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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 mOTe 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 spacecraft must be known 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 lncorporating 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 document 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 SBand System.
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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 t he Apollo mi ssions require lCchniqucs and equipment

exceeding the capability of those previously used In the Manned Space Flight
Network. Thi s impro\'cment in network capability Is necessary to provide reliable t racking and communications of the Apollo spacec raft at lunar distances.
To fulfill this r equirement , the unified S-band (USB) system has been Int r oduced
Into Ihc network. The USB system used with 85-fool D.nlennas will provide the
only means of tracking and communications at lunar distances. The USB system
with 30-foot antennas will be used to fill the gaps In the cover age provided by the
three 85-foot antennas. The USB system wi lh Ihc 30-foot antennas will also be
us ed to pr ovide dala during the earth-orbital and post-injection phases of the
missions.
Tn order t o Insure reli abi li ty, the USB system utili:tes existing, proven
techniques and hardware. These items of equip ment developed and used by the
Jet Propulsion Laboratory and the Scientific Satellite ~ctwork have been adapted
to the USB system. The more significant of this equipment IS the r ange and
range rate equipment supplied by the Jet Propulsion Laboratory to the p r ogram
and the antenna systems wh ich are nearly identical to th ose used In theScieru ific
Sat ellite program.

INTRODUCTION
The Apollo pr ogram is Significantly more complex t han either the Mercury or Gemini
progr ams and has cons equently presented a corresponding inc rease in the complexity of the
s upport required from the Manned Space Flight Network(MSFN) . Thi s has affected the quantity
of data that must be handled, t he geographic areas that must be covered, and the technical
capability of equipment. For the [irst ti me, the network is required for provide reliable tracking and communications t o lunar distance. Th.is has required the in('.orpor aEo:: of the uil.Ui ~
S- b<md (USB) system into the network. The existing network instrumentation i s capable of supporting the earth-orbital phases of the mission and, in fact, will be the sole support for the
initial Apollo flight s. Since the USB system will be the only means of tr::.c.king 2!!d corr:rr:;,:,.i <:atir::; ';"ith th~ tijJacecralt during the lunar phases of the mi SSion, 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 stngle carrter frequency in each direction to provide tracklng
as well as communicatlons with tbe 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 primarUy 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
Fi9Ure l -Apollo netwonc. evolution.
of high-powered radar beacons, the use of
coherent radar techniques and a major expansion 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 .
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 FUght 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 successfully in support of lunar and planetary programs and, with minor modifications, was applicable 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 frequ ency. The received and transmitted carrier frequenCies are coherently related. This allows measurements of the carrier doppler frequency by the ground station for determination of the radial velocity of the spacecraft.

fUHCl1\lfAl DESCRIPTION Of UNIFIED S'BAND SYSTEM AND INTEGRATION INTO THE MANNED SPACE FllGKT HETl'ORK
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Figure 2-USB modulation techn ique.

In the transponder the subcarriers are extracted from the RF carrier and detected

to produc e 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 subcarrlers, combined with the video ranging signals, and used to phase-modulate
the down- link carrier frequency . The transponder transmitter can also be frequencymodulated for the transmission of television information or recorded data instead of ranging signals.
The basic USB system ha~ thl? abi!i~J to p:,o'\1dc tracking a..od COmmunications data ror two
spacecraft Simultaneously. provided they are within the beamwidth of the single anterma. The
primary mode of tracking and COmmunications is through the use of the PM mode of operation.
Two sets of frequencies separated by apprmrtmate!y 5 !!!.e~::~:;c!c::; a • ." .. ow tVI' this purpose
(Figure 3). In additton to the primary mode of communications, the USB system has the capability of receiving data on two other frequencies. These are used primarily for the transmission
of FM data fr om the spacecraft.
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Figvre 3- USB system freclVency 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 system 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 system to be integrated into the MSFN without disrupting the normal network operations or requiring equipment changes or modifications.
The tracking and communications with the spacecraft during the lunar missiOns will be
provided by three primary deep-space facUities, employing 85 - foot antennas, spaced at approxin)ately 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) located 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 Command Module Simultaneously .

