained. These values do not take into account allowances permitted
in the AISC manual and can be considered conservative. Several struc-
tural members experience low stresses under survival loading conditions.
This is due to the surface accuracy requirements and the uniformity desired
for manufacturing ease and economy.

Normal mode analysis

Structures designed for static loading only may still fail under oscilla-
tion excited by steady and/or gusty winds. Large deflections and stresses
can result if the structure is to resonate, i.e., oscillate at a natural

frequency.
The normal mode analysis was not included in the redesign process.

This analysis was performed for the final model to verify the approxi-
mate hand calculation of the fundamental frequency (lowest natural
frequency) of the structure. The approximate calculations had shown that
the fundamental frequency of the structure was several octaves higher
than that of wind gusts or vortices excited by steady wind frequencies.
Here, the structure was idealized as a cantilever beam with an end mass.
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The NASTRAN inverse power method [31, [4] with shifts was selected
for the normal mode analysis, where the frequency range of interest and
the estimated and desired number of natural frequencies were specified.
The fundamental frequency of the antenna structure was found to be

7.9 Hz.
A particular deformation configuration is obtained at the instant when

all the points in the structure reach an extremum as they execute harmonic
motion about a position of static equilibrium. Each mode shape is asso-
ciated with a natural frequency of the structure. The fundamental mode
shape of the reflector surface is shown in Figure 10, in which only the X
components of the normalized eigenvector displacements (normalized
distance from equilibrium position to extreme position) obtained from the
NASTRAN analysis are plotted. In this first mode, the reflector is exhibit-
ing a cantilever motion about the tripod-supported region and a twisting
motion about the approximate line of nodes (line of zero motion).

Figure 10. Fundamental Mode Shape
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Redesign process

The structural model presented here is the final product of an iterative
design cycle in which NASTRAN was used as the analysis tool. However,
the effectiveness of the NASTRAN analysis was greatly hampered by time
delays and errors occurring in the idealized model preparation stage and
in the processing of the analysis results. This is particularly true of the
preliminary design phase where alternatives were evaluated and changes
were frequent. Hence, development of software is essential to improve the
performance of the iterative process. The preprocessor and postprocessor
used in concert with NASTRAN resulted in the semiautomated design
procedure shown in Figure 11. The amount of data handling and the time-
consuming repetitive calculations were reduced and a redesign cycle with
a good turn-around time was obtained.

The iterative design process was divided into three stages: preliminary
analysis, coarse analysis of the selected configuration, and refinement of
the selected configuration. Alternatives were evaluated in the first stage
and the general configuration shown in Figures 5-7 was selected. In the
second stage, the selected configuration was analyzed further, and alterna-
tives to this configuration were studied. The depth of the main spine truss
was varied, 3- versus 4-point pickup supports were evaluated, and struc-
tural members were redistributed. The resulting 4-point pickup structure
and 2.44-m (8.0-ft) spine truss model were then refined in the third stage
by further redistributing members and by removing the corner points of
the torus. Table 3 compares the resulting coarse model and the refined
final model.

TABLE 3. COMPARISON OF COARSE AND REFINED MODELS

Description Coarse Model Final Model

Number of Joints 87 79
Number of Members 270 249
Number of Degrees of Freedom 243 219
Weight 13,200 kg 12,370 kg

(29,1001b) (27,2801b)
rms Deviations, Gravity 0.056 cm 0.038 cm

(0.022 in.) (0.015 in.)
Operational Wind 0.053 cm 0.033 cm

(0.021 in.) (0.013 in.)

I
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Conclusions

This paper has described the general structural analysis of the 10-m
UET torus antenna. The redesign procedure utilizing the NASTRAN
program and additional software produced a torus structure capable of
meeting both operational and survival loading specifications. Further
iterations would have resulted in only modest weight and performance
improvements. The reflector and its backup structure can be used at any
location with modification only to the support structure and feed mecha-
nism so that the look angle at the site is obtained. Table 4 summarizes
pertinent conclusions derived from the total data that pertain to the final
model.

TABLE 4. PERTINENT DATA SUMMARY

Weight
Reflecting Surface 2,430 kg (5,360 lb)
Backup Structure 4,920 kg (10,8'0 lb)
Support Structure 5,020 kg (11,060 lb)

Total 12,370 kg (27,280 lb)
Surface rms

Gravity at Look Angle 0.033 cm (0.013 in.)
Operational Wind Load 0.041 cm (0.016 in.)

10°F AT 0.036 cm (0.014 in.)
Pointing Accuracy

Elevation
Gravity at Look Angle 0.014°
Operational Wind Load 0.012°
10°F AT 0.000°

Azimuth

Gravity at Look Angle 0.004°
Operational Wind Load -0.004°
10°F AT -0.002°

Minimum Safety Factors
Support Truss 2.2
Backup Structure 1.2

Fundamental Natural Frequency 7.9 Hi
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High-performance corrugated
feed horn for the unattended
earth terminal

R. PRICE

(Manuscript received May 2, 1974)

Abstract

This paper describes a high-performance corrugated feed horn developed for
the antenna of the unattended earth terminal (UET). The horn was designed to
provide optimal illumination of a 32-ft offset-fed parabolic torus over the 3.7- to
4.2- and 5.9- to 6.4-GHz frequency bands and at the same time to be suitable
for use in multiple-feed configurations in which sets of independently steered
beams are generated by means of a fixed reflector and moveable feeds.

The horn is characterized by an axially symmetric beamwidth that is frequency
independent over a broad band, a true phase center whose location is also inde-
pendent of frequency, and negligible sidelobes. It is exceptionally small and com-
pact for its type. Theory and design techniques are discussed and performance
data are presented in the paper.

Introduction

For wideband satellite communications, radiating horns with circum-
ferentially grooved walls possess important advantages: axially symmetric
and frequency independent beams, negligible sidelobes, and true phase
centers whose locations remain fixed with frequency. On the other hand,
this type of horn is mechanically complex and generally exacts a penalty
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in size and weight. Nonetheless, because of its superior RF performance,
the corrugated horn was selected as the feed type to be developed for the
unattended earth terminal (UET) antenna. *

Efficiency considerations

It was not initially obvious that the corrugated (scalar) horn would
be the best choice for illuminating the torus reflector. Such horns had
indeed been successfully used as feeds for circularly symmetric parabolic
reflectors. The high performance obtained had been related to a close
match between the horn's aperture fields and the reflector's focal region
fields. It had also been demonstrated analytically that similar results would
apply to spherical reflectors and to 2-reflector systems [t].

The UET parabolic torus is not circularly symmetric, and therefore it
was not evident that previous results would apply. Nevertheless, certain
gain and efficiency calculations performed with illumination function as
a parameter did indicate that, for various torus antenna configurations,
a corrugated horn would provide nearly optimum illumination [2]. These
calculations showed that there was a range of reflector dimensions for
which a cos'"z (0) illumination taper, where 0 is the angle formed between a
ray from the phase center of the horns to the reflector vertex and a ray from
the same origin to a field point on the reflector, maximizes both gain and
efficiency. This taper is characteristic of many corrugated horns. Efficiency
refers to the ratio of the actual gain obtained to that which would be ob-
tained from a perfect paraboloid of the same area and with the same
illumination.

Within this range of reflector dimensions, extending from around 150-
250 wavelengths, aberration effects, while significant, are not dominant;
therefore neither a uniform nor a highly tapered illumination function
would be ideal. Uniform illumination places a high proportion of the
available energy in wide-angle unfocused rays, while highly tapered il-
luminations make inefficient use of available reflector area. The dimensions
of the UET torus antenna over its band of operations extend from 148
to 257 wavelengths.

An additional and important consideration in the choice of the corru-
gated horn as the UET feed was its extremely low sidelobe level of less

* See the papers entitled "The unattended earth terminal multibeam torus
antenna" and "Antenna design studies for a U.S. domestic satellite," which also
appear in this issue.
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than 35 dB. This value is required for adequate beam isolation in certain
multiple-beam applications and also ensures that there will be no significant
antiphase components of current on the reflector.

Hybrid modes and anisotropic surfaces

Antenna aperture efficiencies approaching 100 percent can be achieved
by means of feeds whose aperture fields closely match the focal plane
fields of the reflector [3]. It is not as yet known how to synthesize such
feeds, although rather close approximations are possible. Conventional
smooth wall horns do not provide a close approximation to the focal
fields because smooth metallic walls cannot support the particular modes
into which these focal fields may be resolved. Such modes are hybrid; that
is, they have components of both electric and magnetic fields in the direc-
tion of propagation [4], [5]. They require for support anisotropic bound-
aries, i.e., boundaries having surface impedances that are varying functions
of direction.

Smooth metal walls are obviously not anisotropic because they consti-
tute short circuits in all directions. However, suppose that circumferential
grooves a quarter wavelength deep were to be cut into the walls. These
grooves would form quarter wavelength short-circuited radial transmission
lines that would appear at their inputs as open circuits. The surface imped-
ance would now be anisotropic. Consider a point along the outer rim of a
groove, as shown in Figure 1. In the circumferential direction around the
rim, the impedance would be zero; looking into the groove, it would be
infinite; and across the groove, from rim to rim, it would be a capacitive
reactance. Longitudinal grooves would produce a similar result.

The same hybrid modes which are required to match the focal region
fields of a symmetrical reflector to realize efficiencies approaching 100
percent also yield circularly symmetric power patterns with low cross
polarization [6]. Such power patterns are generated by antennas whose
electric and magnetic fields have the same variation with a set of spatial co-
ordinates; i.e., parallel components of the magnetic and electrical fields
are described by identical functions.

Fields with this characteristic are made up of hybrid modes. While it is
possible to decompose a hybrid mode into TE and TM components,
each associated with one of the longitudinal fields, electric or magnetic,
these component elements do not constitute independent propagating
modes. As independent normal modes traveling in a conventional wave-
guide, they would have different cutoff wavelengths and velocities of



286 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2, FALL 1974 5 HIGH-PERFORMANCE CORRUGATED FEED HORN FOR UET 287

Figure 2. Coordinates for Equations (1)-(6)

Z = 0 CIRCUMFERENTIALLY ALONG RIM OF GROOVE

Z = m INTO OPEN END OF GROOVE

Z = IXC = 2x
{
C ACROSS OPEN END OF GROOVE ( RIM-TO-RIM)

Figure 1. Three Impedance Values as Functions of Direction on an
Anisotropic Surface

and

while

E,n = K, J'U) sin a

Ha = -' J,( U) cos 9

propagation. However, the TE and TM components forming the hybrid
mode are degenerate with respect to each other; that is, they have the same
phase velocity and are linked in their travel along a transmission line.
They are constituent parts of one and the same mode.

With this in mind, a hybrid mode field configuration will be synthesized
by superpositioning a TM component on a TE component. First note that,
within either of the constituent parts, TE or TM, parallel components of
E and H do not have the same spatial variation; therefore, they do not
individually meet the criteria for circularly symmetric power patterns with
low cross polarization. However, it can be seen that, in the combination
forming a hybrid mode, parallel components of E and H do indeed vary
in the same manner as the spatial coordinates.

The vector components of the two contributing modes are shown in
Figure 2. In the TE„ mode in circular waveguide,

and

In the TM„ mode

and

while

and

Een = KI J,(U) cos 0

K, J,(U)

Han = Z U
sin B .

E„ = K, Z J,(U) cos 0

H,e = Ks J'() sin BU

Eee = K, Z
J,(U)

U sin o

Hee = K2 J1(U) cos 0
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where the subscripts r and B refer to the radial and circumferential com-

ponents, respectively. The subscripts h and e refer respectively to the TE
or H modes and TM or E modes,

U =
2rr

for the TE„ mode
X^h

and

= tar
U for the TM„ mode

where T„ and X,I, are the cutoff wavelengths of the two modes.J,(U) is
the 1st-order Bessel function of the first kind of argument U, and Z is the
characteristic impedance of the waveguide.

Now the parallel components of the two modes will be combined to
yield

J'( ) , (U)E K Z J 0K i e (1), = 2 coss n ,, +
U

H, = K2 J'(() sin B + Z' J,(U) cos B (2)

E, = K, J; (U) cos B + K2 Z J'(() sin 0

K, J,(U)

(3)

H,=K,Ji( U)cosB+ Z -U- sing (4)

E, = K, J,(U) cos 6 (5)

H, = K, JI( U) cos B (6)

It can be seen from equations (I)-(6) that the electric and magnetic field
components parallel to each other (arranged above in pairs) have the same
functional variation and, except for constants, satisfy Rumsey's criteria
for identical power patterns with no cross polarization [7]. To permit this,
the cutoff wavelengths of the two modes, X,, and Xu, and consequently the
values of U, and U2, have been forced to be equal. This step would involve
violating the boundary conditions imposed by any conventional surface.
However, it is permissible for boundaries that are anisotropic, since the two
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modes are not independent normal modes, but components of the same
hybrid mode. In the special case in which the ratio of the longitudinal field
components E, and H, equals the characteristic impedance of free space,

i.e.,
E, K3

= Zo = 3770
H, K,

the mode is referred to as a balanced hybrid mode and its radiation pattern
will have the polarization properties of a Huygens source.

Radiation patterns

Frequency-independent beamwidth is another interesting and remark-
able characteristic of corrugated horns. The laws governing the radiation
from apertures make no exceptions for corrugated horns. The charac-
teristic derives from the horn' s constant effective electric aperture that is
essentially independent of the mechanical or physical aperture. If this
condition does not hold, then the beamwidth will be an inverse function
of frequency. The electrical aperture of a corrugated horn will be constant
with frequency and independent of the mechanical aperture only if the
size of the mechanical aperture is above a certain threshold. This threshold
value is a function of flare angle. In an attempt to design for compact physi-
cal dimensions , the frequency independence of the beamwidth will be the
first characteristic to be compromised.

The following expression for the aperture fields of a corrugated horn

under balanced hybrid conditions has been derived [8] (see Figure 3):

Ea = K4 B„ (kr) J. [2 .405 a ] e» [f ae + iam] (7)

1 1 1
where B„ (kr) = H,2, + -P = 2-\/nkr Hn + 2[nkr]

and H,(X) = Hankel function of the second kind
a = horn half flare angle
B = angle formed at the horn vertex by a ray to an

aperture point and the horn axis
r = radial distance from the horn vertex to any point

on the aperture
as, ao = unit vectors in the polar coordinate system.
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a = 0.65 BWIO dB

or

BWIO dB = 1.53a

Corrugated horn design
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(9)

(10)

Corrugated horns may be operated in a flare-angle-controlled mode or
in an aperture-controlled mode. The former mode of operation yields
frequency-independent patterns and is usually of greater interest. To
design for angle-controlled operation, the horn flare angle is selected to
yield a desired 10- or 3-dB beamwidth (BW) by using the following ex-
pression:

a = 0.65 BW10 ax = 1.06 BWz dB

Figure 3. Geometry for Equation (7), Aperture Fields of a Corrugated Horn

The transverse field intensity is independent of (p as required for rota-

tionally symmetric patterns. As a function of radial distance from the

horn axis, the intensity is approximately Gaussian [9] with the aperture

energy very largely concentrated in the region near the horn axis. This

suggests a quick method of estimating the horn's radiation patterns and

designing for a desired far-field beamwidth. If the self-transforming

property of the Gaussian function is applied, the far-field intensity will

be found to be proportional to J0[2.405 (0/a]; this indicates that beam-

width may be controlled by adjusting the parameter a. For example,

to design for a 10-dB beamwidth, the following equation is solved for a:

r Blo
Jo 02.405 -dB] = x/0.1 = 0.316

a
(8)

where 010 dB is the angle from the main beam axis out to the 10-dB point.

Because the 10-dB beamwidth = 261o an,

The length of the horn is then set to yield the desired frequency-inde-
pendent flare-angle-controlled beamwidth. This will result in an aperture
considerably larger than that required for a conventional horn designed
for the same beamwidth. While the exact size is a function of the flare
angle, the following can be taken as a useful guide:

D =
100?

BWa dB

where D is the aperture diameter and ? is the wavelength of the lowest
frequency of interest.

Next, to excite and support the necessary balanced hybrid modes, the
grooves are designed to form a capacitive surface reactance along the horn
walls. The capacitive surface will suppress surface waves which, if allowed
to propagate, would form a ring-type radiator at the aperture. Such a
radiator would have a null on axis pattern and the intensified edge dif-
fraction at the aperture would result in increased sidelobes and backlobes.

The grooves, which may be viewed as radial waveguides terminated in
a short circuit, will be capacitive if they are between a quarter and a half
wavelength deep. For wideband operation, their depth will be adjusted
to X/4 at the lowest operating frequency and the bandwidth will then
extend up to the frequency at which the groove depth is X/2. In practice,
the groove is made somewhat deeper, typically 10 percent more than
X/4 at the lowest operating frequency, to avoid the appearance of mode
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spikes at the lower end of the frequency band. The width of the grooves
will be adjusted to less than X/2 at the highest operating frequency to cut
off any mode other than the fundamental radial waveguide mode. Un-
necessarily high corrugation density will increase manufacturing costs
without yielding a proportionate improvement in performance. Four cor-
rugations per wavelength at the highest operating frequency has been
found to be adequate.

Impedance matching

The match of a corrugated horn to the input transmission line is es-
sentially determined by the geometry of the throat region. Beyond a half
wavelength from the point at which the corrugations begin, the fields
along the wall surface become very weak and detail changes in the groove
design have little or no effect on the input VSWR. The horn is matched by
correctly choosing the point at which the corrugations begin. This point
is a function of the horn flare angle and can be most conveniently found
experimentally with a scale model of the throat section only.

For matching purposes it is unnecessary to work with a model of the
entire horn, since the geometry beyond the second or third corrugation
has only a negligible effect on the input VSWR. Once the initial corruga-
tion has been located, the match may be further improved by tapering the
groove widths. Within limits, impedance matching may be accomplished
without affecting the radiation patterns. It has been observed that locating
the first groove further than X/2 from the input waveguide junction de-
grades the patterns.

Sweep frequency data on the first generation UET feed horn are pre-
sented in Figure 4. The return loss averages 25 dB (equivalent to a VSWR
of 1.21) over the receive 3.7- to 4.2-GHz band, rising above 20 dB only
at the very bottom edge, i.e., at 3.7 GHz, where it reaches 17 dB (VSWR
= 1.32). Over the transmit 5.925- to 6.425-GHz band, the return loss aver-
ages 32 dB (VSWR = 1.06) with a worst point of 29 dB (VSWR = 1.075).
For the second version of the UET feed horn, the low-frequency level is
improved to 22 dB (VSWR = 1.18) and the average return loss over the
receive band is 29 dB (VSWR = 1.07).

Mechanical considerations

Beam steering with the UET torus antenna is accomplished by moving
the feed rather than the entire reflector surface. Small compact feeds
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permit close spacing of beams along the orbital arc. However, in the past,
corrugated horn feeds have typically been bulky and heavy. This has
largely been due to both the low aperture efficiency and the necessity for
horn wall to accommodate the corrugation depths.
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Corrugated horns used in earth terminals of the global system have been
as long as 14 feet and over 3 feet in diameter at the aperture. A design
objective for the UET horn has been the achievement of a feed dimension
that will accommodate satellite spacings of as little as 2° along the orbital
are without unacceptably compromising the performance. This has largely
been accomplished. A tradeoff between dimensions and performance has
resulted in a UET feed horn with an aperture of only 14 inches which, over
the operating band, ranged from around 4.5 to 7 wavelengths (see Figure 5).
The dimensions of the mechanical aperture were effectively allowed to
approach those of the electrical aperture; the process was halted when edge
diffraction effects were observed.

Figure 5. UET Feed Horn
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Radiation patterns

The results of an extensive set of measurements of the horn's radiation
characteristics are presented in Figures 6 and 7. Figure 6 comprises E- and
H-plane patterns taken at several frequencies. It can be observed that the
receive band E- and H-plane patterns are almost perfectly congruent and
that the beamwidths are constant with frequency.

These same characteristics are displayed on a sweep frequency basis in
Figure 7. The sweep plots may be interpreted as follows. The solid 0-dB
trace at the top of each figure represents the on-axis gain of the horn as a
function of frequency. The other solid traces are calibration lines repre-
senting the indicated relative gain levels. The various dotted curves are
the relative gain values of the horn measured at the indicated off-axis
angles. The curves come in pairs in which each member is taken the same
number of degrees off axis, but on opposite sides. The close overlay of the
pair members is an indication of the absence of beam squint. Beamwidth
stability is indicated by the slow frequency variation of the responses in
relationship to the calibration lines.

Polarization characteristics

The polarization characteristics of the horn were investigated for possi-
ble future applications in which frequencies will be reused on orthogonal
polarizations. It was significant that the E- and H-plane patterns were
identical over a full 500-MHz band because it can be shown that, if these
patterns are identical in a complex sense (i.e., if they have a common phase
center, as well as congruent amplitude patterns), then the axial ratio of
the antenna will be unity and the polarization isolation infinite.

The cross-polarized component of the horn was measured. This com-
ponent typically has four lobes, one located in each of the four quadrants
surrounding the main beam axis. The maxima of these lobes occur in the
45° planes. Patterns of the cross-polarized lobes in the planes of their
maxima are shown in Figure 8. The worst case occurred at 4,200 MHz,
where the peak of the cross-polarized component was more than 33 dB
below that of the principally polarized component. At 9° off axis, which
would be at the edge of earth of a spacecraft global horn, the cross-
polarized component was 38 dB below the principally polarized com-
ponents. At all other frequencies the results were even more favorable.
At 3.7 GHz, the peak of the cross-polarized lobe was down 36.5 dB, and
at the edge of earth angle, it was at the 45-dB level.
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These measurements were made with linear polarization and the figures
directly give values of linearly polarized isolation as degraded by measure-
ment chamber effects. To obtain circular polarization isolation, the linear
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isolation figure must be combined appropriately with that of the polarizer.
In combination with a 0.l-dB axial ratio polarizer, the horn would yield a
worst-case polarization isolation of 37.0 dB.

Conclusions

A high-performance, exceptionally compact, corrugated feed horn
was designed for the UET. This type of horn radiates axially symmetric
beams with negligible sidelobes and zero cross polarization. Horn phase
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Figure 8. Patterns of Cross-Polarized Lobes in the Plane of Their Maxima

centers remain fixed in location with frequency, and the horn can be
designed to maintain a constant beamwidth over nearly a 40-percent
frequency band. These advantages derive from a multiple hybrid mode
aperture field configuration that requires anisotropic boundaries to
support.

The physical apertures of corrugated horns are large compared to their
electrical apertures and the corrugation depths must be accommodated
within their walls. As a result, corrugated horns have typically been large
and heavy. However, the corrugated horn which has been developed for
the UET is quite compact with little sacrifice in performance, demonstrat-
ing that the advantages of this type of antenna are available from structures
with reasonable dimensions. It has been further demonstrated in the pro-
gram that a reflector need not be circularly symmetric to be efficiently
illuminated by a hybrid mode horn.
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unattended earth terminal
wideband FM modem
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Abstruct

This paper discusses the design of the unattended earth terminal 855-MHz
FM modulator-demodulator, analyzes modulator and demodulator operation,
and describes possible tradeoffs. It also describes the implementation of a 612-
channel modulator-demodulator and presents measured test results.

Introduction

The unattended earth terminal (UET) [1] must be capable of operating
in the FM mode in a range of communications capacities from 24 to 1,872
telephone channels. To realize economic IF bandpass filters and operate
with the smallest channel capacity, the upper IF limit is restricted to below
1 GHz. The modulator-demodulator designed for this system has been
selected for its ability to handle the small capacities while simultaneously
meeting the linearity and bandwidth requirements associated with the
larger capacities. The modem specifications are as follows:
IF 855 MHz
IF bandwidth 605-1,105 MHz
modulator noise contribution 100 pWOp
demodulator noise contribution 100 pWOp

303
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modulator deviation 26.5 MHz p-p max
modulator linearity 1 percent max
intelligible AM <1 percent

855-MHz modulator

The maximum peak-to-peak deviation specified for the INTELSAT IV
satellite system [2] is 26.5 MHz, yielding 972 channels in the global-beam
mode. Although this represents the worst case in terms of linearity, it
does not correspond to the largest capacity, since Afm, is specified as
4.417 MHz for 972 channels, while it is 3.181 MHz for 1,872 channels in
the spot-beam mode.

Experience has shown that voltage-controlled oscillators (VCOs) can be
made sufficiently linear over a 10-percent-deviation bandwidth, but 7
percent is considered a conservative upper limit. To achieve the required
1-percent modulator linearity, a push-pull design has been chosen.

The well-known theory of this device [3], [4] is included here to illustrate
the cancellation of even-order distortion terms. The instantaneous fre-
quency of a lossless circuit using a shunt varactor diode is given by

-V2

fo+Af=fo 1
_ AC)

Co

where fo = resonant frequency

AC = change in capacity

Co = initial capacity.

A Taylor series expansion of equation (1) yields

fo(l+A[1+2^Ca) +83 +...1

so that

(1)

Af _ 1 (AC) + 3 (AC)2 5 (AC)3
A - + 2 Co 8 Ca + 16 Co + ... (2)

The 1st-order term produces the desired modulation, while the higher
order terms result in distortion. To minimize these distortion terms for a
fixed value of inductance, L, (AC/Co) must be minimized. With Af fixed
according to S/N requirements, Af/fo can be minimized only by makingfo
as high as is practically possible.
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The capacitance-voltage relationship of a varactor diode [4] is

where

C(V) = BVi'12

B = diode coefficient

V, = diode voltage.

Substitution into equation (1) yields

AV ,1a
fo+Af= fo[ l

+Vo

AC AV
where

and

Co V

1
AV = 2 AV,

Expanding this expression as before yields

Af 1 AV 3 AV 2 21 A 3

fo 4 Vo 32 Vo 384 Vo

(3)

(4)

The ideal relationship between the oscillator frequency and the bias
voltage on a voltage-variable capacitor should be linear (line BC in Figure
1). Actually, the characteristic is nonlinear (curve BA) due to series expan-
sion , and the difference is a measure of the nonlinearity . Only the first
term of the equation is of interest, since the remaining terms of the series
are distortion terms. Hence, it is then necessary to increase the sensitivity
of the oscillator to reduce the ratio AV/Vo to the desired value.

Selecting fo >>fIF and then down-converting to the desired IF alleviates
the requirements on AC and AV, and also reduces the oscillator percentage
deviation bandwidth . Since the beat-frequency oscillator operates in a
push-pull configuration , cancellation of the even harmonics is theoretically
possible.

Expanding ( 1 f x)-112 and taking the difference,

A = (I + x)-112 = I - 2 x + 8 x2 - 16 x3 +

1 3 5B=(I _x)-,/2= 1 +Zx+x2+ 16x3+

Ili
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If the output of two such oscillators is applied to a mixer and all terms
except the difference term (f2- fl) are filtered out , the mixer output will be

T
Ve

Vb} iV, -Vb)

VOLTAGE

Figure 1. Frequency vs Voltage for Voltage-Variable Capacitor

eliminates all of the even harmonic terms. Choosing the second oscillator
frequency so that the instantaneous frequencies are ordered, i.e.,

and letting
f02 > foi > fOIF

f02 - AI = folF

makes it possible to frequency modulate the oscillators generating foi

and fug in opposite directions in a push-pull configuration, thus cancelling

the even terms.
Let a = (AC/C02) and /3 = (AC/Co1) represent voltage-to-frequency

transfer coefficients. Then,

cos 21r(f2 - f,)t = cos 2 ,rfjFt (7)

where

fIF = fOIF 1
1 + f0IF

)= foIF - 2 (af02 + $f01)

- 15 (-!f02 + $2fo,) • (8)

From equation (8), it can be seen that setting a2fo2 = $2foi minimizes the
quadratic term . Since a and /3 < 1, a3 and $3 << 1 and the contribution of
the 3rd-order term is minimal.

Modulator design

The choice of frequencies used in the dual oscillator modulator was
governed by several factors:

a. f2 - f, = 855 MHz (the specified IF).
b.f2 >fI>f,F•

c. All unwanted products must fall outside the frequency interval
between 605-1,105 MHz to permit carrier wave operation for wide-
band digital modulation utilizing the entire 500-MHz bandwidth
at IF.

Two frequencies satisfying these constraints and obtainable with reliable
devices are f2 = 2,255 MHz and f, = 1,400 MHz. The nearest interference
products are 2f, - f2 = 545 MHz and 2f2- fi = 1,705 MHz. For these
two frequencies, the ratio of a and p is

a foi = 0.81
$ foe

Ofo2 // 1 3 5
f2 =fo211 +) =fo211 - 2a+8a2 - 16 a3foe,\\ \\

(5)
Now that the center frequency has been established , the second problem is
to obtain the required modulator sensitivity.

