


May 2005 Publication Notes

NASA SP-87 was a view of the Apollo world-wide tracking net-
work as of July of 1965. While there were changes to the network
after this publication was written, it is an amazingly complete de-
scription of the Apollo era Manned Space Flight Network that was
so successful in providing critical communications between the
Apollo spacecraft and the Mission Control Center in Houston,
Texas.

This PDF version of NASA SP-87 was produced by Bill Wood
using Adobe Photoshop CS and Acrobat 7 Pro. The source for the
text page images was the archived PDF version of NASA SP-87
while the cover and all printed halftone images were scanned and
converted to grayscale images by Neil Sandford using his original,
serial number 0030, SP-87 edition. The grayscale images were in-
serted into the page images before producing the final PDF ver-
sion.

Bill Wood was a Unified S-Band Lead Engineer at the Goldstone
Apollo MSFEN station during the lunar missions. Neil Sandford
was the RF Supervisor at the Honeysuckle Creek MSFN station
near Canberra, Australia. Both are now retired in Barstow, Cali-
fornia and Port Macquarie, NSW, Australia.


http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19650025875_1965025875.pdf
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19650025875_1965025875.pdf

NASA SP-87

Proceedings of the

APOLLO UNIFIED S-BAND
TECHNICAL CONFERENCE

Held at Goddard Space Flight Center,
july 14-15, 1965

Prepared by Goddard Space Flight Center

Scientific and Technical Information Division 1965

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C.




PROGRAM COMMITTEE

Chairman K. E, Peltzer
Vice Chairman G, E. Abid
Program Coordinator R. Burns
Secretary J. R, Soares
Public Affairs A. Shehab

For sale by the Clearinghouse for Federal Scientific and Technical Informacion (CFSTI),
Springfield, Virginia, 22151 - Price $3.00

ii



FOREWORD

The history of the Manned Space Flight Network reveals that each
successive mission is considered more complex than the previous one. As a
result, the tracking and communication problems become more complicated,
requiring more sophisticated equipment.

The Apollo missions differ considerably from past manned missions in
that there is a requirement, for the first time, to send astronauts to the moon
and return them safely to earth. For this reason, the position of the space-
craft must be Jmown at all times and continuous communications must be
maintained between the earth and the spacecraft during most of the mission
phases. This requirement has dictated incorporating the Unified S-Band
System into the Manned Space Flight Network. This system will provide the
primary tracking and communications data between earth and the spacecraft
in the later Apollo missions.

The proceedings contained herein are the conference records of papers
presented at the Technical Conference on the Apollo Unified S-Band System,
which was held at the Goddard Space Flight Center on July 14 and 15, 1965.
This conference brought together about 500 participants from the various NASA
centers and Apollo contractors. These proceedings will constitute a first
handbook pertaining to the Apollo Manned Space Flight Network.

Each person concerned with the Apollo Manned Space Flight Network,
either from an engineering or operational viewpoint, will find that this docu-
ment contains a reasonably comprehensive description of the primary equipment
used at the Apollo ground stations.

Kenneth E. Peltzer
Manned Flight Support Office (T&DS)
Goddard Space Flight Center
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INTRODUCTION

Mr. Eugene W. Wasielewski, the Associate
Director of the Goddard Space Flight Center,
opened the Technical Conference on the Unified
S-Band System by extending a welcome to
Goddard employees, contractors, members of
DOD, and three other NASA centers namely:
Manned Space Flight Center, Marshall Space
Flight Center, and the Jet Propulsion Laboratory.
He gave a brief description of Goddard's missions
and the role it is playing in the Apollo Unified S-
Band System.






FUNCTIONAL DESCRIPTION OF
UNIFIED S-BAND SYSTEM AND INTEGRATION
INTO THE MANNED SPACE FLIGHT NETWORK

by
W. P. Varson
Goddard Space Flight Center

ABSTRACT

The lunar phases of the Apollo missions require techniques and equipment
exceeding the capability of those previously used in the Manned Space Flight
Network. This improvcment in network capability is necessary to provide re-
liable tracking and communications of the Apollo spacecraft at lunar distances.,
To fulfill this requirement. the unified S-band (USB) system has bcen introduced
into the network. The USB system used with 85~foot antennas will provide the
only means of tracking and communications at lunar distances. The USB system
with 30-footantennas will be used to §ill the gaps in the eoverage provided by the
three 85-foot antennas. The USB system with the 30-foot antennas will also be
used to provide data during the earth-orbital and post-injection phases of the
missions.

In order to insure reliability, the USB system utilizes existing, proven
techniques and hardware. These items of equipment developed and used by the
Jet Propuision Laboratory and the Scientific Satellite Nctwork have been adapted
to the USB system, The more significant of this equipment is the range and
range rate cquipment supplied by the Jet Propulsion Laboratory to the program
and the antenna systems which are nearlyidentical to those used in the Scieniific
Satellite program,

INTRODUCTION

The Apollo program is significantly more complex than either the Mercury or Gemini
programs and has consequently presented a corresponding increase in the complexity of the
support required from the Manned Space Flight Network (MSFN). This has affected the quantity
of data that must be handled, the geographic areas that must be covered, and the technical
capability of equipment. For the first time, the network is required for provide reliable track-
ing and communications to lunar distance. This has required the incorporation of the unified
S-band {U5B} system into the network. The existing network instrumentation is capable of sup-
porting the earth-orbital phases of the mission and, in fact, will be the sole support for the
initial Apollo flights. Since the USB system will be the only means of tracking and commuai-
cating with the spacecratt during the lunar phases of the mission, it is mandatory that it be
installed, checked out, and proven operational during the early Apollo missions.
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FUNCTIONAL OESCRIPTION OF USB SYSTEM

The USB system utilizes a single carrier frequency in each direction to provide tracking
as well as communications with the spacecraft. This is depicted in Figure 1, where all of the
functions are accomplished with a single
system. The interface with the network
equipment is the same whether the data
comes from the USB system or the Gemini
equipment.

Perhaps the first thing that should be
discussed is why the unified systems approach
was adopted rather than extending the range
of the existing network equipment. It was
adopted primarily because it was considered
to offer a superior technical solution with a
minimum of new development. To expand
the range of the existing type of network
equipment would have required development
of high-powered radar beacons, the use of
coherent radar techniques and a major ex-
pansion of the range capability of the VHF and UHF equipment. Systems capable of operating
to lunar distance which employ the unified systems techniques were already in operation. In
addition to requiring considerably less development and expense, the unified systems approach
also reduced the equipment required aboard the spacecraft.

Figure 1—Apollo network evolution.

One of the major decisions was the selection of the basic techniques to be used in the
unified systems approach. It is desirable to use the best equipment available in support of the
Manned Space Flight Missions; however, it is also desirable to use proven techniques and
equipment to minimize development and to afford the highest probability of success. There
have been several approaches to the unified systems concept, but perhaps the most thoroughly
developed is that used by the Jet Propulsion Laboratory. This system has been employed suc-
cessfully in support of lunar and planetary programs and, with minor modifications, was ap-
plicable to the Apollo tracking and communications requirements. Therefore, it was a logical
choice for the USB system.

The design of the USB system is based on a coherent doppler and the pseudo-random range
system which has been developed by JPL. The S-band system utilizes the same techniques as
the existing systems, with the major changes being the inclusion of the voice and data channels.

A single carrier frequency is utilized in each direction for the transmission of all tracking
and communications data between the spacecraft and ground. The voice and up-date data are
modulated onto subcarriers and then combined with the ranging data (Figure 2). This composite
information is used to phase-modulate the transmitted carrier frequency. The received and trans-
mitted carrier frequencies are coherently related. This allows measurements of the carrier dop-
pler frequency by the ground station for determination of the radial velocity of the spacecraft.
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Figure 2=—USB modulation technique.

In the transpender the subcarriers are exiracted from the RF carrier and detected
to produce the voice and command information. The binary ranging signals, modulated
directly onto the carrier, are detected by the wide-band phase detector and translated to
a video signal.

The voice and telemetry data to be transmitted from the spacecraft are modulated
onto subcarriers, combined with the video ranging signals, and used to phase-modulate
the down-link carrier frequency. The transponder transmitter can also be frequency-
modulated for the transmission of television information or recorded data instead of rang-
ing signals.

The basic USB system has the ahility te provide tracking aind communications data for two
spacecraft simultaneously, provided they are within the beamwidth of the single antenna. The
primary mode of tracking and communications is through the use of the PM mode of operation.
Two sets of frequencies separated by approximately § megacycles are used {or this purpose
(Figure 3). In addition to the primary mode of communications, the USB system has the capa-
bility of receiving data on two other frequencies. These are used primarily for the transmission
of FM data from the spacecraft.
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Figure 3—USB system frequency spectrum.

INTEGRATION OF USB SYSTEM INTO MSFN

Since JPL had developed some of the equipment to be used in the unified systems, it was
decided to have them continue to provide these elements of the system. This includes the
receiver, the transmitter/exciter, the ranging system, and test transponders. This equipment
will be supplied to the USB system contractor for integration into the system.

