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FOREWORD

This report covers the work performed on Contract NAS5-21525 entitled
"Ground Station Hardware for the ATS-F Millimeter Wave Experiment." This
program was for the design, manufacture, modification, installation, and
test of 20 and 30 GHz ground receiving systems and was sponsored by the
National Aerconautics and Space Administration (NASA), Goddard Space Flight
Center (GSFC), Greenbelt, Maryland. The technical program monitor is Mr,
David A. Nace, Code 751, NASA-GSFC and the work is being performed in the
Orlando Division of the Martin Marietta Corporation, Orlando, Florida.

At the Orlando Division, Mr. Terry L. Duffield is the program manager.
The contract award date was 3 August 1970. A design review, covering the
work described in detail in this report, was held with NASA personnel in
Orlando on 18 and 19 November 1970,

In addition to the author listed on the title page, contributions to
this report were made by Mr. J. M. Schuchardt. Appendix A entitled "20/30
GHz Parametric Amplifier Final Report and Test Data" was provided by W.
Hoffman of Scientific Communications, Inc., Garland, Texas.
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SUMMARY

The Orlande Division of the Martin Marietta Corporation has completed
a 30 month program to study, develop, fabricate test, and install NASA's
primary ATS-F millimeter wave ground receiving station at Rosman, North
Carolina. This final report summarizes the work performed on this program.
The effort was devoted to a design study phase and a hardware phase. The
objectives of the design study were to review the advantages and disadvant-
ages of the proposed design and calibration technigues, and to conduct
a cost and performance tradeoff of alternate approaches. The objectives
of the hardware phase were: 1) to conduct feasibility breadboarding of cir-
cuits and subsystems recommended in the design study phase, and 2) to
fabricate, test, modify, and install a receiving station compatible with
the objectives of the overall experiment.

Section I discusses propagation parameters at millimeter waves, gives
the objective of the overall experiment, and discusses changes that led to
the final design. Also included in Section I is a listing of all meetings
and publications; directly related to this program.

A general description of the receiving system is given in section
II. The function of the system in the experiment is given along with
typical reciever performance characteristics. It ig shown that the experi-
ment is entirely feasible from a link signal-to-noise ratio (SNR) standpoint.

The discussion of the receiving system hardware designs is given in
section ITII. The propagation and radiometer receiver designs are discussed
separately to aid in understanding the design of each system. The receiving
system design is similar to the 15.3 GHz millimeter wave receiving system
provided by the Martin Marietta Corporation on the ATS-5 millimeter wave
experiment. The major changes have been a result of the operating frequency
change, spacecraft meodulation bandwidth and multiple sidebands, and the auto-
matic calibration features. Although the receiver operates on two carrier
frequencies simultanecusly (20 and 30 GHgz), one antenna and a common packaging
arrangement are used. The antenna is the 15-foot antenna used on the ATS-5
.experiment. It has been modified to operate at 20 and 30 GHz with the addi-
tion of a dual frequency feed system; also the spars have been modified to
provide higher gain.

A single RF front-end package located in the feed cone is provided for
both operating frequencies. Three racks of equipment are used to process
the received signals and house the IF portion of the calibration equipment.
The RF portion of the calibration equipment is mounted on the back of the
antenna.
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System and subsysteéem test data are given in section IV. The test
data include tests on the receiving system and antenna feed at Martin
Marietta, receiving system tests with the spacecraft transmitter at Hughes
Alrcraft Company, and antenna and receiving system tests at Rosman, North
Carclina.

Appendix A includes the final report and acceptance test data on the
20/30 GHz parametric amplifier. Receiver noise figure and radiometer
sensitivity calculations are given in Appendix B.



INTRODUCTION

The purpose of this task was to design, manufacture, modify, install,
and test 20 and 30 GHz ground receiving systems at the NASA STADAN station
near Rosman, North Carolina. The receiving system is to be used in con-
junction with the ATS-F satellite transmitter to determine statistically
the propagation parameters that are important in characterizing wideband
earth-space communications or data links at 20 and 30 GHz. This objective
will be accomplished by transmitting signals from the satellite to various
earth terminals over a 9 month period. Data on absorption, fading, dis-
persion, and refraction will be cbtained as a function of elevation angle,
which varies with the location of the ground terminals and varying meteoro-
logical conditions. The performance of future links can be predicted under
varying weather conditions by correlating the measured propagation effects
with weather conditions derived from radiometric and radar measurements.
The atmospheric medium between space and earth terminals will be probed
using signals spaced as much as 1440 MHz apart for the 20 and 30 GHz bands.
The correlation bandwidth of the medium can then be determined by measuring
the amplitude and phase fluctuations after propagation through the atmosphere.
This will provide information to properly describe the transmission char-
acteristics of the atmosphere go that efficient communications utilization
can be effected. The medium will also be precbed with a wideband (40 MH=z)
communications signal to allow correlation of received communications signal
gquality with the propagation measurements.

The ground receiver system is composed of a 15-foot parabolic antenna
with program and autotrack capability, dual frequency feed, diplexer and
low noise front~end located at the receiving antenna feed point. A phase
locked receiver, signal processor, radiometer, and control and monitor panel
are packaged into standard 19-inch racks and located in the ATS building at
Rosman, North Carclina. In addition to the receiving system, automatic
calibration and test equipment are provided, for use in calibrating the
system prior to, during, or at the conclusion of a test.

The propagation receiver system was designed to measure the absolute
level of the received signals from the ATS-F spacecraft's 20 and 30 GHz
transmitters to an accuracy of less than +0.5 dB and the relative phase
between modulation sideband pairs within +2.5 degrees. Tle radiometer is
designed to measure the sky temperature to an absolute accuracy of +5°K
from O to 350°K. The communications receiver will provide a wideband
70 MHz IF interface with existing ATS communications demodulation equipment.
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The program included modification and relocation of the existing
15-foot antenna to meet the ATS-F requirements, and development of a new
receiving system including a dual frequency feed subsystem and self-
calibration equipment. All of these tasks are discussed in this report.

This report is essentially an updating of the design study technical
report previously published under this contract as "Ground Station Hardware

for the ATS-F Millimeter Wave Experiment," Martin Marietta report OR 10,941-1,
dated December 1970.
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I. GCENERAL EXPERIMENT DESCRIPTION
A. PROPAGATION PARAMETERS

The propagation parameters of interest in earth-space millimeter wave
links include atmospheric absorption, refraction, dispersion, fading, and
noigse contributions. Because the millimeter region is potentially
attractive for very wideband communication systems, there is considerable
interest in determining the coherent bandwidth limitations imposed by the
atmosphere in this region of the spectrum. At present no data exist on the
maximum signal bandwidth that can be propagated without distortion. All of
the propagation parameters mentioned above influence the channel character-
istics, and because of the time-variant physical nature of the atmosphere,
these parameters need to be determined on a statistical basis.

Above X-band, the propagation characteristic posing the most severe
problem is absorption through the atmosphere, which at some fregquencies is
s¢ high that it renders the atmosphere opague. BAbsorption results from the
electromagnetic wave coupling with oxygen, which possesses a magnetic dipole
moment, or with water vapor, which has an electric dipole moment, cadsing
molecular transitions to occur between various rotational energy states.

The lowest frequency water vapor absorption peaks occur at 22 and 183 GH=z
while those due to oxygen occur at 60 and 118 GHz. Fortunately, there are
frequency regions, between or below the absorption peaks, where atmospheric
attenuation is low. Such atmospheric windows exist at 35 and 24 GHz while
below the 22 GHz water vapor line, losses decrease rapidly. Therefore, the
only useful frequencies for earth-space links between X-band and 100 GHz are
near 16, 35, and 94 GHz. These window regions have relatively low attenua-
tions for a vertical path (zenith) through the atmosphere; however, the loss
increases significantly for the lower elevation angles where more of the
atmosphere is traversed. At 35 GHz, for example, the loss is about 20 dB

at zero degrees elevation where approximately 360 miles of atmosphere is
traversed by the ray path, whereas the zenith losgs is less than 0.5 &B.
Limiting the elevation angle to 5 degrees or higher results in an attenua-
tion of only 3 to 4 dB maximum at 35 GHz.

Condensed water in the form of rain, snow, ice, fog, etc., causes
additional attenuation of millimeter radiation by both absorption and
scattering by the precipitation particles. For heavy rains, the attenua-
tions encountered could block a communication channel, although the margin
provided by designing a system for maximum rain penetration would be useful
only a small percentage of the time for any given location. The nature of
attenuation in clouds and fog is the same as in rain except that the drop.
size is small (<<)) so that the loss is proportional to the total water



content and is fairly independent of drop size distribution. The attenua-
tion by precipitation in solid form (snow, ice, hail, etc.) is generally
less than that due to rainfall because the dielectric constant of ice is
much smaller than that of liguid water. At 16 GHz the zenith attenuation
ranges from about 0.1 to 0.5 dB for clear to moderate rainfall conditions,
while at 5 degrees elevation the variation is from 1 to 6 dB. At 35 GHz
the zenith losses range from 0.3 to 2 dB for clear to mederate rainfall
conditions, and at 5 degrees elevation the variation is from 3 4B to 15 d4B.

One important aspect of millimeter wave propagation is the suscepti-
bility of the signal to large and rapid fluctuations generally attributed
to variations of the refractive index and wvariations in absorption, which
are characteristics of a turbulent and inhomogeneous atmosphere. The
refractive index generally decreases as the altitude increases, and the
resulting refractive effects cause the signal propagation paths between
satellite and ground to be curved, except for vertical paths. This causes
the apparent angular position of a satellite to be greater than the true
angle. In general, this difference is negligible for elevation angles
above 10 degrees. Static corrections in pointing angle can be effectively
made, down to about 5 degrees. For very low angles, however, local
variations in the refractive index can cause the apparent angle to wander,
and for the high antenna gains typical of millimeter wave ground terminals,
this can result in fading. Variations in the refractive index will cause
the corrective angle to vary and, at low elevation angles, refractive
effects increase rapidly due te varying weather conditions over the propa-
gation path. Combining the effects of refractive index fluctuations with
large absorption values at low elevation angles, useful operation will be
typically limited to above 5 degrees elevation in practical satellite-
ground links at millimeter wavelengths. Problems caused by multipath
from ground objects, etc., are also negligible for the narrow beamwidths
typically used if the elevation angle is 5 degrees or greater. However,
muktipath can occur due to atmospheric scattering and refractive fluctua-
tions which cause the signal to be propagated via many subpaths, each
with a different time delay. As a result, the received signal will consist
of rays having randomly varying phases, and fading will occur. Again, even
this effect is less at higher elevation angles.

Although there are other propagation effects, the parameters discussed
above are of the greatest concern in terms of adequately characterizing a
wideband earth-space communication channel at 20 and 30 GHz, the freguencies
of interest for the ATS-F experiment. A more detailed discussion of the
propagation parameters, as well as a more complete description of the over-
all experiment, is given in References 1 and 2.

B. EXPERIMENT OBJECTIVES

The objective of the experiment is to statistically determine the
propagation parameters that are important in characterizing wideband earth-
space communication or data links at 20 and 30 GHz. This objective is
being accomplished by transmitting signals between a synchronous altitude
satellite and various earth terminals over a period of 6 months. Specifi-
cally, data on absorption, fading, dispersion, and refraction are being
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Obtained as a function of elevation angle, which varies with the location

of the ground terminals, and varying meteorological conditions. Correlating
the measured propagation effects with weather conditions derived from radio-
metric and radar measurements will permit the performance of future links to
be predicted under varying weather conditions.