( Ofoi\ ( 1 3 5
2

At these frequencies transmission line techniques are easil em lo ed= Al 1 + )R + Qfi = fo, 1
+

- (6) , y p .yfoil 2
168 A transmission line section inserted between the varactor and the transis-
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for makes it possible to use the transistor shunt capacitance to achieve
an increased tuning range for the oscillator. The transmission line section
transforms the varactor capacitive reactance into an inductive reactance
at the transistor, as shown in Figure 2. The capacitance of the tank circuit,
Cap, is the sum of the transistor output capacitance and the package shunt
capacitance, while the tank inductance is the transformed varactor capaci-
tance. This circuit has been designed according to the method outlined in
References 5-7.

H_
) < X/4

Xc

OUT 1 v

1. ^

Figure 2. Oscillator Circuit with Transmission Time Section Between the
Varactor and the Transistor

855-MHz demodulator

The demodulator specification required a system noise contribution no
greater than 100 pWOp. Because the UHT was proposed to operate at C/N
ratios above 10 dB, a requirement for threshold extension was unnecessary.
Demodulators capable of the required linearity at this IF were the phase
discriminator, frequency feedback (FMFB), and phase-lock loop (PLL)
threshold extension demodulators. Because it represented the simplest
approach, the phase discriminator was investigated first. However, the
critical matching, component selection, temperature considerations,
fabrication tolerances, and the requirement for a limiter with little AM/
PM conversion at 855 MHz made its implementation impractical. The
phase-lock loop discriminator was examined next.

Phase-loch loop demodulator

The theory of operation of a PLL demodulator has been well developed
[8}{10]. The advantage of this demodulator over the FMFB scheme stems
from the fact that it requires neither a linear discriminator nor a limiter,
both of which would present major design problems at 855 MHz.* Spe-

*The loop filter for the FMFB is at IF, while that of the PLL is at baseband.
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cific design procedures for a 2nd-order loop have been given in References
8 and 10.

VCo distortion

A major source of PLL distortion [10] is the VCO nonlinearities. In

general, the dynamic modulation equation is of the form

Am(t) = a,V(t) + a,V2(t) + a3V3(t) t ... (9)

where Am(t) = VCO radian frequency deviation about
a quiescent center frequency

V(t) = VCO input control voltage

a1, a2, a3, . . . = voltage/frequency transfer coefficients.

Since, as shown previously, the distortion in a varactor-controlled oscil-
lator is principally due to the voltage squared term, a push-pull distortion
cancellation technique, similar to that used in the modulator, was em-
ployed. For low-distortion conditions, equation (9) may be reduced to

f V(t) + - [V(t)]2)Am(t) = a (10),
l a, J

from which the 2nd -order distortion component is

Vd = aa2 [V(t)]2 (11)
a1

For FDM , the modulating voltage V( t) may be represented by Gauss-
ian noise with 2-sided power spectral density G(f) which has a constant
value q2 over the baseband range from frequency f, to f2 and is zero else-
where [ 11]. The power spectral density, G(f), of V2(t) is [12] then

G2(f) = 2 .
GI(u) GI(f - u) du + [V2(t)]2 S(f) (12)

where GI(u) is the 2-sided power spectral density of the modulating voltage
and 5(f) is the dirac delta function. The second term of equation (12)

11
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represents a DC component and can be omitted for this analysis. Thus,
the noise-power ratio (NPR) is

NPR = \a2
/ 2 LGe(.f) I (13)

where Ga(f) is the power spectral density of V2(f).

Equation ( 13) assumes narrowband FDM channels over which both
the signal and the distortion power spectral densities are essentially flat.
Therefore , the NPR in a channel is proportional to the ratio of the power
spectral densities. It is convenient to define a normalized distortion spec-
trum [10] as

Gdn(.f) = Ga(f) [4'nz(.fa - f,)]

Since

(Acorm,)2 = 2n2(f2 -.fi)

is the mean square frequency deviation in rad/s2, equation (13) becomes

z
NPR = a' 1 (14)

a2 2(Aw^m,) 2 Gd„ (t)

The ratio (a,/a2)2 is related to the percentage linearity of the VCO. If

V, causes the oscillator to reach peak deviation , the frequency error at

the deviation peak is (a,/a2 ) V, and the percentage error is

A=1001 p2I V„
al

Assuming a 10-dB peak -to-rms ratio for the input modulation and sub-
stituting into equation (14) yields

NPR = 105 (15)
202Gm(f)

where G,,,(f) is a normalization factor whose value depends on the specific
channel of interest.
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Figure 3 indicates that the greatest distortion resides in the low-
frequency portion of the baseband . Therefore, setting G,,,(f) ^ 1 and solv-
ing equation (15) for A yields

r 105 Iiz
o = L2NPR percent • (16)

The NPR equivalent to 100 pWOp for 612-channel FDM operation is
51.25 dB , for example . Substituting into equation (16) gives d = 0.614
percent . This indicates that the VCO must be within ±0.614 percent of
linear deviation over the required peak-to -peak deviation of 12.6 MHz.

cdfl(f

212

f2 + ti

Figure 3. Normalized Spectrum for Square Law Distortion

Design implementation and test results

Modulator implementation and tests

Figure 4 is a block diagram of the modulator. An IF filter (BWI dB
= 85 MHz) has been inserted in the output line to reduce spurious outputs.

The modulator sensitivity test results shown in Figure 5 indicate a sensi-
tivity of 226 MHz/V. The amount of intelligible AM measured with a
test tone deviation of 454 kHz rms (612-channel equivalent) is 0.8 percent.

6
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Demodulator implementation and tests

Figure 6 is a block diagram of the demodulator. The VCO sensitivity
(Figure 7) is 226 MHz/V. The other important parameter which must be
measured before the PLL design can be implemented is the phase detector
sensitivity. A Merrimac DMM-2-500A double-balanced mixer has been
used as a phase detector, with a sensitivity of 0.0505 V/rad.

NPR measurements

A 612-channel modem was implemented to demonstrate the perfor-
mance of the design and to provide a useful modulator-demodulator over
carriers with a large amount of traffic.

The INTELSAT IV specification for 612 channels at 8,000 pWOp is C/T
134.2 dBW/K. The noise bandwidth used to reference the CIT is 20

MHz. As can be seen from Figure 8, which is a plot of S/N vs C/T, the top
slot is within 0.25 dB of the specified theoretical operating point. In the case
of no additive IF noise, the unit performed as shown in Table 1.

AFC
DISCR

-10 dB

AMP
OUT

IF

855-MHz

BANDPASS
FILTER

AMP

IF

IN MOD MOD
L __OUT MONITOR

TABLE 1. PERFORMANCE OF A 612-CHANNEL

MODEM WITH No ADDITIVE IF NOISE

Slot pWOp

14 kHz 210
1,002 kHz 120
2,438 kHz 60

0
10 20

MODULATOR VOLTAGE ImV rmsl

30

Figure 5. 855-MHz modulator Deviation vs Modulating VoltageFigure 4. 855-MHz FM Modulator (f = 200 kHz, modulator sensitivity = 226 MHz/V)
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IF
IN

Gsc
NO. 1

OSC
NO. 2

LOOP

FILTER

Figure 6. Phase-Lock Loop Demodulator

Figure 9 is a plot of S/N vs deviation at the operating point of C/T
_ -134.2 dBW/K. The curves indicate that the unit is aligned at the opti-
mum point for operation in the lowest slot (14 kHz).

The modem baseband response is flat within 0.2 dB from 10 Hz to 2.5
MHz and rises to a 1-dB peak at 4 MHz. Since the modem has been de-
signed for 612 channels (12 kHz to 2.54 MHz), the unit is optimized for
this bandwidth. Changing the loop filters makes it possible to optimize
the modem for other channel capacities.

Conclusions

It has been demonstrated that an 855-MHz FDM/FM modem can per-
form in the context of the UET overall configuration and is capable of

meeting the INTELSAT Iv system operating specifications. Operation with

612 channels has been demonstrated and data indicate that, for wider band

operation (e.g., up to 1,872 channels), PLL receivers can be realized.
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The Butler matrix transponder

W. A. SANDRIN
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Abstract

This paper describes the Butler matrix transponder, a new design for a multiple-
channel repeater. The design consists of a pair of complementary N X N Butler
matrix networks that precede and follow a set of N amplifying devices, and a
set of filters that follow the output matrix network. The linearizing property of
this configuration permits it to suppress a substantial fraction of the intermodu-
lation product power formed by the amplifier nonlinearities. Therefore, satellite
transponder high-level amplifiers can be operated at a higher output power
level for a given carrier-to-intermodulation noise ratio and thereby realize a
greater overall DC-to-RF efficiency. For example, it is possible to double the
overall DC-to-RF efficiency with a 12-channel Butler matrix transponder
operating with multiple carriers in each channel. Another advantage of this
network is that the output power can be conveniently reapportioned among the
channels.

Introduction

In commercial communications satellites separate amplifiers (trans-
ponders) are used for each channel. Most channels are occupied by signals

This paper is based upon work performed in COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.
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whose envelopes are not constant, such as, for example, multicarrier
FDM/FM/FDMA telephony signals. In such cases the channel amplifiers
must operate at a level where the amount of intermodulation product
(IMP) noise generated by the amplifier nonlinearities is acceptable [1].

The purpose of this paper is to describe and calculate the performance
of a new transponder configuration, the Butler matrix transponder (BMT),
suggested by G. R. Welti [2]. This multichannel transponder amplifies
signals with less IMP distortion than is possible with conventional multi-
channel amplifier configurations. Conversely, a BMT is able to operate
at higher output levels and higher DC-to-RF efficiencies for a given output
carrier-to-intermodulation noise (C/I) ratio.

Figure 1 shows both the conventional and BMT amplifier networks.
The BMT consists of two complementary Butler matrix networks [3]-
[4] which precede and follow a set of amplifiers. These networks distribute
and collect each signal to and from each amplifier. Linearized performance
is achieved by separating a number of interfering IMPs from the desired
signals. This separation is achieved by a special phase shifting process
performed by the Butler matrix networks, which causes a substantial
fraction of the IMPs to appear at output ports that are tuned to frequencies
different from the IMP frequencies. These IMPs are attenuated by the
output port filters and do not appear as interference. With a portion of
the IMPs removed from the output signals, the amplifiers can be operated
closer to saturation for a specified output C/I ratio.

The BMT described in this paper is intended for application to a multi-
channel system in which the channels occupy contiguous frequency bands
and each channel is occupied by multiple-carrier signals. Note that, in
this paper, the term "channel" refers to the frequency band occupied by
the signals that are amplified by a single transponder. It does not refer to
one-half of a voice circuit.

Optimum BMT performance is achieved when the signal power in all
bands is equal, although the BMT configuration offers a flexible power-
sharing capability not offered by conventional transponders. A note-
worthy characteristic for practical application is that the BMT network
contains no active components other than the amplifying devices.

The following sections describe the theory of BMT operation and briefly
discuss the advantages and disadvantages of such a design over a con-
ventional transponder arrangement. As an example, it is demonstrated
that a 100-percent increase in overall DC-to-RF efficiency is possible for
a 12-channel BMT using 16 X 16 matrices. A 4-channel BMT demon-
stration experiment is also described.

b. M-CHANNEL N x N BMT

Figure 1. Conventional and BMT Configurations

M

a. CONVENTIONAL M-CHANNEL TRANSPONDER
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Butler matrix transponder principle of operation

This section summarizes, in physical terms, the mathematical descrip-
tion of BMT operation given in Appendix A. Figure 1 shows the BMT
configuration in which M distinct (multicarrier) signals are amplified by
N amplifiers (M < N). As shown, the N nonlinear amplifiers are sand-
wiched between two N X N Butler matrices. These matrices, while identi-
cal, are connected by the amplifiers in mirror image fashion.

The Butler matrix, which was developed as a multiple-beam feed net-
work for a phased array antenna, is a linear passive and ideally lossless
network consisting of hybrid couplers and phase shifters [3], [4]. Figure 2
is an example of a 4 X 4 Butler matrix circuit. A signal applied to the lth
input port by an N X N Butler matrix appears at each of the output ports
attenuated by a factor of I/N and having port-to-port phase shifts equal
to 2,rl/N.

The Butler matrix network is reciprocal. Hence, if two identical Butler
matrices are connected back-to-back, a signal applied at an input port
will appear at the corresponding output port (ideally with no attenuation),
and no component of this signal will appear at any other port if all ports
are terminated with matching impedances. Thus, when N identical non-
linear amplifiers are inserted between two identical Butler matrices to
form a BMT, signals applied at the input ports will appear amplified at
the corresponding output ports.

Note that each amplifier's input consists of the sum of all signals divided
by N. However, because of the different relative phase shifts of each signal
at the input to the BMT amplifiers, each IMP at the amplifiers' output
will also have amplifier-to-amplifier phase shifts that cause the IMP to be
directed to a single output port. The particular output port to which an
IMP is directed depends on the input ports of the signal components which
generate the IMP and on the order of the IMP. It is this property of a
BMT which permits the reduction of IMP interference. As shown in the
following sections, if signal frequency bands are judiciously assigned to
BMT ports, a large number of IMPS can be routed to ports that are tuned
to frequencies different from the IMP frequencies for suppression by the
output port bandpass filters. When the number of signals, M, is less than
the number of ports, N, the unused BMT input and output ports are
terminated with matching impedances.

THE BUTLER MATRIX TRANSPONDER
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Port-frequency assignments

To design a BMT for use in an FDM system with M contiguous fre-
quency bands, judicious selection of port-frequency assignments is neces-
sary for maximum IMP power rejection. The specific problem discussed
here is that of assigning the M contiguous frequency bands to the ports

of an N X N (M < N) BMT so that every 3rd-order IMP (formed by

the amplifiers) is directed to an output port tuned to a frequency band
different from the IMP frequency. It is assumed that the BMT is operating

with one carrier per port.
As an example, consider a 4 X 4 BMT with ports numbered 1, 2, 3,

and 4, which amplifies four contiguous frequency bands, also numbered
1, 2, 3, and 4. Figures 3 and 4 illustrate the 3rd-order IMP frequencies
and output ports for both of these port-frequency assignment plans.
From Figure 3 it can be seen that the port-frequency assignment 1, 2, 4,
3 is ideal since no 3rd-order IMPs appear at an output port with a signal
frequency assignment which is the same as the IMP frequency. (In this
particular case it can be shown that all 5th-order IMPs also have this

FREQUENCY BAND

1 2 3 4

1 - O + + +

PORT NUMBER
2 - . 0 + +

3 - + IF + 0

4 - + + 0

0 PORT-FREQUENCY

ASSIGNMENT

+ INTERMODULATION
PRODUCT FREQUENCY
AND OUTPUT PORT

Figure 3. Optimum Port-Frequency Assignment Plan for a 4 X 4 BMT

FREQUENCY BAND

1

PORT NUMBER
3 -

0 PORT- FREQUENCY
ASSIGNMENT

+ INTERMODULATION
PRODUCT FREQUENCY

AND OUTPUT PORT

Figure 4. Nonideal Port-Frequency Assignment Plan for a 4 X 4 BMT

2 3 4

property.) Correspondingly, Figure 4 shows that port-frequency assign-
ment 1, 2, 3, 4 is not optimum, since IMPs appear at ports with signal
frequency assignments which are the same as the IMP frequencies.

Exhaustive examination has shown that there are eight valid port-
frequency assignments of the 24 possible permutations for a 4 X 4 BMT
and four contiguous frequency bands (M = 4). Similarly, with M = 6
and N = 6, there are 12 valid port-frequency assignment plans of 720
possible permutations. Exhaustive computation has also shown that,
for M = 8 and N = 8, there are no valid port-frequency permutations.
In this case either noncontiguous frequency bands must be used, or M
must be equal to or less than 7. However, a valid port-frequency plan
has been found for the case in which M = 10 and N = 10. Table 1 gives
examples of port-frequency plans for various values of M and N.

There is no known procedure for direct calculation of ideal port-
frequency assignments. However, an algorithm which permits very rapid
evaluation of candidate plans by a trial and error procedure has been
developed. This algorithm has been used to find the M = 12, N = 16
port-frequency assignment given in Table 1.

BMT multicarrier performance

The preceding section described optimum port-frequency assignment
plans which permit the BMT to suppress all 3rd-order IMPs when one
unmodulated carrier per port is used. However, a BMT application is not
practical in this situation, since signals with constant envelopes permit
distortion-free use of separate fully saturated amplifiers. A BMT becomes
useful for signals which do not have a constant envelope, such as FDM/
FM or AM signals. The IMPs formed in BMT amplifiers with this type
of signal structure fall into two classes. The first class consists of IMPs
formed by components of signals from different ports. If it is assumed that
the port-frequency assignments are optimum, as discussed previously,
these IMPs are suppressed. The second class of IMPs consist of those
which are formed by the components of the same signal. These IMPs
have the same amplifier-to-amplifier phase differences as the signal com-
ponents from which they are formed; hence, they are directed to that sig-
nal's output port where they appear as interference.

To calculate BMT performance, the signal at each port is assumed to
be the number, I, of equal-amplitude carriers. The division between the
two classes of IMPs is calculated and the resulting output C/I ratio is
compared with that of a conventional transponder.
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TABLE 1. EXAMPLES OF VALID PORT-FREQUENCY ASSIGNMENT

PLANS FOR A BUTLER MATRIX TRANSPONDER

[M = number of channels (contiguous), N = number of ports, M < N]

a. M=4, N=4

Frequency

Port 1 2 4 3

b.M=6, N=6

Frequency 1

Port 1

No Valid Plan

2 3 4

2 3 4 5 6

3 2 5

c. M=8, N=8

6 4

d. M = 10, N = 10

Frequency 1 2 3 4 5 6 7 8 9 10

Port 1 2 9 3 5 10 8 4 7 6

e. M=12, N=16

Frequency 1 2 3 4

Port

5 6 7

8 11 16 12 6

8 9 10 11 12

5 8 3 7 14 4

For example , assume that the input to the Ith port of the BMT is

f l = cos (wmt) 1<m<M (1)

where wn, is the radian frequency of the ith carrier in the mth frequency
band. Also assume that signals of this type are applied to M ports of an

N X N BMT (M < N). At the rth output port of the input Butler matrix

the signal, F„ from equation (A2) in Appendix A is

I M I /I 2almrl
F,=-EZCOSlw,nt- N

N =1=1
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I M I
E Cos O,

Nm=I i=I

where Oim = w. t - (2r1 r)/N

1, = port assignment of the mth frequency band.

The Dim terms form the matrix

On 012 ' ' ' O1M

021 02M

Orn 012 OEM

(2)

(3)

At the rth input port of the second Butler matrix, after nonlinear amplifi-
cation, the signal, F., is

M I

F, = N j1 cos Q im + IMPS (4)

where c is the amplifier's gain constant and where the IMPs can generally
be represented as in equation (A9) of Appendix A, or, as shown in the
following, divided into classes of suppressed and nonsuppressed IMPs.

It can be shown [5] that, as the number of carriers in a nonlinear ampli-
fier is increased to a large number while a constant input power is main-
tained, the ratio of the carrier to the IMPs falling on the carrier's fre-
quency approaches a constant. Thus, if the number of carriers per channel
(port) is large, the C/I ratio at the output of each of the BMT amplifiers
is the same as that at the output of a single amplifier operating at the same
input power with only the signal from one channel. However, as dis-
cussed previously, those IMPs in a BMT which are produced by signal
components from different channels are suppressed. Hence, an overall
improvement in output C/I is realized.

The phase and frequency of each of the IMPs present at the output of
the rth amplifier are determined by linear combinations of the I X M
terms of the matrix given in equation (3). Table 2 summarizes all of the
3rd-order IMPs and indicates whether or not they are suppressed when
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The phase shifters used in the matrix networks were made from coaxial
cables cut to different electrical lengths. For the experiment this design
was adequate over the entire 160-MHz bandwidth . The adjustable phase

shifters which preceded each TWT were used to compensate for slight

tube-to -tube phase differences.
A frequency plan of four contiguous 40-MHz channels , centered at

3,765, 3,805 , 3,845, and 3 , 885 MHz, respectively , was used, and the input

and output matrices were designed for a 3,825-MHz mid-band frequency.
The input and output port numbers given in Figure 2 correspond to con-
tiguous assignments in the "port domain." For example , a carrier input

at port 2 is amplified and appears at output port 20; the 3rd -order IMPs

produced by a carrier from port 2 and a carrier from port 3 will ideally
appear only at output ports 40 and, if the complete output matrix is built,
at 10. The port-frequency assignment plan was 1, 2, 4, 3.

Tests of the experimental BMT were performed with different types of

signals, including single, dual, and multiple (4, 5, and 6) unmodulated

carriers applied in varying combinations to the four ports, and slotted

noise bands . Tests made with single- and dual -carrier signals provided

port isolation and transmission data. For example , with the input and

output matrices connected back-to -back, transmission losses of 0.25 to

1.25 dB were measured for the paths from ports 2 -20 and 4-40 over the

operating bands, while isolation greater than 20 dB was measured in the

six remaining paths.
Figure 5 shows the results of a test with two carriers in one port and one

carrier in each of the remaining three ports . It also shows computed results,

based on the analysis of the preceding sections, and the measured and
computed 2-carrier performance for a single TWT amplifier. Discrepancies
between the experimental and computed results in this figure are attributed
to measurement errors in the spectrum analyzer used for this test, and to

an imprecise definition of the single -carrier TWT amplifier saturation

point.
Figure 6 shows the results of a slotted noise band experiment . In this

test each of four channels was loaded with equal -power noise bands with

bandwidths of 2.25 to 16 MHz. A narrow slot was inserted at the midpoint

of one of the bands (channel 2) so that the power measured in the slot

( I kHz) in the output signal represented the IMP power level in that band.
Figure 6 includes plots of measured and computed C/I ratios versus input
power for a single noise band amplified by a single TWT (curve a), and

four noise bands amplified by a BMT (curve b). It also includes a plot of

C/I ratio measured at the output of one of the TWTs operating in the

THE BUTTER MATRIX TRANSPONDER
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Figure 5. Comparison of Experimental and Calculated Results for a 4 X 4
BMT and a Single TWT

BMT (curve c). The test setup used for this experiment had a limiting C/I
ratio of 31 . 5 dB. This limitation is attributed to nonlinearities in the mixer
and low-level amplifier which were used in the test circuit.

In Figure 6 the improved C/I ratio for the BMT channel can be at-
tributed to two phenomena . The first improvement is simply a conse-
quence of loading the TWT with a sparse spectrum . This effect, which is
indicated by the difference between curves a and c, diminishes as the trans-
ponder bands are filled. The second is the improvement resulting from
BMT operation on selected classes of IMPS. This improvement, Q, de-
scribed by equation (6), equals 3.58 dB for four channels , and corresponds
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40

CURVE 4: OUTPUT OF A SINGLE TWT WITH ONE NOISE BAND

CURVE b: OUTPUT OF BMT

CURVE c: OUTPUT OF ONE OF THE TWTs IN THE BMT 5

SINGLE
AMPLIFIER

4 x 4 BMT

12 x 12 BMT

-5 -10 -15

INPUT POWER TO TWTs RELATIVE TO
SINGLE CARRIER SATURATION IdB)

-20 -25

Figure 6. Slotted Band C/I Measurements for a 4 X 4 BMT with Four

Bands of Noise (one per port)

to the measured difference (at low C/ I ratios at which the test circuit noise

was negligible) between curves b and c.

Performance comparison

The performance of a BMT relative to a single-amplifier-per-transponder

arrangement is plotted in Figure 7 for 4 and 12 channels. As indicated
previously, if it is assumed that the signals occupy contiguous bands,
a 4 X 4 BMT is used for M = 4 and a 16 X 16 BMT is required for
M = 12. Each channel in Figure 7 is assumed to contain a large number
of equi-level carriers that occupy the major portion of each band. The
data for the single amplifier in this figure were computed [6] by using the
complex characteristics of an INTELSAT Iv high-level TWT (Hughes model

40

-20

THE BUTLER MATRIX TRANSPONDER

TOTAL 3rd -ORDER IMP
POWER WITHIN PASSBAND

-15 10 -5

INPUT (dB)
0

Figure 7. BMT vs Single-Amplifier Performance for Infinite
Carriers per Channel
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261H), while the performance of the BMT using amplifiers with the char-
acteristics of the single amplifier was obtained from equation (6). The
single-carrier saturation power of the amplifiers in the M = 12 (N = 16)
BMT was assumed to be three-fourths that of the amplifiers in the single-
amplifier-per-signal configuration so that the comparison was made on
the basis of equal operating points.

Figure 7 demonstrates the relationship between C/I improvement and
output power increase. For example, Figure 7 shows that, at relatively
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low input levels (high backoffs), the 12-channel BMT gives a 4.4-dB
output power improvement over a single-amplifier-per-channel configura-
tion for a given C/I value, excluding implementation losses. Conversely,
for a given output power per channel, the output C/I ratio for the 12-
channel BMT is 7.9 dB higher than that of a conventional amplifier.

20 30 40

C/I RATIO (dB)

Figure 8. Overall DC-to-RF Efficiency vs C/I Ratio for a

12-Channel BMT
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If it is assumed that the DC power required by the amplifiers is inde-
pendent of drive level and that the implementation loss (i.e., combined
output matrix and amplifier imbalance losses) is 1.4 dB, this power im-
provement is equivalent to a 100-percent increase in overall DC-to-RF
efficiency, as shown in Figures 8 and 9. These figures are derived directly
from Figure 7, with an amplifier single-carrier saturation efficiency of
27.6 percent assumed.

The BMT performance shown in Figure 7 is representative of a system
in which all carrier levels are equal, under fully loaded conditions. If some
of the M channels do not fully occupy their bands, the in-band IMP levels
are lowered because of the spectral periodicity of the signal being amplified.
Also, as the power in some of the channels is lowered, the IMP level in all
channels is lowered. Hence, it is possible, under partially loaded conditions,

25

20

15

10

5

-10

AMPLIFIER
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Figure 10. Performance of a 4 X 4 BMT with Four Carriers per Port as the
Figure 9. Output Power vs CII Ratio for a 12-Channel BMT Level of the Signal into One Port is Varied
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to boost the output of one or more channels to levels greater than the
nominal fully loaded output levels.

Figure 10 indicates the computed performance of a 4 X 4 BMT with
four carriers per channel in terms of a variation in the level of one port
relative to the power in the remaining ports. In this example, the operating
point of the amplifiers, and hence the BMT total output power, is kept
constant as the level of one channel is increased (or decreased) while the
remaining channels are all decreased (or increased) slightly. Because the
BMT remains fully loaded in this example, the C/I is degraded in some
channels and enhanced in others.

Implementation losses and considerations

Deviations from the ideal performance described in the preceding sec-
tions can be expected from an operational BMT. The major sources of
these losses are input and output Butler matrix insertion losses, and
random and systematic amplitude and phase errors in the matrix networks
and amplifying devices.

If the matrix networks are constructed of stripline building blocks
(consisting of 3-dB hybrids and phase shifters) connected by coaxial cables,
a loss of between 0.2 to 0.3 dB per stage can be expected depending on
weight/size and performance tradeoffs. If the matrix networks have
N = 2" input/output ports, each network has n stages. Hence, a BMT
using 16 X 16 Butler matrices can be expected to have an insertion loss
of approximately 1 dB in the input and output matrix networks.

Systematic errors will occur in BMT matrix networks and amplifiers
because of small performance variations of these components with fre-
quency. However, analysis has shown that the effect of these errors can
be expected to be negligible because their magnitude can be made very
small over the bandwidths of interest (500 MHz at 4 GHz, for example),
and because the input/output matrices are complementary so that these
errors are largely self-compensating.

The effects of random errors have been analyzed using an approach
similar to those employed in References 7 and 8. In this analysis it has
been assumed that the major contributor to these errors is the amplifiers.
The results are summarized in Table 3, which shows that, with single-
carrier output mean gain and phase deviations of the order of ±0.5 dB
and f7°, respectively, for amplifiers operating in a 12-channel 16 X 16
BMT, the probability that the C/I will not be degraded by more than I
dB is 0.99. These gain and phase deviations are well within the variations
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TABLE 3. TUBE-TO-TUBE AMPLITUDE AND PHASE VARIATION

SPECIFICATION FOR A 12-CHANNEL 16 X 16 BMT

Mean Value of Allowable Individual
Carrier Output Deviation

C/I Probability of C/I
Degradation Degradation Not Being Amplitude Phase

(dB) Exceeded (dB) (deg)

1 0.99 f0.5 f7
2 0.8 f 1 +21
3 0.63 f2.6 f38

that can be expected during the lifetime of a spaceborne TWT, provided,
however, that the TWTs are closely matched initially.