A typical USB site is shown in Figure 4, which identified the equipment to be supplied by
the contractor, equipment supplied by JPL, and the network equipment. The majority of equip-
ment shown in Figure 4 is the network equipment, which points out the significance of the sys-
tem engineering and interface job facing the USB system contractor. The network equipment
for the most part is the same equipment which is utilized for the Gemini program. The USB
system has been designed so that the data inputs and outputs into the network equipment are
identical to those of the Gemini equipment. This approach was selected to allow the USB sys-
tem to be integrated into the MSFN without disrupting the normal network operations or re-
quiring equipment changes or modifications.

The tracking and communications with the spacecraft during the lunar missions will be
provided by three primary deep-space facilities, employing 85-foot antennas, spaced at ap-
proximately equal intervals of longitude around the earth to provide the continuous coverage of
the lunar missions (Figure 5). Three of the deep space instrumentation facilities (DSIF) lo-
cated at approximately the same locations will be equipped to serve as backup to the primary
stations. Each of these facilities, both the primary and backup stations, will be equipped to
track and provide communications with both the Lunar Excursion Module (LEM) and the Com-
mand Module simultaneously.
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Figure 4—Typical USB site.

In addition to the stations with the 85~
foot antennas, a number of other stations
employing 30-foot antennas are also required
in the network. These systems are needed
for launch coverage in-flight checkout of the
spacecraft, to fill gaps in the coverage of the
three lunar stations, and to provide instru-
mentation coverage fortesting the spacecraft
in earth orbit.

Four land stations (Cape Kennedy, Grand
Bahama, Antigua, and Bermuda) and one in-
strumentation ship are required to provide
continuous USB coverage fromlaunch through
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Figure 5—85-foot ontenno stotions for Apollo.

insertion. Seven land stations (Canary Islands. Guavmas. Texas. Ascension Tsland Carnarvon,
Guam, and Hawaii) and two additional instrumentaticn ships are required to complete the USB

system coverage requirements. In addition to these stations (Figure 6) the Apollo networks will
also include two reentry ships and eight instrumented aircraft.
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The 30-foot antenna system was selected as a result of a study of the gain and tracking
accuracy requirements and comparative costs of several systems. The 30-foot systems must
provide data in earth orbit as well as during the realignment of the spacecraft during the lunar
phases of the missions. During the lunar missions, these systems should be capable of track-
ing the spacecraft to a range of approximately 15,000 nautical miles, using the spacecraft omni-
directional antenna. This represents the most stringent requirement and ¢omes about because
it is desirable to complete the spacecraft transposition prior to deployment of the directional
antennas. These systems will also be capable of providing tracking data at lunar distance.

The 30-foot antenna has a beamwidth of approximately one degree at 2300 megacycles.
This requires that acquisition information be provided in order that the system can acquire
the target. This information could be provided by a separate acquisition system operating at
a lower frequency. However, the USB system may be used when 2300 megacycles is the only
signal radiated from the spacecraft. This requires that the USB system contain its own ac-
quisition aids.

The acquisition information is normally provided by the antenna programmer, which drives
the antenna system so that the target stays within its one-degree beamwidth. The second ac-
quisition device is the 3-foot antenna and its associated receiver which provide a 10-degree
beamwidth for initial target acquisition. The acquisition antenna is mounted on the large antenna
to simplify the overall system.
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The USB system includes a number of self-checking features to assist in the checkout and
maintenance of the system and to increase its overall operating reliability. The verification
receiver monitors the transmitted data to the spacecraft to ensure the proper performance of
the up-data transmission link. The system also contains built-in test equipment which will
allow test data to be inserted into the data demodulator. The JPL equipment allows the signal
from the transmitter/exciter to be injecteddirectly into the receiver to provide an internal
check of the RF system. In addition to these internal checks, the system also uses the trans-
ponder on a boresight tower for checkout of the RF system, the angle system, and the ranging
system.

There are several variations to the basic USB system: the single and dual 30-foot systems,
the primary and backup 85-foot antenna systems, and the single and dual instrumentation ships.
The Collins Radio Company has the complete responsibility for the 30-foot antenna systems
(Figure 7). They are provided with the JPL-supplied and other equipment to be integrated with
Collins-supplied equipment to provide a complete system. Collins is required to erect, install,
and checkout the systems on site. The facilities will be made available to the contractor and
the network equipment will already be available on site. This equipment will be installed by
others; however, Collins is responsible for the proper interface with this equipment.

For the primary 85-foot systems (Figure 8), Collins will be supplied Government-furnished
equipment which he will integrate with the equipment he furnishes prior to shipment to the site.
The 85-foot antenna structure is being provided under a separate contract. The contractor is
responsible for integrating the USB on site.

At the JPL facilities (Figure 9), the contractor will supply components as indicated. These
will be added to the other equipment at the facility to allow it to be used in support of the Apolio
missions. These units will be checked out prior to shipment and installation of the equipment
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Figure 8—USB system 85-foot antenna facility primary stotions.

and its integration into the system. A microwave link will be used to remote the data from the
JPL site to the MSFN site, where both sites will have a common set of network equipment.

The contractor will be required to supply instrumentation for five ships. Three of these
are the insertion and injection ships which will utilize the 30-foot antenna. The contractor
will supply the equipment indicated in Figure 10. Reeves Instrument Company will supply the
antenna system and be responsible for the overall integration of the system.

The contractor will also supply test and training units as a part of the systems contract.
These consist of essential elements of the system and will be used for checkout of the space-
craft and as aids in the test and training program. These units are shown in Figure 11.

GSFC awarded the USB system contract to the Collins Radio Company on July 14, 1964.
Blaw-Knox is building the 30-foot antenna structures under a subcontract to Collins. The
antenna structure was shipped to Guam on June 7, 1965 and to Carnarvon on June 18, 1965. The
first USB (for Guam) has been delivered and the remainder of the 30-foot systems will be
delivered at a rate of one per month. The 85-foot antenna structures were built by Blaw-Knox
under separate contract.

The USB system will be installed in the network during the next year. They will be checked
out on the SA-202 through SA-206 and on SA-501 and SA-502 missions and will be used to pro-
vide primary mission support data beginning with SA-207 and SA-503.
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TRACKING STUDIES FOR PROJECT APOLLO

by
W. D. Kahn
Goddard Space Flight Center

ABSTRACT

A tracking error analysis study is presented in which the earth orbital,
translunar, lunar, and transearth phases of the Apollo Mission are considered.
Principal error sources, such as measurement random errors, measurement
bias errors, and errors in tracking station location, are analyzed to determine
how well a tracking network such as the Manned Space Flight Network (MSFN)
can determine the orbit of the spacecraft.

Results of an error analysis study considering tracking of the spacecraft
during all the different phases of the Apollo Mission are described. Specifically,
tracking during the earth orbital, translunar, lunar, and transearth phases are
simulated in this study.

INTROOUCTION

Tracking radars of the Manned Space Flight Network (MSFN) will be used to determine the
trajectory of the Apollo spacecraft during the earth orbital, translunar, lunar, and transearth
phases of the Apollo Mission. Because of the effects of errors in the measurements as well as
errors in the equations of motion, it is possible to obtain only an estimate of the spacecraft's
true trajectory. How good the estimate will be is dependent on the volume and quality of the
tracking data, as well as the adequacy of the mathematical model used in the data reduction
process. Error analysis studies, incorporating the effects of the principal error sources,
simulate the data acquisition and data reduction processes. Such studies, subject to the initial
assumptions, provide information on the capability of the MSFN tracking radars to determine
the trajectory of the Apollo spacecraft.

THE EARTH ORBITAL PHASE

The Apollo spacecraft is inserted into a 100 nautical miles (185 km) earth parking orbit.
Tracking of the spacecraft is assumed in this study to commence immediately after insertion,
The trajectory profile from insertion through translunar injection is given in Figure 1. Track-
ing coverage duriag the {irsi orbit by stations of the MSFN is given in Figure 2.

Propagation of the rms errors in the state vector (a vector composed of the components of
the position and velocity vectors) resulting fromn randdin errurs in the measurements, bias
errors in the measurements, and errors in tracking station location is analyzed during the first
parking orbit of the Apollo spacecraft (Figures 3 and 4).
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During periods when observational data
errors during first Apollo porking orbit.

are obtained, the rms errors in the state
vector slowly decrease until such tini¢ as no
tracking data are availabie. As the rms errors in the state vector are propagated through a
region where there is no tracking coverage, their magnitudes increase or decrease, depending
on where along the orbit they are evaluated. In the study presented, the rms errors in the staie
vector 2r¢ incieased wnen propagated without tracking data. As soon as tracking data are added

to the projected rms errors in the state vector, these errors decrease very rapidly.

Despite the assumption of no initial knowledge about the state (position and velocity), as
well as the inclusion of the principal error sources in the tracking data, it is shown in
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Figures 3 and 4 that the rms errors in position and velocity will be +40 meters and %4 centi-
meters per second at the end of the first parking orbit. Therefore, it is safe to conclude that
the spacecraft's orbit can be determined very accurately from tracking data.