FIJICTIONAL DESOIIPTlDN (J'" UNIFIED 5-BANO SYSTEM AND INTEGRATiON INTO TIlE MANNED SPACE FLIGHT NElWORK
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Figure 4- Typical USB site.

In addition to the stations with the 85foot 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 ga~s in the coverage of the
three lunar stations, and to provide instrumentation coverage for testing the spacecraft
in earth orbit.

~POLIO

PR!.IUllr ~NtIJlIIA

11 1111 ~G

em IPA(I

IUTIOH

Four land stahons(Cape Kennedy, Grand
Bahama. Antigua. and Bermuda) and one inFigure 5-85-foot antenna siot ion5 ror Apollo.
strumentation ship are required to provide
continuous USB coverage from launch through
insertion. Seven land stations (Canary Islands. Guavmas. Texas, A~cen~ion T!':bnri, r~rf1.~""0!!.
Guam, and Hawaii) and two additional instrumentation 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 tracking the spacecraft to a range of apprOximately 15,000 nautical miles, using the spacecraft omni-

directional anteMa. This represents the most stringent requirement and COmes 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 acquisition 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 acquisition 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 simplHy the overall system.

F~CTIOOAL
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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 verUication
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 injected directly into the receiver to provide an internal
check of the RF system. In addition to these internal checks, the system also uses the transponder 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 as-foot antenna systems, and the single and dual instrumentation shtps.
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 8S-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 8S-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 Apollo
missions. These units will be checked out prior to shipment and installation of the equipment

figure 7-USB syslem 3O-foot ollteooo focility.
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and it s Integration into the system. A microwave link wUl 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 contract or will be required to supply ins trumentation for five s hips . Three of these
are the insertion and bljcction ships which will utilize the 30-foot antenna. The contractor
will supply the equipment indicated in Figure 10. Reeves Instrument Company wUl supply the
antenna system and be responsible for the overaU integration of the system .
The contractor wUl also supply test and training units as a part of the systems contract.
T hese cons ist of essential elements of the system a nd will be used for checkout of the s pacecraft and as aids in the t est and training program . These Wlits are shown in Figure 11.
GSFC awarded the USB syst em contract t o the Collins Radio Company on July 14, 1964.
Blaw-Knox. is building the 30-foot antenna structur es under a s ubcontract to Collins. The
antenna structure was shipped to Guam on June 7,1965 and to Carnarvon on June 18,1965 . The
fi rst USB (£01' Guam) has been delivered and the r emainder of the 30-£oot systems will be
delivered at a rate of one pe r 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 c hecked
out on the SA-202 through SA- 206 and on SA-SO l and SA-502 missions and will be used t o pro vide primary mission support data beginning with SA-207 and SA-503 .
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TRACKING STUDIES FOR PROJECT APOLLO
by

W. O. Kahn
Goddard Space Flight Center

ABSTRACT
A tracking error analysis study Is presented In which the earth orbital,
trans luna r • lunar. and transearth phases of the Apollo Mission are considered.
Principal error sources, such as measurement random errors , measurement
bias e r rors, and errors in tracking station location, are analyzed to determine
how well a tracking network such as the Manned Space Flight Net,work (MSFN)
can determine the orbit of the spacecraft.