The purpose of this program was to design, fabricate, modify, install
and test the primary 20 and 30 GHz receiving system at the MASA STADAN
station at Rosman, North Carolina. Included in the primary station receivers
is an absclute temperature reading radiometer capable of accurately measuring
sky temperature along the path of the signal received from the ATS-F
satellite. Simultaneous measurement of received signal level and sky tempera-
ture using the same antenna provides direct correlation between atmospheric
absorption and sky temperature for various weather conditiens. In addition,
it is expected that other sites will participate and perform diversity
testing. ‘

C. EXPERIMENT DESCRIPTION

The millimeter wave propagation experiment will be conducted by trans-
mitting signals from the ATS-F spacecraft to several ground terminals. The
spacecraft will be located in a synchronous orbit and will be stabilized so
that the 20 and 30 GHz transmitter antennas are always pointed toward the
earth. A block diagram of the spacecraft and primary ground station equip-
ment is shown in Figure 1.

The millimeter wave ground. receiver system for the NASA Rosman, North
Carolina station is designed to measure the propagation characteristics of
the atmosphere between the ATS-F spacecraft and the Rasman, North Carolina .
station at 20 and 30 GHz. Each receiver system will operate in three modes:

1. Propagation

The propagation mode will consist of a CW and multitone low-noise
system at 20 and 30 GHz. At each operating frequency a carrier with four
tones on each side, spaced 180 MHz apart, will be processed. Absolute
amplitude measurements on each line and relative phase measurements between
sideband pairs will be made at each operating fregquency.
2. Communications

Wideband (40 MHz) communications signals will bhe received at 20.150
and 30.150 GHz and converted to a 70 MHz IF. This IF signal will inter-
face with existing ATS facility at the Rosman, North Carolina station.

3. Radiometric

Absolute sky temperatures will be measured along the path to the
spacecraft to an accuracy of *5°K from O to 350°K. :
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The data obtained from the propagation and radiometricitests will aid
in characterizing the atmosphere and in deriving the statistical model.
Data derived from the communications experiment will allow-a correlation
of the communications mode quality with the propagation and radiometric
data and provide confirmation of the statistical model.

The received signal format for the ground receiving system at both
20 and 30 GHz is shown in Figure 2. The propagation signal cartiérs are.
at 20.0 and 30.0 GHz and four sidebands are equally spaced, 180 MHz apart,
on each side of the carriers. The total bandwidth for the pfdpégation
signals for each operating band is 8 x 180 MHz or 1440 MHz. The signal
processcr separates each signal so that the amplitude of each 51gnal ‘and
relative phase between sideband pairs can be measured.

The communications signal carriers are 20.150 and 30.150 GHz. for
each signal. The communications signals are separated from the propagation
signals and converted to 70 Mz in the signal processor. The radiometer
band has been centered at 20.270 and 30.270 GHz with a 45 MHz bandwidth.
This band was selected to minimize interference in the radiometer subsystem
from the propagation and communications signals. The radiometer signal is
separated from the remaining signals and detected in the RF front-end. It
is then applied to a synchronous detector and integrator located in the
radiometer chassis. Direct readout of sky temperature is provided in’' the
ATS building.

Multitone
Carrier
20GHz
oY
30GHz Communications Link
130 Carrier 20.150 or 30.150 GHz
‘-MHz -+ ‘ Radiometer Channel
20.270 or 30.270 GHz
f4 £3 f£2 fl f0 fl £2 £3 f4

|- 1440 MHz -

Figure 2. ATS-F Received Multitone Spectrum
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The performance specifications along with the measured performance for

the ground receiving system are given in this report.

Typical performance

of the propagation, communications, and radiometer modes are given in
Tables I, II, and III, of Section II.

1. Publications

D. PUBLICATIONS AND MEETINGS

James M. Schuchardt, "20 and 30 GHz Feed System for the ATS-F
Millimeter Wave Ground Antenna," The Twenty-First Annual USAF
Symposium on Antenna Research and Development, October 12-14,
1971, Monticello, Illinois.

T. L. Duffield, et al, "Ground Station Hardware for the ATS-F
Millimeter Wave Experiment," Design Study Technical Report,
Contract NASS 21525, Martin Marietta, OR 10,941-1, December

1970.

2. Meetings

Date

18,19 Octoker 1970

16 March 19271

29,30 April 1971

31 May 1971

1 June 1971

2 June 1971

Iocation

Martin Marietta

Scientific
Communications
Inc. (SCI})
Garland, Texas

Scientific
Communications
Inc.

Space Kom, Inc.
Santa Barbara,
California

Micromega,
Los Angeles,
California

Watkins Johnson
Co. - Palo Alto,
California
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Personnel

NASA, Martin
Marietta

T. Duffield,
Martin
Marietta; SCI
Personnel

NASA, Martin
Marietta,
and SCI

Martin
Marietta,
Space Xom, Inc.

Martin
Marietta r
Micromega

Martin
Marietta,
Watkins Johnson

Purpose

Design Review
on Ground Station

Design Review
on Parametric
Amplifiers

Progress review
meeting on
Parametric
amplifiers

Progress review
on 20 and 30
GHZ mixers.

Progress review
on 20 and 30 GHz
LOs

Progress review on
IF Amplifiers



Date

3 June 1971

192 July 1971

20 July 1971

24 September 1271

10 December 1971

11 May 1972

15,19 May 1972

17,26 July 1972

17,18 August 1972

27 October 1972

8,12 January 1973

Location

Scientific
Communications,
Inc.

Scientific
Communications,
Inc.

Micromega

Scientific
Communications,
Inc.

Martin Marietta

Scientific
Communications,
Inc.

Martin
Marietta

Hughes Aircraft
Co., El1l Segundo,
California :

NASA STADAN
Station,
Rosman, N. C.

Scientific
Communications,
Inc.

NASA STADAN
Station,
Rosman, N.C.
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Personnel

Martin
Marietta ’
SCI

Martin
Marietta,
sCI

Martin
Marietta,
Micromega

Martin
Marietta,
sCI

Martin
Marietta,
SCI

Martin
Marietta,
SCI

NASA, Martin

Marietta

NASA, Hughes
Aircraft Co.,

and Martin
Marietta

NASA, RCA,

Westinghouse,

& Martin
Marietta

Martin
Marietta,
SCI

NASA, Bendix,

Martin
Marietta

Purpose

Progress review
on Parametric
Amplifiers

Progress review
on Parametric
Mmplifiers

Progress review
on 20 and 30
GHz LO'S.

Progress review
on Parametric
Amplifiers

Discuss problems
with Parametric
Amplifier Dicdes

Acceptance Testing
of 20 and 30 GHz
Parametric
Amplifier

Preliminary
Acceptance
Testing of
Receiver System

Compatibility
Tests with Space-
craft Transmitter
and Ground
Receiver

Discuss and plan
site relocation
and installation

Acceptance Tests -
on Parametric -
Amplifiers after-
failure in Power
Supply

Final acceptance
of Ground
Btation



E. GROUND STATION DESIGN
1. Preliminary Design and Experiment Modification

Originally, the contract was to provide a system that was a near copy
of the ATS-5 15.3 GHz receiver system at Rosman, N.C. The same 15 foot
antenna, transportable van, and some interconnecting cables were to be used
for the ATS-F system. However, gseveral contract modifications and design
simplifications resulted in significant changes to this plan. Among the
more significant of these changes were: the relocation of the millimeter
wave station, including the 15 foot antenna tco the ATS-building; addition
of automatic calibration equipment with the millimeter wave portion located.
at the antenna: and elimination of the sideband phase locked loops in the
signal processor portion of the receiver. These and several other changes
are listed below.

a. Parametric Amplifier

The parametric amplifiers were specified to exhibit a bandwidth
of 1500 MHz, 3 dB bandwidth, and 20 dB gain with noise fiqures of 4 dB at
20 GHz and 5 dB at 30 GHz. However, a survey of state of the art parametric
amplifier development revealed that a maximum bandwidth of about 350 MHz
was attainable with the gain and noise figures specified. Ultimately, a
bandwidth of 400 MHz was attained but with this bandwidth the gain at the
band edges suffered, and was practically nonexistent. Thus, the noise
figure of the system, which is a function of parametric amplifier gain, was
much greater at the band edges than at center freguency. Because of this
reduced bandwidth, the parametric amplifier passbands were centered at
20.150 and 30.150 GHz to provide a flat amplitude responzse and low noise
figure for the communications signals.

Another limitation to the parametric amplifiers is the guaranteed
life of the klystron pump tubes. Since the tubes are gquaranteed for only
1000 hours periodic replacement will be necessary. To extend the time
between replacement, the parametric amplifier should be used only when
necessary. That is, during communications tests or heavy rain storms. The
dynamic range of the receiver is adequate for most atmospheric fades without
the use of the parametric amplifiers.

b. Phase Locked Loop

The phase locked loop (FPLL) design was changed from that originally
proposed when the study rewvealed that only a very narrow sweep range was
required and the phase noise of the spacecraft frequency source was compatible
with a reduced loop bandwidth. The loop was redesigned, using stabilized
operational amplifiers to reduce drift, to provide a minimum bandwidth of
10 Hz, automatic sweep range of 640 Hz, and manual sweep range of 50 kHz.

These changes in the loop design have resulted in an increase in the dynamic
locking range of about 5 dB over the ATS-5 loop design. aAdditicnally, the
use of stabilized operational amplifiers eliminate any possible drift problems.
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C. Sideband Phase Locked Loops

The design study report recommendation te eliminate the tracking
filters in the sideband channels was incorporated and considerably reduced
the complexity of the signal processor and synthesizer chassis. A manual
control of the reference oscillator is required to assure that the sideband
frequencies fall in the center of the sideband channels. The reference
Oscillator is a General Radio GR-1115-C unit operating at an output of 1
and 5 MHz. The reference-oscillator has a stability of 1 x 1079 per week,
and the satellite master oscillator is expected to vary no more than
4 x 1078 per week. To stay within the 0.5 dB bandwidth of the 2.5 kHz
IF bandpass, the maximum error must be less than 17 Hz., In the top sideband
channel (72 x 10 MHz = 720 MHz) the frequency error is 10 MHz - (72 x 4 x 10-8)
10 MHz = 28.8 Hz per week. This means the reference oscillator will require
an adjustment once per week. This adjustment is simple and can be
accomplished in a matter of seconds.

d. Automatic Calibration Equipment

As recommended by the design study report, the millimeter wave
portion of the automatic calibration equipment was located at the antenna.
The automatic feature has reduced calibration time and elimianted all manual
phase and amplitude adjustments.” Locating a portion.of the egquipment at
the antenna has also eliminated all waveguide runs from the rack to the
antenna. Receiver calibration is accomplished automatically by using front
panel controls located at the rack mounted calibration equipment, Automatic
amplitude calibration is accomplished in 3 dB steps over a 45 dB range, and
phase calibration takes place over 360 degrees in 9 degree steps. The
calibration sequence can be performed in each of the four modes of operation.

e. Radiometer Diplexer

As guggested by NASA, a radiometer diplexer was included in each
front end to eliminate the inherent propagation signal loss when the
radiometer is operating. The signal loss is caused by switching acticn of
the radiometer Dicke switch. The switch chops the signal at a 2 kHz rate
and reduces the average power by 3 dB. An additional 3 4B less is suffered
in the carrier signal crystal filter which eliminates the 2 kHz modulation
sidebands. The radiometer diplexer consists of a pair of circulator-bandpass
filters, placed before and after the Dicke switch, to allow the propagation
signals to bypass the Dicke switch. The propagation signal loss through the.
radiometer diplexer is about 2.5 dB, as compared to 6 dB without the diplexer.
The diplexer does introduce loss in the radiometer circuit, however, and
reduces the radiometer sensitivity.