THE TRANSLUNAR PHASE

The spacecraft is injected into a lunar transfer orbit between the second and third earth
parking orbits. In Figure 1, a profile of the transfer trajectory is given from injection up to
several hours beyond injection.

Figures 5 and 6 show the propagation of rms errors in the state vector up to three hours
after injection. A comparative analysis is made of the effects of random measurement errors,
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measurement bias errors, and errors in
tracking station location, when these errors
areconsidered alone and in combination. The
results of the analysis indicate that measure-
ment bias errors produce the most significant
effect on the rms errors in the state vector.
Because of the continuously increasing dis-
tance between the spacecraft and the earth,
the contribution of the errors in the station
location on the rms errors in the state vec-

tor is not too significant.

For this error analysis study, it was
assumed that the spacecraft is tracked by the
85-foot unified S-band (USB) antennas at
Madrid, and by two 30-foot USB antennas at
Bermuda and Ascension. The 85-foot dish
tracks the spacecraft in the two-way doppler
mode, and the two 30-foot dishes track in the
three-way doppler mode (passive doppler).

Because the tracker-spacecraft geometry
weakens as the spacecraft recedes from the
earth, an increase in the rms position error
of the spacecraft results. However, the
spacecraft's velocity relative to the earth
decreases as the spacecraft's distance from
the earth increases. Therefore, the rms er-
ror in spacecraft velocity also decreases.
This is due to the relative decrease in the
trajectory's sensitivity to velocity.

THE LUNAR PHASE

The Command and Service Module/Lunar
Excursion Module (CSM/LEM) is inserted
into an (80 £ 5) nautical mile parking orbit
around the moon, with orbital insertion oc-
curring on the backsijde of the moon. For
purposes of this study, 22 minutes are re-
quired before the spacecraft becomes visible
to the tracking stations ¢n carth. Al this time
the 85-foot USB antennas at Canberra, and two
30-foot USB antennas at Carnarvon and
Hawaii, will track the spacecraft. The 85-
foot dish will track in the two-way doppler

2000 —

1500 ~—

Spacecraft
Oceulted by Moon

g
l

POSITION ERRCR, n pos {meters )

HORIZON
500 — €« 25° '
SAMPLING RATE A
1 meos/min Cs lEM
i | | | Separation
% 1 2 3 4
TIME FROM INSERTSON (hours )
ORBITAL PARAMETERS
Equator of date coordinates - Moon centered
T = Sept. 20, 1969 5h10™121 176
Xi=  306.76409 km Xy= 1.58751011 kin/sec
X2=+1702.68611 km X, =-0.2490348755 km/sec
Xq=+ 770.17552 km X3=- 0.081751624 km/sec
TRACKER LOCATIONS
Tracker Name Letitude Longitude Mt (m)
Canberro -35°18'41:50 149° 08' 09'.'00 50
Camarvon -24°53'50. 48 113°42'5784 64
Hawaii 22° 09" 30.'96 ~159°40°'03:’43 n42
|
2.0
m
K
L
=== KSi—
E |
5 |
o
o]
4 1.0
"] e '
> I Spacecroft CSWLE_M
S Occulted by Moon Separation
> o.sp- i
- [}
!
| ] |
00 1 2 2 4

TIME FROM INSERTION (hcur:)
TRACKER LOCATION UNCERTAINTEES

Nome Lat. Long. Mt (m)

Canberto £1.9" £2.2" +66.0

Cernarven 1,9 +2 2" L8

rawaii £1.4%  41.6"  %43.0

TRACKER UNCERTAINTIES INJECTION ERRORS

Canberra 5r=t3cm/s 85X, =8X,=8X; = 4km
Cacenarvon . X, =8K,=6K3 =2 11n/s
Howali } Sr=técm/s

Figure 7—Propagation of spacecraft position and
velocity errors during CSM lunar porking orbits.



18 W. D. KAHN

mode, and the two 30-foot dishes will track in the three-way doppler mode. To insure good

tracker-spacecraft geometry, the tracking station configuration on earth was selected for

maximum north-south separation.

Approximately 3.8 hours after insertion, CSM/LEM separation occurs. In order to provide
a priori knowledge of the state to the LEM before the LEM descent maneuvers, very good
knowledge of the state must be determined by tracking the CSM/LEM from the earth. Figure

7 shows the rims errors in spacecraft position and velocity to be 2500 meters and %24 centi-

meters per second at the time of CSM/LEM separation.

Because the effects of measurement-

bias errors are not included in this study, the results in Figure 7 are on the optimistic side.

The elapsed time from the initiation of the LEM descent maneuvers up to CSM/LEM dock-
ing maneuvers is approximately 36 hours. After this time period, the astronauts will have
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Figure 8—Errors in spacecrafs position and
velocity far Apollo return trajectary {ficst 20 hours).

abandoned the LEM to re-enter the CSM.
Upon re-entering the CSM, the LEM is jet-
tisoned. Shortly thereafter, the CSM is in-
jected into its earth transfer trajectory.

TRANSEARTH PHASE

Twenty hours after transearth injection,
the first midcourse correction is made. Two
other midcourse corrections are made at
65 hours and at 88 hours after transearth
injection. The last midcourse correction is
made one hour before re-entry.

Error analysis studies during this phase
of the Apollo Mission are made from trans-
earth injection up to the first midcourse cor-
rection (Figure 8), after the first midcourse
correction up to the second midcourse cor-
rection (Figure 9), and eight hours before
re-entry up to re-entry (Figure 10). The last
error analysis includes the time at which
the third midcourse correction is made. For
all these tracking-error analysis studies, the
best tracking complex-spacecraft geometry
configuration was chosen.

Attention is called to the increase in the
rms velocity error as the spacecraft approaches
the re-entry altitude of 122 kilometers (Fig-
ure 10). This increase in the rms error in
spacecraft velocity is due to the return tra-
jectory's increased sensitivity to velocity as
it approaches the earth. A corresponding de-
crease in the rms error in spacecraft position
results.
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CONCLUSION

The error analysis studies contained in
this paper demonstrate that the bias errors

in the measurements and in tracking
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for Apollo return trajectory during final eight hours

prior to re-entry.

station iocation most significantly influence the errors in

the state vector. These error sources, unlike the random errors in the measurement, do not
decrease as the amount of observational data is increased.
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USB ANTENNA STRUCTURES

by
L. E. Hightower
Goddard Space Flight Center

ABSTRACT

This paper describes the main features of the unified S-band antennas, their
design considerations, characteristics, parameters, finctions, and modes of
operation. Description covers both land-based and shipboard antenas, speci-
fications, and maintenance problems. Both Rosman and Apollo antennas are
treated.

INTRODUCTION

This discussion will treat the main features of the unified S-band antennas and will give
some of the reasons behind these features. The presently planned Apollo ground system net-
work will employ ten 30-foot and three 85-foot diameter steerable antennas. These antennas
use what is known as X-Y mounts. The network also uses ships instrumented with azimuth-
elevation antennas.

TYPES OF ANTENNA MOUNTS

(-

Most steerable antennas have two
mutually perpendicular rotational axes as

shown in Figure 1. The main difference be- \\\

tween antenna mounts is the orientation of the \“x

lower of these two axes. There are three 4L— 2, £, e —
main types of antenna mounts. AZ-EL POLAR x-Y

Figure 1—Antenna mounts.

Azimuth-Elevation Mount

In the azimuth-elevation mount, the lower axis is vertical. This axis arrangement permits
compactness of design and rigidity and it is the logical choice when tracking through zenith is
not a requirement. It is by far the most popular mount. The problem is thatextremely fast
azimuth rates are required to track through zenith with the azimuth-elevation mount.

Polar {Hour Angle - Declinaticn; Mount

In the polar mount the lower axis is parallel to the earth's rotational axis. This arrange
ment facilitates ease of tracking of celestial okjects. 1i is used for radio telescopes and for
antennas in tiie NASA deep space effort.

21
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X-Y Mount

Both axes of the X-Y mount are horizontal at zenith. The mount was designed especially
for tracking eartk.satellites. Its main advantage is that it can track through zenith. All three
types of mounts have gimbal lock positions at the ends of the lower axis. For the X-Y mount,
these positions are half cones (10°wide) just above the horizon (areas which are not greatly
significant).

LAND-BASED ANTENNAS

It has been established that all the Apollo land-based antennas must be capable of main-
taining contact with the spacecraft through zenith {orbital transfer could occur at zenith) and
essentially complete sky coverage is required. These requirements dictated selection of the
X-Y mount for both the 30-foot and the 85-foot land-based antennas.

30-Foot Antenna

The first of the 30-foot S-band antennas has been erected at Collins Radio Company's
Dallas, Texas facility. The following features can be seen in Figure 2 (starting at top):

1. Three-foot diameter acquisition antenna at apex of quadripod {note radome cover).
2. Secondary reflector for Cassegrain feed system located just below acquisition antenna.
3. Y axis (upper).

4. Y-wheel house (so-called cement mixer) which houses boresight package and equipment
such as parametric amplifiers that should be near the feeds. This room is air conditioned
by circulating a chilled glycol solution.