Results of an error analysis study conSidering tracking of the s pacec raft
during all the different Plases 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 dete rmine 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 est imate 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,
s imulate the data acquisition and data reduction processes. Such studies, subject to the initial
assumptions, p r ovide information on the capability of the MSFN tracking radars to determine
the traj ectory 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 spacec raft is assumed in this study to commence immediately after insertion.
The trajectory prOfile from insertion through translunar injection is given in Figure 1 . Tncking r,overage dti.ir.g tho: fin;i. orbit by stations of the MSFN is given in Figure 2.
Propagation of the rms errors in the stat e vector (a vector composed of the components of
the positiOn and veloc ity vectors) rp,;•.!lti!!:; !!"o:r: r ...-.dvm. e u ·... n. in the measurements, bias
errors in the measur ements, and errors in tracking station location is analyzed during the first
parking o rbit of the Apollo spacecraft (Figures 3 and 4) .
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During periods when observational data
are Obtained, the rms errOrs in the state
vector slowly decrp"se until s;.;.ch time alS no
tr3.cking data are avallable. 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 -error:; i~ the st<ti. ~
v€":tor :lr~ i ••(.l"t,a.:seci when 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 :tAO meters and ±4 centimeters 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 effect s of random measurement errors,
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measurement bias errors, and errors in
tracking station location, when these errors
are considered alone and in combination. The
results of the analysis indicate that measurement bias errors produce the most significant
effect on the rms errors in the state vector.
Because of the continuously increasing distance between the spacecraft and the earth,
the contribution of the errors in the station
location on the rms errors in the state vector is not too Significant.
For this error analysis study, it was
assumed that the spacecraft is tracked by the
a5-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 error 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 :t: 5) nautical mile parking orbit
around the moon, with orbital insertion oc curring on t.h~ b3.~ksid€ of the moon. For
purposes of this study, 22 minutes are required before the spacecraft becomes visible
to the tracking !':t?,ti0!'!S en .:Jai'th. Al tnis time
the 8S-foot USB antennas at Canberra, and two
3D-foot USB antennas at Carnarvon and
Hawaii, will track the spacecraft. The 85foot dish will track in the two- way doppler
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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 rms errors in spacecraft position and velocity to be ±500 meters and *24 centimeters per second at the time of CSM/ LEM separation. Because the effects of measurementbias 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 docking maneuvers is approximately 36 hours. After this time period, the astronauts will have
abandoned the LEM to re-enter the CSM.
Upon re-entering the CSM, the LEM is jettisoned. Shortly thereafter, the CSM is injected into its earth transfer trajectory.
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Error analysis studies during this phase
of the Apollo Mission are made from transearth injection up to the first midcourse correction (Figure 8), after the first midcourse
correction up to the second mldcourse correction (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 (Figure 10). This increase in the rms error in
spacecraft velocity is due to the return trajectory's increased sensitivity to velocity as
it approaches the earth. A corresponding decrease in the rms error in spacecraft position
results.
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this paper demOnstrate that the bias errors
in t he measurements and in trat:ki.ng staUon location most significantly influence the errors in
the state vect or . These error sour ces, unlike the random errors in the measurement, do not
decrease as t he 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 5-band antennas, their
design considerations, characteristics, parameters, functions, and modes of
operation. Description covers both land-based and shipboard anteMsS, speclficatlons, and maIntenance problems. Both Rosman and Apollo antennas are
treated.

INTROOUCTION
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 groWld system network will employ ten 30-foot and three 85-foot diameter steerable antennas. These antennas
use what is known as X-V mOW1ts. The network also uses ships instrumented with azimuthelevation antennas.

,,
,

,,,

TYPES OF ANTENNA MOUNTS
Most steerable antennas have two
mutually perpendicular rotational axes as
shown in Figure 1. The main difference between antenna mounts is the orientation of the
lower of these two axes. There are three
main types of antenna mounts.

AZ-fl

"'....

,,

,

x-v

Figure I- 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 mOWlt. The problem is that extremely fast
azimuth rates are required to track through zenith with the azimuth-elevation mount.

Polar {Hour Angle· Deel!nationj Mount
In the polar mount the lower axis is parallel to the earth's rotational axis. This Itrra!l;;C

ment facilitates ease of tracking of celesti~l
antl:'!'!.!').3,!; in till! NASA deep space effort.

O~jcct5.
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iL is used for radio telescopes and for
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x·y

Mount

Both aXfS of the X- Y mount are horizontal at zenith. The mount was deslgned especially
for tracking earU" ..sateUites. Its main advantage is that it can track through zenith. All three
types of mOWlts 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 whic h 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 s ky coverage is required. These requirements dictated selection of the
x - v mount for both the SO-foot and the 85-foot land-based antennas.

3D·Foot Antenna
Th.e first of the 30-foot S-band antennas has been e rected at Collins Radio Company's
Dallas, Texas facility . The following feature s can be seen in Figure 2 (starting at top):
1. Three-[oot diameter acquisition antenna at apex of quadripod (note radome cover) .