A BMT and a single-channel amplifier are affected differently by tube
failures. The failure of an amplifier in a conventional multichannel trans-
ponder results in catastrophic failure of one channel with no impairment
to the other channels. On the other hand, the failure of a single amplifier in
a BMT results in partial power and C/I degradation; hence, the system
operator may select the channel(s) that must be turned off so that the
remaining channels will not be impaired and/or reapportion the channel
power to exploit the excess system margins so that the number of operat-
ing channels can be maximized.

Table 4 shows the calculated output power reduction and C/I degrada-
tion caused by a single tube failure for BMTs of various sizes and a large
number of carriers per BMT channel when the tube fails without changing
its input/output impedance. Failure of a tube with a high input VSWR

TABLE 4. C/I DEGRADATION AND OUTPUT POWER REDUCTION

IN A BMT DUE TO A SINGLE TUBE FAILURE

Number of Number of C/I Output Power
BMT Channels, BMT Tubes, Degradation Reduction

M N (dB) (dB)

* Noncontiguous frequencies assumed.
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may cause some performance degradation, depending on the structure of
the signal networks preceding the BMT. However, this degradation can
be remedied by using circulators preceding the input Butler matrix.

Discussion

The BMT is a multichannel amplifier which suppresses the IMP noise
generated by individual amplifier nonlinearities. The amount of IMP
suppression increases with the number of channels used.

The advantages of a BMT over a conventional arrangement of separate
amplifiers for each channel are as follows. First, for a given C/I ratio and
DC power, the output RF power is increased. Hence, the BMT offers a
means of boosting output power without increasing individual amplifier
output ratings. Also, of significant importance for space application, the
overall DC-to-RF efficiency is increased. The corollary is also true; i.e.,
for a given output power and efficiency, the C/I ratio is improved by using
a BMT.

Another advantage of the BMT is that, if the number of channels is
less than the number of BMT ports, the output power per channel is frac-
tionally greater than that of the amplifying devices. For example, a 12-
channel 16 X 16 BMT would have a per-channel output power of 4/3 of
the individual amplifier power. Hence, the BMT provides a means of
efficiently paralleling power-limited amplifiers. A further advantage is
that the BMT, under non-peak loading conditions, has a flexible power-
sharing capability which permits some channels to operate with a greater
output power than others without C/I degradation in any channel.

Disadvantages of the BMT are as follows. First, the bandwidth of the
amplifiers in an M-channel BMT must be M times as wide as that of a
single-channel transponder. Second, under fully loaded conditions, the
power in each channel must be equal if it is assumed that all channels are
subject to the same minimum C/I specification. Also, analysis indicates
that, when one or more of the channels are operated in a single-carrier
(constant envelope) mode, the BMT rapidly loses its power saving qual-
ities and distortion is added to the single-carrier signal. Finally a BMT,
when compared to other linearization techniques [10], [11), has the obvious
disadvantage of requiring multichannel operation.

Conclusion

The concept of the BMT has been introduced by describing the theory
of operation, giving the results of an experimental demonstration, and
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briefly discussing the advantages and disadvantages of such a design over
a conventional multichannel transponder configuration. It has been
demonstrated that the IMP noise is reduced by special phase processing
of the signals amplified in the BMT. Although specific system parameters
must be known before the utility of a BMT application can be fully as-
sessed, the analysis provided in this paper indicates that the overall
DC-RF efficiency can be doubled by a 12-channel BMT.
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Appendix A. Butler matrix transponder operation

The configuration of the Butler matrix transponder (BMT), in which M
distinct (multicarrier) signals are amplified by N nonlinear amplifiers (M < N)

"sandwiched" between two N x N Butler matrices, has been shown in Figure 1
of the paper. These matrices, while identical, are connected by the amplifiers in

mirror image fashion. This appendix explains the operation of the BMT by
describing a single Butler matrix, the operation of two Butler matrices back-
to-back, the generation of intermodulation products (IMPs) in nonlinear ampli-

fiers, and the effect of a BMT on IMPs.

Butler matrix network

The Butler matrix, which was developed as a multiple-beam feed network for
a phased array antenna, is a network consisting of hybrid couplers and phase
shifters [Al], [A2]. The total number of ports in such a network is usually
2 x 2P, although networks with 2 X qP (where q and p are integers > 1) total
ports are possible. Figure 2 of the paper is an example of a 4 X 4 Butler matrix
circuit. The normalized input/output port relationships for the Butler matrix

network are
N-1

F, = 1 E f, exp C -J2Nr (Al)
1=0

fl = N Z F, exp[J2r
o NI

where f = signal at the [th input port

F, = signal at the rth output port.

(A2)

Equations (Al) and (A2) are a discrete Fourier transform pair [3].
It can be shown from equations (At) and (A2) that, if two identical ideal Butler

matrix networks are connected back-to-back so that the second network is a
mirror image of the first, a signal applied to an input matrix port will appear
unattenuated at the corresponding output matrix port. No component of that
signal will be present at any other port if all ports are terminated with matching

impedances. Thus, in the absence of amplifier nonlinearities, each signal (by
superposition) in an ideal BMT is amplified independently of the signals applied

to other input ports.

The nonlinear amplifier model

The transfer characteristic of a nonlinear amplifier can be expressed as

eo„, = g(e;o) exp Uf(e;o)I (A3)

where g(eld) represents the amplitude distortion characteristic, and f(elo) repre-

sents the amplifier's phase shift caused by input amplitude variations, i.e., the
AM-PM conversion characteristic. Several forms of g(e;,,) and f(e;o) have been

used to characterize nonlinear amplifiers [A4]-[All]. Reference A12 provides
a unified description of amplitude distortion and AM-PM conversion, with
examples of power series and Fourier series expansions which include both
effects. Reference A13 discusses the effect of using nonlinear amplifiers in the

radiating elements of a phased array antenna.
When the input signals are multiple carriers, the calculation of the amplifier's

output can be separated into two steps: the combinatorial problem of determining

the frequency and relative phase (i.e., relative to the phases of the input signals)
of each of the IMPs of the classes of interest, and the problem of finding the
magnitude and absolute phase of each class of IMPs. In this appendix, only the
former calculation is performed; thus, the results presented are independent of

the specific forms of g(e,,J and, (e;.).
If a multiple-carrier input to a nonlinear amplifier is expressed as

M
e;o = E am sin(O.m) (A4)

m=l

where ¢m = wmt + am

then the output of the amplifier can be expressed as

M

eou, = c L am sin(¢m) + Re E ... E
=1 k1=-^ kx=- m k,,,=-^

kw=- m

• exp[J(k,o, + k,g52 ... k„om ... kMoM) ]} (A5)

where c is the amplifier 's gain constant ; A, k,, k,, ..., km, ..., km is a complex

quantity representing the amplitude and phase of a single IMP determined by

g(e;a) and f(e,,,); and the km coefficients are any integer including zero, subject

to the following constraint:

M

km=1
m=l

if only in-band products are to be considered.

(A6)
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This section analyzes signal and IMP flow in a BMT. Let

f; = input to the lth port of the first (input) Butler matrix

F, = output from the rth port of the first Butler matrix
F[ = input to the rth port of the second (output) Butler matrix

f, = output from the !th port of the second Butler matrix.

Also let
1 M,

Rel E Am,i exp [jwm,, t]
m=1

(A7)

where M, = number of carriers at the lth input port
Am,,,wm,, = amplitude and radian frequency of the mth carrier

at the Ith input port, respectively.

Substituting equation (A7) into equation (Al) yields

( N-l M.

F, = Re{ , 1 E E Am s expLjywmJ - - . (A8)
1AN 1=0 m=I N AlJ

F' and F, represent the input and output , respectively, of the rth amplifier in the

BMT if the transmission line phase shift constants are omitted . Note that

equation ( A8), similar to equation (A4), represents a multicarrier amplifier

input signal . The exponential and double subscript notation in equation (A8)

is compatible with the notation of equations (Al) and (A2), and permits a

variable number of carriers (M,) at each of the input ports. Using this notation

and a form similar to that of equation (A5) makes it possible to express the out-

put of the rth nonlinear amplifier, F,, as follows:

N-I Ah r /

F, = Ref c -- E E Am.t exp Ljl wm.d - 2Nr
tN/ 1=0 m=l

+ l E E E. E
Re 11N

1
N k, o=- - kx.o=- kao=- kxo o=-

• exp[j(k,, u0,. o + k2 4,,2, 0 +ks.,4,,. o ...

+kw,,oOd,, o...+f

1<m<M, , 0 < I < N - I (A9)
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d'.,1 = wm,,t - (2vrlr/N) (A10)

The coefficients km,, in equation (A9) are any integer including zero, subject to
the constraint that

N-t M,

E E km., =1
1=0 m=l

(All)

where the subscripts m,! refer to the mth carrier of the lth output port. [Note
that both equations (A9) and (A5) represent the output of a nonlinear amplifier
with a multiple-carrier input; the only difference between the two is the notation.]
The phase term 2,rlr /N in equations (A8) and (A9) represents relative phases.
The absolute phase shift through the system , assumed to be equal for all trans-
mission paths and amplifiers , is not included in these expressions . Note that
the amplifier-to-amplifier phase difference for a signal directed to the !th output
port is 2a1/N.

Substitution of the first part of equation (A9), i.e., the signal components of
the inputs to the second Butler matrix , into equation (A2), i.e., the input /output
equation for the second matrix, yields the BMT's signal component outputs.
For an arbitrary output port , p, let f, (signal ) represent the signal component
of the output at this port. Then,

N tr N-1

jp (signal) = Re I J cC^ 11VN 1=0

expcj
2Nr^J

Mx 2alr
El Am I expl jI w,.,.a - N

N-I N-I M,

= Ref N E E El Am.x exp[j(wm,a)]

2,rr
• expyl W (P -

M, )
= Re^c El Am,, exp[ i(wm,,t)] } 3(p - 1) (Al2)

where 5(p - 1) is the Kronecker delta. Equation (A12) indicates that the signal
component at the pth output port of a BMT is an amplified replica of the signal
at the pth input port, with no signal components at other input ports.

From equations (A9) and (A10), the ith IMP frequency, w,, of the amplifier
outputs, F„ is

N-I M,

w, = E E, km,,wm,1
/=0 m=1

(A13)
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where the coefficients km, s must satisfy the condition of equation (All). Similarly,
from equations (A9) and (A10), the amplifier-to-adjacent-amplifier phase differ-

ence for the ith IMP, defined as a;, at the amplifier outputs is

2R N-I M,

ai = - E 7^ Ikm.t .
N i7 o m=1

(A14)

Equations (A13) and (A14) show that, when a specific IMP (i.e., one set of
km) has a frequency w, equal to the frequency of a specific signal (e.g., the mth
carrier of the pth port, the IMP phase difference term, a;, will not generally

be the same as the signal's amplifier-to-amplifier phase difference, 2,p/N.

Thus, if

N-I M,

Ik,,, 7, p
t=0 m=I

modulo N, 0 < p < N - 1 (A15)

this IMP will appear at an output port [as can be seen by substitution into equa-

tion (A2)] different from the port p at which the signal at w,,,,p appears. It is

this property of a BMT, i.e., the routing of a large portion of the IMPs to output

ports that are tuned to frequencies different from the IMP frequencies, which
permits the intermodulation interference to be reduced. As discussed previously,
if the BMT port-frequency assignments are judiciously selected, the IMPs which

are routed to output ports tuned to frequencies not equal to the IMP frequency
are those which are produced by combinations of carriers that originate from

different input ports.
To summarize, the BMT adds an orthogonal dimension to each of the signals

and IMPs. That is, each signal has both a frequency and a port assignment, and
each IMP also has both a frequency and a port assignment that are uniquely
determined by the signal components which generate the IMP. If the output
port to which an IMP is directed is tuned to a frequency different from the IMP's

frequency, the IMP is suppressed by the port's bandpass filter.
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band-limited satellite channels
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Abstract

An experimental investigation has been performed to assess the potential
applications of 8-phase CPSK signal transmission through a band-limited satel-
lite channel. This paper describes certain measurements through an INTELSAT IV
satellite spot-beam transponder simulator. These measurements permit a com-
parison of linear and nonlinear channel performance of a carrier modulated by
a pseudonoise sequence, a study of adjacent channel and cochannel interference,
and a study of interburst interference.

Introduction

The ever-increasing demand for satellite communications capacity
suggests the possible introduction of more sophisticated modulation and
multiple-access techniques. For example, the current FDM/FM/FDMA
technique allows an INTELSAT IV spot-beam transponder to yield a maxi-
mum communications capacity of about 1,000 telephone channels; ap-

This paper is based upon work performed at COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT), Views expressed in this paper are not necessarily those of INTEtSAT.
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proximately the same capacity can be achieved by using PCM 4-phase
CPSK/TDMA technique. However, as a result of the power available
from a spot-beam transponder (carrier-to-noise ratio, C/N, - 30 dB
when operating through a standard earth station), 4-phase CPSK becomes
inefficient, while 16-phase CPSK is only marginal. Therefore, high-speed
8-phase CPSK modems have been procured, and a feasibility study of
their possible application to INTELSAT Iv spot-beam transponders has been
undertaken. One of the objectives of this study is to increase the bit rate
while keeping the transponder bandwidth fixed at the nominal 36-MHz
value.

The study was directed toward advancing the state of the art of practical,

near-term hardware for satellite communications while carefully assessing

the performance of the 8-phase CPSK modulation system, especially in

the case of the INTELSAT Iv transponder operating at or near saturation.

The satellite simulation studies included analysis of linear and nonlinear
channel performance and adjacent channel interference when the adja-
cent channel was loaded with FDM/FM carriers of various sizes. A bit
rate of 108 Mbps was used.

Satellite simulation study

8-phase CPSK modem description

Figure 1 is a simplified block diagram of the 8-phase CPSK modem [1].
The modulator accepts three channels of parallel PCM data, the clock,
and a 70-MHz carrier on-off signal. The PCM data are differentially
encoded and converted into multilevel baseband signals to simplify the
feed-forward predistortion technique used to reduce intersymbol inter-
ference. After passing through low-pass filters and delay equalizers, these
signals amplitude modulate quadrature carriers which have been switched
by the carrier on-off signal; thus, a 70-MHz 8-phase PSK wave is obtained.

In the demodulator, the input PSK wave is divided into three channels
which are fed into the carrier recovery, bit-timing recovery, and demodu-
lator circuits. The PSK signal entering the carrier recovery circuit is fre-
quency multiplied by eight, using three stages of frequency doubling, and
the extracted carrier component is sampled by the recovered clock. It is
then heterodyned down to 40 MHz by an 8x local oscillator signal, and
the 40-MHz signal is fed to a bandpass filter to reduce the noise com-
ponents. After amplitude limiting, the signal is divided by eight to bring
it down to 5 MHz and then heterodyned up to 70 MHz by a 65-MHz local

36 MH AGO
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Figure 1. Simplified Block Diagram of High-Speed 8-Phase CPSK Modems

oscillator. The bit timing signal is extracted by half-bit delay detection
followed by a bandpass filter.

The multiplication method used in the demodulator reduces the number
of phase detectors and samplers and also simplifies demodulator align-
ment. The three baseband signals from the demodulator are sampled by
the recovered clock and differentially decoded to yield three channels of
PCM data and the clock.

The modem back-to-back error rate performance and the 8-phase
CPSK theoretical performance are shown in Figure 2.

Satellite simulator description

Figure 3 is a simplified block diagram of the INTELSAT iv simulator,
including the 'up- and down-links. The 40-MHz bandpass filter used
after the up-converter is well equalized and introduces very little group-
delay distortion. The simulator represents a complete satellite channel with
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Figure 2. 8-Phase PSK Modem Back-to-Back Performance, BER vs C/N

the exception of the earth station high-power amplifier and the low-noise
receiver. Since the high-power amplifier is normally operated in the linear
region to avoid out-of-band emission, its contribution to signal distortion
is expected to be small.

Linear translator channel performance

To isolate the degradation caused by the satellite, it is necessary to esti-
mate the degradation introduced by the up- and down-links. This may be
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accomplished by replacing the satellite with a linear translator, as shown in
Figure 4.

10-2

10 3
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back channel performance). Experimentally, the optimum level of opera-
tion at the input of the up-converter was found to be -19 dBm. With
this operating level, the bit-error rate versus C/N was measured with noise
injected prior to demodulation. The linear translator channel bit-error
rate performance curve is shown in Figure 4, which also includes the
modem back-to-back performance curve and the theoretical performance
curve for comparison.

Satellite channel performance

The equalized amplitude and group-delay response of the complete
satellite channel is shown in Figure 5. The satellite channel bit-error rate

10 4

10 5

10-6
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RESPONSE

V SCALE: 1 dB/cm

X SCALE: 4.5 MHz/cm

EQUALIZED

GROUP DELAY
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V SCALE '. 10 ns/cm

Figure 5. Equalized Amplitude and Group-Delay Response of the
Satellite Channel
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Figure 4. 8-Phase PSK Modem Linear Translator Channel Performance

Critical amplitude and group-delay equalization are necessary to main-
tain low loss relative to the modem back-to-back performance. The up-
converter operating level is extremely important. High-level (- 10- to+ 10-
dBm) up-conversion is normally used in satellite links and, at this level,
the AM-PM loss introduced by the up-converter mixer was found to be
excessive (:4-dB loss in C/N at 10-4 error rate compared to the back-to-

versus C/N performance has been measured at various operating points
from saturation to 14-dB input backoff, beyond which point the TWT
operates in an essentially linear manner. The measured input-output
power transfer curve of the final TWT is shown in Figure 6. For a fixed
input backoff, the bit-error rate versus C/N has been measured with noise
injected prior to demodulation as before. The measured bit-error rate
versus C/N curves at various input backoff points is shown in Figure 7,
which also includes the linear translator channel curve and the modem
back-to-back performance curves for comparison.

System application considerations

The space link C/N available from an INTELSAT IV spot-beam trans-
ponder operated in conjunction with a standard earth station (G/T = 40.7
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Figure 6. Satellite TWT Power Transfer Curve

0

dB/K) has been calculated as a function of the transponder input backoff
for gain steps 4-8 of the transponder gain step attenuator (prior to the
high-level TWT, as shown in Figure 3). Each gain step corresponds to
about 3.5-dB attenuation. The calculated results are shown in Figure 8
and the parameters used for the computation are shown in Table 1.

TABLE 1. INTELSAT IV F-3 PRELAUNCH DATA

Single-Carrier Saturated e.i.r.p. at Beam Edge 35 dBW

Down-Link Loss at 10° Elevation 196.7 dB

Receive Antenna Gain-to-Noise Temperature Ratio 40.7 dB/K

Saturated Flux Density at Gain Setting 4 -68 dBW/m2

Satellite Antenna Gain-to-Noise Temperature Ratio at Beam
Edge

-17 dB/K

Gain of a 1-m' Antenna in the Up-Link (6 GHz) 37 dB

From the C/N versus backoff curves in Figure 8, the error rate versus
backoff curves shown in Figure 9 are generated by using Figure 7. Hence,
the locus of the optimum operating points (input backoff) of the 8-phase

10 2

10-3

10-
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Figure 7. 8-Phase PSK Modem Satellite Channel Performance

PSK transmission through an INTELSAT IV spot-beam transponder is
determined.

Interference considerations

When a band-limited PSK spectrum is transmitted through an active
device operating at or near saturation, spectrum regeneration occurs and
the sidelobe energy reappears. The extent of this sidelobe power depends on
the filtering used after the active device and the operating point of the
device. The case in point is illustrated in Figure 10. Figure 10a is the spec-
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Figure S. INTELSAT iv Spot-Beam Link C/N vs Input Backoff

trum at the output of the modulator and Figures lob and 10c are the spec-
tra at the output of the transponder TWT output filter at 0- and 6-dB
input backoff, respectively. Figures 10d and We are the spectra at the
output of the transponder TWT (before output filtering) at 0- and 6-dB
backoff, respectively. The energy in the sidelobes arising from the spectrum
regeneration interferes with carriers transmitted through the adjacent
transponder; the interference is comparatively strong if the adjacent trans-
ponder contains a small carrier at the band edge. The interference model
which has been used in these experiments is shown in Figure 11.

The following cases of interference have been studied:
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Figure 9. INTELSAT IV Spot-Beam and 8-Phase PSK Application,
BER vs Backoff (gain step as a parameter)

ADJACENT CHANNEL INTERFERENCE

8-phase PSK carrier operated at different input backoffs interfering with
an 1,800-channel FDM/FM carrier in the adjacent transponder (see
Figure 12). (Beyond 6-dB input backoff, the degradation is negligible.)
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1,800-channel FDM/FM carrier interfering with an 8-phase PSK car-
rier operated at 12-dB input backoff, corresponding to a spot-beam trans-
ponder C/N of 25 dB, in the adjacent transponder (see Figure 13).

8-phase PSK carrier interfering with a 24-channel FDM/FM carrier
located at the band edge of the adjacent transponder (see Figure 14).

8-phase PSK carrier interfering with a 252-channel FDM/FM carrier
located at the band edge of the adjacent transponder (see Figure 15).

a. Spectrum at the output of modulator

b. Spectrum at the output of transponder

output filter at 0 de (Boll

c. Same as in b at 6 dB (BO)1

d. Spectrum before the transponder

output filter at 0 dB (BO) i

a. Same as in dat 6dB(BO)1

c

e

Figure 10. 8-Phase PSK Spectra (scale X: 10 MHz/cm, scale Y: 10 dB/em)

COCHANNEL INTERFERENCE

8-phase PSK carrier operated at 12-dB input backoff interfering with an
1,800-channel FDM/FM carrier (see Figure 16).

1,800-channel FDM/FM carrier interfering with an 8-phase PSK car-
rier operated at 12-dB input backoff (see Figures 17 and 18).

In the cochannel interference measurements, the interfering carrier was
injected in both the up-link, as shown by the dotted line in Figure 11, and
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Figure 12. 8-Phase PSK Carrier Interfering with an 1,800-Channel
Adjacent FM Carrier

the down-link. The effects of these links have been studied independently,
as shown in Figures 16-18.

For a PSK carrier input backoff of 12 dB, the adjacent channel inter-
ference on an FDM/FM carrier of any size is insignificant. The worst
interference case is that of the 24-channel FDM/FM carrier located at the
band edge of the adjacent transponder (see Figure 14). The 24-channel
FDM/FM carrier utilizes 6 dBW of satellite e.i.r.p. and the maximum
e.i.r.p. of the PSK carrier is about 29 dBW. The relative level difference is
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Figure 13. 1,800-Channel FM Carrier Interfering with an Adjacent
Transponder 8-Phase PSK Carrier
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approximately 23 dB and, at 12-dB input backoff for the PSK carrier,
the loss in the top channel NPR of the 24-channel FDM/FM carrier is
about 4 OR To compensate for this loss, the e.i . r.p. of the 24-channel
carrier can be increased.

The cochannel interference effects are shown in Figures 16-18. The
tolerable carrier -to-interference (C/1) ratio must be maintained in excess
of 30 dB for efficient operation in the 10 to 10-5 bit-error rate region.
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Figure 14. 8-Phase PSK Carrier Interfering with a 24-Channel FM Carrier

Located at the Band Edge of the Adjacent Transponder

TDMA application considerations

For efficient TDMA modems, the carrier recovery circuit design is a
compromise. To make the system more efficient, the recovery time should
be as short as possible, which calls for a wide bandwidth. However, as
the loop bandwidth becomes wider, the phase jitter, and hence the C/N
degradation, increases. Therefore, the selection of loop bandwidth is a
compromise between these two factors.

The energy storing elements used in the relatively narrowband carrier
recovery loop filter (200 kHz for the 8-phase modem) give rise to ex-
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Figure 15. 8-Phase PSK Carrier Interfering with a 252-Channel FM Carrier
Located at the Band Edge of the Adjacent Transponder

ponential growth and decay of energy from a received burst. Hence, the
tail end of the previous burst is superimposed on the growing end of the
existing burst, causing interburst interference, which represents an addi-
tional source of degradation in coherent carrier recovery. The interburst
interference effect in the 8-phase modem over a simulated satellite link
has been examined with a guard time of 100 ns. Figure 19 is a schematic of
the 2-burst test setup. The test results are shown in the bit-error rate versus
C/N curves of Figures 20 and 21, where the error is measured on specific

CHANNEL 3
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Figure 16. Cochannel Interference, 8-Phase PSK Carrier Interfering with an
1,800-Channel FM Carrier

symbols of the burst, namely, the 1st, 4th, 12th, 15th, 64th, and 256th
symbols. The solid curves show the performance without interburst inter-
ference and the dashed curves show the performance with interburst
interference.

Comments on the experimental results

The linear channel and back-to-back performance shown in Figure 4
are within expectations. The modem implementation loss is of the order
of 3 dB above the theoretical value at an error rate of 10-1, and an addi-
tional loss of 1 dB through the linear translator is considered reasonable.
The equalization of the satellite channel, as shown in Figure 5, appears to
be the best available using the available equalizing networks.

The nonlinear channel performance shown in Figure 7 is below expecta-
tions. The excessive loss of the nonlinear channel can be attributed to the
following factors:
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a. As the bandwidth-to-symbol-period product tends to unity
(36 megasymbols/second in 36 MHz for 8-phase modems), the AM-
PM transfer loss becomes asymptotic, even for a nominal value of
Kp = 1°/dB.

b. As the operating point reaches saturation, the spectrum spread-
ing becomes severe (see Figure 10), giving rise to spectrum truncation.

However, the system application of the 8-phase modem has been examined
further, as shown in Figures 8 and 9. Figure 9 shows that the optimum
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Figure 17. Cochannel Interference, 1,800-Channel FM Carrier Interfering
with an 8-Phase PSK Carrier
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Figure 18. Cochannel Interference, 1,800-Channel FM Carrier Interfering
with an 8-Phase PSK Carrier

operating point (input backoff) for the 8-phase modem is about 12 dB,
yielding an error rate of 4 X 10-5. At this backoff point, the maximum
available link C/N is 25 dB when spot-beam transponder gain setting 8
is used. The earth station e.i.r.p. for this gain setting is of the order of 97
dBW (%3 kW for 63-dB antenna gain). For an operating C/N of about
25 dB, the bit-by-bit error rate beyond and including the 15th symbol is
below 10-4, as shown in the 2-burst test results (Figure 21).
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O

Transmission characteristics of the 8-phase CPSK modem have been

experimentally verified. Severe band restriction by the satellite filters,
coupled with the AM-PM transfer effect of the TWT, preclude the utiliza-
tion of the full power of the transponder. Modifications of the modem to
improve its performance are now under consideration.
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Results and analysis of the speech
predictive encoding communications
system field trial

H. G. SUYDERHOUD, J. A. JANKOWSKI, AND R. P. RIDINGS

(Manuscript received April 1, 1974)

Abstract

A field trial of the speech predictive encoding communications (SPEC) system
has established confidence in the technical feasibility of this type of digital

multichannel compression system. During the field trial two operational SPEC
terminals provided 64 toll-quality voice circuits via satellite at the same power
and bandwidth normally required to accommodate 24 circuits using conven-
tional FDM/FM. An extensive technical evaluation of the SPEC system was
conducted under these conditions. This paper presents results and analysis of
the operational performance of the SPEC system during the field trial and
describes the testing procedures employed.

Introduction

The speech predictive encoding communications (SPEC) system is a
digital multichannel speech compression system incorporating an adaptive
zero-order predictor. The system processes the digitally encoded samples
from each of 64 input speech channels, and, using the predictor, decides
which samples require transmission. Reference 1 provides a detailed de-
scription of the SPEC system, including the theoretical aspects. The

171
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present paper is concerned primarily with the analysis of the results ob-
tained from an extensive field trial of two complete terminals operating on
a link between two COMSAT earth stations.

The performance of the SPEC system is analyzed in terms of the follow-
ing two conditions:

a. the variation in the number of input channels containing active
speech,

b. the variation of the bit-error rate introduced in the space-

segment transmission path.