£. 15 Foot Antenna Spar Relocation

The proposal recommending relocation.of the spars on the 15 foot
antenna was accepted by NASA and the effort has been accomplished. The spars
were moved out radially to 0.8R, where R = radius of antenna.. The spar
relocation resulted in an increase in antenna gain of about 0.5 dB as indicated
by the field test conducted in November 1872.
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g. Collimation Tower Scurce Modification

The collimation tower source was modified (at the reguest of
NASA) to include modulators which allow the source to be used in conjunction
with the prototype C-band spacecraft receiver as a spacecraft simulator.
Closed loop communications tests at Rosman, N.C., are now possible with the
equipment arranged as shown in Figure 3. The ATS facility equipment consists
of the C-band transmitter, 70 MHz demodulators, and communications analysis
equipment. The C-band signal containing communications information is trans-
mitted to the collimation tower where it is received by a C-band antenna and
the prototype spacecraft receiver. The receiver converts this signal to 150
MHz and applies it to up converters located in the millimeter wave collimation
tower source. The 150 MHz signals are converted to 20.150 GHz and 30.150 GHz
and transmitted through a 1.75 foot antenna to the 15 foot ATS-F antenna. The
signal is processed in the millimeter wave receiver, converted to 70 MHz, and
applied to the ATS demodulator. After demodulation, the signal is analyzed
in the ATS communications link analysis eguipment.

85 Foot
Antenna [ !
l ‘\ Prototype l
C-B
and - - Space?raft
Receiver
J} (NASA)
150 MHz
ATS
Facilicy

4 20 GHz 20 CHz

Up Converter pw Source

(MMC) (MMC)

70 MHz
Millimeter 30 GHz 30 GH=z
Wave Up Converter jwp———————ro Source
Receiver (MMC) (MMC)
(MMC)
15 Foot Collimation Tower
Antenna

Figure 3. Communications Test Link At Rosman, N.C.
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h. Data Acguisition Interface Modification

At the request of NASA, a common point was provided at the rear
of the equipment rack for all connecticns to the data acquisition subsystem.
All outputs are provided on a single panel and are contained in 48 coaxial
and two multipin connectors. All analog outputs are provided on coaxial
connectors, whereas logic and switching signals are located on the multipin
connectors.

j. Compatibility Tests with Spacecraft Transmitter

At the request of NASA, compatibility tests were performed in
mid-1972 at the Hughes Aircraft Company's El Segundo, California facility
with the spacecraft transmitter. The purpose of the tests was to assure
compatibility between the two systems so that any problems could be rectified
prior te launch. The tests were successful and no major problems were '
uncovered.

k. Site Relocation

In mid-1972 NASA decided to relocate the 15-foot antenna and the
complete millimeter wave system to the ATS building. This was accomplished
in the fall of 1972. The antenna is located ocutside the northwest corner
of the ATS building and the equipment racks are installed in the northeast
section of the building.
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II. RECEIVER SYSTEM CHARACTERISTICS
A. GENERAL

The ATS-F millimeter wave ground receiving system design is based on
techniques proven on the ATS-5 15.3 GHz ground receiver program (NASA
Contract NAS5-10485). The receiving system consists of a dual frequency
feed and RF front-end mounted at the focal point of the 15-foot parxabolic
antenna used in the ATS-5 millimeter wave experiment and a phase-locked
loop/signal processor, control and monitor, and radiometer chassis located
in the ATS building., The receiving system is also provided with self
calibration and test equipment, as before, but is automatic instead of the
manual equipment supplied with the ATS-5 receivers. The automatic calibra-
tion feature relieves the station operator of the time consuming task of
manual amplitude and phase adjustments. The RF (waveguide) portion is also
mounted on the back of the antenna to eliminate waveguide runs from the
ATS building to the antenna.

A block diagram of the receiving system is shown in Pigure 4 with
all three operating modes indicated. As noted in the figure, the antenna
feed, rotary joint, diplexer radiometer waveguide components, parametric
amplifier, and down converter are located in.the antenna feed cone. The
RF pertion of the calibration equipment is located on the back 6f the
antenna with the remainder of the system located in the ATS building,
Ag noted, cone preopagation carrier is selected to contrel the 15~foot antenna
autotrack system. Photographs of the physical layeut of the ground receiver
system installation are shown in Figures 5 and 6.

B. PERFORMANCE SUMMARY

The expected performance of the ground receiving system is determined
by an examination of the carrier-to-noise ratio (CNR) for the communications
receivers, CNR and frequency stability for the Pbropagation receivers, and
sensitivity (4Tmin} for the radiometer. The characteristics of the three
receivers are listed in Tables I, II, and III. The spacecraft parameters
are taken from Reference 3 and results of compatibility tests with the
spacecraft transmitter. Table I indicates that the receiver dynamic range
for the multitone propagation signal, using the low gain spacecraft antenna,
is 57 dB for the carrier at 20 GHz. At 30 GHz the dynamic range is 55.1 dB
for the carrier. Difference in the sideband and carrier values are caused
by receiver noise figure (due teo parametric amplifier gain variations) and
spacecraft transmitter. variations across the band. For the CW mode the
spacecraft transmitter power and receiver dynamic range are increased 6 dB.
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Figure 5. ATS-F

ALIBRATION &
TEST ASSEMBLY

Receiving System



Al, A2
A2A, A2A'
A2B, AZB'

Frequency Source Al1, A11A, A12 1Image Filter, Isolator
Circulator Mixer
Dropping Filter Al13 Local Oscillator
3 Position Waveguide Switch A15 IF Amplifier
Oven Assembly (167°C) A16, A18 Power Divider,
Temperature Control Circuit, Bandpass Filter
Crystal Current Amplifier Al17 Isolator
Circuit A19, A21 IF Amplifier
Oven Assembly (67°C) A22 0 - 40V Power Supply
Variable Attenuator A23 Power Distribution
Noise Source and Directional Assembly
Coupler B1 Feed Horn
Switching Circulator B2 Rotary Joint
Parametric Amplifier B3 Diplexer
A19)
@
A21
A4
(A8) A18
!
H
/Al
\ A2
% A5
Cma
AZB
2B Al A23
ATTA

Al2

®

Figure 6. RF Front End Assembly and Rack Mounted Equipment
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Figure 6. (Continued)
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TAELE I
Typical Performance Parameters cof the Propagation Receiver

Multitone Spectrum

20 GHz {typical) 30 GHz {typical)

Transmitter Power (dBm) (carrier)* 27.0 27.0

Transmitter System Loss (dB) 1.0 1.0

Spacecraft Antenna Gain (dB) (Low) 27.6 27.5

Free Space Loss {(dB) 209.8 213.4

Atmospheric Attenuation (dB) Clear 0.4 0.6
weather, 45° elevation angle)

Ground Antenna Gain (d4B) 56.0 58.0
(15-ft ATS-5 Dish)

Ground Antenna Noise 70.0 80.0
Temperature (°K)

Ground System Loss (dB) 0.5 0.5

Receiver Front-end Bandwidth 0.400 0.400
(3 dB) (GHz)

Receiver Front-end Gain at Center 34,0 34.0
FPrequency {dB)

Receiver Front—end Gain at Band Edges 16.0 16.0
{(dB) (minimum)

Receiver Noise Pigure (dB) 6.9 7.7
{BW=100 MHz)

Receiver Noise Figure (dB) 13.7 14.7
{BW=1440 MHz) (maximum)

Receiver Input Signal Level {dBm) -101.1 ~-101.9
{carrier)

Noise Density (dBm/Hz) {carrier) -168,1 -167.1

Noise Density (dBm/Hz) (worst case) -160.5 -159.3
(sidebands)

C/N (dB/Hz) (carrier) 67.0 65.2

C/N (dB/H) Worst Case {sidebands) ** 50.4 48.4

Predetection Bandwidth (Hz) 50.0 50.0

Predetection C/N (dB) (carrier) 50.0 48,2

Predetection C/N (dB} (worst case) 33.4 31.4
{sidebands)

Post Detection Bandwidth (Hz) 10.0 10.0

Dynamic Range ‘ -158.1 to 157.1 to

-85.0 -85.0
Amplitude Measurement Range (dB) 57.0 55.2
Minimum Acquisition Lewvel {(dBm) -153.1 -152.1

* Rased on Actual Measurements
** Agsumes worst sideband 9 dB Below Carrier Level.
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For the CW mode and the high gain spacecraft antenna, the receiver dynamic
range is increased by an additional 10 dB. Since the frequency stability
of the spacecraft transmitter is +2 ppm per year maximum, a narrow PLL
Sweep range (+50 kHz) is used. Use of a narrow sweep range minimizes the
FM noise on the receiver local oscillator and maximizes the receiver
dynamic range. The automatic sweep range is 640 Hz. Dynamic range cal-
culations are based on a loop bandwidth of 10 Hz and a loop SNR of 5 dB.

The high gain spacecraft antennas are used in the communications mode
to provide a maximum receiver CNR of 15.6 dB at 20 GHz and 14.3 dB at 30
GHz for an IF bandwidth of 10 MHz. Assuming a receiver threshold of 8 4B,
the fade margins are 7.6 dB at 20 GHz and 6.3 dB at 30 GHz. The receiver
is optimized for the communications channel center frequencies of 20.150
and 30.150 GHz by centering the parametric amplifiers at these frequenciés.
Table II shows that a good gquality communications link can be establlshed
Wwith systems bandwidths up to about 10 MHz.

TABLE II

Typical Performance Parameters of the Communications

Receiver
20 GHz 30 GHz
Typical ’ Typical

Transmitter Power (dBm) '33.0 33.0
Transmitter System Loss [(dB) 1.0 1.0
Spacecraft Antenna Gain (d4B) 37.0 39.0
Free Space Loss (dB) 209.8 213.4
Atmospheric Attenuation (dB) 0.4 0.6

(clear weather, 45°

elevation angle)
Ground Antenna Gain (dB) 56.0 58.0

(15-ft dish)
Ground System Loss (dB) 0.5 0.5
Receiver Input Signal Level -85.7 -85.5
Receiver Noise Figure (dB) 4.6 5.6
Noise Density (dBm/Hz) (carrier) -171.3 -169.8
Predetection C/N (dB)

BW = 40 MH=z 9.6 8.3

BW = 10 MHz 15.6 14.3

BW = 5 MHz 18.6 17.3

BW = 1 MH=z 25.6 24.3
Output Frequency (MHz) 70 70
Output Impedance {ohms) 75 75
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As shown in Table III, the radiometer performance is consistent with
requirements except for the temperature measurement range. A measurement
range of 0 to 350°K is recommended since the existing 15.3 GHz ATS-5 design
operates over this range.

TABLE 1II1

Typical Performance Parameters of the Radiometer

20 and 30 GHz

Typical

Center Frequency (GHz) 20.270 and
30,270

Bandwidth (MHz) 45
Temperature Measurement Range (°K) 0 to 350
Accuracy (°K) (relative) +2.5
Accuracy (°K) (absolute) +5
Stability (°K) {(per 8 hr period) +2.5
Sensitivity (°K) (Btpin) <1
Integration Time (seconds) 10
Compatible with Sun Temperature Measurements Yes
Simultanecus Operation with Propagation Receiver Yes
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ITIX. EECEIVER SYSTEM HARDWARE DESCRIPTION

The receiver system egquipment designs required to satisfy the per-
formance parameters discussed in Tables I through III are described in
this section. The three basic receiver subsystems (communications, propa-
gation, and radiometer) are shown in block diagram form in Figures 7, 8,
and 9. These three subsystems utilize common receiver equipment subsystems
which are described in this section. The egquipment subsystems are the
15~-foot antenna and feed, RF front-end, phase locked loop/signal processor
{PLL/SP), contrel and monitor, radiometer, and calibration and test equipment.
Where applicable, in the description of these subsystems, design tradeoffs
are discussed and the selected design is described in detail. As shown in
the figures, several equipment subsystems are common to more than one receiver
subsystem. The method of interfacing with each receiver subsystem, and the
potential problems and solutions invelved are explained in the sectiens
describing the egquipment design.