5. X axis and X-wheel assembly which houses Y-axis drive assembly and provides access
way for personnel to Y-wheel house.

6. Lower platform which provides mounting for X-drive units.
7. Room beneath antenna which houses power amplifier units and motor starters for drives.
Figure 3 shows the following:

1. The main reflector, which is made up of 36 solid surface panels. These panels are in-

dividually adjustable. Paint on the surface panels scatters solar radiation to prevent over-
heating feeds.

2. The feed cone mounted at center of dish.

3. Lights on rim of dishto warn when antenna may be transmitting. Ap audio warning is
also used.

Figure 4 shows the axis movements. Figure 5 shows the optical boresight package mounted
in the Y-wheel house. The pachage looks through a window (optical flat). (Note foam insulation
on inside walls of wheel house.)

85-Foot Antenna

Much of the structure for the three 85-foot Apollo antennas has been fabricated by the Blaw-
Knox Company, and an antenna bought under the same contract as the Apollo antennas has been
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Figure 2—Thirty-foot antenno,side view of reflector. Figure 3—~Thirty-foot ontenna, front view of reflector.

erected at Rosman, North Carolina. Figure 6 shows the two 85-foot antennas at the Rosman
Data Acquisition Facility. The antennas are used for tracking earth satellites. The antenna in
the foreground has been in essentially continuous operation for some time and a free period
longer than 30 minutes is unusual. GSFC personnel have learned a lot about the maintenance of
large antennas from this and other big dish facilities. The antenna in the background is shown
in Figure 7. The Rosman antenna in Figure 7 is the same as the Apollo antennas except for
some slight changes (mainly different quadripod support for acquisition antenna and secondary
reflector) which were made to meet special S-band requirements. The main features of this
antenna are enlarged versions of those we have seen on the 30-foot antenna. Some features
worthy of note are:

1. Axis wheel structures. In this antenna these become large space frames.

2. Y-wheel house. This becomes a building mounted in the structure. In this case it
houses the power amplifier units.

3. Optical boresight room (just left of the ladder suspended from dish structure).

Figure 8 gives a better view of the X-wheel structure. Note large counterweight box which
is filled with lead. Note also bridging beneath lower platform to hold drive pinion teeth in full
contact with the bull gear.

Figure 9 shows the Rosman 85- foot antenna reflector. This is the same as the S-band an-
tennas except for the quadrinod feed anpnort. The feed cone ig net atlached, aind Oue cau see ine
three-foot diameter opening through the center of the dish structure. This provides a conduit
for connecting feed components with the parametric amplifiers and transmitter power ampli-
fiers in the room mounted in the Y-wheel structure. The ring to which the feed cone will be
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Figure 4--Thirty-foot antenna, axis movements.

attached is also shown. Four reflector panels have been removed to uncover the alignment
datum points. These points define the reference plane from which all reflector panel adjust-
ments are made. The opening in the surface for the optical boresight equipment is also shown.

SHIPBOARD ANTENNAS

Although the X-Y antenna can track through zenith, it has some drawbacks. When it is de-
signed for essentially complete sky coverage, the rotational axes are separated by a consider-
able distance. As a result, both axes must be counterweighted. This means that the design
lacks compactness and the lower axis has a high moment of inertia. For shipboard application
these disadvantages were judged to overshadow the advantage of being able to track through
zenith (considering the fact that the ship location could possibly be changed to avoid an over-
head pass). Therefore, azimuth-elevation mounts are used for the Apollo ships' antennas.
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Figure 5—=Thirty-faat antenna, aptical
boresight package-

SPECIFICATIONS

The use of higher RF {requencies is the
obvious trend in spacecraft communications.
This, plus the fact that updating a completed
antenna is generally impractical, was the rea-
son why most main features of the Apollo an-

tennas were specified at the highest practical _

level considering the present state of the art.
Many major parts of the antenna are specified
to greater accuracy than necessary for opera-
tion at S-band. Some examples are:

1. Reflector surface accuracy is held to
0.030 and 0.040 rms for the 30-foot and 85-
{fool anténnas, respectively. This should permit
satisfactory operation in the 10,000 megacycle
region.

2. Alignment ot rotational axes is heird io
five seconds of arc. This is as close as is
feasible with existing field alignment equipment.

3. Pointing accuracy is specified to be
within 40 seconds of arc.

Figure 7—Etighty-five~foot antenna, similar to
Apollo antenno.
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MAINTENANCE

Experience at GSFC has shown that
steerable antennas, particulary 85-foot di-
ameter antennas, require considerable main-
tenance. Maintenance of drive systems and
gears is expected, but one of our most
troublesome problems has been the loosen-
ing of bolted joints.

The problem is partly peculiar to X-Y
antennas. As the X-Y antenna tracks from
horizon to horizom, the gravity loading on
practically every joint in the structure is
completely reversed. For an azimuth-
elevation antenna, only that part of the
structure below the azimuth axis experi-
ences reversal of stresses from gravity
loading. Simple calculations show that
gravity loadings are, for most joints, higher
than drive and brake loadings.

A -unﬁ L RS

AR e

Figure 9—Eighty-five-foot antenna reflector,
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Why does a bolted joint designed for a relatively high factor of safety loosen under normal
antenna usage? First, most load values given for strengths of bolted joints will allow a very
small amount of slippage, so that the margin of safety for a joint subjected to reversal of load-
ing may not be as high as calculated. Second, the actual loading of a particular joint can be
higher than calculated because of slight inaccuracies in lengths of members. U a joint slips
ever so slightly as the antenna is exercised, the bolt threads will unscrew because mechanical
rectification is inherent in a bolted joint which is slipped. Even if the threads are locked, the
joint will still loosen at a slower rate because of wear. This loosening of joints can progress
throughout the structure.

A related problem is that bolts torqued to known values and then subjected to very light
loads have shown an appreciable relaxation of torque. There are at least three possible
causes:

1. Cold flow of paint films.

2. Some extrusion of washers into bolt holes.

3. Some yielding of "pinnacles" of irregular mating surfaces.

Because of GSFC's experience with loosening of structural joints,a program of periodic bolt

checking and torqueing is being included in the preventive maintenance program. It is expected
that a similar program will be necessary for antennas in the Apollo network.
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USB SERVO SYSTEM

by
N. Raumann
Goddard Space Flight Center

ABSTRACT

A unified S-band (USB) servo contro! and drive subsystem has been designed
and is being presently developed. The intent of this discussion {s to present an
overall view of the subsystem and its anticipated capabilities. The text includes,
as an introduction, a general description of the servo control and drive sub-
system, the system's principal modes of operationand its required sky coverage.
More specific discussion on the dynamic behavior of the system follows the
introductory portion. Finally, some preliminary results are given and the pres-
ent status of the subsystem is discussed.

INTROOUCTION

The servo and drive system is the portion of the overall antenna system that permits the
accurate positioning of the gimbal axes in response to various input signals. First, the land-
based antennas will be discussed and then a few comments on shipboard systems will be made.
An X-Y mount is used for this application because zenith coverage is accomplished which is
not possible with a more conventional Az-El mount. Even though a two-axis mount could have
been designed mechanically to cover the whole hemisphere, a cone exists in which tracking is
impossible due to excessive drive rate requirements. This cone of silence, or keyhole, is
always centered around the major axis of the antenna and its size is proportional to maximum
rates that the drive system can deliver. For the X-Y mount, the keyhole appears along its
major axis, the X axis, which is parallel to the surface of the earth and has a north-south
orientation for 30-foot systems; thus, only targets on the horizon appearing in a northern or
southern direction are affected by keyhole considerations. The Az-El mount, which has its
keyhole at zenith, usually requires a larger keyhole for a given maximum drive rate because
satellite dynamics, as seen from the antenna, approach maximum values at zenith and minimum
values at the horizon.

The antenna gimbal axes are positioned by means of a hydraulic drive system. A hydraulic
system has been chosen rather than an electrical one because of inherent advantagec.us citar-
acteristics, such as high torque to inertia ratio. large dQyiiamic range, lack of radio interference,
and lack of predominart {isne constants within the servo bandwidth. Nevertheless, in selecting
a hydraulic drive, certain possible problem areas have to be considered, and these are miaiuiy
concerned with hydraulic leaks and contamination of the fluid. (areful design and preventative
maintenance will, however, iuinimize these problems. The rating of the drive system has been

29
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chosen to provide for obtaining maximum velocities and accelerations under maximum wind
conditions.

The servo &d structural interface has been adequately covered for this application, which
requires that the lowest natural frequency of the structure is sufficiently high to realize the
required servo bandwidth, The Servo bandwidth is mainly determined by satellite dynamics and
system noise considerations and is in the order of 1 cycle per second. The natural frequency
of the 30-foot antenna is specified to be 4 cycles per second and that of the 85-foot antenna,

3 cycles per second.

Table 1 shows the performance specification of the two antenna types, the 30-foot and
85-foot systems. It can be seen that the madimum tracking velocity is 4 and 3 degrees/second
respectively and an acceleration capability of 5 degrees/second? is provided. These rates are
adequate to track a satellite in a low earth orbit, of about 100 miles. The antenna will be able
to track in winds up to 45 miles per hour. Full tracking accuracy will be realized in winds up
to 20 miles per hour. Tolerances will be doubled for winds between 20 and 30 miles per hour
and quadrupled for winds between 30 and 45 miles per hour, The drive system will be powerful
enough to move the antenna to a stow position in 60 miles-per-hour winds.