2. Secondary reflector for Cassegra in feed syst e m located just below acquisition antenna.
3. Y axiS (upper).
4. Y-wheel house (so-called cement mixer) which houses boresight package and equipment
s uc h as parametr ic amplifiers that s hould be near the feeds . This room is air conditioned
by circulating a c hilled 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 whic h houses power amplifier units and motor starters [or drives.
Figure 3 shows the following:
1. The main reflector. which is made up of 36 soUd surface panels. These panels are individuallyadjus table . Paint on the s urface panels scatters solar radiation to prevent overheating feeds .

2. The feed cone mounted at center of dish.
3. L ights on rim of dis h t o warn when antenna may be transmitting . An 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 package looks through a window (optical flat) . (Note foam insulation
on inside walls of wheel house .)

BS·Foot Antenn.
Much of the structure for the three a5-foot Apollo antennas has been fabricat ed by the SlawKnox Company, and an antenna bought under the same contract as the Apollo a ntennas has been

usa ANTENNA
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Figure 2-Thi rty-foot onteMo, $ide view of reflector.

Figure 3-Thirty-foot o"lenno, fro"t 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 [or tracking earth satellites. The antenna in
the foregroWld 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 antelUlas except for
some slight changes (mainly different quadripod support for acquisition antenna and secondary
renector) which were made to meet special S-band requirements. The main features of this
antenna are enlarged versions of those we have seen on thc 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 Wlits.
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 cOWllerweight box which
is filled with lead. Note also bridging beneatll lower platform to hold drive pinion teetll in full
contact with the bull gear .
Figure 9 shows the Rosman 85-foot antenna reflector. Tllis is the same as the S-band antelUlas except for the quadrirod fp'prt .<I."pf.":"Ir t . Tho::' f~~O:! cC'r:e i~ ::.::::!. :.tu:..:h,:'::, iiii.:). 0u", .;... u ::; ...... tht'
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 amplifiers in the room mOWlted in the Y-wheel structure. The ring to which the feed cone will be
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Figure 4-Thirty-foot ontenno,

oxi ~ mO\lement~.

attached is also s hown. Four reflector panels have been removed to uncover the alignnlent
datum points . These points define the reference plane from which all r efle ctor panel adjustments are made . The opening in the surface for the o ptical boresighl equipment is also s hown.

SHIPBOARO ANTENNAS
Although the X- Y antenna can track through zenith, it has some drawbac ks . When it is designed for essentially complete s ky coverage, the rotational axes are separated by a considerable 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 trac k through
zenith (conSidering the fact that the ship location could possibly be changed to avoid an overhead pass). Therefor e, azimuth-elevation mounts are used for the Apollo ships' antennas.
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Figure 6-Eighty-five-foot ontennos ot Rosman.
Figure 5-Thirty-foot ontenno, opt ical
bore5ight pockoge.

'-,.

-"

SPECIFICATIONS
The use of higher RF frequencies is the
obvious trend in spacecraft commWlications.
This, plus the fact that updating a complet ed
antenna is generally impractical, was the reason why most main features of the Apollo antennas 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 operation at S-band . Some examples are:
1. Reflector surface accuracy is held to
0.030 and 0.040 rms for the 30-foot and 85foot antennas, .cspccti'.'cly. Thi.s should p.P.rmit
satisfactory operation in the 10,000 megacycle
region.
2. Alignment 01 rotaUonal axt:1S ilS :',cl.1 tv
five seconds of arc. This is as close as is
feasible with existing Held a Ugnment equipment.
3. Pointing accuracy is specified to be
within 40 seconds of arc.

Figure 7-Eighty-five-foot ontenno, simi lor to
Apollo ontenno.

L. E. HIGHTOWER
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MAINTENANCE
Experience
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GSFC has shown that

steerable antennas, particulary 85-foot diameter antennas, require considerable maintenance. Maintenance of drive systems and
gears is expected, but one of our most
troublesome problems has been the loosening of bolted joints.

The problem is partly peculiar to X- Y
antennas. As the X-V antenna tracks from
horizon to horizon, the gravity loading on
practically every joint in the structure is
completely reversed. For an azimuthelevation antenna, only that part of the
structure below the azimuth axis experiences reversal of stresses from gravity
loading. Simpl e calculations show that
gravity loadings are, for most joints, higher
than drive and brake loadings.
Figure 8-Eighty-five-foot antenna X-wheel ~t ructure.