Most of the component designs, although not necessarily standard, did
not reguire advancements in the state of the art. The 20 and 30 GHz para-
metric amplifiers used in the RF front-ends, however, required considerable
development to realize the wide bandwidths specified. The design of these
amplifiers allows the cbjectives of the experiment te be realized while
easing the requirements on the bandwidth of the amplifiers. The only other
component requiring special attention is the first mixer LO. The FM noise
of this component is minimized to prevent a degradation in dynamic range
of the propagation receiver.

A. 15-FQOT ANTENNA AND FEED
1. Antenna System Modification

The 15-foot ground antenna installed at Rosman, N.C. was previously
capable of operating at 15.3 and 31.65 GHz simultanecusly while providing
conical scan autotracking at 15.3 GHz. The antenna was modified to provide
simultaneous reception at 20 and 30 GHz and selectable conical scan auto-
tracking at either 20 or 30 GHz. This modification included a new feed
system, added fixtures for mounting the new RF front-ends onto the dish,

a new feed cone enclosure, relocation of spars, and new cabling between the
antenna mounted components and the ATS building. With the exception of
the feed system, all other modifications were straightforward in design
and implementation. This. section addresses only the feed system design
and the resultant secondary performance of the complete antenna system.
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2, Feed System Design
The ATS-F feed system reguirements are as follows:

Operating frequency - 20 and 30 GHz (simultaneocusly)

1

2 Bandwidth - 1500 MHz at each operating frequency

3 Polarization - linear with parallel alignment between 20 and 30 GHz

4 Polarization rotation - + 50 degrees (to align ground and space-
craft antenna polarizations)

5 Beamwidth (10 dB)- 30 degrees at 20 and 30 GHz (angle subtended
by subreflector)

6 FPhase center - coincident for 20 and 30 GHz and E and H-plane

7 Insertion loss - 1.0 dB maximum (0.5 4B design goal)

8 Isoclation - 45 dB between 20 and 30 GHz ports

9 Illumination efficiency - high as possible consistent with other

reguirements.

The feed system shown in the sketch of Figure 10 satisfies all of
these requirements. The feed is comprised of three basic components; a
corrugated feed horn, a polarization rotation assembly comprised of a step-
twist (segmented) rotary joint, and a diplexer. The feed network is designed
to provide parallel polarization at 20 and 30 GHz. Each of the components
is directly coupled to one another without any interconnecting section of
waveguide. All waveguide components, up to and inc¢luding the diplexer in-
put, use WR34 waveguide or equivalent internal dimension. Although the
recommended operating freguency band of WR-34 is 22 to 33 GHz, the loss at
20 GHz (0.018 dE/inch) is tolerable and consistent with the allowed feed
losses. The use of WR-42 (18.0 to 26.5 GHz) is not permissible because
higher order modes could be supported at 30 GHz and the step discontinuities
of the rotary joint are capable of exciting these modes. Serious considera-
tion was given to the use of nonstandard waveguide dimensions such as 0.37
by 0.185 inch I.D.; however, the net saving in loss amounts to only 0.006
dB/inch or 0.06 dB for 10 inches of waveguide.

3. Feed Horn Design

The corrugated feed horn was selected for this application because it

provides the following necessary performance characteristics: “

1 Broadband performance - greater than 2 to 1

2 Equal beamwidths at 20 and 30 GHz

[

Egual E and H plane beamwidths

Coincident phase centers

b
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5 Low sidelches

13 High illumination efficiency.

The feed horn, shown in Figure 11, has a half-flare angle of & degrees
and a mouth opening of over 4 wavelengths, These dimensions serve to pro-
vide the feed horn with a 30 degree beamwidth that illuminates the edges
of, the subreflector of the 15-foot antenna at nomlnally 10 dB at 20 GHz"
and 18 dB at 30 GH=z.

The horn groove parameters are chosen so that a reactive surface is
formed over a frequency range of about one octave. Thus, the parameters -
g and d as shown in Figure 12 are selected so that A /16< g< Mg and Mg
d< ¥5. The corrugation thickness, t, has varied in several reported
designs (References 4 and5). In some cases t = g and in others it has
been recommended

10

t j-i-g. In this application t = g/2 was selected for
ease and convenience of fabrication. '

The horn is fed from rectangular waveguide (WR 34) that covers both
frequency bands. The tapered transition is a compound flare, from
rectangular to square cross section. The horn and transition mate with an
abrupt junction of circular to square waveguide at the 0.4 inch diameter/
square size. This arrangement combined with the corrugation geometry of
Figure 12 yields a VSWR of less than 1.3 in both bands.

Antenna patterns for the horn as measured at 20 and 30 GHz are shown
in Figure 13. These patterns are typical of the patterns across each 1440
MHz band since within this band the beamwidth viariation is relatively small.
At 15 degrees off-beam maximum (the subreflector angular width) the beam-
width change yields less than 1 dB variation of subreflector edge illumina-
tion at K-band and less than 2 dB variation at Ka-band.

A summary of the pattern features is shown in Table IV. The pattern
shape in a plane 45 degrees relative to either the E or H plane is midway .
between those values listed.

TABLE IV

Dual Frequency Corrugated Horn Pattern Performance

Freguency Band

Beamwidth/ 20 Gz (K-~band) 30 GHz {Ka-band)
Illumination 10 dB 17 dB +15° 10 dB 17 dB +15°
H Planhe 30.8° 39.0° 10 4B 20.0¢° 25° 23.0 dB
E Plane 30.8° 40.9° 10.5 4B 26.5° 35.1 12.0 am

3-5



Figure 11.

b) OVERALL VIEW

Corrugated Feed Horn and Tapered Transition
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The illumination efficiency of this pattern shape was evaluated using
the methods of Reference 6. The results show that the illumination
efficiency is 95 percent at 20 GHz, and 78 percent at 30 GHz. The lower
value at 30 GHz is primarily due to the highly tapered illumination of the
H plane., 1In actual use these illumination efficiency values are modified
by the subreflector scattering pattern and are only a relative measure of
the antenna system illumination efficiency.

4, Polarization Rotating Assembly

The purpose of the polarization rotating assembly is to provide the
capability of remotely aligning the ground antenna polarization with that
of the satellite antennas. The plan is to align the satellite polarization
in the north-south direction. . To allow for some tolerance in satellite
alignment, and to account for apparent rotation due to the projection of
the satellite polarization to the ground station, the rotating assembly
will provide + 90 degree rotation capability. The unit has been aligned
with zero degrees rotation with the E-field coincident with the local
vertical., The signal from the satellite is expected to be about 16 degrees
to the right of vertical (when viewing the satellite) in the plane of the.
15-foot antenna.

The assembly is comprised of a rotary joint, drive motor, position
potentiometer, and limit switches. The control panel for this assembly
is the same as that currently in use with the ATS-5 antenna at Rosman, N.C.

4 summary of the rotary joint specifications follows:

1 Operating frequencies - 20.150 GHz and 30.150 GHz

2 Bandwidth - narrowband + 100 MHz; wideband + 1000 MHz
3 VSWR - less than 1.1 to 1 over wideband ranges (+ 90 degree
rotation)
4 Insertion loss (including VSWR losses)
+ 50 degrees rotation - narrowband 0.1 dB maximum
wideband 0.3 dB maximum
+ 90 degrees rotation - narrowband 0.2 dB maximum
wideband 0.5 dB maximum
5 Type - segmented



5. Diplexer Design

The feed system is designed to receive both 20 and 30 GHz through a
common feed horn. The diplexer (Figure 14) is designed to efficiently
separate these frequencies and direct the signals into their respective
front-end section for detection and processing. In addition, the diplexer
is designed tc ensure that the LO signal of one mixer does not get through
to the receiver of the cpposite fraguency band.

When looking into the diplexer from the feedport (common), the
diplexer needs to efficiently channel all 20 GHz signals into the 20 GHz
receiver and all 30 GHz signals into the 30 GHz receiver. The efficiency
of this function is directly related to the isolation provided between the
two output sections of the initial junction. For example, if the isolation
at this junction is specified at 45 dB, then all signals available at 20
GHz are channeled into the 20 GHz line, with the exception of less than
0.001 4B which is coupled into the 30 GHz line (neglecting ohmic losses).

It is also necessary to examine the isoclation required when looking
into the diplexer from either the 20 or 30 GHz output ports. Figure 15
presents the signal flow diagram from which the isolation requirements
were generated. An important function of the diplexer is to prevent
saturation of one parametric amplifier by the LO signal of the other
channel. However, the most important function of the diplexer is to
prevent LO leakage which results in the presence of an 1800 MHz spurious
signal in the opposite IF. An 1800 MHz signal was noted at a level of
about -140 dBm in each IF and was reduced to an acceptable level by the
addition of an isolator between the image filter and mixer. The spurious

signal could be the result of harmonic mixing of 2f2 - 3f1 in the mixer;

where f2 = 28.2 GHz and fl = 18.2 GHz. However, as shown in Figure 15,

the LO at 28.2 GHz (+6 dBm) is down to -8% dBm at the 20 GHz paramp input,
not including the isclator reverse loss. Assuming zero paramp gain, the
input to the 20 GHz mixer is also -89 dBm. This signal level, when mixed
with the third harmonic of the 1B.2 GHz LC (54.6 GHz), should produce a
signal at least 80 dB below the 28.2 GHz signal level (-169 dBm) which is
well below the threshold level of the receiver. A more likely cause of
the spurious signal is the leakage of the second harmonic of the 28.2 GHz
LO into the 20 GHz receiver. This 56.4 GHz signal may not experience the
same loss as the 28.2 GHz signal because it is out of band and the
individual components are not designed for this frequency. This signal,
when mixed with the third harmonic of the 18B.2 CHz LO, would also produce
an 1800 MHz signal. This argument also holds for leakage of the third
harmonic of the 18.2 GHz LO into the 30 GHz receiver.

As a result of the analysis on the diplexer requirements, the follow-
ing specification summary was developed:
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Operating bandwidth - low band, 19.250 GHz to 20.750 GHz
- high band, 29.250 GHz to 30.750 GHz

Insertion loss - low band

4 0.25 dB maximum design goal (0.50 dB specification
maximum) from 20.050 GHz to 20.250 GH=z

b 0.50 dB maximum from 19.250 GHz to 20.050 GHz
¢ 0.50 dB maximum from 20.250 GHz to 20.750 GH=z.

Insertion loss - high band

a 0.25 dB maximum design goal (0.50 dB specification
maximum) from 30.050 GHz to 30.250 GHz

b 0.50 dB maximum from 29.250 GHz to 30.050 GHz
£ 0.50 4B maximum from 30.250 GHz to 30.750 GHz.

Isolation
a 45 4B minimum between output ports with an operating
band signal applied to the input port

b 40 dB minimum at the high band cutput port with an.
18. 200 GHz signal applied to the low band port and
the input port terminated

40 dB minimum at the low band ocutput port with a

c
28.200 GHz signal applied to the high band port
and input porxt terminated.

VEWR

a l.1:1 maximum from 20.050 GHz to 20.250 GHz, and from
30.050 GHz to 30.250 GH=z ’

b 1.2:1 maximum at any other freguency in the operating
bandwidth.