Table 1

System Performance.

Criteria 30 Ft 85 Ft Units
Velocity 4 3 Degrees/Second
Acceteration 5 5 Degrees/Second?
Winds: Operating 20 20 MPH
reduced
Operating | accuracy 45 45 MPH
Stowing 60 60 MPH
Survival 140 120 MPH
|
Sky Coverage 2 2 Degrees Above Horizon
Keyhole Cone 1 20 20 Degrees
I Keyhole Orientation J North-South Axis East-West Axis
I |
Accuracy: Pointing J +0.6 +0.6 Minutes
| Tracking J 1.5 max 1.5 max Minutes

Due to the particular arrangement of the axes of this mount, the keyhole will be oriented
along the X axis., The keyhole will describe a 20-degree cone at each end of the X axis. Except
for the keyhole, the antenna will be capable of tracking in al} directions above a horizon of 2
degrees. Pointing accuracy can be defined as the closeness to which the antenna can be directed
to a given coordinate position. Pointing accuracy could be determined in the program mode, for
example, by introducing a fixed position into the programmer and measuring the error between
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this commanded position and the actual. Pointing accuracy of this system will be +0.6 minutes
of arc. Tracking accuracy is determined by measuring the overail angular error between the
axis of the RF beam of the antenna and a line drawn between the antenna and the target. In
particular, this measurement could be performed by autotracking a calibration plane and ob-
serving the position of the plane on an optical monitor mounted on the antenna. The 3-sigma
tracking error will not exceed 1.5 minutes of arc.

DRIVE SYSTEM

Each antenna axis is driven by two fixed displacement hydraulic motors which are con-
nected to the bull gear through individual gear boxes. This configuration has been chosen to
eliminate backlash in the drive system. Figure 1 shows the X bull gear, apinion extending
from a gearbox, and the hydraulic motor. The hydraulic pump unit is in the background. Fig-
ure 2 shows a closer picture of the gearbox with the motor. Figure 3 shows the pump unit
with its hydraulics. On one end of the pump unit, the variable displacement pump which drives
both motors is shown. On top of the pump is a servo valve. This controls a ram which in
turn positions the yoke of the pump. Yoke angle, for feedback purposes, is derived from a
potentiometer in front of the pump. The pump is driven by a squirrel cage motor barely visible
behind the structure. The motor also drives two auxiliary fixed-displacement pumps which are
not visible. On top of the pump unit the reservoir is visible. Next to it is a box which houses
the brake control unit. This device permits a gradual application of the brakes for normal
shutdowns. Only during an emergency stop is sudden complete application of the brakes used.
In front of the pump unit are various filters, valves, and gauges required for the satisfactory
operation of the system.

A very simplified schematic of the hydraulic drive system is shown in Figure 4.
There are the two motors which are connected through gear reducers to the antenna axis
bull gear.

Hydraulically, the motors are connected

in series and are energized by the main pump. :
When the yoke of the pump is in its neutral, or :
-
~

Figure 1—Photogroph of USB antenna drive system
showing X-bull gear and hydraulic motor. Figure 2—Gearbox and motor.
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Figure 3—Pump unit with hydraulics.
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central, position, as shown in this slide, no differential pressure is produced across the pump.
The anti-backlash feature of this drive system is accomplished by the first auxiliary pump.
The output of this pump is held to 100 pounds per square inch by means of a relief valve. This
100 pounds per square inch, or bias pressure, is applied through check valves to opposite ports
of the hydraulic motors, thus producing equal and opposite torques on the bull gear. Even
though no motion results, backlash in both gearboxes and between pinion and bull gear will be
taken up. The second auxiliary pump produces a 1000 pounds per square inch control pressure
which is used to power the yoke servo and to lift the brakes whenever the solenoid operated
valve is energized. Having to rely on control pressure and current in the solenoid makes the
brakes fail-safe. Failure, electrical or hydraulic, will apply the brakes automatically.

Figure 5 shows the same schematic, only now the brakes are lifted and a signal has been
applied to the servo’valve causing its spool to be displaced to the right. This action raises the
pressure on one side of the piston of the ram actuator and moves it to the right. This in turn
moves the yoke to the right and causes a pressure increase at motor #1. Maximum pressure
could be as high as 3000 pounds per square inch. The check valve at motor #1 closes because
pressure on upper port of the valve is higher than on the lower port. The other check valve
remains open, thus maintaining the 100 pounds per square inch bias pressure on motor #2
which is required for the anti-backlash feature. Because pressure P, is larger than P, motor
#1 will develop a torque T, that is larger than that of the other motor, and consequently a net
torque will be applied to the bull gear which is proportional to the difference of T, and T,.
This net torque, if sufficiently high, will cause motion of the antemna, say in a clockwise
direction.
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Figure S—Schemotic of hydraulic drive system with brakes lifted and signal applied
to servo valve cousing its spool to be disploced to right.
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Figure 6 shows a similar condition only now the drive signal to the servo valve has been
reversed. This will produce a torque T, at motor #2 which is higher than that of motor #1 and
motion of the bull gear will result in the opposite direction to that in the previous case.
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Figure 6—Schematic of hydraulic drive system with drive signol to servo valve reversed.

Note that several feedback transducers have been provided in the hydraulic drive system,
namely: a potentiometer measuring yoke angle, a differential pressure transducer across the
pump, and a tachometer at each motor shaft, which, however, is not shown. Also not shown are
many other hydraulic components and circuits, for example: a heat exchanger is provided to
cool the oil, several filters in the ranges between 1-1/2 - 25 microns are provided to keep
contamination to a minimum, an oil path through the pump housing is provided to prevent over-
heating of the pump (especially at no flow conditions), and several relief valves are provided in
case excess pressures appear.

SERVO SYSTEM

The servo system is capable of operating in any of the following modes.
1. manual

2. slew

3. programmer

4. slave
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5. scan

6. acquisition track
T. automatic track
8. auto-program

9. test

A manual mode is provided which permits an operator to position the antenna to any desired
coordinate position by means of a ball tracker.

The ball tracker can also be used in the slew mode, in which the antenna can be operated
at various constant velocities. In the program mode, the antenna follows a command which is
generated from a prediction tape in the programmer. The antenna is also capable of following
any other antenna in the slave mode. A scan function generator has been incorporated to per-
mit superposition of a search pattern on most other modes of operation. Scan functions avail-
able are spiral, circle, raster, and sector search patterns. The acquisition track mode permits
automatic tracking of targets with the acquisition monopulse system and the automatic track
mode permits tracking with the narrow beam, high-gain, unified S-band monopulse system.

A new mode of operation has been added to this system which has not appeared on previous
GSFC antennas and this is the autoprogram mode, which will he explained a little later. Finally,
there is a test mode which permits testing of the various operational modes prior to a satellite
pass.

Figure 7 shows the servo control panel. The various mode switches are arranged in the
center of the panel. Several other switches required for operation of the antenna are provided
below, such as power on-off switch, hydraulic on-off switches, and disable switches. Indicator
lights are provided for each axis monitoring oil temperatures, oil filter conditions, and antenna
limit conditions. Servo error meters for each axis are also provided. The operator can, at
his discretion, adjust the servo loop bandwidth by means o a switch between the error meters.

Above the servo control panel is the
error monitor and slave selector panel. By  xPOSITION SERVO  wWARNING ERROR
. READOUTS CONTROL CONTROL  MONITOR
depressing any of the buttons, the antenna can \ / P

) POSITION
B ol -
be slaved to any of six external sources. The | oo [ | corrrrrn T READOUTS
additional servo error meters permit meas- = "’SGC:S
. o=l ¢ 2l s *

urement of errors in any mode not selected = dos 'ma
by the servo control unit. Figure 8 again | oo 5 o5

. 9 e, © WRITING
shows the servo control unit and the error 7 T SHELF
monitor and slave selector panel, but it /
shows it in relation to the ball tracker which | |
is just in front of the operator. | /

BALL TRACKER
‘this ball tracker, as previously men-

tioned, permits simultaneous positioning of Figure 7—Servo control panel.
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both axes of the antenna in the manual mode
of operation. In the slew mode, the ball
tracker permits variations in axis speeds.
Figure 9 shows the complete operator's sta-
tion. The servo control unit is in the center.
X and Y position readouts are on either side
of the control unit. Just below the Y position
readout is the scan generator. Next to the
servo console is the TV monitor and ¢amera
equipment. Next to it is the servo rack hous-
ing the various amplifiers and other elec-
tronic components.

SYSTEM PERFORMANCE

Figure 10 shows a rough schematic of
the servo system. The antenna mount is
represented by the right-hand block. The
antenna axis is driven from the hydraulic
system through a gear box. Each antenna
axis is provided with a synchrotransmitter —
actually, there are two, a coarse and a fine
transmitter, but for simplicity only one has
been shown. Furthermore, RF electronics
are provided which generate servo error

Figure 8—Servo control unit in relation to ball tracker.