As the number of channels containing active speech increases beyond the
available SPEC system transmission capacity (overload), a linear increase
in total noise power, evenly distributed over all channels, occurs. This
type of noise power is significantly minimized by the adaptation algorithm
of the adaptive zero-order predictor described in Appendix A. This al-
gorithm causes a gradual increase in quantization noise which is hardly

distinguishable from ordinary PCM quantizing noise.
Bit errors introduced in the digital bit stream of speech compression

systems may affect the synchronization information, which is critical to
system performance. Errors occurring in the synchronization information
are detected in the SPEC system receiver to prevent received TDM
stacked PCM samples from being directed to improper channels. Appen-
dix B describes the processing of synchronization information. Errors
occurring in the PCM samples affect the voice channels as expected in

PCM transmission.
The field trial was conducted to evaluate the performance of the SPEC

system under the two conditions described previously. Two SPEC termi-
nals with a capacity of 64 two-way channels were put into operation over
a satellite link between earth stations located at Brewster, Washington,
and Paumalu, Hawaii. COMSAT Laboratories' personnel conducted the
field trial for three weeks beginning on August 10, 1973, and the earth
station personnel kept the system in operation for additional data collec-

tion until November 6, 1973.
Data were collected and recorded, through the use of a minicomputer,

to provide statistical information essential for analyzing SPEC system
performance. Specifically, results were analyzed in terms of the signal-to-
distortion ratio and in terms of a subjective evaluation by both experienced
and "naive" talkers. Distortion was interpreted in a broad sense to include
the contributions of quantization granularity and bit errors in both syn-

chronization and PCM sample information.
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System operation

The SPEC system is designed to accommodate the traffic of N PCM
telephone trunks in a TDM capacity of N/2 PCM channels. Specifically,
it operates at the transmitter by removing redundant samples of active
speech and utilizing the silent intervals between speech segments. Every
PCM sample from each incoming channel is examined for redundancy
since only nonredundant samples are to be transmitted. The algorithm
used is based on a simple difference criterion between the present sample
and its most recent predecessor. Redundancy of a new sample means that
its immediate predecessor contains all the necessary information. Since
the receiver stores the most recently received sample of each channel,
redundancy at the transmitter simply means that the receiver repeats the
stored sample until it is replaced by a new nonredundant sample.

The SPEC system processes 64 channels, as described above, every 125 µs.
As speech and call activity* increase beyond the processing capacity, the
degradation is manifested as an increase in quantization noise without
any of the annoying effects of speech segment clipping. Since this type of
degradation is virtually imperceptible to the user, it is called "graceful"
degradation.

Figure I is a simplified block diagram of the SPEC encoder. The input
consists of the digitally encoded samples from each of the N analog input
channels. These samples are multiplexed into a TDM bit stream and fed
to a time-shared digital voice switch which continuously scans all input
samples and distinguishes between active speech and silence to prevent
the transmission of noise during silence intervals.

The zero-order predictor examines each sample from the input channels
and sends only unpredictable samples along with a channel sample as-
signment word (SAW) to the output multiplexer. The apertures of the
zero-order predictor is adaptively adjusted depending on the instantaneous
ensemble speech activity of the input trunks.

An error control unit protects the SAW by generating a simple parity
check. The assignment recirculation unit rotates the priority of service to
the input channels, thereby equalizing the quality of all channels. Frame
and assignment-sequence synchronization codes are also multiplexed into
the output TDM frame.

* Call activity is the number of SPEC channels that are in use.
I The aperture is the threshold which, when exceeded by the difference between

the present sample and its immediate predecessor, renders the present sample
unpredictable.
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The SPEC decoder, shown in Figure 2, demultiplexes the received TDM
frame and performs frame and sequence synchronization. Following a
parity check, the SAW is used to direct unpredictable PCM samples to the
correct output channels. Predictable samples are regenerated by the re-
construction decoder.

Field trial system eon figuration

The general arrangement of the equipment used in the field trial is
shown in Figure 3. The 64 input channels of the SPEC system were loaded
in the following manner:

a. the alternate output of a hybrid coil following the supergroup
demodulator , normally used for patching or measurement , provided
60 channels of live traffic, demultiplexed into individual voice signal
sources for loading the SPEC system*;

b. one channel was provided for a 1,100-Hz, 0-dBmO sine wave test
tone to measure the signal -to-distortion ratio;

c. two channels were provided for test personnel as order wires;
d. one channel served as a demonstration channel.

Each of the analog signal sources was interfaced with the SPEC channel
unit at a nominal +7-dB transmission level point and low-pass filtered
at 3,500 Hz. Each channel was sampled at 8 kHz and subsequently A-law
companded using 8 -bit encoding (C.C.I.T.T.) to result in a noise floor of
-70 dBmO referenced to a clipping level of +2 dBmO . The PCM samples
were multiplexed into a 4.096 -Mbps TDM/PCM serial bit stream which
constitutes the basic input to the SPEC system . The SPEC encoder pro-
cessed the samples as described in the previous section to result in a
2.048 -Mbps TDM/PCM/SPEC bit stream at the output of the encoder.
This signal was transmitted utilizing 2-phase differentially encoded PSK
at a 70-MHz modulating frequency and a 2.56-MHz noise bandwidth.
The carrier -to-noise ratio was varied to achieve bit-error rates ranging
from 10-4 to 10-8 [2]. The remaining equipment used in the communica-
tions link was supplied by the earth stations.

To record system performance, an HP 3960 4-channel tape recorder
was employed at each of the earth stations . Some demonstration conversa-
tions were recorded on the two "direct recording" channels, while the out-
put of the distortion analyzer was recorded on one of the FM mode

* Service for these channels was carried in parallel by the FDM/FM normally
provided between earth stations.
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channels. At Brewster, a time code was recorded on the remaining FM
mode channel.

The Paumalu terminal employed a minicomputer to compute real-time
performance data. Every 125 µs the data were fed to the computer, where
they were averaged over 10-s intervals, i.e., over 80,000 samples. These
averages were then recorded on the fourth channel of the tape recorder
and fed to a teletype machine enabling the test personnel to monitor the
system operation. The following information was recorded:

a. ensemble speech activity, expressed as the percentage of the 64
input channels containing active speech as determined by the voice
switch;

b. system activity, expressed in terms of the number of channels
requiring transmission after prediction (see Appendix A);

c. system overload, expressed as the percentage of SPEC frames
for which the system activity exceeds the SPEC processing capacity;

d. predictor aperture, expressed in terms of the allowed threshold
between two successive PCM samples, which defines the range of
prediction;

e. time, expressed in hours, minutes, and seconds.

Quantitative system performance

The quantitative performance of the SPEC system will be analyzed from
various recorded signal-to-distortion ratio (S/D) data under different
conditions of ensemble speech activity and bit-error rate. * Figure 4a
shows a recording of S/D during two hours of peak telephone traffic.
The variations in ensemble speech activity over this period are shown in
Figure 4b. These data were recorded at a bit-error rate of 10-6, which
compares with error-free transmission.

The maximum S/D of 41 dB (Figure 4a) is due to the practical limita-
tion of the PCM encoder/decoder. In Figures 4a and 4b, note that the
S/D decreases from this maximum value only when the ensemble speech
activity exceeds 38 percent. The minimum S/D is 30 dB, which corresponds
approximately to 50- to 55-percent ensemble speech activity. As will be
shown in the section on performance analysis, such high ensemble speech
activity occurs only five percent of the time or less.

* Different bit-error rates were introduced in the transmission path by varying
the signal power output of the modulator.
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The average S/D as a function of ensemble speech activity is shown in
Figure 5. After reaching approximately 38-percent ensemble speech
activity, the total noise power starts to increase, resulting in a gradual
decrease in the S/D. At this point the average number of input channels
with unpredictable speech samples is exceeding the capacity of the SPEC
predictor to operate at zero aperture. This forces the aperture to increase,
causing an increase in quantizing noise.

The relationship between S/D and call activity for different values of
average speech activity* is shown in Figure 6. Note that call activity has
no effect on the system performance until the average speech activity ex-
ceeds 38 percent.

Figure 4c shows the aperture of the predictor during this 2-hour period.

* Defined as the ratio of the number of channels containing active speech to
the total number of channels in use, expressed in percent.
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Figure 5. Average S/D vs Ensemble Speech Activity

As expected, there is virtually perfect correlation between these data and
the S/D data shown in Figure 4a. The gradual increase in distortion power
is due to the adaptation algorithm of the predictor, which prevents the
manifestation of the higher distortion power which would result from

system overload.
The occurrence of system overload is shown in Figure 4d. Note that

overload rarely occurred during this 2-hour period, which included brief
portions of 50- to 55-percent ensemble speech activity (Figure 4b at 8:00
AM). Even at such high values of speech activity, overload reached a worst
value of only one percent.

On a per-channel basis this worst overload is negligible because the
recirculation scheme of the SPEC system evenly distributes the penalty
of freeze-out over all active channels (likely to be at least 50), and because
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freeze-out does not imply the loss of a sample, but, due to the prediction
algorithm, merely amounts to a slight increase in quantization noise.

To study the effect of transmission channel bit-error rate, the output
level of the SPEC modulator was attenuated until the carrier-to-noise
ratio was reduced to cause a bit-error rate of 10-4. Figure 7a indicates the
S/D of the SPEC system for a 4-hour period at this bit-error rate. Figure 7b
shows the predictor aperture for this same period.

Note that there was a general decrease of about 2 dB in S/D during the
first 2-hour period when the system aperture remained virtually at zero.
This indicates that the decrease in S/D during that period is due to the
increase in bit-error rate. During the remaining two hours of operation
the S/D followed the predictor aperture as expected. Therefore, it can be
concluded that the observed S/D performance is due to both the higher
bit-error rate and system loading (speech activity).
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Figure 7. S/D and Predictor Aperture for 4 Hours at a Bit-Error
Rate of 10-4
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Qualitative system performance

One channel of the SPEC system was used for demonstration. For that
purpose a 4-wire voice grade circuit was leased between COMSAT Labora-
tories in Clarksburg, Maryland, and the earth station in Brewster, Wash-
ington. This circuit was patched directly into the SPEC system at Brewster,
thus enabling telephone communications between Paumalu and the Labor-
atories. At the Laboratories, the circuit terminated in an artificial line to
simulate a local loop and a standard telephone hand set (500 type). The
circuit composition is shown in Figure 3. For echo protection, an experi-
mental echo canceller developed by COMSAT Laboratories [3] was installed
at the Clarksburg end. In Paumalu a 4-wire telephone instrument was used.

During the field trial, over 100 demonstration calls were made to inter-
ested persons. The calls were made during periods of peak telephone
traffic, as indicated in Figure 4. The bit-error rate was maintained at 10-8
for all calls. The results obtained from these calls indicated that the SPEC
system introduced no perceptible degradation. The participating callers
rated the quality of the demonstration circuit equal to or better than that
of a good long-distance telephone circuit.

The system was also subjectively assessed at a bit-error rate of 10-4
by both the field trial personnel and the earth station personnel during
the four hours shown in the S/D plot of Figure 7a. A parity error indica-
tor for the SAW and a frame synchronization indicator were both mon-
itored on an oscilloscope.

The results of these objective indications agreed with the subjective
performance of the voice channels in that there was no evidence of loss of
frame synchronization. Neither speech clipping nor crosstalk between
channels was experienced. The only perceptible degradation was the in-
stantaneous increase in noise power which occurred when a bit error was
detected in the SAW (see Appendix B) or when a bit error occurred in the
PCM sample corresponding to the channel under test. Both the field
trial personnel and the earth station personnel agreed that a bit-error rate
of 10-4 was no deterrent to the quality of communications.

Analysis of SPEC system performance

The SPEC system is a combined PCM transmission and digital speech
interpolation (bit rate compression) system. Hence, it is unique and, to
the authors' knowledge, no performance requirements have been formally
documented.
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Reference I has pointed out that the effect of freeze -out during overload
is entirely different from that produced in TASI-like systems although
SPEC also utilizes the intersyllabic pauses of speech . Speech clipping,
which does not occur in the SPEC system, is "replaced " by an increase in
quantizing noise.

Reference I also provides calculated system performance curves for
various conditions of loading (speech activity ) and other parameters such
as Eb/No and bit-error probability . The intention of this paper is to relate
the actually measured performance statistics discussed previously to known
criteria developed for similar systems.

The C.C.I. T.T. has established requirements for conventional PCM
systems in Recommendation G.712 [4]. Under Section 9, the requirement
for total distortion , which includes quantizing distortion , is a sine-wave-
to-distortion ratio of 33 dB for a sine wave in the range of -30 to 0
dBmO. Below -30 dBmO, this requirement relaxes linearly.

Under heavy load conditions , the SPEC system produces a rapidly vary-
ing S/D, as may be seen in Figure 8. Fluctuations between a value as poor
as 23 dB and one as good as 39 dB may often occur.

To link such data with the known and better understood performance of
conventional PCM systems , a limited subjective evaluation was conducted
to compare SPEC and conventional PCM. The subjective test was exe-
cuted as follows . A 2-track tape loop with identical speech segments was
played back simultaneously through the SPEC system and through a con-
ventional PCM (8-bit, A-law companded ) system. The SPEC system under
five different loading conditions from moderate to heavy loading (in
terms of ensemble speech activity) was compared with the conventional
PCM channel in which the S /D could be varied over a known set of levels.
For each condition , listeners were asked to equate the quality of the two
systems by varying the S/D of the PCM channel . Twelve listeners par-
ticipated , each performing the test under the five different conditions.

For each of the SPEC system conditions tested, the long -term average
S/D was also calculated from recorded data similar to those collected
during the field trial. Calculated and subjectively equivalent averages are
compared in Figure 9 , which shows that the calculated S/D values con-
tain a margin of 1-2 dB compared to subjectively equivalent values for
conventional PCM systems.

To interpret Figure 9 correctly, it should be noted that an average mea-
sured S/D as low as 33 dB for SPEC corresponds to an ensemble speech
activity of 48 percent. Figure 10 shows that this occurs only 5 percent of the
time. Thus, it may be concluded that the SPEC system meets the C.C.I.T.T.
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requirement 95 percent of the time, and that this performance is based on
the measured value of the average S/D, which is directly comparable to
the S/D value recommended by the C.C.I.T.T. for conventional PCM
systems. This is a remarkable conclusion, since SPEC has twice the capac-
ity of a conventional PCM system.

In terms of the crosstalk performance of SPEC, the following argu-
ment applies. Intelligible crosstalk can occur only during a coherent loss
of synchronization of the SAW. Such an occurrence has virtually zero
probability as a result of a parity error check on the SAW to safeguard its
synchronization. Thus it can be argued that intelligible crosstalk is non-
existent.

In terms of its sensitivity to transmission channel bit-error rate, the
SPEC system experienced the same effect normally experienced by PCM/2-
phase PSK. At the highest introduced error rate of 10-4, no loss of syn-
chronization was experienced.
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In terms of SPEC system overload performance, the section on quanti-
tative system performance has already shown that the per-channel effect
is insignificant.

Conclusions

The characteristics of the SPEC system demonstrated by the field trial
can be summarized as follows:

a. it meets or exceeds C.C.I.T.T. S/D requirements 95 percent of
the time;

b. it has an insignificantly small probability of crosstalk occurrence;
c. it performs similarly to any other PCM system with respect to

bit errors when speech is present (of course, bit errors do not contri-
bute to idle channel noise, since during pauses [silent intervals] no
information is transmitted);

d. the average system overload is considerably less than 0.5 percent;
e. subjective evaluations of its quality indicate that it is as good

as or better than existing good long-distance telephone quality.
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Appendix A. SPEC system adaptive zero-order
predictor

The objective of the predictor is to adapt its aperture to the instantaneous
ensemble speech activity (a) of each frame by choosing the smallest aperture
value which prevents system overload.

The minimum amplitude difference required for predictability increases as
the aperture increases, thereby reducing the need for transmitting unpredictable
samples. Figure A-1 shows the percentage reduction in unpredictable samples

z
0
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PREDICTOR APERTURE

Figure A-1. Reduction in Unpredictable Samples vs Predictor Aperture
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for aperture values ranging from 0 to 11. * As the aperture increases the quanti-
zation noise increases because of the reduced resolution of the reconstructed
sample value. The maximum allowable aperture value of 11 has been subjectively
determined so that the increased quantization noise introduced is slightly less
objectionable than overload noise.

To determine the optimum aperture for a given ensemble speech activity, the
signal-to-quantization noise ratios due to the aperture and the overload, S/Ne

and S/N0, respectively, can be determined for different aperture values [A-1]. In

Figure A-2 S/NQ and S/No are shown for aperture values ranging from 0 to
11 and for ensemble speech activities ranging from 30 to 60 percent. (Note

* This curve was determined from the average difference between ensemble
speech activity and system activity at each aperture value.
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PREDICTOR APERTURE

that S/NQ is independent of the ensemble speech activity.) Figure A-3 shows
the sum of the two noise sources for the conditions in Figure A-2. The optimum
apertures, determined by the integers following the peak values of signal-to-
noise ratio are respectively 0, 3, 5, and 7 for the four values of ensemble speech
activity given in Figure A-3.
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Appendix B. Synchronization information in the
SPEC system

The SPEC system contains three different types of synchronization informa-
tion:

a. a 64-bit, channel sample assignment word (SAW),
b. a 8-bit sequence word,
c. an 8-bit frame synchronization word.
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Figure A-2. Signal-to-Overload Noise Ratio and Signal-to-Quantizing-
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Figure B-1. Format of the SPEC Frame

Figure B-1 shows the format of the SPEC frame, indicating the location of these

three synchronization words.
The SAW assigns the incoming PCM samples to their proper channels. This

word is protected by a single parity bit. When a parity error occurs in the SAW
portion of the frame, the receiver ignores the incoming PCM samples for that
frame and repeats its stored samples for all 64 channels. This causes an instan-
taneous increase in quantization noise, but eliminates the more objectionable
quantization noise resulting from unintelligible crosstalk between channels.

The sequence word gives the bit address (0 to 63) in the SAW where the parity
bit is located. The parity bit rotates position through the 64 SAW bits, thereby
eliminating the need for a 65th bit. When the parity bit is located at a given
address n (0 < n < 63), the PCM sample for channel n will always be transmitted
if the system activity permits. Hence, the receiver can determine whether or not
a PCM sample was transmitted for channel n simply by counting the total
number of samples transmitted and determining the system activity.

The sequence word is transmitted in the 23rd sample slot (Figure B-1) provided
that no more than 22 PCM samples require transmission. Otherwise the sequence
word will not be transmitted. Since the parity bit address rotates in a prede-
termined manner, its absence does not present any problem for the system. A
counter is located in both the SPEC encoder and decoder and each is programmed
to count in the same pattern. Therefore, once they are synchronized at the same
address, any additional synchronization information (sequence word) will be
used for redundant checking of the synchronization between counters.

The frame synchronization word is used to synchronize the SPEC decoder
timing control with the incoming SPEC frame. This word is located in sample
slot 24 and is transmitted only when no more than 23 PCM samples require
transmission. For frame synchronization to occur, eight consecutive bits must
be comparable to the bit pattern of the frame synchronization word, with no
more than K allowed errors accumulated over N frames. The synchronization
circuit will search all possible groups of eight adjacent bits and will send a
synchronization pulse to the decoder timing control only when this condition
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is satisfied. Once frame synchronization has been established, the synchroniza-
tion word is continually rechecked provided that the number of PCM samples is
23 or less.
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Abstract

Computer simulation is used to obtain the signal-to-quantization noise ratios
for speech and sinusoidal signals and the intermodulation distortion power
spectra for sinusoidal signals processed by PCM. Both uniform and nonuniform
(µ-law with µ = 255 and A-law with A - 87.6) amplitude quantization pro-
cesses are studied.

The simulation is based on speech and sinusoidal signals processed by a com-
puter programmed to execute the PCM algorithms and eventually determine the
resulting quantization noise, distortion, and power spectra. Hence, the limita-
tions resulting from certain assumptions regarding the probability density func-

tion of the input signals are avoided. This method requires processing of long
speech segments involving different talkers to avoid dependence on language and
talker characteristics. Signal-to-noise ratios are presented for speech inputs at
32, 64, 128, and 256 levels of amplitude quantization. Harmonic and intermodu-
lation distortion are obtained for 1- and 2-tone inputs with 128 and 256 levels
of amplitude quantization. Finally, certain computer-generated results are com-
pared with the theoretical results.

Introduction

This paper examines quantization noise, harmonic and intermodula-
tion distortion, and related power spectra encountered in PCM systems
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currently utilized in commercial telephony . Performance is evaluated as a
function of quantization resolution for a number of bit rates, with emphasis
on 7- and 8-bit PCM with sampling of speech and sinusoidal inputs at
8,000 Hz. Both uniform and nonuniform quantization are considered.
In the 'nonuniform case, both A-law (µ = 255) and A-law (A = 87.6)
companding characteristics are applied . The 13- linear-segment approxi-
mation of the A-law is also considered for speech . These laws are of par-
ticular importance because of well-known C .C.I.T.T. recommendations [1].

The principal results, the signal -to-quantization noise (SIN,) ratio and
the distortion power spectra for sampled speech and sinusoidal inputs,
are determined by computer simulation . This approach is advantageous
because it does not require knowledge of the amplitude probability density
function of the input signal. Thus, limitations imposed by assumptions
regarding this function are avoided and it is possible to determine results
over the full range of input signal levels , including the overload region.

Estimates of the SIN, ratio have been produced by previous investiga-
tors [2}{5]. However , these estimates are usually based on the assumption
of either a Gaussian or an exponential amplitude probability density
function for the speech input ; consequently , they are subject to the limita-
tions inherent to these approximations.

Since PCM terminals are expected to accept multifrequency tones,
harmonic distortion has been calculated for single tones and intermodula-
tion distortion for tone pairs. The distortion power spectrum and SIN,
ratio have been computed for the uniform µ- and A-law cases . The results
show that linear quantization produces less harmonic and intermodulation
distortion than nonuniform quantization ; however , there is little difference
in the amounts of harmonic and intermodulation distortion produced by
A- and A-law companders.

System model and methods of calculation

The PCM coder consists of a digital compressor on the transmit side
that quantizes and encodes the input signal, and a digital expander on the
receive side that decodes the received signal and ultimately produces a
replica of the original input signal. The sampling rate is set at 8 kHz to
accommodate 4-kHz baseband inputs. Low-pass filters which eliminate
aliasing components are included in the transmit and receive processors.

The function of the compander (compressor/expander) has been dis-
cussed in detail elsewhere [6]. In PCM voice transmission it is desirable to
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obtain an essentially constant S/N, over a wide dynamic range of input
signal amplitudes. Hence, the quantization noise power must be made
proportional to the signal amplitude. The compander accomplishes this
by making the quantizing error small for low signal amplitudes and per-
mitting larger quantizing errors to occur at high signal amplitudes. Two
important companding laws, known as the µ-law [5] and the A-law [7],
have been considered. The µ-law characteristic is given by

In[I + t Ix^/xmax]
P„ (x) = Ymax

sgn (x) ln(1 + µ)
, xmax < X < xmax (I)

where xmax and Ymax are the maximum values of the input and output of
the compressor, respectively. The parameter µ determines the dynamic
range of the input for a relatively constant SIN,. The A-law character-
istic is given by

1 + ln(A[xl/xm,x)
Ym,x sgn(x)

1 + InA

FA(x) _

A ]x l /xa,ax
Ymax sgn

(x) I + InA

xa,a
A x < x] < xm,x

(2)

xmax
0 < x < A

In this case, the parameter A determines the dynamic range of the input
for a relatively constant SIN,.

The SIN, ratio for PCM systems is of the form [8], [9]

SIN, = Cf(o=) 21, (3)

where ,t is the number of bits per sample, C is a constant which depends
on the probability density function of the input signal, and f(og) is a func-
tion which accounts for the variation in S/N, with input signal level. For
uniform quantization, f(og) = where a, is the rms value of the
signal, and o„„x is the maximum value of ax set by the peak-to-peak range
of the codec and the acceptable clipping distortion level. It has been shown
that [6]

-IEom < P (X) dx (4)f(z,) =
x P'(x)II
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where F'(x) is the first derivative of the compressor characteristic and
p(x) is the probability density function of the input signal. It should be
noted that equation (4) is not valid in the overload region.

For speech inputs, p(x) is often assumed to be Laplacian; i.e.,

p(x) _ v exp \/2 _T) - (5)

Since the function of the compressor part of a compander is to flatten the
probability density function of speech, the SIN, ratio after compression
may be assumed to be that of a uniformly distributed signal. This implies
that the value of C in equation (3) is approximately unity for speech in-
puts. For sinusoidal signals, p(x) is

1
ps(x) = x A (6)

where A, is the peak value of the sine wave. The value of C in equation
(3) is 1.5 for such inputs. Equations (1) through (6) can be used to compute
the theoretical S/Nq ratio for both companded and uncompanded PCM
with either speech or sinusoidal inputs at various levels.

An alternate method utilizing computer simulation techniques can also
be employed to determine S/N, as a function of input signal level. Pro-
vided that the Nyquist sampling criterion is satisfied, the average of the
squared sample values of the signal equals the time average of the squared
signal. Thus,

x'(kTa) = X2(t) (7)

where k is an integer designating the sample number and T, is the sample
epoch. Therefore, the signal power may be obtained by averaging the
squares of the instantaneous samples off(t) over a sufficiently large number
of samples.

The mean-squared error, i.e., the quantization noise resulting from the
difference between the input signal and the reconstructed output signal,
can be calculated in this manner. Therefore, S/N, may be obtained for
PCM coders with arbitrary characteristics and various input signals in a
manner which is particularly suited to computer simulation techniques.

The direct determination of the distortion power spectrum is also of
particular interest. Through the application of the discrete fast Fourier
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transform (DFFT) [10], [11] to the error values, computer-generated dis-
tortion power spectra can be easily obtained. This method is particularly
convenient for evaluating harmonic and intermodulation distortion for
single- and multiple-frequency sinusoidal inputs.

Discussion of results

S/1\, versus input level

This subsection compares theoretical and computer-generated results
of S/Nq versus input signal level under various conditions for PCM coders
currently in use. In all cases, the upper limit of the dynamic range is spec-
ified by defining omax = +2 dBmO for a sinusoidal signal. This defini-
tion, which implies that a sine wave occupying the full peak-to-peak input
signal range will be at a level of +2 dBm at a zero test level, is commonly
used to determine the overload point for PCM coders [1], [2]. Sinusoidal
levels higher than omax suffer peak clipping; thus the range of input sinus-
oidal signal levels above +2 dBmO is called the overload range. During a
typical telephone conversation the average level is -9 dBmO, which is I1
dB below the upper limit of the PCM codes. Because of the higher value
of the peak-to-rms ratio encountered in speech, a speech signal may some-
times result in overloading.

Figure 1 shows the performance of uniformly quantized PCM obtained
by computer simulation for speech input signals using 5, 6, 7, and 8 bits
per sample. The input speech sample lasts about 15 seconds and consists
of test sentences spoken in turn by a male and female talker. To calibrate

the speech power relative to omax, the THIS level of the entire sample has
been calculated. Figures 2 and 3 show the theoretical and computer-
calculated results for speech using 8 bits per sample and µ-law ()u = 255)
and A-law (A = 87.6) companding, respectively. Figure 3 also shows
the computer-simulated results obtained with the 13-segment A-law
described in C.C.I.T.T. Rec. G.711.

In all of these cases the values of SIN, obtained from the computer cal-
culations using the input speech sample are slightly better than the theo-
retical results at high signal levels, but slightly poorer at low signal levels.
The effect of changing the number of bits per sample for the µ- and A-law
cases, both theoretical and computer simulated, is shown in Figure 4.
The curves are separated by 6 dB per bit in terms of the SIN, ratio over
the range of 5 to 8 bits, as implied by the theoretical model. It is also ap-
parent that µ-law (µ = 255) companding provides better performance
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Figure 1. S/Nq vs Speech Level for Linear Codec with Speech Input

than A-law (A = 87.6) companding at low signal levels, with a small
sacrifice in performance at high signal levels.

Performance for a 1,100-Hz sinusoidal input with µ-law (µ = 255) and
A-law (A = 87.6) companding using the computer-simulated and theo-
retical approaches is presented in Figures 5 and 6, respectively. The undu-
lations appearing in the computer-simulated curves are attributed to the
combined effect of the quantizing levels and the preciseness of the sinus-
oidal pattern. Such undulations do not appear for speech inputs because
of the randomness of speech. Note that the theoretical results exceed the
simulated results by about 2 dB in terms of S/Nq.

QUANTIZATION NOISE AND DISTORTION POWER SPECTRA iu
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Figure 2. Theoretical and Simulated S/Nq vs Speech Level for
8-Bit PCM with µ = 255

Distortion power spectra

The output distortion power spectra for single- and multiple-frequency
sinusoidal (tone) inputs were obtained by using a 2,000-point DFFT
yielding a spectral resolution of 4 Hz. The single-frequency input was a
full load (+2-dBmO) sinusoid at 1,100 Hz. The multifrequency input con-
sisted of two sinusoids of equal power at 1,100 and 1,700 Hz with a com-
posite level of -7 dBmO. These parameters were chosen in accordance
with the general considerations outlined by the C.C.I.T.T. [1].