- Time Delay - From 20.100 GHz to 20.200 GHz, and from

30.100 to 30.200 GHz shall not exceed 20 nanoseconds.

Delay distortion - The overall delay distortion from 20.100

GHz to 20.200 GHz and from 30.100 GHz to 30.200 GHz shall
not exceed the following:
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a Slope: 4 nanoseconds total or 0.04 nanosecond/MHz
b Parabolic: 12.0 nanoseconds total or 0.02 nanosecond/MHz2
¢ Residual ripple: (.4 nanosecond peak-to-peak

For purposes of analysis, the diplexer can be considered to have 3
parts:

1 An input junction

|82

A high band filter and cutput waveguide
3 A low band filter and output waveguide.

This diplexer shown in Figure 14 serves as the basic high and low
frequency band separator. Diplexing is achieved using a bandpass filter
tuned to a center freguency of 20 GHz (at the same time rejecting 30 GHz)
and a high pass filter passing frequencies above 2] GHEz.

To pass 20 GHz, the bandpass filter employs resonator elements that
are offset post pairs. This construction was the only configuration found
that also provided over 30 dB rejection at 30 GHz.

The bandpass filter parameters are those of a two-section Butterworth
prototype. Such a prototype was selected based on a tradeoff of insertion
logs for a given resonant element unloaded @, while meeting the passhand
and reject band reguirements. Such trade procedures are based on data of
Reference 7, and can form the basis for determining the value of unloaded
Q actually achieved or regquired.

However, since the ratic of center frequency to bandwidth {loaded ¢)
is rather low (about 10} the synthesis procedure of Reference 8 consistently
produced measured bandwidths of 1.5 to 2.0 times that expected. For this
application this increased bandwidth was acceptable since it is subsequently
narrowed somewhat by the resonant line lengths used in the diplexer T section.

The 30 GHz high pass filter is a 3-inch length of WR28 waveguide. This
waveguide has a nominal cutoff frequency of 21 GHz and the 3-inch length was
sufficient to provide 30 dB of rejection of the 20 GHz signals.

The diplexer insertion loss is less than 0.5 dB, VSWR ig less than 1.5
and isoclation between bands is more than 30 dB. This value of insertion
loss is the sum of filter loss 0.2 dB, waveguide loss 0.12 4B and VSWR 0.18
dB.
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6. Antenna Performance Summary

The modified 15-foot antenna performance is as follows: at 20 GHz --
56.0 dBi gain, 0.22 degree halfpower beamwidth; and at 30 GHz -- 5B8.5 dBi
gain, 0.15 degree halfpower beamwidth with sidelobes below 15 dB in both
cases. A remote feed polarization positioning technique using a motor
driven rotary joint is compatible with the existing controls. The entire
autotrack and program track capability by way of the scanning subreflector
technique has been retained, with the added capability to track at either
20 or 30 GHz.

The secondary performance parameters (Table V)} were completely reviewed
during the program and measured gains agree closely with the thecretical
values.

TABLE V

ATS-F Millimeter Wave
15-Foot Ground Antenna

Gain Budget

Frequency

Loss Factors ' 20 GHz 30 GH=z

VSWR (1.5 to 1) 0.18 dB 0.18 dB
Spillover 0.35 4B 0.10 4B
Illumination taper 0.30 dB 1.20 dB
Subreflector blockage 0.20 dB 0.20 dB
Subreflector diffraction 0.50 dB 0.20 dB
Spar blockage (new location) 0.35 ae 0.35 4B
Surface tolerance (both reflectors) '0.95 dB 2.00 4B
Radome 0.10 dB 0.20 dB
Miscellaneous®* 0.20 dB 0.40 dB
Fged network - D.50 4B 0.50 4B
Total Logs 3.63 4B 5.33 4B

Theoretical maximum gain 59.63 4B 63.15 4B
Anticipated gain 56.00 dB 57.82 4B
Measured gain 56.00 4B 58.50 4B

* Includes: feed phase error, cross polarized radiation, 12R loss in dish,
and focus errors.



B. RF FRONT-END

The 20/30 GHz input to the RF front-ends is derived from the diplexer
on two separate waveguide ports and the outputs are applied separately to
the PLL/SP and radiometer IF's. The front-ends are completely independent
of each other and will be discussed separately except for those functions
common to both units. The front-ends contain all of the cirecuits necessary
to convert the propagation/communications signals to an IF, and all of the
circuits required to process the radiometer signal through the video detec-
tor back to the original Dicke switching rate, A complete block diagram
of the RF front-end for either 20 or 30 GHz is shown in Figure 16. The
radiometer components are indicated by the dashed lines and are bypassed
by the transfer switches in the communications mode. This technique results
in a reduction in receiver noise figure of 1.85 dB at 20 GHz and 2,55 dB
at 30 GHz. The radiometer components are switched into the receiver during
propagation experiments so that the sky temperaturée can be recorded simul-
taneously with the propadation data. A radiometer diplexer consisting of
two circulators and channel drepping filters is used to route the propaga-
tion signals around the Dicke switch, thus eliminating most of the 6 dB loss
sustained by the switching action. The loss in the switch is caused by a
combination of the switching and down~modulation. Three dB loss occurs
because the signal is chopped with a 50 percent duty cycle. BAnother 3 dB
loss 1s experienced because the down-modulated by the 2 kHz switching signal.
As a result, the average power in the propagation carrier at the output of
the Dicke switch is 3 dB below the input level and the power in the sidebands
is equal to the carrier signal. Thus, the cutput carrier level is 6 dB
below the input level.

The radiometer diplexer eliminates most (=4 dB) of this loss, but, at
the same time, results in several dB loss to the radiometer (sky temperature)
signal. This loss is discussed in more detail later in this section. The
low noise parametric amplifier is followed by a moderately low noise hetero-
dyne receiver. All components in the RF front-ends are solid state with the
exception of the parametric amplifier, pump source which is a klystron
tube. A guaranteed life of at least 1000 hours is provided for the pump.

i. 20 GHz RF Front-BEnd

A simplified bhleck diagram of the 20 GHz RF front-end with the
component gain or loss, ncoigse figure, and bandwidth is shown in Figure
17. To minimize the losses preceding the parametric amplifier, the
transfer switches are used to bypass the radiometer calibration switch
and the switching circulator Dicke switch during the communications mode.
The receiver noise figure for the communications channel is calculated
below.
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NFO = Fl + - (1)
l .
where
(
Fl = noise fiqure of parametric amplifier plus losses between
input and amplifier = 4.0 4B + 0.3 dB = 4.3 dB
F_ = noise figure of the receiver beyond the parametric
2 ;e
amplifier = 12 dB
Gl = gain of the parametric amplifier at 20.150 GHz minus the 1nput

losses = 20 dB - 0.3 dB = 19.7 dB

12,0 dB -1 = 2.86 numeric = 4.55 4B
NFO—4.3dB+——m ] _

The receiver noise figure for the propagation receiver is higher
because the parametric amplifier is optimized for the communications mode
and the losses in the radiometer diplexer and associated waveguide must
be included. Thus, the receiver noise figure for the propagation signal
carrier is

F2 -1 .
N, = Fyp - T =
1l
where
Fl = nolse figure of parametric amplifier plus the input losses

(i1temized below) prior to the amplifier
Input Losses

Transfer switch Neo. 1

Waveguide loss

Transfer switch No. 2

Radiometer diplexer {propagation carrier)
Total

M © O ©
O =
EEEH

[N
d

F) = 4.0 dB + 2.4 dB = 6.4 dB
F2 = Noise figure of receiver after parametric amplifier = 12 4B
G, = gain of parametric amplifier minus input losses = 19 dB - 2.4 dB = 16.6 dB
12 dB - 1 _
NF_ = 6.4 dB + Te € ag = 6.7 AB
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The parametric amplifier gain for the fourth sideband pair (+720 MHz
from carrier) is zero for all practical purposes and the receiver noise
figure is about 14 4B at these frequencies.

The radiometer band was selected to be inside the 1 dB bandwidth of the
paramp so that good sensitivity could be realized. However, losses in the
radiometer diplexer decrease the sensitivity significantly. The noise
figure for the radiometer is the same as Equation (2}.

P, -1
|
Gy

The input losses are as follows:

3.60 dB Radiometer diplexer loss

0.10 dB Transfer wavegulide switch No. 1
0.10 @B Directional coupler loss

0.15 dB Radiometer calibration switch
0.75 dB Dicke switch

0.10 dB Transfer waveguide switch No. 2
1.00 dB Waveguide loss prior to amplifier
5.80 dB Total

F,o= 4.0 4B + 5.80 dB = 9.80 dB
F2 = noise figure of receiver after amplifier = 13.0 4B
Gl = gain of parametric amplifier minus input losses =
20 dB - 5.8 dB = 14.2 4B
1.2 dB - 1 .
NFO = 9.8 dB + 4.0 a8 10.27 numeric = 10.1 4B

2. 30 GHz RF Front—-End

A simplified block diagram of the 30 GHz RF front-end with the com-
ponent gain or loss, noise figure, and bandwidth is shown in Figure 18.
The methad used to bypass the losses prior to the parametric amplifier in
the 20 GHz RF front-end are employed here also. The receiver noise figure
for the communication signal is the same as Eguation (2) except

Fl = 5.0d4r + 0.3 dB = 5.3 dB
F2 = 12 dB
G1 = 20dB - 0.3 dB = 19.7 4B
12 dB -1 :
= . st T . + . s . = N
NFo 5.3 dB + 157 4B 3.39 0.16 3.55 numeric 5.5 4B
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The receiver noise figure for the propagation receiver is higher for
the same reasond given for the 20 GHz RF front-end. The gain and noise
Eigure for the 30 GHz parametric amplifier at the propagaticon signal carrier
frequency are 192 dB and 5.0 dB, respectively. The input losses prior to
the parametric amplifier are itemized below.

Input Losses

0.15 dB Transfer wavaeguide switch No. 1

2.2 dB Radiometer diplexer

0.15 dB Transfer waveguide switch No. 2

0.3 dB Waveguide loss prior to the amplifier
2.80 dB

The receiver noise figure is the same as Equation (2)

where Fl = 5.04B + 2.B dB = 7.8 dB
F2 = 12 dB
Gl =19 dB - 2.8 dB = 16.2 dB
12dB -1 .
NFo = 7.8 dB + 16 5 as - 6.375 numeric = 8.05 dB

The paramp gain for the fourth sideband pair (+720 MHz from carrier)
is zero for all practical purposes, and the receiver noise figure is about
15 dB at these frequencies.

As before, the radiometer band is within the paramp 1 dB passband and
the sensitivity is decreased by losses in the radiometer diplexer. The
noise figqure for the radiometer is as defined in Eguation (2).