Figure 9- Eighly-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 Cor 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 actualload1.ng of a particular jOint can be
higher than calculated because of slight inaccuracies in lengths of members. U a jolnt 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 control and drive subsystem has been designed
and is being presently developed. The Intent of this discuBsion is to present an
overall view of the subsystem and its anticipated capabUtties. The text includes,
as an introduction, a general description of the servo cont1'ol and drive su~
system, the system's principal modes of operation and its required sky coverage.
More specific discussion on the dynamic behavior of the system follows the
introductory portion. Finally, 80me preliminary results are given and the present status of the subsystem is discussed.

INTRODUCTION
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 landbased antennas will be discussed and then a few comments on shipboard systems will be made.
An X-V mount is used for this application because zenith coverage is accomplished which is
not possible with a more conventional Az-EI 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-V 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 con·siderations. The Az-EI 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 advanbgec-..!s characteristiCS, such as high torque to inertia ratio, I~rge dynamic range, lack of radio interference,
and lack of predornmant time constants within the servo bandwidth. Nevertheless, in selecting
a hydraulic drive, certain possible problem areas have to be conSidered, and these :I.re ma~illy
concerned with hydrauliC leaks and contamination of t!l.e £h:;'cl. Careful design and preventative
maintenance will, howe'!c!", .:uinimize these problems. The rating of the drive system has been
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chosen to provide for obtaining maximum velocities and accelerations under maximum wind
conditions.

The servo Ind 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 satelUte 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 anterma,
3 cycles per second.
Table 1 shows the performance specification of the two antenna types, the 30-foot and
8S-foot systems. It can be seen that the maximum tracking velOCity is 4 and 3 degrees/ second
respectively and an acceleration capability of 5 degrees/second 2 1s provided. These rates are
adequate to track a satell1te in a low earth orbit. of about 100 miles. The antenna wtll 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

•

3

Degrees/ Second

Acccleration

5

5

Winds; Operating

20

,.

Degrees/ Second l

(reduced)
Operating acc uracy
Stowing
Survival

MPH

45

45

MPH

6.
14.

6.

MPH

12.

MPH

Sky Coverage

2

2

Degrees Above Horizon

Keyhole Cone

2.

2.

Degrees

Keyhole Orientation
Accuracy: Pointing
Tracking

North-South Ax.is
±O.6

1. 5 max

East-West Axis

to.6
1.5 max

Minutes
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 all 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 ±O.6 minutes
of arc. Tracking accuracy is determined by measuring the overall angular error between the
axi.s 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 observing 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 connected 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, a pinion extending
from a gearbox, and the hydraulic motor . The hydrauliC pump unit is in the background. Figure 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 i s 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

:

.•

•

,~

F'gure l-Photog roph of USB ontenno drive ~ystem
showing X-bull geor and hydraulic motor.

.

Figure 2-Georbox ond motor.
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Figure 3-Pump unit with hydraulics.
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Figure 4-Sc hemOlic of hydrauli c drive system w ith no exc itation and brokes applied.
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central, pOSition, as s hown 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 lUted 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 ;i l. Maximum pressure
could be as high as 3000 pounds per square inch. The check valve at motor Hl 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 U
which is required for the anti-backlash feature. Because pressure PI is larger than P a; motor
n will develop a torque Tl 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 TI and T 2'
This net torque, if sufficiently high, will cause motion of the antelUla, say in a clockwise
direction.

r---------

I

SOlENOID O'U VALVE
(Na.MALtY CtOSlD)

-~~-:-~---:--:---;:-;;;;;;':';-:-~L,

"s

I
IL _______
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Figure 5-Schemotic of hydrovlic drive system with brakes lifted and si91"101 applied
to servo valve covsin9 its spool to be displaced ta 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 1 at motor 1# 2 which is higher than that of motor n and
motion of the bull gear will result in the opposite direction to that in the previous case.