Results obtained for both 7- and 8-bit uniform and nonuniform quan-
tization with µ-law (µ = 255) and A-law (A = 87.6) companding char-
acteristics are shown in Table 1. Figure 7 shows a computer-produced
spectrum for the single-tone case using 8-bit quantization and µ-law com-
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Figure 3. Theoretical and Simulated SIN, vs Speech Level for
8-Bit PCM with A = 87.6

panding. It should be noted that the distortion terms occur at odd har-
monics of 100 Hz because the period of a periodically sampled periodic
function inherently contains the lowest possible integer number of periods
of each constituent. For the case analyzed here, in which a sinusoid of
1,100 Hz is sampled at 8,000 Hz, an interval of 0.01 s contains I1 periods
of 1,100-Hz sinusoid and 80 periods of the sampling function. Hence,
the quantization distortion terms fall at multiples of 100 Hz and, since
the distortion is symmetrical, only odd-order components are observed.
The same situation prevails in the 2-tone case.

A review of the data shown in Table 1 yields the following observations
concerning the single-frequency (1,100-Hz) input. For 7- and 8-bit linear

quantization, the SIN, ratios are 44.6 and 50.2 dB, respectively, and the

40

0-
-50

QUANTIZATION NOISE AND DISTORTION POWER SPECTRA

I I
-40 -30 -20 -10 0

SPEECH LEVEL (dBm0)

Figure 4. S/Nq vs Speech Level for 5-, 6-, 7-, and 8-Bit PCM
with y = 255 and A = 87.6

401

10

highest level distortion components are down by 52 dB (2,100 Hz) and 58
dB (2,300 Hz), respectively. For 7- and 8-bit A-law quantization, the
S/Nq ratios are 33.1 and 39.2 dB, respectively, and the highest level dis-
tortion components are down by 39 dB (3,200 Hz) and 48 dB (300 and



TABLE 1. DISTORTION COMPONENT LEVELS BELOW TONE LEVEL IN dB

Case

Distortion

Component Tone

Frequency Frequency,*

(Hz) f (Hz)

100

300

500

700

900

I'mu 1,100 1,700 35.2 0 40.6 0 35.9 0 36.5 0 31.9 0 39.0 0

1,300

1,500

7-Bit Linear 8-Bit Linear 7-Bit A-Law 8-Bit A-Law 7-Bit µ-Law 8-Bit y-Law

Distortion Distortion Distortion Distortion Distortion Distortion

Component Component Component Component Component Component

SIN0 Level Below S/N, Level Below S/N, Level Below SIN, Level Below S/N, Level Below S/N, Level Below

(dB) Tone Level (dB) Tone Level (dB) Tone Level (dB) Tone Level (dB) Tone Level (dB) Tone Level

(dB) (dB) (dB) (dB) (dB) (dB)

1,100 44 .6 75 50.2 67 33.1 40 39 .2 51 33.2 41 40.1 51

1,100 1,700 35.2 45 40.6 51 35.9 73 36 .5 49 31 .9 44 39.0 48

1,100 44.6 71 50.2 71 33.1 56 39.2 48 33 .2 54 40.1 49

1,100 1,700 35 .2 45 40.6 52 35.9 56 36.5 64 31.9 49 39.0 54

1,100 44.6 60 50.2 64 33 . 1 48 39.2 64 33 .2 44 40.1 52

1,100 1 ,700 35.2 56 40.6 59 35.9 51 36.5 48 31.9 54 39.0 47

1,100 44.6 62 50.2 68 33.1 45 39.2 56 33.2 49 40.1 53

1,100 1,700 35.2 45 40.6 63 35.9 38 36.5 64 31.9 43 39.0 63

1,100 44 .6 63 50.2 65 33.1 52 39.2 64 33.2 46 40.1 57

1,100 1,700 35.2 42 40.6 62 35 .9 49 36.5 56 31.9 59 39.0 47

1,100 44.6 70 50.2 70 33.1 48 39.2 50 33.2 44 40.1 51

1,100 1,700 35.2 57 40.6 60 35.9 39 36.5 45 31.9 37 39.0 66

1,100 44 .6 55 50.2 59 33.1 44 39.2 52 33.2 47 40.1 53

1,100 1,700 35.2 56 40.6 53 35.9 46 36.5 68 31 .9 40 39.0 45

1,7W 1,100 44.6 62 50.2 77
1,100 1,700 35.2 0 40.6 0

1,900 1,100 44.6 55 50.2 63
1,100 1,700 35 .2 60 40.6 55

2,100

2,300

1,100 44.6 52 50.2
1,100 1,700 35 .2 54 40.6

1,100 44.6 75

1,100 1,700 35.2 43

33.1 50 39.2 52 33.2 66 40.1 54

31.9 0 39.0 035.9 0 36.5 0

33.1 46 39.2

35.9 40 36.5

77 33.1

47 35.9

50.2 58
40.6 53

2 500 1,100 44 .6 56 50.2

2,700

2,900

1,100 1,700 35.2 57 40.6

1,100 44.6

33.1 39

35.9 52

70 33.1

52 35.9

55.5 50.2 71
1,100 1,700 35 .2 39 40.6 69

1,100 44.6 65

1,100 1,7110 35 . 2 43 40.6 65

i.100 1,100 44.6 60 50.2

3,301

1.100 1,700 35.2 55 40.6

1,100 44.6 62
1,100 1,700 35.2 51

50.2 63

33.1 47

35.9 61

58 39.2

41 36.5

60 33.2 53

78 31.9 38

39.2 63 33.2 44 40.1 65

36.5 39 31.9 51

48 39.2

51 36.5

33.1 54

35.9 50

60 33.1 45

65 35.9 50

50.2 69 33.1 67
40.6 58 35.9 48

A. snn 1,100 44.6 60 50.2
1,100 1,700 35 .2 56 40.6

1 .7M 1,100 44 .6 62 50.2

3,900

1,100 1,700 35 .2 60 40.6

1,100 44.6 78

1,100 1,700 35.2 43

1,100 44.6 0 50.2 0 33.1 0 39.2 0 33.2 0 40.1 0

78 33.1 52

59 35.9 68

60 33.1 64

62 35.9 72

50.2 62 33.1 47
40.6 42 35.9 39

39.2 54 33.2

36.5 48 31.9

62.5 40.1 51

45 39.0 55

50 33.2 70 40.1 50

51 31.9 44 39.0 66

39.2 50 33.2

36.5 45 31.9

39.2 56

36.5 52

40.1 53

39.0 49

39.0 55

33.2 54

31.9 48

39.2 48 33.2

36.5 65 31.9

39.2 52 33.2

36.5 44 31.9

39.2 75 33.2

36.5 56 31.9

39.2 69 33.2

36.5 43 31.9

45 40.1 55

50 39.0 44

61 33.2 42 40.1 49

58 31.9 46 39.0 51

40.1 53

39.0 56

50 40.1 65

41 39.0 47

48 40.1 50

45 39.0 55

45 40.1 67

46 39.0 46

46 40.1 57

55 39.0 55
*For a single tone, the level is +2 dBmO; for two tones, each tone has a level of -10 dEm0.
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Figure 5. Theoretical and Simulated S/Nq vs Input Level for a

1,100-Hz Sinusoidal Input Using 8-Bit µ-Law-
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Figure 7. Power Spectrum of the Output of an 8-Bit µ-Law Codec
(single-tone full load input S/N4 = 40.08, f, = 1,100 Hz)

Figure 6. Theoretical and Simulated S/Nq vs Input Level

A-Law-Companded PCM (A = 87.6)

for a 1,100-Hz Sinusoidal Input Using 8-Bit

3,300 Hz), respectively. For 7- and 8-bit µ-law quantization, the S/Nq
ratios are 33.2 and 40.1 dB, respectively, and the highest level distortion
components are down by 41 (100 Hz) and 42 dB (2,100 Hz) and by 49
dB (300 and 2,100 Hz), respectively.

In general, for the other distortion components of the single-frequency
case, the results of µ-law (µ = 255) companding are only slightly better
than those of A-law (A = 87.6) companding. Uniform quantization yields
distortion components that are on the average 10 dB less than those of
either of the companded quantizers. This result must be tempered by the
2-dBmO signal level; i.e., for lower signal levels the difference margin will
diminish. The most intense distortion products occur at 2,100 or 2,300
Hz (i.e., near but not precisely at the second harmonic) and at 100 and
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Figure S. Power Spectrum of the Output of an 8-Bit µ-Law Codec

with -7-dBmO 2-Tone Input (S/N9 = 38.38 dB, 255,
f, = 1,100 Hz, f, = 1,700 Hz)

300 Hz for uniform quantization; the next most intense occur at 2,100 or
2,300 Hz for companded quantization.

For 2-frequency inputs a typical spectrum is shown in Figure 8. The
results summarized in Table I suggest the following observations. Since
the levels of the combined tones are adjusted to -7 or -10 dBmO for
each tone alone, the values cited in Table I were measured relative to the
level of a single tone. For 7- and 8-bit uniform quantizations, the S/N9

ratios were 35.2 and 40.6 dB, respectively, and the highest level distortion
components were down by 42 (900 Hz) and 43 dB (2,300, 2,900 and 3,900
Hz) and by 42 (3,900 Hz), 51 (100 Hz), and 52 dB (300 and 2,500 Hz),
respectively. For 7- and 8-bit A-law quantizations, the S/N9 ratios were

35.9 and 36.5 dB, respectively, and the highest level distortion components
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were down by 39 (1,300 and 3,900 Hz) and 40 dB (1,900 Hz) and by 39 dB
(2,300 Hz), respectively. For the 7- and 8-bit µ-law quantizations, the
S/N9 ratios were 31.9 and 39.0 dB, respectively, and the highest level
distortion components were down by 37 (1,300 Hz), 38 (1,900 Hz), and
44 dB (2,700 Hz) and by 44 (2,700 Hz) and 45 dB (1,500 Hz), respectively.

For 2-tone signals , the S/N9 ratios and the level of the highest level dis-
tortion terms were greater for uniform quantization for either form of
companded quantization. The behavior of the spectral composition of the
distortion terms as a function of both the type of companding and the
number of bits used for quantization was rather complex and did not seem
to follow a consistent pattern. For the companded quantizations there was
a tendency for the most intense distortion terms to occur at 1,300 or 1,500
Hz, i.e., between the frequencies of the two input signal tones. Intense
terms were also found in the vicinity of 2,100 or 2,300 Hz for all forms of
quantization . The distortion spectral variance was about the same for
both the 2-tone and the 1-tone cases.

Finally, the manner in which the total S/N9 varied as a function of the
number of quantizing bits was quite interesting. This behavior is illustrated
in Table 2, where the S/N9 ratio and its first differences are tabulated ver-

TABLE 2. SIGNAL-TO-QUANTIZATION NOISE RATIO VERSUS

NUMBER OF BITS PER SAMPLE, 2-TONE SIGNAL

Differences
Companding Law Bits /Sample S/N9 (dB) inS/N,

(dB)

A = 87.6

µ = 255

6 26.3

7 35.9

8 36.5

9 43.1

6 26.4

7 31.9

8 39.0

9 43.3

9.6

0.6

6.6

5.5

7.1

4.3
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sus the number of quantizing bits for the 2-tone input signal using 6, 7, 8,
and 9 bits per sample and y- and A-law companding. This table shows
that, although there is a general slope of 6 dB per bit for both cases, the
actual observed values can differ significantly from this trend. For example,
in the A-law case, the SIN, increased by only 0.6 dB in going from 7 to
8 bits per sample, whereas it increased by 9.6 dB when going from 6 to 7
bits per sample. This effect is attributed to the relationship between the
quantizing levels and the pattern of signal values and should be expected
to vary significantly as this relationship is modified. It appears to be more
pronounced in the A-law case than in the µ-law case.

Conclusions

A computer simulation technique has been used to analyze the per-
formance of PCM codecs designed for 5, 6, 7, and 8 bits per sample and
employing uniform or nonuniform [µ-law (y = 255) and A-law (A
= 87.6)] quantization. For both speech and single-tone input signals, the
SIN, ratios have been calculated over a dynamic range of 50 to 60 dB
inclusive of the overload range. The results are unique in that they are
representative of the performance of ideally fabricated PCM codecs.

Comparisons with the results obtained by using theoretical models and
8-bit-per-sample quantization show that, for speech inputs, the theoretical
model was slightly optimistic at low levels and slightly pessimistic at high
levels in the case of companders using the A-law (A = 87.6) as well as
the C.C.I.T.T. 13-linear-segment approximation to the A-law. The dif-
ference between the C.C.I.T.T. 13-linear-segment approximation and the
actual A-law was found to be very small. For a single-tone input signal,
the theoretical model was found to be optimistic by several decibels over
the entire dynamic range for both the p- and A-law cases. Comparisons
between the µ- and A-law cases with 5, 6, 7, and 8 bits per sample showed
that µ-law companding consistently provided better performance at low
speech signal levels, with only a small sacrifice in performance at high

levels.
Discrete Fourier spectrum analyses were also performed on a single-

tone (1,100-Hz) input signal applied at a level of 2 dBmO and a pair of
equal amplitude tones (1,100 and 1,700 Hz) applied at a combined level
of -7 dBmO to assess the spectral nature of the distortion products. In
both cases, as a consequence of the periodicity resulting from the relation-
ship between the sampling rate and the frequency of the single-tone input,
the distortion terms appeared at odd multiples of 100 Hz. For a single-tone
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input at 1,100 Hz in both the uniform quantization and companded cases,
some of the highest level distortion components occurred in the vicinity
of 2,100 and 2,300 Hz, but none at 2,200 Hz. The distortion terms were
weaker in the uniform case than in either companded case, while the com-
panded cases did not differ significantly from one another. Varying the
number of bits per sample had a very small effect on these results.

For the 2-tone input (1,100 and 1,700 Hz), in the companded cases some
of the stronger distortion terms occurred between 1,300 and 1,500 Hz;
however, in the linear case the components at these same frequencies were
among the lowest. Otherwise, the distortion component distributions for
the 2-tone input, especially for the companded cases, were rather complex
and did not adhere to any particularly distinct pattern. It is especially
interesting to note that the manner in which the total S/Nq ratio varied as
a function of the number of bits per sample (as shown in Table 2) was quite
erratic, especially in the A-law case. The distribution of distortion com-
ponents and the total S/N, ratio is attributed to the relationship between
the signal pattern and the quantizing levels as influenced by the com-
panding law.
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Abstract

This paper describes antenna design studies for application to U.S. domestic
communications satellite systems using orthogonal linear polarization to achieve
frequency reuse. Antennas with polarization-selective reflection or transmission
surfaces can achieve the highest beam polarization isolations (35-50 dB), but
have the greatest mechanical design complexity. Antennas with dual-polarized
feed systems generate orthogonally polarized coincident beams from a single re-
flector in mechanically simple configurations. Worst-case polarization isolations
achieved over the coverage region(s) range from 30-35 dB. The necessity of swept
frequency measurement techniques to completely and accurately characterize the
polarization isolation , gain, and frequency-sensitive beam squint of the antenna
system is demonstrated.

Introduction

U.S. domestic communications satellite antennas [1) capable of pro-
viding frequency reuse by means of two orthogonal linearly polarized
beams require 30- to 50-dB polarization isolations over the entire beam
coverage area. Gain over the required coverage area is also an important
design consideration. In addition, the antenna system configurations must
be dimensionally, mechanically, and thermally compatible with the
spacecraft environment.

All
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Two basic design approaches are considered. The first approach uses
polarization-selective reflecting or transmitting surfaces consisting of
either a parallel grid of wires or grating strips. Antennas with polariza-
tion gratings or grids are potentially capable of yielding the highest
polarization isolations (35-50 dB). However, this approach involves
greater mechanical and thermal design complexity. Launch vehicle shroud
dimensions or weight limitations often require a wide-bandwidth feed
design (spanning both the up- and down-link frequencies) for antennas
which are limited to a single linear polarization. As a result, gain and
coverage contours may not be optimized for each individual frequency
band. Antenna configurations combining both polarization-selective
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transmission and reflecting surfaces can also be used to minimize the
required launch vehicle shroud dimensions.

The second design approach uses a dual-polarized narrowband feed
(spanning either up- or down-link frequencies) to generate coincident
orthogonally polarized beams from a single reflector surface. Although
this approach yields a lower polarization isolation (30-35 dB) than the
polarization filtered antennas, it is lightweight with a simplified mechanical
and thermal design.

When the design studies for the COMSAT system began in the fall of
1970, initial requirements called for up-link (5,925-6,425 MHz) and
down-link (3,700-4,200 MHz) coincident continental U.S. coverage
beams (nominally 3.5° X 7.0° elliptical or equivalent shaped beams) on
orthogonal linear polarizations. Offshore spot-beam coverage to Alaska,
Hawaii, and Puerto Rico was also required. Offshore beams were to be
directly connected to a dedicated satellite transponder or coupled to a
continental U.S. beam (coupled mode service).

An important aspect of the design studies has been the formulation of
measurement techniques which fully characterize the antennas in a dual-
polarized satellite communications system. Swept frequency measurements
across the up- and down-link bands are required to identify the worst-
case polarization isolations at each coverage angle. Several distinct
antenna depolarization sources contribute to the polarization isolation;
hence, measurement data at a specific coverage angle can show consider-
able frequency variation. However, polarization isolation contours based
on worst-case swept frequency data are shown to be well defined.

Discussion of design approaches

Polarization-selective transmission filters

A polarization-selective filter is placed in front of a reflector to create
a linearly polarized aperture plane field. The filter may be constructed of
wires, printed circuit lines, or grating elements. Typical filter configura-
tions designed to transmit a vertically polarized signal and reflect a hori-
zontally polarized signal are shown in Figure 1.

The wire and printed circuit grids block a measurable percentage of
the vertically polarized signal. The blockage is proportional to the metal's
diameter, of, or width, w, relative to the spacing, S. The grating operates
as a waveguide beyond cutoff for the signal polarized parallel to the grating
elements. It uses much wider spacings and depth, D, in the direction of
propagation to provide attenuation. The signal polarized perpendicular
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to the grating elements is transmitted through the thin grating elements
with negligible loss. The transmission and reflection characteristics of
grids and gratings are summarized in Appendix A.

Figure 2a shows a grating in front of both the feed and the reflector.
This configuration ensures low cross polarization in the secondary beam
of the antenna since all depolarization sources are shielded by the grating.
Scattering and diffraction from the edge of the grating may limit the

a.POLARIZATION GRATING COVERING
BOTH FEED AND REFLECTOR

HORIZONTAL
ELEMENTS

b. POLARIZATION GRATING LOCATED IN c.OFFSET CONFIGURATION
APERTURE PLANE OF REFLECTOR

Figure 2. Transmission Filter Configurations

ANTENNA DESIGN STUDIES FOR U.S. DOMESTIC SATELLITE 417

performance achieved. In Figure 2b the grating is placed between the
feed and the reflector in a more advantageous mechanical position.
Performance is then limited by scattering from the feed and feed support
mechanism and reflection of the incident cross-polarized feed energy by
the grating. Also, cross-polarized energy between the reflector and grating
may resonate and cause serious degradation of the isolation performance.
This effect will be discussed further in the section on measured results.

Figure 2c shows an offset reflector configuration which is mechanically
advantageous for spacecraft applications and also eliminates the de-
polarization caused by feed scattering. Offset reflector configurations
increase the amount of cross-polarized energy incident upon the grating
and the possibility of a resonance.

"Dual-mode" [2] or wide-bandwidth feed designs (spanning both the
up- and down-link frequencies) permit the generation of multiple coinci-
dent beams from a single reflector. These options will generally compromise
the gain or angular coverage performance of the antenna system.

Polarization-selective reflecting surfaces

Figure 3 shows antenna configurations using polarization-selective
reflecting surfaces. This design technique uses the grid or grating as the
reflecting surface for the desired polarization. The cross-polarized com-
ponent is transmitted through the surface.

The polarization isolation achieved with reflecting surfaces is less than
that attained when the same surface is used as a transmission filter. This
is particularly true of the gridded reflector shown in Figure 3a, where the
finite wire diameter reflects cross-polarized energy as a focused beam. The
improvement in polarization isolation for a polarization-selective reflecting
surface relative to a solid metal surface reflector is equal to the return
loss of the surface to the cross-polarized signals [return loss = -20 log,,
(reflection coefficient)]. The backup structure and the dielectric constant
of the substrate that hold the wires contribute to the return loss.

The return loss of the grating reflector shown in Figure 3b is substantially
higher than that of the gridded reflector shown in Figure 3a. This results
in improved polarization isolation.

Polarization-selective transmission filters and
reflecting surfaces

Antenna configurations using both polarization-selective transmission
filters and reflecting surfaces permit in-line stacking of two reflector
systems and hence minimize the required launch vehicle shroud dimensions.
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In Figure 4a the front reflector surface is formed by a grid which acts as
both a polarization-selective reflecting surface for the horizontally polar-
ized signal, and as a polarization-selective transmission filter for the
vertically polarized back reflector system. The back antenna can be a
solid or polarization-selective surface. The polarization isolations achieved
for each beam in this reflector arrangement are lower than those of the
equivalent individual reflector systems because of increased scattering and

blockage effects.
These effects are minimized in the offset reflector system shown in

Figure 4b. However, a portion of the feed energy intended for the back
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Figure 4. Dual Gridded Reflectors

reflector is intercepted by the front reflector. This intercepted energy
appears as a squinted and defocused beam which combines with the beam
from the back reflector to result in frequency-sensitive beam squint. The
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amount of beam squint depends upon the focal point displacements of
the two reflector systems and the return loss of the front reflecting surface.

Cylindrical parabolic reflector with line source feeds

A cylindrical parabola fed by a vertically or horizontally polarized
line source feed theoretically generates no cross polarization. This design
approach has been evaluated in a separate COMSAT study [3]. Independent
controls of two reflector dimensions permit an arbitrary principal plane
beamwidth ratio. A design difficulty is the realization of the required line
source feed characteristics.

Parabolic reflectors with Huygens source feeds

A parabolic reflector provides an aperture plane stereographic projec-
tion of feed system polarization characteristics [4]. Since angular relation-
ships between polarization components incident upon the parabola from
the feed are preserved upon reflection, the desired aperture plane polariza-
tion characteristics are determined by the feed properties. The feed ele-
ment with the specific polarization character required to yield good
secondary beam polarization isolation characteristics from a parabola is a
Huygens source [5], which will be discussed in Appendix B.

Coincident beams on orthogonal linear polarizations are generated
from a single reflector with Huygens source feeds. Electrically small,
open-ended, circular waveguides provide the required feed characteristics
over an up- or down-link 500-MHz bandwidth. These small-diameter
feeds provide several unique design capabilities. Arrays of Huygens
source feeds with independent amplitude and phase excitations may be
utilized to form shaped-beam contours or offshore spot-beam coverages
with high polarization isolation.

Polarization orthogonality is established in the feed system; therefore,
secondary beam polarization isolation characteristics are relatively in-
sensitive to reflector-feed misalignments or mechanical distortion of the
reflector surface. This design approach, which is used with symmetrical
reflectors, results in a mechanically simple and lightweight spacecraft
antenna system. However, the feed and feed support blockage limit the
antenna system polarization isolation.

Measurement techniques

An important consideration in the COMSAT design study has been the
establishment of measuring techniques which fully characterize an orthog-
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onally polarized communications satellite antenna system. Figure 5 shows
a polarization ellipse at a given angular coordinate in the beam contour.
The polarization characteristics of a wave may be specified by several
equivalent methods [6]. Specifically, the polarization ellipse may be
measured by rotating a linearly polarized antenna to determine the ratio
of the major axis voltage amplitude to the minor axis voltage amplitude
(axial ratio = En,a,/E,;,,) and noting the angle of the voltage maximum
relative to a reference axis (ellipse orientation angle = r). Equivalently,
the relative amplitude and phase of two orthogonal signal components,
i.e., g = ^ E I/ I EE I and < E. - < E, can be measured to establish
the polarization ellipse.

Figure 5. Polarization Ellipse Parameters

Information channels at the same frequency in a dual-polarized system
remain independent at a given angular coordinate in the beam as long as
the signals are orthogonally polarized. Antenna depolarization effects
do not necessarily imply deorthogonalization of the signals [7], [8]. As an
extreme example, the conversion of orthogonal linear polarizations to
orthogonal circular polarizations (right- and left-hand circular polariza-
tions) can be viewed as a depolarizing effect, yet the signals are still orthog-
onally polarized.
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In a linearly polarized communications satellite system in which the
earth station receiving (or transmitting) terminal is a pair of orthogonal
linear probes, the polarization isolation between signals at the same fre-
quency is related to their axial ratios and relative ellipse orientations.
It is important to note that the axial ratio is a measure of polarization
isolation only in the special case in which the difference between the orien-
tation angles of the polarization ellipses is precisely 900. The orthogonal
linear probes of the earth station antenna are represented in the measuring
setup by an orthogonal mode transducer (OMT) used as a transmit or
receive boresight.

The polarization characteristics of antenna systems with coincident
beams are measured most directly by specifying the antenna's carrier-to-
interference power (C/1) ratio at a given angular coordinate in the beam.
This representation includes the pattern factor for the principally polarized
beam. One port of the satellite antenna system is excited to produce the
carrier power response at the earth station OMT port, and the orthogonal
satellite antenna system port is excited to produce the interference power
response. The procedure is then repeated for the orthogonal earth station
OMT port. It is important to note that the earth station OMT ports should
not be rotated to individually optimize the C/I ratio which appears at a

single port. This will generally result in a degradation of the C/I ratio in
the orthogonal port. In practice the earth station OMT port orientations
at a given point in the satellite antenna coverage contour are chosen to
minimize a balanced C/i ratio in the two ports.

Swept frequency measuring techniques are used to evaluate polarization
characteristics. Antenna systems typically have several distinct depolariza-
tion sources. Depolarizing test range reflections and boresight source
characteristics can also affect the measured polarization characteristics.
The effect of these multiple sources can be extremely frequency sensitive
over the up- and down-link bands.

In conventional antenna test procedures, the frequency is fixed and
radiation patterns are taken in principal planes and other planes which
allow accurate construction of the copolarized and cross-polarized beam
contours. Pattern measurements are generally performed at several dis-
crete frequencies within a 500-MHz bandwidth. This results in a complete
spatial but limited frequency representation of the radiating characteristics
of the antenna. Interpolation between measured frequency points is then

required.
Throughout the design studies the polarization response has been

measured at discrete spatial positions with the frequency swept across a
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500-MHz band. The response of the antenna is then known for every
frequency in the band at given angular coordinates in the beam contour.
Measurements at successive angular coordinates will accurately establish
the copolarized and cross-polarized contour patterns. Interpolation be-
tween angular coordinates is then required. The antenna C/I response
varies smoothly with angular coordinates when worst-case swept frequency
data are used.

Polarization characteristics are more accurately determined by inter-
polating between spatial intervals rather than frequency intervals, as
demonstrated by actual measured data shown in Figures 6 and 7. Of
particular interest to the system designer is the worst-case C/I in the
frequency band for the satellite antenna(s) at various points in the beam
contour. Figure 6 is a swept frequency display of the carrier and inter-
ference power of the antenna under test at an angular location in the
beam contour specified by &v_ and BE_w• The worst-case C/I ratio (35 dB)
in the 500-MHz frequency interval is plotted at the appropriate angular
location in the beam contour referenced in Figure 7. The average C/I
ratio across the bandwidth may be considerably higher than this worst-
case value. Figure 7 shows that the contours of worst-case C/I ratios
measured at 10 intervals in the beam coverage area are systematic and
smoothly varying. Swept frequency C/I data (Figure 6) can be displayed

30

50
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FREQUENCY (MHz)

6,425

Figure 6. Swept Frequency Carrier-to-Interference Level at ON-s = I°

BE-w = -3.00
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on an oscilloscope or network analyzer and the worst-case value plotted
on the contour. This test setup is shown in Figure 8.

Figure 6 also shows the necessity for swept frequency measurements.
The standard technique of measuring low-, mid-, and high-frequency
performance yields C/I levels of 43, 45, and 41 dB, respectively. However,
the worst-case value (35 dB) is considerably lower. Worst-case C/I data
presented in Figure 7 represent the lower bound on antenna system
performance.

The peak and edge-of-beam gain and input VSWR are also measured
by using swept frequency techniques. Frequency-sensitive beam squint
must be evaluated when multi-element feeds, offset reflectors, feeds capable
of supporting higher order electrical modes, and polarization grids or grat-
ings are used. Frequency-sensitive beam motion may significantly reduce
the gain to prescribed coverage areas.