The input losses are as follows:

5.00 dB Radiometer diplexer loss

0.15 dB Transfer waveguide switch No. 1
0.60 @B Directiconal coupler loss

0.20 dB Radiometer calibration switch
1.00 dB Dicke switch

0.15 dB Transfer waveguide switch No., 2
1.90 dB Waveguide loss prior to amplifier
9.00 dB Total

F, = 5.04B + 9.00 dB = 14.0 4B
F, = 12 4aB
G, = 20dB - 9.0dB=11.0 dB
12 d8 - 1
= . + === = 14, B
NF_ = 14.0 dB T 20 4

3-22



3. Parametric Amplifier

The key to obtaining the required noise figure and bandwidth for the
System is the parametric amplifier. The development of this component
required an advancement in the state of the art in varactor .diodes and var-
actor diode mounts. Attempts were also made to advance the state of the
art in scolid state pump sources but reliable units could not be developed
at this time. The major problem in the design of this unit is in the
achievement of wide bandwidth with accompanying low noise figure. The
original goal of 1500 MHz bandwidth was reduced to 340 MHz when it was
learned that 1500 MHz bandwidth was not realizable. Development of the
parametric amplifier involved alternates in the varactor diode and pump
source. The varactor diode task was to use commercially available diodes
as the primary design approach and alsc develop high cutoff frequency
wafers. The primary pump source development task was to use a one-half
frequency klystron with a varactor frequency doubler. Use of the one-half
frequency klystron would allow longer operating life than a fundamental
fregquency klystron. The first alternate approach was to investigate
the use of a solid state fundamental frequency source. The third, and
last approach, was to use a fundamental freguency klystron. For reasons
to be discussed in Appendix A, the final design of the amplifier used
commercial diodes and a fundamental frequency klystron pump source.
The amplifier performance meets or exceeds the requirements in every respect.
For detailed information on the development and performance refer to
Appendix A.

4, Local Oscillator Noise

Of prime importance in the design of the receiver system was the
maintenance of low FM noise on all signal sources with particular emphasis
on the first LO's (18.2 and 28.2 GHz). FM noise was found to be the factor
limiting the dynamic range of the ATS-5 15.3 GHz ground receivers. This
factor is of more concern for the higher frequency ATS-F receivers because
the FM noise is directly proportional to the operating frequency (for a
given starting frequency). The ATS-5 receivers utilized a fixed frequency,
highly stable, VHF (x100 MHz) crystal oscillator, but the ATS-F receivers
use an HF overtone crystal oscillator which will provide lower FM noise
and, conseguently, higher dynamic range. '

The first LO consists of a stable overtone crystal oscillator operating
at 5 MHz and located in the PLL/SP chassis. The 5 MHz signal is multiplied
to VHF and then applied to a phase~locked oscillator located in the RF
front-end. The phase-locked oscillator .is similar to the Ku-band frequency
sources used in the ATS-5 receivers except that the crystal oscillator is
not included in the units. The effect of the FM noise on the receiver per-
formance and a description of the 5 MHz oscillator is included in paragraph
I1II-D.



The results of FM noise tests close to the carrier for two 18.2
GHz LO's are as indicated in Figure 19.

A block diagram of the test setup is shown in Figure 20. The noise
is measured in a 3 Hz bandwidth and iz for two 18.2 GHz LO's. The noise
level for one LO in a 1 Hz bandwidth would be 8 dB below the values shown.
One LO is taken from the receiver while the second is made up of the 5 MH=z
frequency standard and K-band mixer from the collimation tower source, and
spare receiver fregquency multiplier modules and LO.

The discrete spectral
lines are harmonics of the 60 Hz power.
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C. RADIOMETER

The radiometer is designed to aid in the correlation of weather con-
ditions with received propagation signal characteristics for various wea-
ther conditions. Simultaneous measurement of received signal character—
istics and sky temperature using the same antenna provides direct correla-
tion between atmospheric absorption, fading, dispersion, and refraction of
the propagation signal and varying meteoroclogical conditions. The radio-
meter is an absolute reading, self calibrating unit capable of measuring sky
temperatures over a range of O to 350°K with an absolute accuracy of +5°K.
In addition, a high isolation Dicke switch is included to allow sun tempera-
ture measurements. A block diagram of the 20 to 30 GHz RF front-end mounted
radicmeter components is shown in Figure 16. This is the same design used
in the ATS-5 15.3 GHz radiometexs except for the addition of the radiometer
diplexer. The ku~band components have been changed to K~ or Ka-band and the
IF frequency has been increased from 1.050 to 2.070 GHz. The radicmeter
chassis block diagram is shown in Figure 21.

The RF front-end components used exclusively in the radiometer are
one of the two transfer switches used to bypass the radiometer in the
communications mode; the radiometer diplexer; a switching circulator for
modulating the RF signal to operate the synchronous detector; calibration
equipment consisting of a three position waveguide switch, two waveguide
termination ovens with their control circuits, and a solid state noise
source with a waveguide attenuator and cross-guide directional coupler.
Other. components include a power divider for splitting the IP signal bet-
ween the CW receiver and the radiometer channel, a bandpass filter to re-
Ject interfering communications and propagation signals from the radio-
meter channel, and additional IF amplifier and finally, an envelope
detector video amplifier module. The radiometer circuits located in the
receiver rack are a lock-in amplifier and the control circuits to per-
form the calibration of the radiometer. The lock-in amplifier is basically
a reference generator used to synchronize the RF switching with the
synchronous detector, a narrowband tuned audio amplifier, and a synchron-
ous detector followed by an integrator.

The radiometer utilizes a 100 MHz bandwidth centered at 20.270 or
30.270 GHz. These frequencies are chosen to provide the lowest Atmin'
highest RF bhandwidth, and minimum interference from the communi-
cations and propagation signals. The radiometer has ad t . sensitivity
of less than 1°K for a 10 second integration time. Integra%lon times
of 1, 3 and 10 seconds are provided in the design. The measured gky
temperature can be read directly from a 5+1/2 inch panel meter calibrated
in degrees Kelvin. Aan output to an external recorder is also provided at
70°K/volt for a range of 0 to 5 wolts. Calibration equipment and a moni-
tor to check the oven temperatures used in the radiometer calibration are
included.
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The principal characteristics of the radiometer are:

1 Simultaneous or independent operation of propagaticon and radiometer

receivers,
2 Compatible with sun temperature measurements.
3 Sensitiwvity, Atmin <1°K for 10 second integration time.
4 Calibration accuracy, +2.5°K relative and +5°K absoluté from O
to 250°K.
5 Stability over any 8 hour period after 10 hours of operation,
less than +2.5°K.
6 Selectable integration times of 1, 3, and 10 seconds.
7 Output voltage to recorder equal to +5V for a temperature of 350°K

into a lead not less than 10k ohms.

8 Temperature readout on meter calibrated in °K capable of resolving
5°K.

1. Design Considerations

A number of potential design problems were considered to achieve the
radiometer configuration. The areas of primary concern are discussed in
this section.

a. Simultaneous Operation of Propagation Receiver and Radiometer

To determine if simultaneous operation of the propagaticn
receiver and radiometer can be realized, the following must be considered:

1 The effect of the transmitted signals from the spacecraft
on the sky temperature measurements.

2 The effect of chopping the RF signal from the spacecraft
on the operation of the propagation receiver.

3 A determination of the loss in the RF signal to the propa-
gation receiver.

The answer to the first consideration is given in Table VI.
This table is used to determine the maximum spacecraft power received at
the 15~-foot antenna terminals.



TABLE VI

Propagation and Communications Channels Received Signal Level

Propagation Channel Communications Channel

P
arameter 20 GHz 30 GHz 20 GHz 30 GHz
Spacecraft transmitter 33 {CwW) 33 (cwW) 33 (CwW) 33 (CwW)
ocutput power (dBm)
Spacecraft antenna gain (dB} 37 39 37 39
(high gain antenna)
Free space, atmospheric, and 21@;7 214.5 210.7 214.,5
ground system losses (dB) :
Ground antenna gain (dB) 56.0 58.0 55.3 57.8
Maximum received signal -84.7 -84.5 -84.7 -84.,5

level (dBm)

The power received by the radiometer from the sky at the zenith
is:

P = KTB

where K = Boltzman's constant = 1.38 x 10_23 joules/°K

T = Zenith sky temperature @ 20 GHz for clear sky and
30°C = 8°K

B = Predetection RF bandwidth (assume 1500 MH=z)

23 9

P (1.38 x 10 <) (1o3 mW/W) (8°K) (1.5 x 10  Hz)

[

P

-97.8 dBm.

These calculations shown that the total power at the receiver
input from the spacecraft transmitter exceeds the minimum expected signal
from the sky by about 10 dB. With this ratio of interference (spacecraft
transmitter signal) to sky temperature signal level the radiometer could
not be used. Two avenues were open to correct this situation and make
the radiometer insensitive to signals from the spacecraft. One was to
reject all spacecraft signals from the radiometer channel by rejecting
each propagation line and the communications channel band. This method
required the use of a multichannel filter which would have become very
expensive, A better solution was to reduce the radiometer channel band-
width and center it between the propagation signal lines. A simple band-
pass filter was used at IF to accomplish the necessary rejection of adja-
cent lines. The filter bandpass is shown in Figure 22. The desired
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filter characteristics were realized with a six pole Tchebyscheff with a

0.1 dB passband ripple. The signal requiring the most rejection is the pro-
pagation carrier, since it is the most powerful single freguency entering the
receiver from the spacecraft and is also located adjacent to the radio-
meter channel. The filter reduces the radiometer signal to =114 d4Bm and

the propagation carrier signal to about -145 dBm and the first upper
sideband signal to ~136 dBm or 22 dB below the minimum expected radio-

meter signal level. Under these conditions, the error in the sky temper-
ature measurement of 8 degrees would be only 8/22 dB = 8/158 = 0.05°K.
During the nonclear sky temperature measurements (ohes of greatest interest),
the percent error due to the spacecraft signal will be even smaller since

the sky temperature will be higher and the spacecraft signal lower, due

to the additicnal atmospheric attenuwation.

The introduction of this filter and the radiometexr diplexer in
the radiometer channel also reduced the sensitivity (At ., } of the radio-
. . .min
meter. Atm. is calculated from the following expressions:

2.22 TO (NFO—l)

ﬁtmin =
VBT
where,
T0 = ambient temperature of receiver = 333°K
NF = recelver noise figure = 10.1 4B at 20 GHz and 14.25
© at 30 GHz
B = radiometer Bandwidth = 45 MHz
T = integration time = 10 seconds
2.22 {333) (10.1 dB-1) _
Atmin(ZO GHz) = = 0.322°K

45x109x10

and At , (30 GHz) = 0.89°K
min

These wvalues are within the specification limit of 1.0°K. Con-
siderations 2 and 3 are closely related and are treated collectively. As
mentioned previously, without the radiometer diplexer, the propagation
signal loss would be 6 dB if allowed to pass through the Dicke switch.
However, the use of the radiometer diplexer reduces this loss to about
2.2 dB (20 GHz) and 2.5 dB (30 GHz).

This diplexer, shown in Figure 23, allows a narrow band of received
noise located between a pair of satellite carrier fregquencies to be square
wave modulated (Dicke modulation) without affecting the satellite carriers
themselves. A pair of diplexers is used in either band: one for channel
dropping prior to modulating and one for recombining with the satellite
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carriers prior to RF amplification. These system requirements for a pair
of diplexers in each band and the resulting doubling of insertion loss
means low loss performance of each unit is of prime importance to our
achieving good termperature sensitivity of the radiometer.

A schematic of the channel dropping filter diplexers is shown in
Figure 24. This arrangement uses only two components: a filter and a
circulator. (The c¢irculator is an E&M Laboratories model R{orK)159LT
providing 20 4B isolation, 0.3 dB insertion loss (0.6dB loss after one
reflection) and VSWR less than 1.1 (1.3 after one reflection). This
arrangement favors the dropped radiometer channel in that signals coming
in at port 1 pass only around the circulator to port 2 and have lower loss
than the through channel, which is reflected at port 2 passing all the way
around to port 3.

The radiometer filter bandwidth is selected so that the nominal 10
dB bandwidth is 180 MHz (the spacing between satellite frequencies). In
the through channel, at the frequencies where the bandpass filter is 10
dB down, the through channel has ideally a 0.5 dB leakage loss. 1In
the practical case one must add to this leakage loss the iscolator loss of
0.6 dB, making the nominal through channel loss 1.1 dB at the carrierx
frequencies adjacent to the radiometer band. Elsewhere in the band, the
loss is that of the circulator, itself, 0.6 dB. The loss through the
dropped channel is that of the circulator, 0.3 dB plus the loss of the
filter.