Figure 9—Complete operator's station.
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Figure 10—Schematic of servo system.

signals in the tracking modes, and each axis has a digital position encoder. The hydraulic
system consists, as previously stated, of the motors, the pump, and the yoke servo with their
respective feedback elements. The controller is made up of several operational amplifiers
and switching relays.

The system utilizes three minor servo loops for stability and linearization purposes.
These are the yoke loop, pressure feedback loop, and the velocity loop. The main, or position,
loop is closed around equipment that depends on the various modes of operation. In the manual
mode, the operator adjusts the ball tracker, which is coupled to a control transformer. This
transformer compares the position of the mount to its shaft position and generates an error
signal which will move the drive system and therefore the mount in a direction to null this
error signal. During autotrack, the RF receiver acts as a position transducer and is used to
close the loop. In the program mode, the encoder output is compared to coordinates on a pre-
diction tape, and an error signal is generated which again is fed to the servo system. Similarly,
in the slaved mode, an error signal is applied to the system.

The variocus amplifiers in the controller have been compensated to give the proper {i-equency
response for the various loop gain conditions and th¢ servo bandwidth requirements. System
accuracy is a direct {unction of loop gain, bandwidth, and the type of servo system used. To
realize the tracking accuracy in the autotrack mode, a Type II servomechanism is used. This
type of system reduces velocity errors to zero. and crg vias to contend with acceleration errors
only; however. thi¢ type o a system is more difficult to stabilize than a Type I system, which
is utilized in all other modes of operation. Bandwidth is dictated by target dynamics, wind
spectra, and noise considerations. Normally tracking low altitude satellites in windy environment
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requires a bandwidth of about 1 cycle per second. Satellites far out in space have a very slow
apparent motion and therefore can use lower bandwidth. Lower bandwidth is especially desirable
from a noise standpoint because RF thermal noise increases with satellite distance due to
poorer signal-to-noise ratios. To accommodate these conditions, a variable bandwidth switch
has been provided, permitting servo bandwidth selection by the operator. Bandwidths between
0.12 cycle per second and 1.0 cycle per second are available.

Switching to a lower bandwidth may, however, not be justified for a distant satellite target
when tracking occurs during windy conditions. Even though target dynamics could use a narrow
servo bandwidth, varying winds require a wide bandwidth. To accommodate these contradictory
requirements, the autoprogram mode has been provided. This combination mode uses narrow
bandwidth tracking information for following target dynamics and uses wide bandwidth program
information to reduce wind effects. Computer results have indicated that definite improvement
in operation can be expected; however, this type of operation has not been field-tested as yet.

The shipboard antennas, the 30-foot dishes on injection ships, and the 12-foot dishes on
re-entry ships, have basically the same type of servo and drive system. The mount has an
Az-El configuration. The drive system must have the capability of not only following a target
but also of stabilizing the mount against roll and pitch of the ship. This requires antenna
velocities of 50 degrees/second and accelerations of 50 degrees/second . Stabilization against
ship's motion is accomplished by use of rate gyros on the mount and by utilizing information
derived from the ship's inertial navigation system. Contrary to the land-based antennas, an
electric drive system is provided which consists of a torque motor and an amplidyne con-
nected in a Ward-Leonard loop. The advantages of torque motors are that they do not require
gearing and consequently eliminate backlash. Also, these motors display a large dynamic range
which cannot be duplicated with an ordinary dc motor. Torque motors permit a compact
design which influences favorably the nautral frequency of the structure. At present, a natural
frequency of 10 cycles per second is anticipated. These systems have essentially the same modes
of operation as their land based counterparts. Their tracking ac¢uracy will also be 1.5 minutes
of arc.
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ABSTRACT

This paper presents the history and a technical description of the Apollo
Cassegrainian Feed System and Acquisition Antenna. Characteristics of the feed
and acquisition antenna systems are discussed, including design considerations,
configuration, constraints, parameters, and interfaccs with the Cassegrainian
feed system and the more conventional focal-point feed system. Discussion in-
cludes the 30-foot parabolic dish antenna, the shipboard 30-foot antennas, and
the fced and acquisition antenna systems fer the projected 85-foot dishes. Also
described are typical receiving patterns, the method of TE,,/TM,, mode ex-
citation, efficiency factors, and various packaging problems.

INTRODUCTION

The Cassegrainian feed system configuration was decided upon because it is better able to
carry the complexity of equipment required to be located in proximity to the feed. A simple
adaptation of already proved designs was made a firm requirement early in the design of the
Cassegrainian feed. The feed design is a basic four-horn monopulse in which the communica-
tions channel is formed by summing the four horns. The E-plane distribution is altered by
higher order modes, generated in side-wall launchers, to produce equal E- and H-plane illum-
inations. Simplicity of the feed design is further enhanced by limiting available polarizations
to right-and-lefl circular, remotely selectable. A diversity communications channel is avail-
able but unused.

An early decision in the design of the acquisition antenna placed this unit on the periphery
of the 30-foot dish; with further study it was determined that for an X-Y mounted antenna the
apex of the quadrapod was the more desirable location from both an RF and a mechanical stand-
point. The acquisition antenna has a simple four-horn receive only feed. Any of four polariza-
tions is available, remotely selectable.

CASSEGRAINIAN FEED SYSTEM

The Cassegrzinian feed assembly serves as the illuminating system for the 30-foot para-
bolic dish antenna, and in due course, will serve likewise for the 85-foot model. In this dis-
cussion such terms as "illuminating" and "'radiator’ are used for the sake of simplicity in

describing functions of thc {eed, irrespective of its use as a transmitting or receiving feed, even
though a receiving feed does not illuminate a reflector antenna, in a true sense.
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This assembly consists of the hyperboloidal subreflector and the feed cone or feed hous-
ing, which contain® the feed, composed of the aperture horn, mode control sections circular
polarizer, orthogonal mode junctions, comparators, polarization switches, and the filters and
diplexer.

The feed system is the connecting link between the physical antenna structure and the
unified S-band transmitters and receivers. By the very uniqueness of its position in the overall
system, the feed system, like the antenna structure, must have near 100 percent reliability,
as it is virtually impossible to provide redundant circuits which may be quickly switched into
the system.

To the end of achieving reliability we chose a design approach which combined good micro-
wave engineering techniques and proved, established principles to create a simple and de-
pendable feed system. At the same time we felt constrained, by the complexity and weight of
receiving equipment which was required to be located in the immediate vicinity of the feed, to
introduce a small element of additional unreliability by the use of a Cassegrainian configuration,

The advantage of the Cassegrainian system over the more conventional focal-point system
is apparent in Figure 1, which illustrates in simplified sketches the principal difference between
the two. The focal-point feed illuminates the main reflector surface directly, and its total
weight plus signal and control cabling must be supported by the quadrapod legs, whereas the
Cassegrainian system uses a passive, secondary reflector in front of the focal point, permitting
the active feed components to be mounted close to the main reflector surface. The author
places the "unreliable’ label on the Cassegrainian system only because there is an additional
item of equipment to sustain damage, or to become misadjusted; in reality it is highly probable
that a Cassegrainian system will prove more reliable, as environmental protection capability is
enhanced by the closed, weather-tight wheel-house and cable runs for RF, power, and controls
are shortened and simplified.

DESIGN PARAMETERS (3D-FOOT DISH)
To summarize the pertinent basic design parameters of the 30-foot dish microwave sub-
system: The feed assembly will receive data in the 2270- to 2300-megacycle band with a
minimum gain of 44.0db, corresponding to an

T T overall efficiency of 53%, including I°R losses
NN PLANE FocAL of less than 0.5db. Monopulse sum and error
PLANE signals of comparable gain are provided to the

tracking receiver in this band as well. Trans-
mission of up to 20-kilowatt RF power, at a
.axis Minimum of 43.0db gain, is possible over the
/,./ 5 Yocus 2090- to 2120-megacycle band. The feed system

i
]

|

|

[

1

1

1

I -
]

1

]

I

I

I

l -

'

- receives and transmits only circular polariza-
o tion with remote switching capability. Receiving
and transmitting circuits are switched simulta-
A. CASSEGRAINIAN 8. FOCAL-POINT FEED neously, with the primary data-receiving output,

as well as the monopulse tracking signals, being
Figure 1—Antenna feed systems, of the same polarization sense as the transmitted
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signals. Very close attention has been paid to the distribution and symmetry of phase and
amplitude in the feed system, providing a clean sidelobe structure and a sharp, stable tracking-
signal output.

DESIGN PARAMETERS (85-FOOT DISH)

The feed and acquisition antenna systems for the 85-foot dishes have not yet been developed.
They will be electrically similar to those of the 30-foot dish; with less of a packaging problem
being posed by the larger feed cone of the 85-foot structure, the feed system can be further
simplified, particularly with respect to ease of assembly and disassembly. The primary dif-
ference between the two subsystems, of course, is that in the 85-foot dish the feed will develop
gains of 50.5db receiving and 50.0db transmitting. Better sidelobe control will also be possible.
Except for these differences, what is said here applies as well to the 85-foot feeds and acqui-
sition antennas as to the 30-foot equipment.