Frequency-sensitive beam squint is measured by comparing the received
power at symmetrically displaced off-axis angles (or coverage contour
points). As the frequency is swept across a 500-MHz band, received
power variations of alternate sign indicate beam squinting. The power
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Figure 8. Test Setup for Measuring Swept Frequency Carrier-to-Interference
Ratio, Gain, and Beam Squint

received relative to that of a calibrated standard-gain horn is used to
determine the edge-of-beam gain.

Measured results

Polarization-selective transmission filters

A 21- x 42- in. (53 - X 106-cm) solid surface parabolic reflector with a
16.4-in. (42-cm) focal length was fabricated as a baseline antenna. Two
rectangular-aperture sectoral horn feeds were designed to orient the feed
polarization along the major and minor axis of the elliptical reflector,
respectively . The secondary half-power beamwidths at 6 GHz were
nominally 3 . 5° X 7.0°, approximating coverage of the contiguous U.S.
The measured results were essentially the same for either feed polarization.

All measurements were conducted in the anechoic test chamber at
COMSAT Laboratories. Swept frequency cross -polarized field probe
measurements of the anechoic chamber test zone established a 50-dB
polarization measurement limit. Worst -case C/I contours for the baseline
antenna measured over a swept frequency 500-MHz bandwidth are
presented in Figure 9 . The contours show high isolation in the principal
planes and four balanced lobes, as expected for a reflector with quadrant
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Figure 9. Carrier-to-Interference Contour (worst-case swept frequency)
for Solid Metal Reflector (baseline design)

symmetry. The worst-case C/I is 25 dB at the edge of the half-power
beam contour (-3 dB). The measured interference power is -28 dB and
the carrier power is -3 dB relative to beam peak, yielding a net C/I of
25 dB. These data are used to determine the improvement obtained by
placing a polarization-selective transmission filter in front of the antenna.

The measured polarization characteristics of the baseline antenna
design are in excellent agreement with calculated values obtained by using
measured feed data and the analysis presented in Appendix B. Antenna
analysis programs which integrate vector surface currents on the reflector
surface, obtained from calculated feed properties, also give excellent

agreement with measured results [8].
A polarization grating was placed in front of the antenna to cover both

the feed and the reflector, as shown schematically in Figure 2a. A bread-
board grating was constructed by interleaving 16-mil aluminum strips
and 0.5-inch (1.27-cm) styrofoam strips. The depth in the direction of
propagation was 1 inch (2.54 cm). Figure 10 shows that the C/I ratio
was in excess of 43 dB everywhere within the -3-dB coverage contour.
The reduction of C/I away from beam center was primarily a result of
the carrier signal pattern factor. The interference levels obtained were
near the measurement limit of the anechoic test chamber. Similar results
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Figure 10. Carrier-to-Interference Contour (worst-case swept frequency)
for Baseline Antenna Covered with Grating

were obtained when a grid (w = 10 mils , S = 50 mils) was used in front
of the antenna . Tests were made in both polarizations using grids and
gratings to cover the entire reflector-feed system . Worst-case C/I values
were in excess of 43 dB over the entire coverage contour for all configura-
tions tested.

Figure 11 shows the principal plane patterns of a continental U.S.
beam at 5,925, 6,175, and 6 ,425 MHz with the grating covering the entire
feed -reflector system . Radiation patterns show no change when the grid
or grating is added to this antenna system.

A swept frequency power response at the peak and symmetrically
disposed off-axis angles is shown in Figure 12 for the antenna configura-
tion with a grating. A standard -gain horn calibration allows the absolute
gain to be determined on a swept frequency basis. The nearly identical
sweep data measured at the two off-axis angles (0°, ±3.5°) indicate
virtually no frequency -sensitive beam motion . The peak and edge-of-
beam gains are plotted in Figure 13. Aperture and beam efficiencies for the
symmetrically fed, electrically -small apertures (10X25X) tested range from
50-60 percent.
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Figure 11. North-South and East-West Patterns for Baseline Antenna
Covered with Grating (low, mid, and high frequencies)

The gain loss contributions of the grids or gratings were also measured
on a swept frequency basis. The grating gain loss was less than 0.1 dB.
The grid gain loss was 0.5 dB, which confirms a 10-percent blockage loss
prediction (Appendix A). Grids or gratings used as transmission filters
yield equivalent polarization performance; however, superior gain per-
formance is obtained with gratings.

A simpler mechanical implementation and a more compact antenna
configuration were obtained by moving the grating into the aperture plane
of the reflector, as shown in Figure 2b. However, a serious electrical
problem was observed during the swept frequency measurements. Cross-
polarized energy caused a "cavity" resonance condition between the
reflector and screen.

Figure 14a shows a swept frequency C/I measurement at a point in the
contour. At the resonant frequencies, serious degradation of the C/I char-
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Figure 12. Swept Frequency Peak and Edge-of-Beam Gain Measured Data

acteristics of the screened antenna was observed. To check this theory of
resonance, a small amount of RF absorbing material was placed on the
reflector surface in areas with high cross-polarization current and the
swept frequency measurements repeated. Figure 14b shows that the
resonant spikes have essentially disappeared. The absorbing material was
used as a diagnostic aid and is not suggested as a solution to the problem.
However, the same damping effect could be achieved by designing the re-
flector as a polarization-selective surface. Measurements of the configura-
tion shown in Figure 2b indicated that its performance was poorer than
that of the configuration shown in Figure 2a due to resonances and
scattered energy from the feed.

The same resonance condition can appear in the configuration shown in
Figure 2a. However, the larger physical spacing between the reflector
surface and polarization grating permits a portion of the trapped energy
to leak out as wide-angle scatter, thus effectively lowering the "Q" of the
resonant cavity. Grating misalignment with the principal polarization of
the feed can also give rise to resonance effects. The offset configuration
shown in Figure 2c circumvents feed scattering and blockage, but may also
support grating-reflector resonances.
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u

Figure 13. Measured Gain for 21- X 42-Inch Parabolic Reflector with
Polarization Grating

Polarization -selective reflecting surfaces

Three different reflectors were constructed to measure the effect of
polarization-selective reflecting surfaces. Two 21- X 42-in. elliptically
shaped gridded reflectors with a 16.4-in. focal length were fabricated,
one with the wires parallel to the major axis and the other with the wires
parallel to the minor axis of the reflector. The grid pattern consisted of
17-mil-diameter wires spaced 100 mils apart on a 25-mil-thick fiberglass
board. A foam spacer was used to position a second identical fiberglass
surface one quarter of a wavelength from the front surface, partially
canceling the fiberglass-to-air dielectric mismatch. A grating reflector
was also fabricated. The reflector was first cast in urethane foam which
was subsequently sliced into 0.5-in. (1.27-cm) strips. The curved are from
each strip was then traced onto a 3-mil-thick piece of copper sheet.
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Figure 14. Swept Frequency Carrier-to-Interference for Grating in Aperture
Plane with and without "Resonance Damper," os-s = 1.0°, 9E-W = 3.0°

Finally, the alternating foam and copper strips were bonded together to
form the reflector. The grating depth in the direction of propagation was
1 in. (2.54 cm).

Measured data for the gridded reflector surface indicated a return
loss, consisting of both grid blockage and fiberglass reflections, of 9 dB.
This return loss represents the maximum polarization improvement for a
gridded reflector relative to a solid reflector. The worst-case C/I for the
solid reflector was 25 dB at the -3-dB contour. Measurements of the two
gridded reflectors indicated worse-case C/I values of 33 dB. The polariza-
tion improvement was 8 dB, approximately equal to the return loss of the
gridded reflector surface.

The measured return loss of the grating reflector shown in Figure 3b
is 18 dB. Measured polarization data indicate a worst-case C/I of 36 dB
at the edge of the contour, or an 11-dB improvement over the solid reflec-
tor data shown in Figure 9. This improvement is less than the full grating
return loss of 18 dB. Feed and feed support scattering limit the perfor-
mance of this configuration near the 36-dB level. Reflecting objects behind
the polarization-reflective surface also tend to degrade performance.

An offset gridded reflector eliminates depolarization due to feed scatter-
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ing; however, the inherent cross polarization of the offset reflector is
worse than that of a symmetric reflector with the same f/D ratio [9].
An offset reflector constructed with grating elements has the potential of
providing excellent polarization isolation for this class of antenna.

The arrangement of reflectors shown in Figure 4 permits in-line stacking
of two reflectors to minimize antenna system dimensions. Cross polariza-
tion was measured on each of two gridded reflectors arranged as shown in
Figure 4a. For the front horizontally polarized reflector, a worst-case C/I
of 30 dB over the coverage contour was measured as opposed to a 32-dB
C/I when the antenna was tested by itself. The back reflector C/I degraded
to 27 dB as a result of the additional scattering from in-line stacking. The
offset configuration shown in Figure 4b eliminates a portion of this scatter-
ing, but may have increased cross polarization due to other factors de-
scribed previously.

Antenna systems using polarization-selective surfaces necessarily place
orthogonal linear signals on separate antennas. Therefore, careful align-
ment of the polarizations of these antennas must be established and
maintained over in-orbit environmental conditions.

Parabolic reflector with Huygens source feed

A theoretical discussion of the Huygens source feed for symmetrical
parabolas is given in Appendix B. The required Huygens source feeds are
open-ended circular waveguides with a diameter of 1.375 in. (3.55 cm)
in the 6-GHz band. Figure 15 is a schematic representation of the feed
assembly. The major and minor axis reflector illumination functions of the
arrayed feeds are virtually identical because the E- and H-plane beam-
widths of the individual feed elements are the same. Although the feed is
operated close to cutoff, the input VSWR is less than 1.3 in both ports,
and feed isolation between orthogonal ports is in excess of 47 dB across
the band. The parabolic reflector has an elliptic aperture of 21 X 42 in.

Figure 16 shows the measured east-west and north-south continental
U.S. coverage patterns, which are identical for both polarizations. The
beams obtained with this approach are narrower than those obtained
previously with sectoral horn feeds. However, for normal Gaussian
shaped beams, analysis shows that a -4.3-dB pattern factor maximizes
the edge-of-coverage gain. Peak and edge-of-coverage gains at the mid-
band frequency are respectively 30.8 and 26.8 dB.

As shown in Figure 17, for the minor axis polarization, the worst-case
C/I over the beam contour is 33 dB. Data for the major axis polarization
are identical.

Figure 15. Huygens Source Feed Array
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far 21- X 42-Inch Elliptic Reflector with Huygens Source Feed Array
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As opposed to conventional antenna designs which provide elliptic
contours, parabolic reflectors and arrayed Huygens source feeds are
amenable to further beam shaping to provide a nearly rectangular coverage
contour which improves the gain coverage characteristic over the continen-
tal U.S. Increased aperture area is necessary for this beam shaping and
the 21- X 42-in. elliptic reflector is replaced with a 42-in.-diameter circular
reflector. A circular reflector fed with two Huygens source feeds is shown
in Figure 18a. Each offset feed element launches a squinted secondary
constituent beam with low cross polarization, as shown in Figures lSb
and 18c. The constituent beams may be added to form a shaped coverage
contour with high polarization isolation between shaped beams. In addi-
tion, off-shore spot-beam coverage may then be formed on the same
circular reflector.

Figure 19 compares a 3.5° X 7.0° elliptic contour beam and the shaped-
beam contour over the continental U.S. East-west coast edge-of-beam
gains increase, and a gain of 29 dB is realized over the major part of the
continental U.S. Figure 19 also shows the offshore beams that may be
formed with a single 42-in.-diameter circular reflector at 6 GHz. Additional
Huygens source feeds have been located in the focal region to launch the
offshore coverage beams. These offset feeds produce beams with wide-
angle cross polarization in excess of 30 dB over the continental U.S.
Figure 20 shows a worst-case swept frequency cross-polarization contour
for the Hawaii spot beam. The cross-polarization levels are relative to the
peak copolarized spot-beam gain of 33 dB.

Worst-case data for the continental U.S. shaped-beam system indicate
a C/I in excess of 33 dB for both polarizations. When the three additional
feeds are added to provide offshore coverage, the worst-case C/I degrades
to 28 dB because of the increased scattering of the additional feeds located
in the focal region. Integration of the offshore spot-beam feeds onto the
same reflector with continental U.S. coverage beam feeds has the advantage
of minimizing beam source array effects when the off-shore beam(s) are
coupled to the U.S. beam (coupled mode service).

As a practical communications satellite system requirement, four
coincident continental U.S. beams (two in each polarization) must be
provided in the down-link 4-GHz band. This requirement allows alternate
transponder outputs in the satellite to be placed on separate beams, hence
greatly simplifying the satellite down-link multiplexing requirement. A
single-aperture antenna system suitable for frequency reuse applications
can provide four coincident continental U.S. beams and three offshore
coverage beams. This system uses two Huygens source feed elements with
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Figure 19. Continental U.S. Shaped and Elliptic Beams and Spot-Beam
Locations
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dual polarization and quadrature excitation. The ability to form coincident
beams from the same reflector and feed by varying the element phase is
referred to as "dual-mode" excitation [2]. A 64-in.-diameter parabolic
reflector would be required for the down-link 4-GHz band.

Figure 21 shows the continental U.S. gain contour for all four input
ports. The beam contour is derived from measured far-field constituent
beam patterns. Improved east-west coast gain is obtained at the expense
of reduced gain in the north-south plane at the center of the continental
U.S. An additional feed element which provides a beam to the center of
the continental U.S. could be used to restore a more rectangular beam
contour. Dual-mode beam formation is also possible with a 3-element
feed.

Figure 21. Gain Contour for Quadrature Fed Huygens Source Feed Array
in 65-Inch-Diameter Circular Reflector

Conclusion

This paper has described antenna design studies performed at COMSAT
Laboratories to provide performance and specification guidelines for a
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U.S. domestic satellite. The achievement of 30- to 50-dB antenna system
polarization isolations between orthogonal linear polarizations over the
entire satellite beam coverage areas permits reuse of the allocated 4/6-
GHz frequency spectrum, hence significantly increasing the channel
capacity of the satellite.

It has been shown that swept frequency measurement techniques are
necessary to completely and accurately characterize the polarization isola-
tion, gain, and frequency-sensitive beam squint properties of the antenna
systems. The presence of polarization isolation resonances in antenna
designs which use polarization-selective transmission screens can best be
ascertained with swept frequency measurement techniques. The polariza-
tion isolation performance presented in this report is based on worst-case
data and represents a lower bound on antenna system performance.

Two distinctly different design approaches for orthogonal linearly
polarized satellite antenna systems have been considered. The first ap-
proach uses grid or grating polarization-selective reflection or trans-
mission surfaces and is potentially capable of achieving the higher polari-
zation isolations (35-50 dB). However, because the required spatial orthog-
onality of the grid or grating elements must be maintained under in-orbit
thermal and mechanical loads, the mechanical design is more complex.

Grating surfaces have less electrical blockage than grid surfaces and
therefore provide better electrical performance. However, mechanical
design considerations are also an important factor in the choice of a
particular polarization-selective surface. Feed system blockage which
limits the polarization performance achieved in front-fed symmetrical
reflector systems may be eliminated by utilizing offset reflector configura-
tions. Broad-bandwidth feed networks and in-line stacking of separate
reflector systems are used to increase the number of coincident coverage
beams available from limited launch vehicle shroud dimensions.

The second design approach forms coincident orthogonally polarized
beams from a single solid surface reflector. Because polarization orthog-
onality is established in the feed, the thermal and mechanical design of the
antenna system is simplified. Worst-case swept frequency polarization
isolations achieved over the entire beam coverage areas range from 30-35
dB. The required quadrant reflector symmetry with a Huygens source
feed results in feed blockage and depolarization in front-fed configurations.
However, the use of separate reflectors for the satellite up- and down-link
bands permits optimization of the feed system on a narrowband (500-
MHz) basis.

Three interrelated considerations determine a spacecraft antenna
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system design: electrical performance requirements, weight and mechanical
complexity, and available launch vehicle shroud dimensions. The risk
factor associated with various design approaches must be considered.
The in-orbit electrical performance ultimately achieved is strongly related
to the mechanical and thermal design aspects of the spacecraft antenna
system.
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Appendix A. Polarization characteristics
of grids and gratings

Grid and grating configurations act as polarization -selective transmission filters
or reflecting surfaces [Al]-[A4]. A grid is designed by establishing conductor
widths and spacings to achieve specified values of rejection for one polarization
within the electrical blockage constraints of the orthogonal polarization. The
measured polarization rejection characteristic of a printed circuit grid configura-
tion in the 5,925 - to 6,425-MHz band as a function of the grid electrical blockage
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is shown in Figure A-1. Equivalent results for the 3,700- to 4,200-MHz band are
established by scaling the dimensional parameters given by the wavelength ratio
(^1.5).

10 15 20

ELECTRICAL BLOCKAGE, W/2S 1%)

Figure A-1. 6-GHz Grid Polarization Rejection

The attenuation properties of planar polarization gratings have been calculated
from a cutoff waveguide analysis. Attenuation versus grating strip spacings, S,
and frequency is shown for a fixed grating strip depth, D, of 1.0 in. in Figure A-2,
where attenuation in dB increases linearly with D. The attenuation is given by

ATT (dB) = -8.7 0 D

where the cutoff waveguide propagation factor is

(A2)
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D is the grating depth in the direction of propagation, and X is the free space
wavelength. These attenuation values have been confirmed by experiment. Scat-
tering and diffraction from the edge of a grating or grating-reflector interactions
often limit the performance achieved in grated antenna configurations.

SPACING, S (in.)

1.00 ON 0.80
0.95 0 .85 0.75 0 .70 0.65 0.60 0.55 0.50 0.45 0.40

Appendix B. Theoretical discussion of parabolic
reflectors with Huygens source feeds

The polarization characteristics of reflector antennas have been the subject of
considerable study [Bl]-[B5]. Reference B5, which provides a simple quantitative
representation of the polarization quality required of the feed to eliminate
secondary beam cross polarization from a symmetric parabola, is particularly
useful.

Figure B-I shows the basic coordinate system and quantities used to calculate
the principal and cross-polarized aperture plane fields of the reflector antenna.
Because the tilde (or bar) spherical coordinate system designated by B and ¢
facilitates the wide-angle characterization of the feed polarization on a contour
basis, it has replaced the conventional 0, 0 spherical coordinate system. The
measurement coordinate system is easy to implement with either an elevation-
over-azimuth or an azimuth-over-elevation test mount.

x

FREQUENCY IGHZ)

Figure A-2. Attenuation vs Grating Strip Spacing, S, and Frequency
(D = 1.0 inch)
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If a large gently curved reflector surface with an outward normal it is illum-
inated by an incident magnetic field A; propagating in the direction r from a point
source, a surface current K flows on the reflector such that

K=2n XA; .
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Therefore,

K = Z, (n x r x E;)

For a collimated beam (all rays parallel), the projected electric field in the
aperture plane is

At.

E. = 2 cos ('/2) (B3)

Therefore,

=n X r X E;
E

cos (0/2) (B4)

Expressing the incident radiation field E; in terms of primary feed components
EB and Em and writing the unit vector for the reflector normal and radius vector
to the reflector results in the following expressions:

Ea" (sin 4 + sin .) + E; (cos 4 cos f
E
_1+ sin A sin ¢ r

(B5)

E h (cos 5 cos 0) - E; (sin g +sin 3) _J
(B6)

1 +sin6sin , (r)

For a parabolic reflector,

f) 1

(r 1+sinBsin4

Thus, the equations can be simplified to yield

Er = Ee (sin + sin + Em (cos B cos 3)

Ei (cos 6 cos 3) - E; (sin 9 + sin

(B7)

(88)

(B9)

The principally polarized radiation pattern may be calculated by taking the
Fourier transform of the reflector aperture E„ distribution. This distribution may
be approximated by resolving the aperture into a number of small squares and
using array theory to calculate the secondary beam. The amplitude of each ele-
ment in the array is the calculated E, voltage in a particular square. Similarly, the

ANTENNA DESIGN STUDIES FOR U.S. DOMESTIC SATELLITE 445

cross-polarization radiation pattern may be determined by using the calculated

E. aperture plane voltages.
For a narrow-beam antenna with a feed polarization which yields E. = 0 over

the entire aperture plane of the reflector, there will be no cross polarization
(E0 ^ E,) in the secondary beam. Therefore, if Ee and Em are in time phase and

given by

Em _ cos B cos O

Ei sin 5 + sin ^
(B10)

there will be no secondary beam cross polarization. This is equivalent to requiring

an infinite axial ratio and a polarization orientation given by

cos e cos
tan-

sin 0 + sin 4,
(811)

at a given point B, ^ in the feed pattern. The infinite axial ratio implies that Ei
and E^ are in time phase, which requires coincident E- and H- plane phase centers

for the feed [B6]. For a circularly symmetric feed aperture this is equivalent to
requiring equal E- and H-plane amplitude and phase patterns.

Complex circular pattern symmetry can be realized with a scalar or corrugated
horn, a dual-mode (Potter) horn, flanged or choked circular horns, and elec-
trically-small circular waveguide apertures. The scalar or corrugated horn ex-
hibits excellent performance with respect to equal E- and H-plane beamwidths
and coincident phase centers [137]; however, the necessity of providing many
high-order waveguide modes requires the use of electrically large (inefficient)
apertures. The large physical size of the corrugated horn results in increased feed

blockage and depolarization.
The dual-mode horn [B8]-[B10] also produces equal E- and H-plane beam-

widths and coexistent phase centers; however, the bandwidth in which the com-
plex pattern symmetry can be maintained is quite limited.

Choked flanged circular apertures may be thought of as degenerate cases of the

corrugated or Potter horn. The patterns approach circular symmetry and the
phase centers are coincident over the required 12-percent bandwidth. Choked
horns attenuate the currents induced along the outside of the guide which would

otherwise reradiate as cross-polarized energy.
Measurements and calculations show that an electrically small (D 0.7X)

circular waveguide yields equal E- and H-plane beamwidths and coincident phase

centers. This is particularly useful, since the wide-angle radiation of the small
aperture makes an efficient feed for low f/D systems. The small aperture size
allows close placement of the feeds for multi-element feed arrays used in beam
shaping. Feed blockage and subsequent depolarization due to scattering are

minimized in the lowf/D systems.
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In the absence of interelement coupling, the arraying of Huygens source feeds
is a scalar process and permits the generation of multiple beams or shaped beams

with low cross polarization. For COMSAT applications, two circular apertures
are arrayed side by side to efficiently feed a 2-to-I aspect elliptic reflector. This
provides an elliptic secondary beam with low cross polarization. Each of the two
circular apertures is fed by an orthogonal mode transducer (OMT) and a 3-dB

power divider to provide polarizations perpendicular and parallel to the major
axis of the elliptic reflector. Since the E- and H-plane beamwidths of the in-
dividual array elements are identical, the same reflector amplitude illumination
function is obtained for both polarizations when the circular waveguide elements
are arrayed. This is a unique aspect of the circularly symmetric Huygens source
feed design approach.
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Prescreening techniques for flight
Germanium tunnel diodes
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Abstract

This paper presents the results of an investigation to develop, test, and verify
screening criteria for flight tunnel diodes. Diodes of various types were subjected
to step stress (time and temperature) testing. The failure mode in diodes with
contact mesh supports was found to be characteristic of the creep failure mode
investigated previously at COMSAT Laboratories.

The results of a special life test confirm the usefulness of prescreening. The
screening procedure has been incorporated in the INTELSAT iv-A program as well
as the ATS-F transponder program at COMSAT Laboratories.

Introduction

In early 1969, because of difficulties with tunnel diode amplifiers in
INTELSAT III, the Applied Sciences Laboratory of COMSAT Laboratories
launched a research program to elucidate the failure mechanism in ger-
manium (Ge) tunnel diodes. In this work, tunnel diodes of various types
were subjected to step stress (time and temperature) testing. It was shown

This paper is based upon work performed in COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization

(INTELSAT). Any views expressed in this paper are not necessarily those of

INTELSAT.
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that the failure mode in diodes with contact mesh supports was increased
valley current associated with the generation of defects near the junction
during mechanical creep [1]. Further insight into the nature of tunnel diode
p-n junctions was obtained by developing techniques to measure junction
capacitance in the negative resistance regime of the I-V characteristic [2]
as well as from electron microprobe and electron microscope analysis [3].
As a result of this work, prescreening criteria were developed for flight Ge
tunnel diodes. A long-term life test verified the merits of the prescreening
technique and the step stress results. The results of this test are reported
here.

Step stress results

Microwave ball alloy tunnel diodes are unique among microwave solid-
state devices in that they are available with and without mesh supports.
Because of the small junction diameters (-2.5 µ), flight diodes are often
supplied with mesh supports as a constructional feature. These supports
are fairly massive compared to the tunnel diode pinnacle, and their differ-
ential thermal expansion relative to Ge plays an important role in stressing

IH

Figure Ia. SEM Picture of Ge Tunnel Diode with Glass Rod Supports
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Figure lb. SEM Picture of Ge Tunnel Diode with Epoxy Supports

the junction. Figures I a and lb are scanning electron micrographs of diodes
with glass rod supports and epoxy mesh supports, respectively. The thermal
expansion coefficient of a general-purpose epoxy such as Ecobond 51 is
50 X 10-6C-', while that of the glass (r3.9 X 10-6°C-') presents a better
match to that of germanium (-5.7 X 10-6°C-1). Diodes without mesh sup-
ports are available on request and have been incorporated into the step
stress testing.

Diodes of the three types were subjected to temperatures between 100°C
and 220°C in I-hour steps. The results of the step stress are shown in
Figure 2. In general, straight line fits on such plots indicate a log normal
life distribution. The slopes indicate the variance for each distribution. It
should be noted that median values are generally insensitive to such data
variations and form a valid basis for comparing the diode types. These
values are summarized in Table 1. It is interesting to note that diodes with-
out supports gave the best step stress performance.

Step stress data of this type, in conjunction with constant stress testing,
are normally used to predict device life at some elevated junction tempera-
ture at which temperature stress is primarily responsible for the failure
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TABLE 1. MEDIAN TEMPERATURE VALUES FOR THREE TYPES OF DIODE

Diode Type * Median Temperature

Diodes with No Supports 185°C
Diodes with Glass Rod Supports 175°C
Diodes with Epoxy Supports 160°C

* Diodes with no supports and diodes with glass rod supports were obtained from

Aertech Industries , Sunnyvale , California. Diodes with epoxy supports were obtained

from KMC Semiconductor Corporation, Long Valley, New Jersey.

mechanism. Tunnel diode junctions normally operate (without significant
power dissipation) at ambient temperature. Step stress tests can quickly
indicate the range of stress and time for a particular failure mechanism
involved in a given construction technology. Analysis of the step stress data
indicates that, in diodes with mesh supports, the dominant failure mechan-

ism is an increasing valley current, while in diodes without supports this
failure mode is not dominant. The results shown in Figure 3 suggest that
the presence of the supports plays a role in stressing the junction. To
understand the mechanism, a relationship which involves mechanical and
thermal stress is required. This relationship is provided by the theory
developed for the creep failure mode [1].
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Figure 3. Number of Cumulative I. Rejections vs Temperature Step (100°C
to 220°C) for Three Types of Diodes

Background physics of the creep failure mode

Ball alloy tunnel diodes, by virtue of their construction, are subject to
stresses on the junction which can exceed the elastic limit. In this instance,
after an incubation period which is very sensitive to the internal stress and
the temperature, plastic deformation occurs. The initial phase of this
deformation, called creep, results in generation and motion of dislocation
and point defects [4]. Arrival of these defects in the junction region intro-
duces allowed energy states in the forbidden band which lead to excess
valley current. Under constant stress, creep is characterized by an
incubation time, t:

t=cdexp Q' - a,o
kT

where . a, and c are constants, and

t = time (s)
d = junction diameter (cm)

Q, = activation energy (erg)

o = stress (dyne cm 2)

T = temperature (K)
k = Boltzmans' constant (erg K 1).

(1)
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Using values for a1, c, and Q based on experimental observations of creep
in Ge [4] makes it possible to write equation (1) in the form

log t, = -5.367 + log d + T [(8.52 X 101) - (3.78 X 10-6) o] . (2)

Equation (2), which is a useful guide for developing prescreening tech-
niques, is plotted in Figure 4 for 25°C and 100°C. The junction diameter
used (2.5 µ) is typical of microwave tunnel diodes at 6 GHz. The plot
shows the strong dependence of incubation time on temperature. Hours
at 100°C are nearly equivalent to years at 25°C. It should also be noted
that the incubation time is an extraordinarily sensitive function of the stress
level. As a minimum, a 7-year mission at 25°C requires that diodes with a
stress level of 0.88 X 109 dynes cm-1 be screened out. With screening to
achieve some safety margin in the stress level, i.e., IT = 0.80 X 109, 100°C
for 1.0 week (168 hours) is a reasonable screen level for a 7-year mission.