The radiometer bandpass filter parameters are those of a two section
Butterworth prototype. As with the filter in the 20/30 GHz band separating
diplexer, an insertion loss tradeoff showed this prototype would provide
the lowest loss, primarily because there is no need for steep skirts in
the response off the center frequency. The resonator element used is a
centered post iris.*

The 10 dB bandwidth of 180 MHz is equivalent to a 3 dB bandwidth of
106 MHz for the two-section Butterworth prototype. Thus, the loaded
Q (QL) of these filters is as follows: K-band QL - 20270 = 191; Ka-band

QL = 30270 = 286. These high values of loaded Q requigg that the filter
106

resonators be made of very low loss material and be assembled in a pre-

cise manner to preclude additional losses. Table VII illustrates how

critically dependent resonator guality is on filter loss.

A study of Table VII makes it obvious that for low loss performance,
copper posts should be used in preference to brass or other materials.
In this application copper posts were used and very good results were
achieved. The filter synthesis procedures of Reference ¢ for quarter
wave coupled filters provided in general good results for these high values
of locaded Q.
*The term iris as used here means a waveguide reactive element such as a
post, diaphragm or aperture.
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TABLE VIT

Influence of Rescnator Unleaded Q (Q )} on the
Insertion Loss (IL) of a 2-Section Butterworth

, 1
Bandpass Filter

Insertion Loss
Copper
Fregquency Rectangular Cavity2 Copper Post3 Brass Post3
{theoretical)
= 0 = =
Qu 6000 Qu 4200 Qu 1500
20270 MHz IL = 0,39 dB IL = 0.56 dB IL = 1.57 dB
O = 5000 Q = 3200 © = 1200
30270 MHz b “ “
IL = 0,70 4B IL = 1,10 dB IL = 2.93 4B
Notes:
1. Filter Parameters: n = 2 section, Af = 3 dB bandwidth = 106 MHz

f0 = center frequency, IL = insertion loss in 4R, Qu = unloaded ¢

of the resonators, K = filter parameter, K = 12.3 for 2 section
Butterworth (Reference?7). '

Values obtained using Figure 5.11-1 (b) in Reference 9,

Values obtained based on experimental measurements of this
program.
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The dropped channel loss is 1.3 dB at 20270 MHz and 2.1 dB at 30270
MHz. This difference is primarily due to the difference in Q¢ of the
resonator of the bandpass filters and some small difference i the loss
in the circulator between frequency bands. The through channel loss is
0.5 to 0.6 dB except at the satellite carrier freguencies +90 MHz from

the radiometer band center fregquencies, here the loss is 1.1 4B at both
XK- and Kgz-bands.

b. Determining The Required Net Predetection Gain

Since the sensitivity (At . ) of the radiometer is dependent
upon the overall noise figure of the receiver, adegquate gain must be
provided prior tc the envelope detector to assure the specified sensi-
tivity.

The predetection gain can be calculated in a number of ways;
essentially it is finding the gain required to overcome the noise gener-
ated by the detector. It can be determined in the same manner as any
cther receiver with cascaded components. However, since one is faced
with a situation of gain to overcome, there is a decision of to what
degree does cone overcome the detector noise. To show the tradecff it is
useful to plot predetection gain versus sensitivity for the radiometer
system in question, such as is done in Figure 25. In constructing the
graph, the starting point was a Schottky barrier envelope detector with
the following characteristics:

Freguency Range = 0.5 to 2.6 Gliz
K = 1500 min, 2000 typical mV/mW
Tss = =54 dBm for 2 MHz BW and 150U A bias

The first step is to determine the equivalent noise figure of
the envelope detector. <Consider the diagram below:

Signal = -54 dBm SNR = 5 dB = tangential
Schottky

Input 0 Baryrier O Output
Detector

Koise Power = -108 dBm Bv = 2 MHz Video BW

in 4 MHz RF BW

The electrical specification states that for a -54 dBm signal at
the input to the detector, a tangential signal (a SNR of approximately
5 dB) will be produced on the output in a video bandwidth of 2 MHz. The
noise power competing with the 2 MHz signal at the input will be twice
the bandwidth = 4 MHz which is KTB = -108 dBm. By definition the noise
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figure of a device is the SNR of the input divided by the SNR of the output.
By substituting numbers in the equation below the equivalent noise figure
of the detector is determined.

-54 dBm
A S/N, _ 108 aBm _ 54 dB _
NE = L T T5am = T5as - P98

5/N
/O

The overall radiometer system noise figure can be computed as cascaded ele-
ments shown below:

= 10.1 dB @ 20 GHz
NE = 14.25 dB @ 30 GHz NF, = 49 dB

=
|

NF GRF/IF Detector

~Predetection Gain G1

by using the familiar noise figure equation:
I
2 -1
NF_ = NF, + ——
o] 1 G (3)
1
This eguation allows one to compute overall noise figure as a function of
predetection gain of the radiometer. The sensitivity of the radiometer

as a function of overall noise figure iz expressed by the equation:

2.22 T (NF_ -1)
AT . = (4)

me

Equations (3) and (4) along with the following system parameters
were used to generate Figure 25.

Fl = 10.1 dB at 20 GHz and 14.25 dB at 30 GH=z
T = 333°K

0

B = 45 MH=z

-
It

10 seconds

As seen in the figure, the point of diminishing returns for in-
creased gain occurs at about 60 dB net.



3. RF Front-end Temperature Control Requirements

The degree to which the RF front-end temperature must be controlled
is determined by the characteristics of the noise source and the components
used to couple the excess noise temperature into the receiver RF frond-end.
The noise scurce is used as a reference temperature in the radiometer
channel and is the component most susceptible to temperature changes. To
establish the necessary temperature control, the attenuation between the
noise source and the Dicke switch must be determined. The temperature
change contribution of this attenuator and the temperature change contri-
bution due to the temperature coefficient of the noise source must also be
determined. From the total of these contributions we can establish how
closely the temperature environment of the RF front-end must be maintained
to keep within the calibration accuracy required for the radiometer.

The attenuation factor (L) required will first be determined (refer
te Figure 26). The total attenuation between the ncise generator and the
modulator is the combination of the value of the attenmator (L) and the

coupling coefficient (a) of the directional coupler. If TNG = noise

generator temperature, T = envirommental chamber temperature of the RF
front-end, and L = attenuating ratio defined as 1, then the temperature (TA]
out of the attenuator is-:

- - o

L L

Ta

If g= the coupling coefficient of the directional coupler defined as
<l, then the temperature (TS] from the noise source coupled to the modulator is

T -1 -
a]: IL\IG + {1 L) TO] = TS

If TR = the temperature reference of the waveguide termination in the

oven, then that portion of the reference temperature that is coupled to the
modulator is TR (1 - o).

According to the calibration procedure the temperature coupled from
the noise generator must be made egual to the temperature coupled from the

temperature reference TR. Therefore the expressions for the two can be

equated and the value of L determined.

T
_ NG Lo
TR (1 -a) =o [ T + (1 T cJ



T, . = 164,000°K
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Breakdown of Calibration and Reference Temperature
Coupling Factors into the Radiometer.
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Selving for 1,
T - T
o ( NG o)

TR (1 - a) —uTO

L =

A value for o must be assumed to obtain a value for L. Assume a= 10 dB =
0.1 for a trial solution.

Substituting numeric values,

0.1 {164,000 - 328)

L =
340 (1 - 0.1) - 0.1 (328)
16,367

L = 573.2 = 59.8 or 17.75 dB

The combined attenuation required between the noise generator and the
modulateor is o + L therefore approximately 10 4B + 17.75 4B or 27.75 4BE.

A decision must now be made as to the best way to divide the attenuation
between the directional coupler and the attenuator. An examination of the
expression for the temperature from the noise generator coupled to the
modulator,

T 1
+ - = =
NG (1 L) To =T

a
L 5

reveals that the only contribution to ambient temperature is o (1 - %) ATO.

Further examination indicates that althoﬁgh it is desirable to use the
highest attenuation factors for both L and ¢, ohas more influence on the
required temperature stability.

Since approximately 28 dB of attenuation is required, a reasonable
division, considering component standardization, is 20 dB for the direc-
tional coupler leaving approximately 8 dB for the attenuator. With this
decision made, the actual value of the attenuator can be determined from
the equation:

L =a (TNG ' Tg)

TR (1l -a}) —aT

e}
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Substituting numeric values,

0.01 (164,000 - 328)

L =
340 (1 - 0.01) = 0.01 (328)
1,636.7 _

L = 33 35 = 4.9 or 6.9 dB

The temperature error due to the attenuator per degree change in T can
now be determined. ©

1
Temp error = o {1 - "L“} ATO
(due to atten)

= 0.01 (1 - 1) 1°K
4.9
n,
= 0.008 degree for 1 degree change in ambient
temperature in the RF front-end.

The foregoing discussion does not take into account the temperature
coefficient of the noise source itself which is specified as 0.0l d&B/°C.
Expressed as a numeric ratio this temperature coefficient is 1.00231 per
degree centigrade. Since the calibration temperature from the noise
source is to be 340°K, the change in calibration due to the temperature
coefficient of the noise source for 1 degree change is:

0.00231 x 340 = 0.785 degree.

This is obviously a much larger temperature error than the one due to the
ambient temperature change of the attenuator when coupled through a 20 4B
directional coupler.

To minimize this absolute radiometer calibration error, the RF front-
end is controlled to ¥3°C. Additionally, the noise generator is driven
from a constant current power supply which reduces the temperature co-
efficient of the noise generator by a facter of 5 to 10 as compared with
a constant voltage supply for which the above calculations were based.

D. SIGNAL PRCCESSOR AND FREQUENCY SYNTHESIZER

The function of this unit (Figure 27) is to process the IF signals
from the 20 and 30 GHz front-ends and toc provide the frequencies necessary
to translate the 20 and 30 GHz signals to the required intermediate
frequencies. The signal processor operates in two modes. In the multitone
mode there are 17 outputs proporticnal to the amplitude and phase of the
nine 20 GHz signals and 17 outputs proportional to the amplitude and phase
of the nine 30 GHz signals. In the communications mode, the 20 and 30 GHz
signals are translated to 70 MHz.
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1. Characterisgtics of the Signal from the RF Front-end

The expected front-end gain including the cable loss from the front-
end to the signal processor is about 22 dB. The bandpass of the front-end
will cause the gain to be down 20 dB at the band edges (i720 MHz). The
inputs to the signal processor are at the 1.8 GHz IF. Table VIII shows
the noise density and the clear sky signal levels at the input of the
signal processor for all operating modes. Propagation measurements will
be made at signal levels which vary from the clear sky, CW, high gain
antenna mode condition to approximately 40 4B below the multitone, low
gain antenna mode sighal level (-122 to ~-64 dBm).

According to the Hughes Aircraft ATS-F Millimeter Wave Experiment
Design Study Report, the incoming signal frequency stability will be
better than ¥2 parts per million per year. According to this report, the
master oscillator used in the szatellite will be a crystal oscillator
which utilizes a hi-Q, fifth overtone 5 MHz crystal. Measured data shows
points which are less than 6 dB from data points for a Pluke 645A synthe-
sizer and a GR-1115 freqguency standard (FPigure 28). Results of data
shown in Figure 19 are also plotted in this figure. The data in Figure
19 has been converted to 30 GHz and 1 Hz bandwidth.