SHIPBOARD ANTENNAS (30-FOOT DISH)

Also, in a general sense, the basic parameters given here for the feed system of the ground
station 30-foot unified S-band antennas apply as well to the shipboard 30-foot antennas, built for
the prime contractor, Reeves Instrument

Company, by Hughes Aircraft Company in ~——— — SUBREFLECTOR
Fullerton, California. The basic technical ///\_*'*09“ / \\\
difference is in the method of injection of -7 MODE CONTROL g™

s SECTIONS ~
higher order modes which are described ped F—F—F N

. . s CIRCULAR ]
later. The designer of the shipboard 30-foot - POLARIZER "
feed system had an easier packaging problem SECTION
than did the Rantec engineers, due to more ; ORTHOGONAL
: . ; ———|MODE JUNCTION[—— ]

spacebeingavailable in the back-up structure E SECTION
of the Az-El mounted shipboard antennas r = ‘T’

than in the ground station structure.

e A |_..__] i Lo

UNIFIED S-BAND FEED SYSTEM | |
E L RCP
COMPAR -
The basic aperture components of the | ¢ DIV ATOR
unified S-band feed system (produced by _5_
Rantec Corporation in Calabasas, California) :
. . RCVR DIPLEXER REVE
are the four square waveguide horns, dis- FILTER ! FILTER
posed two opposing two to develop the errcr aclvn Ii“' """ £
signals in each plane (Figure 2). These are FILIER |1 | AV E
represented by the four parallel lines. From ?4 i 1 i
this point back the system is a simple. clags- z ‘i) l Lmﬂo E?
sical four channei-waveguide monopulse sys- ERROR RCVR SUM j XMTR 'ERROR

tem. Problems were encountered in packag-
ing the components within the feed cone Figure 2—Cossegrainion feed system, block diagram.
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(shown in outline here by the dashed lines), approximately 7 feet tall by 3-1/2 feet in
diameter at the base, to the extent that the original design goal of packaging entirely within the
feed cone area was not achieved. However, observing the packaging design as it now stands
would lead one to the conclusion that the spilling-out of microwave equipment from the base of
the feed cone is intentional, as the input filters of the feed extend down or back into the Y-wheel
house to a very convenient point for short-cable connection to the preamplifiers.

The four square waveguide horn outputs lead into the orthomode junction section in which
the orthogonal circular polarizations are extracted. These are operated upon by the proper
combination of magic-T hybrids and transfer-switch positions to give sum and error channels
of remotely selectable right or left circular polarization. The transmitter input is diplexed
from the primary sum output, hence is of the same sense circular polarization as the primary
receive-sum output, which is also the tracking-reference channel, and the same sense as the
tracking-error channels. A diversity receiving-sum output, of the opposite sense circular
polarization to the primary, is available but unused in the present system. Better than 190db
isolation is obtained between the transmit and receive ports in the transmitting frequency band;
and better than 165db isolation to any spurious signals generated by the transmitter in the re-
ceiving frequency band.

Outward from the basic four-horn monopulse aperture the feed system becomes what has
come to be called a "multimode' horn. The multimode portion of the feed comprises the
sections at the top of Figure 2 and is shown schematically in Figure 3.

The effect of the multimode action is to operate upon the amplitude distributions (shown
at the four-horn aperture to the left in Figure 3) to produce the distribution illustrated at the
right. The final result isthat the H-plane

TE,, /TMy, EXCITER distribution is unaffected, and the E-plane
PHASING SECTION is modified to be essentially identical to the
0. H-plane, leading to higher efficiency and
MATCHING ¥ 16.65 improved side lobe control.
SECTION \
T |
& . RANTEC FEED
1
477 The Rantec feed differs from others in
SUM k) “ 1}"1} _I this class which have been described in the
ble — bpx published literature in the method of TE ,,/
| TM ,, mode excitation. Section B-B is a
0l — section through the main square waveguide
X o {4 p— ﬂ Jl beyond the four waveguide aperture, and
M;;r:;nc includes a section through one of the sets of
FIELD IN higher mode exciters, which are essentially
venge 1L - e nho ;PE”URE four auxiliary waveguides, shorted at their
VAR == LI ;LEESR'C far ends. When the electric field is as shown,
SEC A-A SEC B-B ' SEC C-C the upper and lower auxiliary waveguides

are excited. Being of very small axial di-~
Figure 3~TE)2/TM 2 exciter. mension, the mouths of these auxiliary
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waveguides act as magnetic line sources. For the sum mode, these line sources couple to the
TE ,,, TE ,, and TM ,, modes, plus higher modes which are prevented from propagating by
choice of the main waveguide dimension A. Essentially only the TE |, and the TE,,/TM,, modes
are present in the throat of the horn. Two independent and essentially non-interacting exciter
sections are used in series, the parameters of each being chosen so that one optimizes the

phase and amplitude relations for the 2270-2300-megacycle band, and the other functions like-
wise for the transmit band.

When the feed is operated in the X-difference mode, the higher mode exciter couples to
the higher order modes. However, these modes do not propagate in the main square waveguide
size chosen. Inthe Y-difference mode, the exciter section couples to the TE,, /TM,, modes,
which are the desired modes already launched by the phasing of the four-waveguide sections.
Other modes are again cut off by the choice of the main square waveguide size.

The resulting aperture distributions approach the ideal, with the exception which is common
to all orthodox monopulse systems; for an optimum amplitude taper across the dish in the sum
modes the difference mode tapers are too low, resulting in high difference pattern sidelobes
(in the order of -15db). The phasing section and horn are designed to cause the TE ,, and the

TE,,/TM,, modes to be phased to maintain the orthogonal phasing generated by the circular
polarizer.

RECEIVING PATTERNS

A set of representative sum and error receiving patterns of the 30-foot dish is shown in
Figure 4. These are hand transcribed from data recorded at the experimental site at Dallas,
Texas; our instrumentation was not the best and the site is far from ideal for an exhaustive
evaluation of a large aperture antenna. Ground reflections were an obvious problem. Never-
theless, a sufficient number of our patterns recorded on this poor range were similar to those
recorded on the shipboard 30-foot dish at the relatively ideal Carbon Canyon range to give us
a measure of confidence in the results. It must be pointed out, however, that the sidelobes in
all planes about the antenna axis will not be as good as shown here; in some instances the first
sidelobes in the sum pattern are as high as
-17.5db below the sum pattern pealk.

3db 26 =0.85° 30 FOOT USB DISH |
A& 2282,5 Mc
TREAY RGHT CIRCULAR MODE
FREEN
- HEER Y SOURCE HORIZONTAL
TRANSMITTING PATTERNS 10 HIRTAY Y-AXIS ROTATION
v '
The transmitting patterns of the 30-foot & -20{—7* RS RS
. . . L / /““ : A | MAXIMUM
dish have not yet been evaluated satisfactorily / w H V,;\ [\ | SPECIFICATION
1
at Dallas dne tc insirumentation problems. In- -30 ——+—1 l" ! LW‘:”S
dications are, in the preliminary data taken, t \ [ \n..n !
that these will show somewhat higher close-in et o % s g T UWL £
sidelobes than thc iecewving patterns. This ik WD 2 o A 2ee BeiRgTee

DEGREES
high energy content out to some 5degrees will

actually be used to advantage as the Figure 4=Typicol receiving patterns.
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acquisition-transmission mode, which will be discussed in this symposium by Mr.
R. H. Newman.

ACQUISITION ANTENNA SUBSYSTEM

The acquisition antenna subsystem was developed and built by the prime contractor of the
unified S-band system, Collins Radio Company. It was our intention at the outset of the program
to mount the acquisition antenna on the periphery of the main dish, but a study made by Collins
Radio in cooperation with Blaw-Knox convinced us that for an X-Y mounted antenna, the apex
of the quadrapod was the more desirable location, from both an RF and a mechanical standpoint.
From the RF viewpoint, the apex-mounted antenna maintains a more uniform earth-to-antenna
relationship, irrespective of the direction of pointing, than does a peripherally mounted antenna
on an X-Y mount. Isolation between the main dish, transmitting, and the receiving acquisition
antenna is essentially equal in either location. The mechanical analysis showed that the de-
flection of the subreflector remained within the specified limits of 0.05 inches; this has been
substantiated by measurements at Dallas. Furthermore, the deflections are more uniform
than the off-center deflections produced by the periphery location.

The acquisition antenna has a simple four square waveguide horn feed, as is shown in
Figure 5. Orthogonal linear polarizations are extracted from the square waveguides through
probes, and are carried through the rest of the circuitry in type-n/coaxial components. The
switch-hybrid packages are modularized components manufactured by Ramcor, and are sand-
wiched, with the comparator package, in the space between the acquisition dish and the sub-
reflector. From this network one sum and two error channels, of any linear or circular
polarization remotely selectable, are fed back through coaxial lines to the acquisition pre-
amplifiers. Three waveguide filters identical to the receive filters used in the main feed
system are inserted into these lines, and are mounted in the back-up structure of the main dish.