Indicators of creep

As mentioned previously, a microwave technique has been developed to
measure junction capacitance [2] in the negative resistance region as a
function of bias. Junction capacitance profiles for representative micro-
wave tunnel diodes are shown in Figures 5 and 6. Previous experimental
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Figure 5. Junction Capacitance vs Forward Voltage for a Ge Tunnel Diode
with Glass Rod Supports at 25°C

work has detected junction capacitance changes prior to the onset of valley
current growth. This is rather significant in amplifier use, since junction
capacitance change affects RF tuning and stability. These changes may
well be associated with the generation and propagation of defects to the
junction and indicate progression of creep failure.

The diodes in Figures 5 and 6 were not heat treated. It is believed that
the relative dips in the capacitance profile are related to the respective
stresses on each junction (and hence the number of defects) at 25°C, where
the incubation time for creep failure is of the order of years.

The capacitance method provides new information for understanding
tunnel diodes. As a test indicator for creep, it represents a complexity
which is not warranted by a simple screening procedure. The valley current
is easily measured and provides a hard and fast indicator of creep
failure [1].

Life test verification of the prescreening technique

It was determined that Ge catalog diodes with the proper ratio of peak
current (I,,) to junction capacitance (speed index) to ensure 20-GHz cutoff
were entirely suitable for test purposes. The 6-GHz application could be
approximated with a normal IA of 2.0 mA. The manufacturer was allowed
to perform the manufacturing preconditioning which normally precedes a
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VOLTAGE (mV)

Figure 6. Junction Capacitance vs Forward Voltage for a Ge Tunnel Diode
with Epoxy Supports at 25°C

high-reliability program for flight procurement. The features of the test are
summarized as follows:

a. All diodes were stabilized as amplifiers.
b. Diodes with glass rod mesh supports were employed.
c. Ribbon contacts (very low stress on the package) were used.
d. Diodes were not handled after the test started (specifically, diodes

were not removed from sockets).
e. The life test was performed at 25°C at I = Ip/2.
f. I-V plots were taken at 25°C at various check periods (I-percent

accuracy); diodes were rejected if 4lpl or 1Dlml exceeded 10 percent.

The test setup is shown in Figure 7.

One group of 12 diodes was screened and another group of 12 diodes
remained unscreened. The creep screen for the screened group was accom-
plished by using the following procedure:

a. The peak and valley current of the tunnel diodes were measured
at room temperature to at least 3-digit accuracy.

b. The diodes were heated at 140°C for 1.0 hour.*

* It should be noted that 140°C for 1. 0 hour is equivalent to 100 °C for 1.0
week.
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Figure 7. Photograph of Life Test Setup

c. The diode peak and valley current were then remeasured at room
temperature to the same accuracy as in step a. Any diode exhibiting a
change exceeding ±10 percent in either peak or valley current was

rejected.

The test status is summarized in Table 2. The failure percentage in the
unscreened group was approximately what was expected from the step

stress results in Figure 2 (-10 percent).
Figure 8 is an I-V plot of the failed diode on test in the unscreened group

for t = 0 and 7,540 hours. The diode has since exhibited an irreversible
change in valley current. If a simplified microwave equivalent circuit had

Unscreened Group Screened Group
(12 Diodes) (12 Diodes, 140°C, I hr)

I Al. reject (7,540 hr) no Al, exceeding 1%
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VOLTAGE (mV)

Figure 8. I-V Characteristic of Test Diode 7 at I = 0 and 7,540 hr

been used, this diode would have exhibited a 5.6-dB gain change in an

amplifier whose nominal gain was 13 dB.

Conclusion

The onset of the "creep" failure mode, with subsequent capacitance and

valley current change, causes gain and noise degradation in a tunnel diode

amplifier. Capacitance change alone can cause detuning of the amplifier.

An increasing valley current with time results in a decreasing gain as well
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as an increased shot noise in the diode. In some cases, depending on
amplifier design, amplifier instability can result from diode changes.

The creep screen can be easily implemented. The use of an accelerated
incubation period eliminates stress-sensitive diodes, especially when the
supports play a role in stressing the junction.

An in-house life test has verified the merits of the prescreening technique.
For various missions, the equivalent screening criteria can easily be derived.
The results of this investigation have been incorporated in the ATS-F
transponder program at COMSAT Labs and provided to Hughes Aircraft
Corporation for incorporation into the INTELSAT Iv-A program.
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Abstract

This paper presents preliminary results of simultaneous L- and C-band scin-
tillation measurements at Tangua, Brazil, along with a brief review of the existing
literature pertaining to ionospheric scintillation at frequencies above 1 GHz.
Specifically, it discusses the morphology and statistics, including fading rate, fre-
quency dependence, and cumulative amplitude distributions of gigahertz
scintillation.

It has been found that gigahertz scintillation occurs mainly in the equatorial
and polar cap regions, with strong diurnal and seasonal variations. It also appears
to have a positive correlation with the variation in the number of sunspots. In the
equatorial region, for frequencies between 1.5 and 4 GHz, the frequency de-
pendence of the scintillation index is directly proportional to the wavelength, and
for frequencies above 4 GHz, the scintillation index varies as the square of the
wavelength. Based upon the observed frequency dependence and fading rate,
some possible space wave number spectra of the density fluctuation of the F-
region irregularities are discussed to explain theoretically gigahertz scintillation
in the equatorial region.

This paper is based upon work performed in COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.
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Introduction

Before the actual use of microwave frequencies in satellite communica-

tions, it was believed that ionospheric irregularities would not cause

noticeable signal fluctuations at such frequencies. However, in equatorial
regions, severe fading at 2.2 GHz, with peak-to-peak fluctuations as large

as 20 dB, has been reported by Christiansen [1]. Furthermore, at high
latitudes (auroral zone), scintillations at 1.7 GHz have been observed by

Pope and Fritz [2]. Ionospheric scintillations at 1.5, 2.3, 4, and 6 GHz have

also been reported by Sessions [3], Maynard [4], [5], Craft and Wester-

land [6], Taur [7], and Paulson and Hopkins [8]. According to Taur [7],

at latitudes below 50°, the occurrences of microwave scintillations are
limited in the geomagnetic equatorial region and peak near the equinoxes.

The diurnal variations of the observed scintillation have a strong peak

approximately one hour after local sunset. The characteristics of the giga-

hertz scintillations are similar to those of the scintillations observed at

lower frequencies in the equatorial region [9]. It is believed that F-region
irregularities are responsible for the observed scintillations.

The primary reason for the failure to predict gigahertz scintillation was

the application of a A2 dependence to the VHF-UHF scintillation data.
The A2 variation is applicable only to the case of weak scattering for certain

types of spatial spectra of the electron density fluctuation. This frequency

dependence is not valid when the scintillation occurs at saturation or in the
process of focusing and defocusing [7].

Taur [7] has reported the results of measurements made over a 15-

month period at 22 different locations around the world with geomagnetic

latitudes ranging from 20°S to 53°N to study the global morphology,
cumulative amplitude probability, and distribution function of the iono-
spheric scintillations at 4 and 6 GHz. Paulson and Hopkins [8] have re-

ported on extensive measurements at 250 MHz, 2.3 GHz, and 7.3 GHz

made at about the time of the fall equinoxes of 1970, 1971, and 1972 in the

Pacific, while Sessions [3] has reported the results of simultaneous VHF

and L-band measurements at Arcon, Peru. Additional L-band measure-

ments at Churchill and Ottawa, Canada, have been reported by May-

nard [4], [5]. Finally, in 1972 simultaneous L- and C-band (1.5- and

4-GHz) measurements were made at Tangua, Brazil, using the ATS-E

geostationary satellite. The preliminary results of this last experiment will
be discussed in this paper.

Signal statistics and morphology

Fading rate

The fading rate of data collected in the equatorial region has a range of
4 to 30 fades per minute [3],[7],[81. Koster [9] has reported that the fading
rate of the VHF equatorial scintillation has a maximum value of 6.5
fades per minute at 2200 hours local time, which is the time at which
maximum gigahertz scintillation is observed [7]. According to theory [10],
[11], scintillations at higher (SHF) frequencies are produced by ionospheric
irregularities of a smaller scale with more pronounced electron density
fluctuations. Irregularities of this type also increase the level of scintilla-
tions at lower frequencies (VHF).

If it is assumed that irregularities of various sizes exist in the ionosphere,
then gigahertz scintillation will correspond to a narrower range of power
spectrum density fluctuations. Results of the simultaneous VHF and
2.3-GHz measurements agree with this prediction [8]. Analysis of the data
from the simultaneous 1.5- and 4-GHz measurements indicates that the
power spectrum of the 1.5-GHz scintillation is wider than the power
spectrum of the 4-GHz scintillation. Therefore, it can be seen that the
fading rate of gigahertz scintillation is limited to a range which is narrower
than that of the scintillation at lower frequencies and that, as the frequency
increases, the width of this range decreases.

Simultaneous 136-MHz and 1.55-GHz measurements [3] revealed
another interesting phenomenon. On a few occasions, the VHF signal was
first scintillating at a relatively slow rate and no apparent 1.5-GHz scintilla-
tion was observed. Then, within a short time, the rate of scintillation
increased to equal that of the gigahertz scintillation observed in Reference
7. At the same time, the VHF signal fluctuation decreased, yet the 1.5-
GHz scintillation became noticeable. This indicated that there was a
sudden change in irregularity size distribution, possibly due to the breaking
up of the large patches that caused the slow scintillations. From the ob-
served change in the fading rate and the assumption that the drift velocity
of the irregularities is constant, it can be deduced that gigahertz scintillation
is caused by the smaller ionospheric irregularities, as predicted by theory.

The observed fading rate of auroral region scintillation of the signal
from a geostationary satellite [4], [5] ranges from 2-6 fades per minute.
For such a satellite, the fading rate reflects the motion of the ionospheric
irregularities. When either the transmitter or the receiver is moving, the
fading rates should be determined by the relative motion between the ray

path and the irregularities.



464 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2, FALL 1974

Frequency dependence

In 1972 simultaneous ionospheric scintillation measurements were
made at 1.5 and 4 GHz at Tangua, Brazil, to study frequency dependence.
The frequency dependence of the ionospheric scintillation is directly
related to the power spectra of the electron density fluctuation; therefore,
unless the spectra are known, no theory can accurately predict the fre-
quency dependence. The frequency-dependent exponent of ionospheric
scintillation, denoted as v, is normally expressed as

SI _at f, _ .frz T, "

SI l ae f2 .fi ),rz
(1)

where SI is the scintillation index [12], f, and f2 are the frequencies of two
radio waves, and 1„ and A2 are their free-space wavelengths.

Three scintillation events which covered a total of 86 minutes of the
simultaneous 1.5- and 4-GHz measurement were studied. To eliminate
slow power level variations due to the receiving equipment, data were
divided into periods of 4 to 10 minutes during which the received signals
were relatively stable. Scintillation indices of each of these periods were
calculated. Equation (1) was used to obtain the corresponding value of P.
The results are shown in Figure 1 as functions of peak-to-peak scintillation
at 1.5 GHz. It can be seen that the values of v are generally less than or
equal to 1.

Between 4 and 6 GHz, the scintillation index is found to vary approxi-
mately with \2 [6]. However, this result must be further investigated be-
cause the 6-GHz signal is the up-link signal to the geostationary INTELSAT
satellite and the 4-GHz signal is the down-link signal. Since the distances
between the receiver and the irregularities are different for the up- and
down-links, this difference might affect the observation. Briggs and
Parkin [12] state that the distance effect can be expressed as Z,Z2/(Z, + Z2),
where Z, and Z2 are the distances from the irregularities to the receiver
and transmitter, respectively. The validity of this expression depends
upon the frequency, sizes of the irregularities, and Z, and Z2. Therefore
the range of its validity should be carefully examined. However, when the
irregularities are sufficiently small in comparison to the distances, the
difference between the up-link and down-link scintillations is expected
to be small. Since all the scintillations observed at 6 GHz have scintillation
indices less than 0.3, i.e., weak scattering, the T2 dependence should
theoretically remain valid for higher frequencies.
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as a Function of Peak-to-Peak Scintillation at 1.5 GHz

The available information on the frequency dependence of the gigahertz
scintillation suggests that, for frequencies below 4 GHz, the scintillation
index is proportional to A; for frequencies above 4 GHz, the scintillation

index scales as A2.

Diurnal variation

In the geomagnetic equatorial region all the measurements have shown
that gigahertz scintillation is a nighttime phenomenon that occurs mainly
between 1900 and approximately 2400 hours local time. The ionosound
spread-F and VHF scintillation measurements have shown that iono-
spheric irregularities exist throughout the entire nighttime. Hence, there
is apparently a difference between the types of irregularities that cause
spread-F and gigahertz scintillation. The difference is believed to be in the
irregularity sizes. A possible explanation has been given by Taur [7].

In the auroral region, based upon a limited amount of information,
gigahertz scintillation occurs between 1900 and approximately 2400 hours

local time [4], [5].
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Seasonal variation

The seasonal variation of gigahertz scintillation in the equatorial region
is given by Taur [7], who shows that gigahertz scintillations occur near the
vernal and autumnal equinoxes. The results of the 1.5- and 4-GHz mea-
surements made over a period of one year agree with this observation. In
auroral regions, gigahertz scintillation also peaks during the equinoxes
and minimum fading occurs during solstices [4], [5].

Sunspot number variation

Measurements at Bahrain, Hong Kong, and Brazil indicate a noticeable
decrease in gigahertz scintillation activities from the 1970-1971 measure-
ments (see Table 1) to the 1972-1973 measurements. This observation
appears to have a positive correlation with the sunspot activity, which also
declines over this period. However, until measurements covering 11 years
of average solar cycle are made at the same location, the correlations
between the gigahertz scintillation and sunspot activity cannot be verified.

TABLE 1. TOTAL NUMBER OF MINUTES OF MEASURABLE SCINTILLATION

OBSERVED IN 1970 AND 1972 AT BAHRAIN, BRAZIL, AND HONG KONG

Total Number of Minutes
of Measurable Scintillation

Location Month 1970 1972

Bahrain October 772 43
Brazil November 4,039 2,120

December 2,816 1,865
Hong Kong October 3,131 1,505

November 80 0

Geomagnetic latitudinal variation

The result of an extensive worldwide measurement program in 1970-
1971 indicates that , for latitudes below 50°, scintillation at 4 and 6 GHz is
limited to the region of f 30° geomagnetic latitude [7]. The dependence of
scintillation on geomagnetic latitude is not very clear . It is found that some
stations with approximately the same geomagnetic latitude have quite
different degrees of scintillation activity.

Because there has been a noticeable decrease in scintillation activity
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since the last worldwide measurements were made, the equatorial scintilla-
tion boundary, i.e., ±30° geomagnetic latitude, may have moved to a
lower latitude. More measurements are needed to investigate the correla-
tion between the solar activity and the equatorial scintillation boundary.

Cumulative amplitude probability distribution statistics

For the equatorial region, the cumulative amplitude probability distribu-
tions of scintillation at 4 and 6 GHz at 12 locations have been given by
Taur [7]. For high-latitude L-band scintillations, the cumulative amplitude
probability distributions at Ottawa, Ontario, and Churchill, Manitoba,
have been given by Maynard [4], [5].

Discussion and additional theory

Earlier theory [12] fails to predict and explain the observed gigahertz
scintillation for two principal reasons:

a. the assumed Gaussian spatial spectrum of the electron density
fluctuation of the ionospheric irregularity is not appropriate [10],

b. weak (single) scattering theory may not be applicable to the ob-
served strong scintillation at 1.5 GHz in the equatorial region.

The Gaussian spectrum was chosen from other mathematical functions
before the in-situ measurements and simultaneous observations at various
frequencies were made. This particular function may have been chosen
because it was a reasonable guess at the unknown spatial density variation
of the irregularities and because a Gaussian function is easier to handle
mathematically. In any case, a recent in-situ measurement indicates that
the spatial spectrum of the electron density fluctuation of the F-region
irregularities is closer to a power law variation than to a Gaussian func-
tion [13]. Calculations made by Rufenach [10] have shown that, on many
occasions, the spectrum follows power law variations. However, whether
the power law spectrum can truly describe the spatial density fluctuation
of the F-region irregularities is still rather questionable, since the irregulari-
ties vary with location, time, and many other factors. Therefore, at the
beginning of this section, no special form will be assumed for the power
spectrum of the 2-dimensional electron density fluctuation, denoted as

N(9=, qv).
The 2-dimensional phase fluctuation, 4,(q.., q,), of a plane electromagnetic

wave after passing through the slab of F-region irregularities of thickness
L is



468 COMSAT TECHNICAL REVIEW VOLUME 4 NUMBER 2 , FALL 1974

4'(q=, qv) = 2a(\r',)2 LN(gz, qv) (2)

where a is the wavelength of the radio wave, r, is the classical radius of the
electron (2.8 X 10-12 cm), and q1 and qv are the spatial wave number
components transverse to the ray path. At a distance Z from the center of
the slab of irregularities, the 2-dimensional power spectrum of the received
radio wave P(q1, qv) is given by [14]

P(q=, qv) = 44'(q=, qv) sin 2 (X 2)
4a

where q2 = qi +q .

(3)

For the equatorial region, the y-axis is assumed to be along the geo-
magnetic field lines. The equatorial F-region irregularities are found to be
elongated along the field line (with axial ratios much greater than
5:1 [9], [151) and often drift in the east-west direction. Thus,

<
(4)

If the irregularities are "frozen" as they move along the x direction with
velocity Vim, then, from Lovelace [11],

P(f) = v= J m dqv 1 (q= = y , q)

- sin 2
(vV

ZJ)2

(^ Zaf )J s dqv (q= = Vz , qv

wheref is the spatial frequency , and f, = V./A/XZ is the Fresnel frequency,
i.e., the frequency of the first zero of the sine squared function.
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Let rr be the scale size of the irregularity traveling at a velocity of V . .
Then,

frf =V,

and equation (5) becomes

4 rr z 2,r (6)
P(f) = Vs

sin'
(ri) J- m dqv 15 (q^ = ri qv

where rr = 1rXZ and is referred to as the "Fresnel dimension."

The scintillation index, SI, which is equal to the rms intensity variations
divided by the mean received power, is given by

(SI) 2 = 2a J m dfP(J)

[r /
b (q., qv) (7)

4. m
J_ m dq dqv sin2

z

and the mean received power is unity. It is known that sins X < X2; there-
fore equation (7) becomes

a 2

(SI)2 4
1 ,, E.

dqz dqv sin' ( 4,(q,, qv)

T 2Zq z
4 f_ E. dq= dqv 4r b(q=, qv)

2a
a"ZZr2

L E. E.
dqv dqv g2N(q=, qv)• (8)

From equation (8), it can be seen that, during weak scattering, the
frequency dependence of the scintillation index is limited by X2. When
N(q1, qv) tapers off sharply for small irregularity sizes and ,XZ << I (i.e.,
in the near-field region), SI varies with a2, which is the near-field case for
a Gaussian spectrum [12]. In the far field a Gaussian wave number spec-
trum yields a X dependence for the scintillation index. Detailed studies of
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scintillation of a thin screen with Gaussian spatial electron density fluctua-
tion have been performed by Briggs and Parkin [121, Singleton [16], and
many others.

For a power law wave number spectrum, when the irregularities are
elongated along the y-axis with an axial ratio q,

4,(g., qv) = 2vr(Xr°)2 L(q= + g2g2) /2

From equation (7),

(9)

(SI) 2 = 8a(Xr e)2 L dq= dq, sinz
Mr

q2] z -a /z

E. E. 4a
(q= + 72q.2)

8a()re)2 L J- m J- d9= dqr sin 2 L4^ (q= 4- qy2)]

(q: 7/282)-°/2

Sa(^Ye) 2 L
(

I z
v) a/z

df sin qJ
1 [(JF)2] f

dq^
V=

f

where

In equation (10) let

then

2af
9= = V.

qqv
= y

q=

(10)

z_ 8a(ar °)2 L

f 2 (fE
f

)2]

f m z /2(SI)
V=

J m df sin dy (1 + Y )
17

8vr(are)2 L ^ f z
gyya+z o df sin2 Ca

e
f°+1 dy (1 + yz)-a

/x

(11)

The second integral in equation (11) is a function of s only. Therefore, if

f dy (I + y2)a/2 = y(s)

equation (11) becomes

8 r(Xre) 2 L (!f\ z
(SI)2 = gyxa+z

Y(s) f
m

df sin2 La VF 1 f-a+1

IONOSPHERIC SCINTILLATION 471

2a/z,(a /z)+t ff,a+z(Xre)2 LY(s)

l(s) ra(s - 4)

J
gyxa+2p 2 cos L

2e/2,(8 /2) +1r2 ,X 0+2) /2Za-1 LY(s)

qr lz)cos Lv(s 4
4)

SI a T(°+s)/a (12)

It should be noted that equation (12) is valid for 2 < s < 6. In-situ
measurements of the F-region irregularities indicate that the value of s
lies between 3.5 and 4.5 [17]. From equation (12) it can be seen that, for a
continuous power law spectrum, the scintillation index varies with T1.4 to
X''° in both near and far fields. When the irregularities are isotropic, i.e.,

N(q=, qv) = (q= + qv)-811 1

f f
XZq 2

(SI)2 = 8ar(Tre)2
L J- m J- dq= dq„

sin2 (q.2 + qv)-a/2

= 16'!r2(Are)2 L f sin2 ),Zq T-,+1 dq
J0 4zr

(m-2)/2

a2 4a
O,re)2 L

SI . ,X(°+2)/4 . (13)
- a

2-/2r s2 cos (s 4)4

Therefore, for irregularities with an isotropic power law spectrum, SI

also varies with A(a+2 '4 for all values of Z.
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For a power law spectrum, the irregularity size, a, which is an important
factor for a Gaussian spectrum, becomes meaningless. Scintillations are
determined by irregularities with sizes comparable to the Fresnel dimen-
sion (-,/i\Z).

When a modified power law spectrum with a low wave number roll-off
at qo is assumed, the far-field frequency dependence becomes A [18]. This
change can be explained as follows. For a continuous power law spectrum,
as AZ increases, the scintillation index corresponds to the part of the spec-
trum with lower wave numbers. Since the lower part of the spectrum has
the same slope as the higher wave numbers of the spectrum, frequency
dependence should remain unchanged. For the "modified" power law
spectrum, when r, (Fresnel dimension = ',/iAZ) is greater than (2r)/qo
(outer scale), scintillations correspond to the flat section of the spectrum
as the frequency decreases; therefore, the frequency dependence is expected
to be different.

As mentioned previously, the measured frequency dependence varies
with frequency. Between 1.5 and 4 GHz, SI scales as A; between 4 and 6
GHz, SI varies as A'. These results indicate that, below 4 GHz, the ob-
served gigahertz scintillations are apparently in the far field, while above
4 GHz they are in the near field.

The observed frequency dependence obviously cannot be explained by
a continuous power law spectrum since the frequency dependence would
be A(S+z) /4 regardless of the value of Z. A modified power law spectrum
with a low wave number roll-off at qo = (2a)/ro, where ro is the outer
scale of the irregularities, may explain the gigahertz scintillation if ro
= rr = aAZ and s = 6. This leads to the conclusion that the outer scale
of the power law spectrum is approximately 280 m and the spectrum must
taper off as rro to have a A' dependence for frequencies above 4 GHz, as
shown by experiment. In-situ measurements show that s = 3.5-4.5, which
disagrees with the assumed value of s for gigahertz scintillation. However,
it should be pointed out that these measurements are not made simultane-
ously; therefore they do not necessarily contradict each other.

If the spatial wave number spectrum of the irregularities is Gaussian,
gigahertz scintillation can be theoretically explained by letting (AZ)/a' = 1
at 4 GHz. This leads to the conclusion that, when Z = 350 km, the mean
irregularity size, a, should be approximately 160 m. Below 4 GHz,
(AZ)/a'- > I and SI a A; above 4 GHz, (AZ)/a' < I and SI a A'.

On many occasions during the simultaneous 1.5- and 4-GHz measure-
ment, especially at the beginning of each scintillation event, high correla-
tion has been found between the 1.5- and 4-GHz scintillations. Figure 2 is
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a sample of these recordings. Since the radio frequencies (1.5 and 4 GHz)
are well separated, this observation tends to suggest that, at least at that
particular instance, scintillations are determined by irregularities of about
the same size. Therefore, the spectrum is mathematically a delta function:

r 2w
4,(q=, qu) = h' L S (q= - 2a I b l q^ -

na/J
(14)

where Oav is the THIS phase shift due to the irregularities, a is the irregularity
size, and n is its axial ratio. This is an extreme example of the Gaussian

spectrum [I I]. Therefore, for the near field, SI a A', and for the far field,

SI cc A. If it is assumed that a = A/AZ = 160 m at 4 GHz, the predicted
frequency dependence in both the near and far fields also agrees with the

observation.
Based upon the in-situ measurements of electron density fluctuation, the

power law spectrum is quite possibly the spatial density distribution of the
irregularities for most of the VHF scintillation. However, according to the

Figure 2. Simultaneous L- and C-Band Scintillation Measurement
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theoretical calculation, a continuous power law spectrum simply cannot
satisfactorily explain the observed frequency dependence of gigahertz
scintillation. A modified power law spectrum with a low wave number
roll-off at (2,r)/280 m ' and s = 6 can offer a better explanation. It should
be noted that this type of spectrum is yet to be measured.

A Gaussian wave number spectrum with a scale size of about 160 m
can also satisfactorily explain the gigahertz scintillation. Curves of these
spectra are given in Figure 3. Since it is difficult to normalize the rms

-- CONTINUOUS POWER LAW SPECTRUM q-4

GAUSSIAN SPECTRUM (a = 160m)

F ----- q6 (POWER LAW SPECTRUMI WITH
LOW WAVE NUMBER ROLL-OFF

I

10 2

10-3

r

F

F

WAVE NUMBER, q

Figure 3. Various Power Spectra of the Spatial Electron Density Variation

electron density fluctuations for various spectra, the levels of relative
power at low wave numbers of the modified power law spectrum and the
Gaussian spectrum are both set at 1. Although their mathematical ex-
pressions are different, close agreement can be seen between the q^
spectrum and the Gaussian spectrum, especially in the region of l0-3
< q < 2 X 10-3, which corresponds to the Fresnel dimension of 4-GHz
scintillation.

From Figure 3, it can be seen that the q-4 curve, which is derived from
the in-situ measurements, is quite different from the other curves that can
explain gigahertz scintillation more satisfactorily.

In some particular instances of gigahertz scintillation, a delta function
spectrum is assumed to explain the high correlation between the 1.5- and
4-GHz scintillations. However, the validity of this assumption must be
verified either by in-situ measurements or by simultaneous multifrequency
measurement at VHF, UHF, and SHE
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The INTELSAT global satellite
communications system

S. BROWNE

(Manuscript received April 30, 1974)

Abstract

The purpose of this paper is to highlight the practical results of satellite com-

munications technology in the form of a growing worldwide satellite communi-
cations system which is currently carrying a significant portion of the world's
transoceanic telecommunications. The growth of the system, from EARLY BIRD

in 1965 to the present, is outlined, and future growth is projected.
Statistical information showing the overall reliability of satellite circuits

indicates a high and improving reliability of service. A further breakdown of
the data shows separately the reliability of the space segment, the earth stations,

and the principal subsystems of the earth stations.

Introduction

The world's first commercial communications satellite- INTELSAT I,

better known as EARLY BIRD - was launched on April 6, 1965, and placed

into synchronous orbit over the Atlantic Ocean region. This satellite

provided telephone service between North America and Europe com-

This paper is based upon work performed at COMSAT under the sponsorship
of the International Telecommunications Satellite Organization (INTELSAT).
Views expressed in this paper are not necessarily those of INTELSAT.
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mencing on June 28, 1965, with 66 C.C.I.R. voice-quality circuits between
an earth station in North America and another in Europe. In North
America, the U.S. station at Andover, Maine operated in rotation with
the Canadian station at Mill Village. In Europe, three earth stations oper-
ated in weekly rotation, namely, Goonhilly Downs, England; Pleumeur
Bodou, France; and Raisting, Germany. Weekend service was provided in
Europe by an earth station at Fucino, Italy. These stations were all inter-
connected via a terrestrial system. Satellite communications service was
extended into the Pacific Ocean region in 1966, with the implementation
of an INTELSAT n series satellite which, unlike its predecessor, provided
for multiple access between a number of earth stations. The INTELSAT
system became truly global in 1969 when an INTELSAT III series satellite
commenced commercial operation in the Indian Ocean region.