Based on these data, it is reasonable to assume that the actual leng
term stability will alsc approach that achieved by the GR-1115 frequency
standard since it uses a similar crystal. Long term stability data for the
GR-1115 are:

less than 5 x lO_lO/day initially

|

less than 1 x lO-lO/day after six months operation.

¥

The Bliley catalog lists the aging characteristics of their 5 MHz fifth
overtone, ultra high stability glass enclosed crystal units as follows:

Type BG 61A=5: 2 x 10 /week

Type BG 61AH-5: 2 x 10_9/week
~-10

Type BG 61AH-55: 7 x 10 /week

These aging rates correspond to yearly aging rates which range from 3.7 x

8 -7
10 to 1.8 x 10 . Therefeore, it is reasonable to assume that the expected_
aging rate is at least an order of magnitude less than the specified 2 x 10
per year.

6

2. Functional Description

The simplified block diagram of the signal processor/freguency synthe-
sizer is shown in Figure 29. The outputs of both front-ends are fed to the
signal processor. The receiver input signals are translated to the first IF
frequency with a first LO which is derived from the reference oscillator.
The next translation is made with a voltage controlled oscillator/freguency
multiplier such that the translated carrier is phaselocked to the reference
oscillator.
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The synthesizer output frequencies are derived from the reference
oscillator. The outputs of the IF amplifiers are fed to the frequency
multiplexer which, in the multitone mode, separate the carrier and each
of the sidebands such that they fall into the desired channel. Each of
these signals are then amplified and converted to a narrowband 2.5 kHz IF
channel. The amplitude and relative phase data are cbtained from the out-
puts of the 2.5 kHz channels. The 20 GHz and 30 GHz communications signals
are transferred through the upper sideband channel and then converted to a
frequency of 70 MHz.

3. Signal Processor Requirements
4. Communications Mode

In the communications mode (Figure 30), the communication carrier
is 150 MHz above the multitone carrier frequency. The communications
signal is ampiified and translated to the 70 MHz communication channel in
the signal processor. To avoide distortion it is necessary to control the
group delay distortion in the RF bandpass filters. The major noise
contributors are receiver thermal noise, local oscillator noise, inter-
ference, and intermodulation noise. Intermodulation noise is caused by
nonlinearities in the system such as nonlinearities in the modem, non-
linear group delay and nonlinear amplitude. We are limiting the group
delay distortion to less than 0.25 ns/MHz and 0.15 ns/MHz. The amplitude
linearity will be contreolled to less than 0.5 dB variation across the 50
MHz bandpass.

The test tone to intermodulation ratio in the top channel of a
1200 channel system due to the linear and parabolic distortion components
is determined by:

By
{linear) TT = =20 log [d AP P F ] + 1¢ log — - p
ra— 2 m B
Dist c
2 2 Bb
(parabolic) TT = -20 log |4 d3 A F) p Fm + 10 log 3 P
Dist 3 c
where:
d2 = linear group delay distortion = 0.25 x 10_9 sec/MHz
AF = rms test tone deviaticon = 2 x 105 Hz
Fm = channel frequency = 5.564 x lO6 Hz

baseband bandwidth = 5.248 x lO6 Hz

UPJ
il
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channel bandwidth = 3.1 x 103 Hz

B =

c
P = loading factor = -15 4B + 10 log {1200 channels) = 16 dB
d3 = parabolic group delay distortion = 0.15 x 10--9 s/MHz

TT
The calculated Dist ratio are 58.5 dBmo linear and 58.5 dBmo parabolic.
This corresponds to an intermodulation noise of 1400 pW due to the linear
distortion and 1400 pW due to the parabolic distortion.

The amplitude and phase linearities in the signal processeor are
minimized by contreolling the bandpass characteristics of the frequency
multiplexers and by using 70 MHz amplifiers which were designed for the
L, S, and C band ATS-F and G ground transmitters, NASA/GSFC Contract No.
NAS5-21064 for the ATS-F and G transmitters. This should control the
intermodulation noise to less than 3000 pW unweighted per channel in a
1200 channel FDM gystem. Because cf the relatively wide front-end
bandwidth (400 MHz at the 3 dB points), the intermodulation contribution
from the front-end is insignificant.

The intermodulation neise will be completely swamped out by the
receiver thermal noise as shown in the following calculation. For a
carrier to noise ratio {C/N) of 8.0 dB in a 50 MHz band, the channel noise
in the highest channel of a 1200 channel FDM system is 6.3 microwatts,
which corresponds to a 25.6 dB test tone to noise ratio. The test tone to
nolse ratio was calculated from:

T _ 1 JRF bandwidth
N (dB) = C/N{aB) + 10 log 2 (channel bandwidth)
+ 20 log [Z22 deviation + emphasis improvement
d highest channel frequency P P
TT _ 1 {50 MHz 200 kHz
5~ (dB) = 8.0 + 10 log 3 (———-—-—-3_1 kHZ) + 20 log [———————5.56 MHZ]+ 4 dB
= 25.6 dBmo. '

b. Multitone Mode

In the multitone mode, the signal processor coherently translates
the IF signals from the front-end to 18 narrowband, 2.5 kHz IF channels.
This is done by deriving all of the translation frequencies from a single
reference oscillator and phase locking the two carriers in separate phase—
locked loops such that the signals in the carrier IF channels are coherent
with the reference oscillator. The second local oscillator frequency is
the voltage controlled element in the phase locked loops. The local oscil-
lator is derived by multiplying the ocutput of a voltage controlled crystal
oscillator. The short term stability of the first and second local
oscillators and of the incoming signal limits the minimum loop bandwidth



Of the phase locked loop. A sweep range of 600 kHz is specified, but
pPractical considerations, to be discussed later, have resulted in a
reduction in this range.

The amplitude information is obtained by detecting the output of
each of the 2.5 kHz IF amplifiers. The phase information is obtained by
using 2.5 kHz phase detectors. To obtain the required dynamic range, it
is necessary to switch in coaxial switches at the IF input.

4. Signal Processor Design

As mentioned in the Design Study Report, the signal processor approach
was to eliminate the sideband tracking loops and to manually update the
reference oscillator frequency. The GR-1115C reference oscillator -
frequency standard is used for the system.. This standard has a stability
of about 1 x 1072 per week. The satellite standard is approximately 4 x 10
per week based on the stated stability of 2 x 1076 per year. To stay within
the 0.5 dB bandwidth of the 2.5 kHz IF bandpass, the maximum error must be
less than 17 Hz. In the top sideband channel (72 x 10 MHz = 720 MHz) the
frequency error is (M ) 10 MHz - (72 x 4 x 10-8) 10 MHz = 28.8 Hz per week.
This means the standard oscillator will reguire adjustment at intexvals of
about 3 times every 2 weeks. As stated earlier it is likely that the_
satellite frequency standard stability will be on the order of 2 x 10 per
week. In that case the ground station reference oscillator would requlre
adjusting at intervals of only once every 7 weeks.

-8

For very narrow loop bandwidth operation, it is necessary that the
local oscillator frequency jitter be minimized. Figure 28 shows the
measured and predicted low frequency phase noise of the ground receiver
and satellite master oscillators. If we assume that a loop bandwidth of
20 Hz is used, we are primarily concerned that the phase noise from 2 to 20
Hz should have significantly less power than the carrier. From the plot we
see that the noise power varies inversely with frequency. Therefore the
noise in this band with respect to the noise at 2 Hz is

20
ar 20
P = sz F - Py In 55 = 2.3p,

Therefore, the total noise in this band is 3.6 dB above the noise at 2 Hz.
Thus, the signal to noise ratio in the loop should be 36 dB* when consider—
ing the influence of the satellite master oscillator alone. When consider-
ing how the local oscillator signal should be derived, it is advantageous
to compare the noise characteristies of a 5 MHz fifth overtone crystal,
such as that used in the spacecraft transmitter, with that of a 100 MHz

VHF crystal oscillater. Figure 31 is a plot of the expected phase noise
characteristic of these two types of oscillators. We can see in the region
of interest (between 2 and 20 Hz), the phase noise will be at least 30 dB
higher using a VHF crystal oscillator. This means that if a loop bandwidth
of 20 Hz is used, the VHF crystal oscillator loop signal to ncise ratio

* From Figure 28 (predicted noise @ 2 Hz),
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approaches 0 dB. The literature indicates that if a crystal oscillator is
made to be voltage controlled, the FM noise increases 6 to 10 dB. This
information indicates that there is considerable advantage in using the

5 MHz fifth overtone crystal multiplied to the desired freguency, as
opposed to multiplying a VHF crystal oscillator directly to the 30 GHz
range.

It is necessary that the second local oscillator frequency be swept
so that phase lock can be accomplished. The NASA specification requires a
frequency acquisition range of 2 x 1072, which is 600 kHz at a center
frequency of 30 GHz. A system capable of being swept over such a large
frequency range has the following disadvantages.

1l Increasing the sweep range over a wide range decreases the
Q of the oscillator circuit causing an increase in phase noise.

A wide sweep range causes the system to be more sensitive to
dc amplifier drift and power supply variations.

|ba

3 The circuit complexity is increased.

Information from the field indicates that the ATS—5 receivers have had to
use only a very small porticon of their sweep range. In addition, the
specified stability of the satellite oscillator is 32 x 107€ per year.

Therefore, in a years time, a frequency uncertainty of only 120 kHz is
expected.

After a 1 year period the drift rate will certainly be less than
2 x 1076 per year. Therefore, the electronic sweep range has been limited
to 50 kHz. Any frequency adjustment beyond this range is a manual mechani-
cal adjustment. As explained earlier this manual adjustment i1s required
to maintain the sidebands in the 50-Hz wide chamnels.

The amplitude data is obtained by using the existing amplitude
detectors. The phase information is obtained by using phase detectors
which operate at 2.5 kHz. This allows the use of 2.5 kHz limiters which
have a negligible phase shift as a function of signal amplitude.

The frequency synthesizer techniques are basically direct multiplica-
tion, divisicon, and mixing. These are the same methods that were used in
the ATS-5 program.

The front panel of the signal processor provides facilities for
monitoring and adjusting the ground recéiver frequency standard relative
to the satellite frequency standard. The phase locked loop parameters are
alsc adjusted and meonitored on this panel. Test jacks are provided for
monitoring the predetected signal in each channel. A wanual sweep start
switch is provided to override erroneous phase locking when the radiometer
is on.
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The signal processor consists of three equipments as shown in Figures
32, 33, and 34. The freguency synthesizer shown in Figure 35 is sufficient
to supply the complete signal processor.

5. Phase locked loop calculations

A simplified block diagram of the phase locked loop for either the 20
or 30 GHz receivers is shown in Figure 36. Table IX shows the signal levels
that exist at the input to the signal processor and how they are adjusted
to give the same maximum signal levels inte the receiver under the various
spacecraft transmitter modes. Signal-to-noise ratios at the input to the
limiter are also shown for each condition. As can be seen, the worst
condition shows a SNRi of 26.4 dB. The minimum loop signal to noise ratio
required to be reasonably assured of lock is 6 dB. Assuming a loop band-
width {Br ) of 10 Hz at threshold, the following equation gives the minimum
IF signal to noise ratio that can exist where the loop can still be expected
to acguire:

SNR_. = (SNR.) (B.)
L 1 1
2 (BL
SNRi = SNRL (2)( BL) = (4} {(2) {10) = .08
Bi 1000
- 11 4B

where Bl = 1 KHz (10 MHz Crystal Bandpass filter pass band)
SNRL =& 4B {=4)

B. = 10 Hz
L

Therefore, the dynamic range under the worst receiver conditions is 26.4
+11 = 37.4 dB such that the receiver can acquire a minimum signal of:
~102 dBm - [+37.4] dB = -139.4 dBm.
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