For the 30-foot dish the acquisition antenna is a 42-inch diameter paraboloidal dish of
0.4 f/d,with a beam width of approximately 10 degrees and a minimum of 22db gain over the
receiving band of 2270-2300 megacycles. For the 85-foot system, the acquisition antenna will
be proportionately scaled.
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PARAMETRIC AMPLIFIER, AND NOISE FIGURE
AND TEST SIGNAL NETWORK

by
J. B. Martin

Goddard Space Flight Center

ABSTRACT

Parametric amplifiers are used 1o provide a low system noise temperature
for both the main tracking and acquisition antennas. Identical units are used to
simplify maintenance and allow substitution in an emergency. A noise tempera-
ture of 170°K degrces is achieved without cooling. The units arc housed
in weatherproof, pressurized containers to allow mounting without weather
protection.

It is important to determine system readiness for operation without dis-
abling the cquipment. The Noise Figurec and Test Signal network is designed to
measure noise figure or inject test signals while the receivers arc connected to
the antenna terminals. This arrangement also allows more realistic tests of
signal threshold since the effects of antenna temperature and sky noise are in-
cluded in the measurcment.

INTRODUCTION

A large variety of techniques and devices is used to calibrate a tracking system prior to
its operational use. Typical esamples which have already been discussed are the method of
aligning surface panels and the use of airplanes to calibrate all signal-receiving subsystems.
It is necessary, in a complex system such as this, to perform daily preoperational tests to as-
sure the operator that the equipment has been set up properly and is working to expectations.

Two subsystems—the Boresight Equipment, and the Noise Figure and Test Signal network—
are used in performance of these tests. The Boresight Equipment is located on a remote tower
and is effective only when the dish can be pointed in the direction of the boresight tower. The
Noise Figure and Test Signal network is located near the feed on the dish and may be used with
the antenna in any position.

NOISE FIGURE AND TEST SIGNAL INJECTION SUBSYSTEM

The Noise Figure and Test Signal Injection subsystem is used to measure receiver noise
figure {which {ncludes the parametric amplifier) or to inject a variety of test signals into the
receiving equipment. This enables the operator to verify that the system has the proper sensi
tivity and that the data demodulator and data handling eguipinent will operate properly with the
receiver., A primary goal inthe design of this subsystem has been flexibility: it may be used
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with the as”enna in any position and it allows the use of a wide variety of static or dynamic
test signals.

Figure 1 shows the functional block diagram of the Noise Figure and Test Signal Injection
subsystem. The receivers are included, since this subsystem connects into the receiver both
at the input and output. Note the division drawn between the antenna-mounted equipment on the
left and the control room equipment on the right. The control assembly located in the control
room turns the network on, determines what signals will be injected and which receiver chan-
nels will be measured. We can, with the test transmitter, inject a CW or a phase-modulated
signal through the network assembly to selected receiver inputs. Note that the test inputs are
shown in parallel with the inputs from the feed. The test signals are injected into the receiver
without disconnecting the receiver from the antenna. This is done for two purposes: first, we
may be sure when the test signal is turned off that the receiver is ready to operate; second,
this enables a test of system threshold and system noise figure to be made under conditions
which are very realistic because all noise from the antenna is present in the system at the
time the test is made. If we wish to inject a different type of signal, the test transmitter may
be disconnected and a special signal inserted. An example of an alternate source is a sweep
generator for checking the portion of the receiver which is mounted on the antenna.

It was mentioned previously that parametric amplifiers are mounted on the antenna. They
are used only on the sum channel of the main and acquisition receivers, because the error
channels in this application do not need the low noise figure. In addition, the first receiver
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Figure 1=Functional block diagram of noise figure and test signal
injection subsystem.
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frequency conversion is performed on the antenpa. The total amount of antenna-mowited equip~
ment is quite significant. Thus the need for noise figure and test signal injection on the antenna
becomes quite clear. This network measures noise figure to an accuracy of about 1/2db on the
sum channel and ahout 1db on the error channels. This is not intended to be a precise measure-
ment. The primary purpose in this case is a measurement of relative accuracy which can be
repeated from day to day to obtain a trend of system deterioration.

Figure 2 shows the basic concept of the process of "automatic' noise figure measurement.
At the input of the receiver three noise sighals may be present: noise which is due to the an-
tenna, noise which is due to the receiver, and noise from a noise source. For this purpose, a
noise source located on the antenna is alternately fired on and off by the noise figure control
circuitry in the operations room. When it is fired on, its output is added to the total noise
present at the receiver input. This is amplified through the receiver circuits and fed to the
noise figure indicator which adds gain to the signal to produce a constant amplitude (N,) in the
noise figure indicator.

When the noise source is turned off, the gain of the indicator is held constant and the ampli-
tude of noise left (N;) is a measure of the total noise present in the receiving system. This
amplitude is displayed on the noise-figure meter as an indication of noise figure. Examples
are shown for both a low and a high system noise figure. Both cases have the same amount of
antenna noise and noise-source noises but a different amount of receiver noise. The amount of
noise added to N, is the same for both cases. The magnitude of the ratio of N, to N, is in-
versely proportional to system noise figure, In other words, the larger the ratio of N, to N,
the lower the system noise figure. It is also evident that the noise-figure meter not only dis~
plays the noisefigure ofthe receivingchannel but also includes the total antenna noise as a part
of the measurement.

Figure 3 shows a view of the noise fig-

ure and test signal network equipment. The (::IR)&'; %"I'Sgé)
lower panel is the control panel with its INPUT
] _ i . . SUM CHAN, Q
single switch. With this switch we may {PARAMP) N RECETVER
INPUTY —
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into either the main channel or the acquisi- = SIGNALS
tion channel. Noise figure is measured in- y
dividually for each receiver channel, but the ! Mo !
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which is the part of this subsystem located Figure 2—Basic concept of automatic noise
on the antenna, will be shown later with a Figure measurement.
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view of the parametric amplifier. Thatpanelis 10-1/2 inches tall by 25 inches deep. It con-
tains coaxial switches, directional couplers, signal equalizers, and the like and is actually the
place where the noise-figure signals or the test signals are routed to their intended destinations.
The test transmitter will be described as vart of the JPL equipment.
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Figure 3—Noise figure and test signcl network equipment.

PARAMETRIC AMPLIFIER

The purpose of the parametric amplifier (paramp) is to provide a low system noise tem-
perature constrained by such things as the necessity to produce equipment that will be reliable
under widely varying field conditions. This equipnient will not be operated in a laboratory by
engineering personnel but will be operated under field conditions which are not ideal and by
people who perhaps are not ideal. The noise temperature must be as low as practical within
the constraints of reliable performance, reasonable cost, and required sensitivity.

To provide a little background, a discussion of system noise temperature is presented.
Although simplifications have been made for the sake of clarity, the conclusions are accurate
to within a very few degrees. In this discussion, all noise present is considered as noise tem-
perature. Noise temperature is a convenient means of stating the noise power present in a
unit of bandwidth. The total noise power may then be determined from the expression:

P, = T KB,
where
P, is the noise power,
T is the noise temperature (°K),
K is Boltzmann's constant,
and

B is the noise bandwidth.
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System sensitivity may be easily determined by assessing the effect of each system component
and adding all effects to obtain the total temperature. The concept of noise figure can be con-
fusing in computing system performance because noise figure presupposes a source tempera-
ture of 290°K. The db number commonly used to express noise figure cannot be generally
applied to comparisons of system sensitivities.

Figure 4 shows a representation of the system including the antenna, the parametric am-
plifier, and the receiver circuits. The noise temperature will be measured at the paramp
input. If the system is entered at that point and a measurement taken toward the antenna feed,
antenna temperature will be determined. That antenna temperature will include feed losses,
as well as sky noise, side-lobe noise, and so on. If the signal enters again at the same point and looks
toward the paramp, the total effect of parametric amplifier and receiver noise temperature
will be seen, The receiver will have an effect on the noise temperature at the input of the sys-
tem, but the contribution to input-noise temperature will be divided by the gain of the stages
that precede it.

Antenna temperature will depend upon the position of the antenna. If the antenna is pointed
toward zenith in a quiet section of the sky, the temperature will be lower than if it is pointed
toward the horizon. A temperature of 30°K is expected for the 30-foot antenna when it is
pointed near zenith, This temperature would increase to about 185°K when the antenna is
pointed at the horizon. If there is a discrete source of noise that falls within the antenna beam
width. This will tend to raise the antenna temperature. If the antenna is looking toward zenith
in the quiet sky but with the moon in the field of view, the temperature is raised from 65°K to
about 83°K. Under all of these conditions, the noise temperature of the equipment following
would remain a constant, The total of paramp noise temperature plus receiver noise temper-
ature would be 168°K in each case. This figure results from a paramp having a noise figure
of about 1.7db followed by a receiver having a noise figure of about 10db when the paramp has
a net gain of 20db. All temperatures may be added to get a total system temperature of 233°K
for the quiet sky, 353°K at the horizon, and 251°K if the moon is in the field of view.
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figure 4—Antenna, poro