From these milestone beginnings, the global satellite communications
system has developed to such an extent that, as of May, 1974, there
were over 5,130* transoceanic voice circuits in full-time operation between
89 earth station antennas in 54 countries over 321 separate paths. All
real-time transoceanic TV is today transmitted via the INTELSAT satellite
system.

A single-channel-per-carrier PCM multiple-access demand-assignment
equipment system via satellite (better known as SPADE) has been imple-
mented in the Atlantic Ocean region with 14 terminals currently in opera-
tion and 7 more scheduled by year end 1974. Direct digital transmission
between a number of points has been established, and more such paths
are planned.

The growth of the INTELSAT system

In 1965, of the 48 countries which were signatories to the interim
agreements, 6 had earth stations operating in the INTELSAT system. Today
there are 85 signatories of which 54 have operating earth stations, with a
total of 89 operating antenna systems in May 1974. The number of pre-
assigned discrete paths between earth stations is presently 321.

Figure 1 shows the growth in the number of operating earth stations to
the present and those that are planned through 1978. It will be observed

* Including 412 circuits from the U.S. mainland to Hawaii via leased trans-
ponder.
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from this figure that during 1975 the implementation of new earth stations
will essentially level out, indicating that the "initial" phase of the imple-
mentation of the INTELSAT system will then be virtually complete; hence, a
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period of "normal" growth is anticipated afterward. The additional earth
stations beyond this time will, in the main, consist of the following:

a. new countries entering the system;
b. countries providing additional antennas to operate, where

geographically possible, in more than one ocean region;
c. countries providing additional antennas to achieve diverse

routing via different satellites in the same region to given destinations;
d. earth stations implemented to operate frequency bands higher

than 6/4 GHz.

Figure 2 shows the actual growth of circuits in the INTELSAT global

10,000

1 ,000

100
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system from year-end 1965 through year -end 1973. The projected number
of circuits at year-end 1974-77 is also shown in Figure 2. The number of
circuits is projected on the basis of bilateral agreements between corre-
sponding administrations on the number of future circuits required be-
tween them.

With the implementation of an increasing number of earth stations
throughout the world, the number of direct paths, point -to-point, has

grown , significantly increasing the system complexity . The growth of
the number of such paths is shown in Figure 3.
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Satellite capacity

To meet the growth requirements so far realized, it has been necessary

to implement satellites with successively increasing circuit capacity.

Historically, at the time the first of a new series of satellite is being

launched, the next series of satellite is generally well into the planning

and implementation stage. INTELSAT types of satellite are known by a

flight series, e.g., INTELSAT I and INTELSAT IL Currently, the INTELSAT IV

series of satellite [1], [2] is providing all services on the INTELSAT system

except for certain contingency capacity which is currently provided by

predecessor satellites pending the completion of the INTELSAT IV launch

schedule. The nominal capacity of the INTELSAT flight series is given in

Table 1.

TABLE 1. INTELSAT FLIGHT SERIES CAPACITY

Flight Nominal Capacity
Series (circuits)

I 240 6
If 240-
111 1,500 °
IV 4,000 °

Exclusive of capacity reserve for TV and/or contingency use.
Communications between two points only; either telephony or TV.

° Multiple-access communications between numerous earth stations.

It should be noted that the communications capacities given in Table I
for each flight series are nominal and, in operation, may be greater or
smaller depending upon the actual configuration which is used to meet
the required traffic flow.

INTELSAT IV-A, a modified INTELSAT Iv series of satellite with a higher

circuit capacity, is now under construction for launch in 1975. The defi-

nition study phase for an INTELSAT v series of satellite is well underway.

Reliability of serriee

Earth-station-to-earth -slat ion continuity of service

The INTELSAT satellite communications system has realized an especially
high continuity of service. The earth-station-to-earth-station continuity
of service* on a global basis was 99.87 percent over the first few months

* Continuity of service is computed by using the formula

circuit-hours of operation - circuit-hours of outage X 100.

circuit-hours of operation

THE INTELSAT GLOBAL SATELLITE COMMUNICATIONS SYSTEM 483

of 1974 and essentially the same (99.88 percent) in 1973. These figures
reflect both scheduled and unscheduled outages and combine the outages
for two earth stations in each path in addition to the space segment.
The space-segment reliability is high compared to that of the earth stations.

The average circuit outage time, which may be attributable to an indi-
vidual earth station can, therefore, be approximated as half of the total,
or 0.06 percent. Reliability trends in terms of earth-station-to-earth-
station continuity of service from 1970 to the present are shown in Figure 4.
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Figure 4. Continuity of Service , Earth-Station-to-Earth-Station Paths

Space-segment continuity of service

Reliability in this section is expressed as the total percentage of time
that the space-segment resources actually provide the required services
on a per-circuit basis. For example, if a satellite fails and services are
restored half an hour later by directing all earth stations previously opera-
ting on the failed satellite to point to a spare or contingency satellite,
then this half-hour is deducted from the total time under consideration
for the statistical evaluation.

Table 2 shows the space-segment continuity of service* in the three
regions since 1970, together with the global average. It will be seen that
the reliability of the space segment, as defined previously, is very high.

* See "Earth-Station-to-Earth-Station Continuity of Service."
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TABLE 2. SPACE-SEGMENT CONTINUITY OF SERVICE*

(PERCENT)

Year Atlantic Pacific Indian Global

1970 99.963 100.000 100.000 99.988
1971 99.996 99.999 99.997 99.997
1972 99.998 99.999 99.998 99.998
1973 100.000 99.999 100.000 99.999
1970-73 99.993 99.999 99.999 99.995

* To develop these figures, all outages were included regardless of cause. The lower

figure shown in the Atlantic in 1970 reflects the difficulty encountered with the III series

of satellite. There has been no significant loss of service associated with the IV series of

satellite, and the minor downtime indicated from 1971 through 1973 is due almost

entirely to scheduled downtime for tests and changes in configurations.

Earth station availability

Figure 5 shows the earth station average monthly outages from 1971
through the first quarter of 1974, in minutes. Also shown in parentheses is
the earth station availability. Availability is computed on a wideband
basis and is a measure of the percentage of time that an earth station is
available for service. It is computed by using the following formula:

total operating time - total outage time
x 100.

total operating time

These figures indicate the significant upward trend in reliability. Figure 6
shows a breakdown of earth station outages by subsystem for the year
1973. The antenna subsystem is the major factor in earth station outages.
The breakdown shown is also typical of previous years.

The technical challenge

In earlier systems, satellite capacity was limited by the in-orbit power
available. As the technology developed, the INTELSAT in series of communi-
cations satellite was substantially balanced in terms of power and band-
width availability. In the INTELSAT iv series, the power available per unit
of bandwidth in the available frequency spectrum is much greater than in
earlier series, and the law of diminishing returns for satellite e.i.r.p. vs
communications capacity becomes increasingly effective.
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By means of frequency reuse, the INTELSAT IV-A satellite will effectively
increase the frequency spectrum available, with the reused frequencies
separated by satellite antenna beams pointing to different geographical
areas. Nevertheless, some interesting challenges will have to be met
during the next 15 years to provide for the projected traffic requirements
within the frequency spectrum available with economically acceptable
satellite payloads and earth station requirements.

A number of approaches are under intensive study, experimentation,
or development [3}-[5]. These include the use of higher frequency bands,
e.g., 11/14 GHz; frequency reuse by improved antenna beam isolation;
and polarization isolation. New modulation and multiple-access tech-
niques, notably time-domain multiple access (TDMA) with digital speech
interpolation (DSI), can virtually double the communications capacity.
It seems probable that, concurrent with the use of TDMA, an "adaptive"
system will be developed. In this system the traffic flow of a geographical
area covering a significant time zone difference on earth could be exploited
by automatically time sharing a given amount of satellite capacity between
these zones to match the traffic pattern and thus minimize inefficient
satellite "slack periods."

In the future it may be possible to implement intersatellite links which,
among other advantages, would help to enable the communications
capacity of, for example, two satellites, to be shared among a regional
group of countries while reducing the requirement for these countries to
have separate antennas pointing at each satellite.
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Chemistry of the oxide cathode revisited

E. S. RITnNER

(Manuscript received March 11, 1974)

Over two decades ago, the writer carried out a comprehensive
study 11 ] of the chemistry of the oxide cathode based upon chemical ther-
modynamics and diffusion theory. Out of this study emerged a satisfying
picture of the chemistry of the cathode insofar as carbonate breakdown
and cathode activation were concerned. However, an unresolved dilemma
persisted in regard to the extremely long cathode lifetimes observed in
practice as opposed to the extremely short period required for activation
and the relatively short lifetimes calculated on the basis of several different
models for the excess barium loss mechanism. A conjecture based upon
the supposition that the low barium loss rate results from strong adsorp-
tion of a monolayer of barium on the oxide surface was advanced to ex-
plain the long cathode lifetime. However, the paucity of diffusion constant
data available at the time for activator metals in nickel prevented inte-
gration of the conjecture into the otherwise satisfying overall picture. In
the meantime, more diffusion constant data have become available [2],
together with other experimental results on cathode lifetime [3] and on
breakdown studies [4], which collectively shed additional light on the
breakdown and activation processes and resolve the long cathode life-
time dilemma.

The thermochemical computations [1] permitted the following classifi-
cation of about one-half of the elements of the periodic table as candidate
activating agents for oxide cathodes:

This paper is based upon work performed in COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in this paper are not necessarily those of INTELSAT.

Dr. Rittner is Director of Applied Sciences, COMSAT Laboratories.
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a. those elements reacting with BaO to yield an equilibrium pres-
sure of barium as high as that above a BaO phase completely saturated
with barium (for example, Th, Mg, Be, Zr, Al, and Si),

b. those elements completely inert in the presence of BaO (such as
Ni, Co, Cd, Cu, An, and Pd),

c. those elements of intermediate activity quantifiable in terms of
the equilibrium partial pressure of Ba produced on reduction of BaO

(such as Ce, Ti, C, Ta, and W, in order of descending reducing
activity).

The maximum pressure of barium developed by the diffusion of acti-
vator in the core nickel and subsequent reaction with the oxide coating
was found to be smaller than the equilibrium pressure for all of the ele-
ments in category a and for those in category c down to carbon. Hence,
it was concluded that the reaction kinetics are limited by the diffusion
mechanism. This conclusion was based upon diffusion constant data for
carbon in nickel [5] which were considered reliable and representative by
the writer. The Ba pressure was, however, sufficiently large to ensure the
necessary solubility of excess barium in the oxide coating via Henry's
Law, and the small activation time computed was in good agreement with
observation.

With the advent of reliable diffusion constant data [2] for some of the
commonly employed activators in nickel, namely (in order of increasing
diffusion constant), aluminum, silicon, magnesium, and zirconium, it has
become clear that carbon diffuses at least three orders of magnitude faster
in nickel than these other metals at activation temperature. The diffusion
time constant, r, is given by the relationship

412
T = -

a2D

where 1 is the thickness of the nickel substrate and D is the diffusion con-
stant for the activator in the nickel. The value of r for a typical nickel
thickness of a receiver tube cathode and for the diffusion of carbon at an
activation temperature of 900°C is only 2 minutes [1]. The corresponding
values for the much thicker nickel substrate employed in a modern satel-
lite TWT cathode with a zirconium activator* are 7 X 105 hours at 900°C
and 4 X 104 hours at cathode operating temperature (730°C).

The writer is indebted to H. W. Smith of the Hughes Aircraft Company for
information on the TWT cathode nickel.

These time constants clearly imply that the metals commonly intro-
duced into the nickel as activators cannot be responsible for the initial
activation that occurs after carbonate breakdown because the maximum
barium pressure reached will be too low to dissolve sufficient barium in
the oxide coating. However, these metals (particularly magnesium and
zirconium) function very well in maintaining an initially well-activated
cathode in a high state of activation since the barium arrival rate to the
surface of the oxide may easily be sufficient to keep the adsorbed mono-
layer intact, which in turn retards loss of barium from the interior of the
oxide crystallites. For example, the minimum barium arrival rate required
to maintain satellite TWT cathodes in a healthy state of activation, as
judged from observed life times of the order of 105 hours, has been deduced
to be about 3 X 10-' micromoles/cm2s [3], which is a very low rate indeed.

Hence, the problem of explaining the very rapid activation together with
the long observed cathode lifetime in well-processed tubes disappears,
but the question now arises as to whether the rapid activation results
specifically from carbon diffusion in the nickel [1]. Carbon in small quan-
tities is a ubiquitous constituent of nickel and nickel alloys and could
account for the rapid activation in many cases. However, there appears
to be an additional source of carbon in oxide cathodes, namely decomposi-
tion products of the nitrocellulose binder commonly employed in coating
preparation. It has been demonstrated [4] that nitrocellulose decomposes
extensively in vacuo in the temperature range 175°C-250°C, leaving behind
considerable black residue. Subsequent heating up to 500°C reduces the
percentage of residue, which still constitutes 6-7 percent of the original
binder. The residue is undoubtedly carbon or carbonaceous material of
high reducing activity. Since the equilibrium partial pressure of barium
above the carbon-barium oxide reaction and the barium pressure produced
by carbon diffusion in nickel are about equal at 900°C, the carbon residue
in intimate contact with the oxide crystallites can readily serve as the

source of rapid activation.
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drive level required to saturate aTWT

A. STANDING

(Manuscript received March 19, 1974)

Introduction

The intermodulation performance of earth terminal transmitters under
different carrier power and frequency plans is a critical factor in optimiz-
ing the system capacity. The current technique models the final TWT by
referring its amplitude and phase transfer characteristics to its saturated
output power. However, the success of this modeling depends upon the
accuracy with which the saturated drive level is known.

Previous techniques for determining this saturated output power and
associated drive power have resulted in considerable inaccuracy, since
the tube's amplitude transfer characteristic exhibits a very flat maximum
at saturation. While this effect allows an accurate determination of the
saturated output power, the saturated drive power is difficult to measure,
and the error may be in excess of 1 dB, resulting in 3-dB errors in inter-
modulation predictions. The proposed technique is based on the fact
that the TWT amplitude transfer function is double valued; that is, an
output power close to saturation can be produced by two input powers,
one below and the other above the saturated drive level. It is possible to
devise a saturated drive power measurement that determines the drive
level required for saturation to any desired accuracy by capitalizing on

this double-valued property.

Measurement technique

A null measurement for determining a parameter is a desirable tech-
nique. It offers high accuracy and is independent of the linearity of the

Mr. Standing is a member of the technical staff of the Earth Terminals Group
at COMSAT Laboratories.
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measuring equipment. The proposed null technique is capable of measur-
ing the saturated drive level of a TWT with unsophisticated and readily
available measuring equipment.

As shown in Figure 1, the TWT is driven by a carrier amplitude modu-
lated with a square wave at a low level < 0.25 dB, and its detected output
is fed to an oscilloscope. A null indication (no output modulation) is
obtained when the power outputs at the two drive levels are equal. This
condition occurs only when the two drive levels straddle the saturation
drive level, as shown in Figure 2. At this point, the drive level can be
measured on a power meter.
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magnitudes. Consideration of the technique shows three major sources

of error:
a. asymmetry of the tube transfer characteristic;
b. amplitude of the modulation, i.e., modulation depth;
c. asymmetry of the modulating square wave.

Consider the effects of the first two errors. From Figure 3, where the
asymmetry of the transfer function has been greatly exaggerated, it can
be seen that the error cannot exceed plus or minus one-half of the modula-

SATURATION

SCOPE

Figure 1. Test Configuration

The choice of square wave frequency is one of convenience. The sug-
gested 3 kHz offers a reasonable compromise between the required band-
width and sufficient oscilloscope gain.

Measurement errors

DRIVE MOD

025 LB-

MEASURED DRIVE

CORRECT

DRIVE

PI - P2

SATURATION

ERROR ERROR

CORRECT

DRIVE

To establish the total error in the saturation drive level found by this
technique , it is necessary to determine the contributing errors and their Figure 3. Error Due to Transfer Function Asymmetry
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tion amplitude. Asymmetry of the modulating square wave can be readily
held to within f5 percent of nominal, giving --1-5 percent of the modulation
amplitude error. Since the modulation amplitude is less than 5 percent
(0.25 dB) of the drive level, 5 percent of 5 percent can be neglected and

the final error bounds are plus or minus one-half of the modulation ampli-
tude. High gain in conjunction with suitable filters can be used to estab-
lish the null, resulting in modulation amplitudes less than 0.25 dB, and a
corresponding accuracy of ±0.1 dB.

TWT measurements

Measurements of both high - and low-power TWTs (Figures 4 and 5)
show that the amplitude response referred to saturation does vary with
frequency . Thermal effects on the amplitude response of the high-power

0
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TWT can be examined by measuring the saturated drive as the TWT

warms up due to the presence of RF.

Conclusions

The technique presented here eliminates the previous uncertainty in

the drive level required for saturation and reduces the errors involved in
C/I determination to those normally associated with microwave measure-

ments.
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5 0

Figure 4. 8-kW TWT



Blocking bubbles in the INTELSAT IV fuel lines

G. D. GORDON, G. R. HUSON, AND V. J. SLABINSKI

(Manuscript received May 6, 1974)

Discovery

The INTELSAT IV F-3 spacecraft developed a slight wobble of 0.1° half-
angle following a long firing of the system A axial thruster on February 14,
1973. This thruster firing used 8.8 kg of hydrazine propellant to change the
orbit inclination by 0.5°. The spacecraft attitude sensors, mounted on the
spinning rotor section of this dual-spin spacecraft along with the thrusters
and propellant tanks, indicated a shift in the spin axis of 0.1° with respect
to the rotor body-fixed axis.

Although the wobble had no effect on the spacecraft communications
capability, it was also confirmed by an RF interferometer technique, by
accelerometer data, and by radar signals reflected by the antennas. The
direction and magnitude of the spin axis shift indicated a shift of the space-
craft mass center that would result if the 8.8 kg of propellant used for the
firing had come from only one system A propellant tank (tank I in Fig-
ure 1) instead of in equal amounts from both tanks. Since blockage of
the propellant line from tank 2 by dirt or corrosion seemed improbable,
the hypothesis of a blocking bubble trapped in a thermal expansion
loop in the propellant line was advanced and eventually proved to be
correct.

This paper is based upon work performed at COMSAT Laboratories under the
sponsorship of the International Telecommunications Satellite Organization
(INTELSAT). Views expressed in the paper are not necessarily those of INTELSAT.

Dr. Gordon is Senior Staff Scientist in the Spacecraft Laboratory at COMSAT
Laboratories.

Mr. Huson is a member of the technical staff in the Spacecraft Laboratory at
COMSAT Laboratories.

Dr. Slabinski is a member of the technical staff in COMSAT Astrodynamics
Department.
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Figure 1. Rotor Showing Positioning and Orientation System A Viewed
Along the Spin Axis from the Despun Antenna Platform

Blockage mechanism

In the laboratory the propellant system was modeled with glass tubing,
and water was used to simulate hydrazine, since both liquids have nearly
identical physical properties. The demonstration was intended to show
that the bubble could block the flow of hydrazine and cause the observed
wobble in the spacecraft, hence confirming the analysis.

The mechanism of propellant line blockage is illustrated by the labora-
tory analog of the propellant system shown in Figure 2, where gravity,
acting downward, has the same qualitative effect on the liquid as cen-
trifugal forces acting radially outward in the spinning rotor. Consider a
large bubble in the propellant line between the tanks, as shown in the
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TANK 1

H2

H1

f_j

BUBBLE

Figure 2. Laboratory Simulation of Fuel Line in Which Bubble is Pushed

into "U" Bend Until HI = H2 (not to scale)

figure. The continuous liquid column which extends from the propellant
tank through the propellant line to one end of the bubble exerts a pres-
sure on that end of the bubble. This pressure is equal to the gas pressure
in the tank plus the hydrostatic pressure difference between the free liquid
surface and the bubble end. It is assumed this is a static case; that is, no

hydrazine is flowing.
Because of the negligible density of the gas in the bubble, the pressure

throughout the bubble is expected to be constant. Since a gas pressure
equalization tube between the two tanks results in equal gas pressure in
each tank, the hydrostatic pressure difference in the two liquid columns
must be equal, and the two height differences, HI and H2, must also be
equal. Hence, in the static case each end of a bubble in pressure equi-
librium can be at a different height only if the liquid level in each propel-

lant tank is at a different height.
Now consider the motion of the bubble as propellant slowly drains out

the axial thruster feed line. If the whole bubble is originally in the hori-

zontal portion of the propellant line between the expansion loops, pro-

pellant drains from both tanks and the bubble moves to the right until it

enters the expansion loop. The bubble can extend into the loop only until

its vertical height equals the propellant level difference between the tanks.

Thereafter, propellant draining out the axial thruster can come only from

tank 1, as during the previously mentioned inclination maneuver of

INTELSAT IV F-3.
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Flow to the axial thruster decreases the propellant height in tank I
until the difference in the tank levels exceeds the radial height of the bubble
or the expansion loop. Then the bubble passes through the loop, and flow
from the fuller tank 2 equalizes the propellant in the two tanks.

The results of an analytical study including the effect of frictional pres-
sure drop in the tubes are shown in Figure 3, where a large bubble is
assumed. The expected result is shown as a function of height difference
between the two tank levels and gas pressure in the tanks. (The gas pres-
sure decreases during the life of the satellite as hydrazine is used.) For
height differences greater than about 12 cm, the bubble will be expelled
when the axial thruster .is fired; this is equivalent to a mass imbalance of
17.7 kg. For small height differences, the bubble can be expelled by con-
tinuous firing of the radial thruster. The analysis also indicates an inter-
mediate zone in which it may not be possible to expel the bubble until the
height differences are changed by fuel expenditures.

BUBBLE EXPELLED THROUGH
AXIAL THRUSTER

10

a

6

n 4

2

0 -D

BUBBLE NOT EXPELLED

BUBBLE EXPELLED
THROUGH

RADIAL THRUSTER

I I I 1 1 1

6 8 10 12 14 16 18

GAS PRESSURE IN TANK barl

Figure 3. Modes of Bubble Elimination

Origin of bubble

It is most probable that the bubble originates in the loading process.
Loading of the hydrazine through a fill-drain port in the line going to the
axial thruster proceeds in four steps:

a. A vacuum pump is attached to the fill-drain port to evacuate air
from the system.

b. Liquid hydrazine is put into the system through the fill-drain
port. The amount of hydrazine loaded into the tanks is several
kilograms more than that carried into orbit.

c. Nitrogen gas is blown through the fill-drain port and propellant
feed line to pressurize the tanks and bubbles up through the hydra-

zine in the tanks.
d. Some hydrazine is drained out of the port in an attempt to purge

any gas trapped in the propellant lines.

The last step was expected to purge all the nitrogen gas from the
lines, but subsequent tests have shown gas bubbles remaining. One likely
location is the line to the radial thruster at the T connection. A 5-cm
section of this line comes up in a vertical direction from the plane of
Figure 1. The line then makes a right-angle turn and proceeds radially
away from the bearing axis. During the loading process, the 5-cm section
comes up in a vertical direction from a horizontal tube that contains
nitrogen gas. The hydrazine can easily drain down from the vertical
section and the gas can penetrate up into the vertical tube and the con-
nected radial section. After the spacecraft is injected into orbit and spun
up, buoyant forces tend to move the bubble toward the spin axis, that is,
out of the radial section and into the propellant line between the two
tanks. If the first thruster to be fired following spin-up is the axial thruster,
the bubble moves to expansion loop 1, where it lodges and blocks the

flow from tank 2.
Two hypotheses for bubble formation after loading have been investi-

gated. The nitrogen gas used for pressurization might dissolve in the
hydrazine and then come out of solution when the pressure drops; how-
ever, nitrogen is not sufficiently soluble for this to create a significant
bubble. The second possibility is that bubbles might be generated from
localized decomposition of the hydrazine; such decomposition is unlikely,

but cannot be completely ruled out.

Ejection of bubble

When the axial thruster is fired, the bubble remains lodged in expansion
loop 1. However, when the radial thruster is fired, the flow of propellant
from tank 2 to the radial thruster feed line reduces the pressure on end 2
of the bubble. This reduction might be sufficient to back the bubble out
of the expansion loop and eject it through the thruster. However, the
radial thruster is usually fired only in short pulses of 117 ms, which are
not long enough for the bubble to move from the expansion loop to the
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radial thruster feed line. (The propellant in the thruster feed line moves
only -5 cm during the pulse.) When the thruster pulse ends, the extra
propellant in tank 2 pushes the bubble back into the expansion loop.

If the radial thruster is fired continuously, the bubble should move to
the thruster feed line and be ejected as long as the depth difference between
the two tanks is not excessive. The results of calculations for various
amounts of propellant in the tanks are summarized in Figure 3. For small
differences in depth, the bubble can be ejected by firing the radial thruster;
this is easier to do (with a larger depth difference) early in the life of the
satellite when the flow rate to the thrusters is higher. For large differences
in depth (over 10 cm), a single bubble cannot support the pressure dif-
ference, and the bubble will be pushed through the loop.

Redistribution

Once the bubble is ejected, there is nothing to prevent the hydrazine
from flowing from tank 2 to tank 1. This flow does take place, but rather
slowly. The best indication of this flow is the variation in spin speed. As the
hydrazine moves from one tank to the other, the distance of the liquid from
the spin axis increases so that the moment of inertia of the spacecraft in-
creases. The spin rate of the spacecraft decreases through the conservation
of angular momentum.

The actual spin rate is plotted in Figure 4 for a bubble ejection maneuver.
At the firing a sharp change in spin rate occurs because the thrust direction
of the radial thruster does not pass exactly through the spin axis. After
the firing, the spin rate shows an exponential decay with a time constant
of 9 minutes. The spin rate decreases from 53.20 rpm to a final value of
53.176 rpm, from which an initial propellant mass imbalance of 6.7 kg
is calculated.

A computer program has been used to predict the hydrazine levels
during and after a normal thruster firing for an inclination change maneu-
ver. It is assumed that no bubble exists, and that the difference in the level
between the two tanks occurs because of the difference in the length of the
feed lines. During the thruster firing (see Figure 5), more hydrazine comes
from tank I than from tank 2. After the thruster stops firing, fuel flows
from tank 2 to tank 1. The redistribution is in the form of two exponential
curves with a time constant of 17.9 minutes. Theory shows that the redis-
tribution time constant is twice the value of the spin rate time constant.
There is excellent agreement between the results of the computer program
and the observed spin rate time constant of 9 minutes.
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Conclusions

On the basis of the analyses described in this note, a continuous radial
thruster firing to remove the bubble was recommended five weeks after
the anomaly developed. This procedure would eliminate the observed
0.1° wobble and prevent increased wobble with later thruster firings. Two
weeks later, on April 5, 1973, the radial thruster was fired continuously
for 20 seconds. The slow change of spin speed after the firing showed that
the moment of inertia was changing as a result of hydrazine redistribution.
The existence of a bubble in the fuel line was thereby substantiated and a

method of bubble removal demonstrated.
Bubbles have subsequently appeared in other INTELSAT iv spacecraft;

in all cases, these bubbles have been removed by continuous firing of the
radial thruster. While it is most probable that bubbles are generated during
the initial loading, this mechanism seems improbable in certain cases;
analysis of the origin of the bubbles is still proceeding.
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Une station terrienne sans personnel pour
communications par satellites

L. POLLACK et W. SONES

Sommaire

Les changements qui se sent produits dans les exigences des systemes
et les developpements dans la technologic des microondes ont conduit a one
nouvelle idee: une station terrienne pour communications par satellites
conpue an fin de fonctionner sans personnel.

Les principaux facteurs qui ont conduit aux antennes toroldales a fais-
ceaux multiples (MBTA), qui representent une partie integrale des stations
terriennes sans personnel (UET) furent: des tolerances de moms de ± 0,5°
pour la position orbitale des satellites , le groupage des satellites en 10° a
20° d'art orbital pour servir les centres des stations terriennes et la
necessite ou l'on se trouve de travailler avec deux satellites , on plus, tout
en repondant aux exigences des connections et en assurant la continuit6
des services.

L'antenne a reflecteur fixe est alimentee par des sources orientables
associees a: plusieurs emetteurs de basse puissance refroidis a Fair et multi-

plexes par filtres ; un recepteur a conversion de frequence a large bande et

a faible bruit , sans refroidissement et entierement en etat solide; on amplifi-
cateur a moyenne frequence et un equipement de modulation avec circuits

de microondes integres . Avec l'assurance d'une qualite garantie en cours

d'installation , cette conception offre une grande fiabilite.

Ce document decrit les caracteristiques principales de la conception
d'ensemble et le fonctionnement de la station.
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