F=l_""A.NTENNA
AX"

-~r-+··'

:~
.!
L_~"':'L_-I-~--1- __ _

II RELIEF

lOCK)

RESERVOIR
LVALVE
_______ ' _-'

Fig<.Jre 6-Schemalic of hydroulic drive system with drive signol to

••.••••• HIGH PRESSURE (Uf' TO 3000 poi )
- - - CONTROL f'RESSUItl 1000 PO'
_ _ alAS f'lrSSURE 100 po;
- - - RETURN PIlESSURE 0 p'i
_
MECHANICAL LINKAGE
s,erV(I

valve rever$ed.

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 overheating of the pump (espedally 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
7. 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 permit superposition of a search pattern on most other modes of operation. Scan functions available 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-gatn, 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 be 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, hydraullc 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 {or each axiS are also provided. The operator can, at
his discretion, adjust the servo loop bandwidth by means of a switch between the error meters.
Above the servo control panel is the
error monitor and slave selector paneL By
depressing any of the buttons, the antennacan
be slaved to any of six external sources. The
additional servo error meters permit measurement of errors in any mone not selected
by the servo control unit. Figure 8 again
shows the servo control unit <'Ind the ~rror
monitor and slave selector panel, but it
shOws it in relation to the ball tracker which
is just in front of the operator.
This ball tracker, as previously mentioned, permits simultaneous pOSitioning of

x !'OSITION
REAOOUTS
POSITION

Figure 7-Serllo control pone!.
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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 oper ator's station. 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 ::Inn ('amera
equipment. Next t o it is the servo rack housing the various amplifiers and other electroniC 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 synchro transmitter actually, there are two, a coarse and a fine
transmitter, but for simplicity only one has
been shown. Furthermore, RF e lectronics
are provided which generate servo error

~;~::~'"

Figure 8- Serllo I;ontrol unit in relation 10 ball tracker.
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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
r espective feedback ele ments. The controller is made up of several operaUonal amplifiers
and switching relays.
The s ystem utilizes t hree minor servo loops [or stability and linearization purposes.
These are the yoke loop, pressure feedb ack 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 transforme r . This
transformer compar es 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 r eceiver acts as a position transducer and is used to
close the loop. In the program mode, the encoder output is compared to coordlnates on a prediction tape, and an error signal is generated which again is fed to the servo system. Similarly,
in the s laved mode, an error signal is applied to the system.
The various amplUiers in the controller have been compensated to give the p roper h-~uency
r esponse for the various loop gain conditions :md the Se.l·VO bandwidth requirements . System
accuracy is a tHreet fu.nction of loop gain, bandwidth, and the type of ser vo system used. To
realize the tracking accuracy in the autotrack mode, a Type n servomechanism i~ I.lSed. This
type of system r educes velocity error s to zero, ::Ind cr.:: hoUi to contend with acceleration errors
onlYi however , ttli!! t:;p.. vi a syst em is more difficult to stabilize than a Type I system, which
is uUlized in all other modes of operation. BandWidth is dictated by target dynamiCS, wind
spectr a, 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 basicaily the same type of servo and drive system. The mount has an
Az-EI 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 2. 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 connected 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 accuracy will also be 1.5 minutes
of arc.

ANTENNA FEEDS AND ACQUISITION ANTENNAS
by

J. Flowers
Goddard Space Flight Cent er

ABSTRACT
This paper presents the history and a t echnical description of the Apollo
Cassegrainian Feed System and Acquisition Antenna. Charac teristics of the feed
and acquisition antenna systems are discussed, Includ ing design considerations,
configuration, constraints. parameters, and interfaces with the Cassegralnlan
feed system and the more conventional focal-point feed system . Discussion includes the 30-foot parabolic dish antenna, the shipboard 30-foot antennas, and
the feed and acquisition antenna systems for the project<.>(! 85- foot dishes. Also
described are typical receiving patterns, the method of TE Ll/TM 12 mode excitation, effiCiency {actors, and variOUS packaging proble ms.

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 t o 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 communication s c hannel is formed by s umming the four horns. The E-plane distribution is altered by
higher orde r modes, generated in s ide-wall launcher s, t o produce equal E- and H-plane illuminations. Simplicity of the feed design Is further enhanced by li miting available polarizatiOns
to right-and-Ief1. circular, re motely selectable. A diver sity communications channel is available but unu sed .
An early deci s ion in the design of the acquisition antenna placed this unit on the periphery
of the 30-foot dis h; with further study it was determined that for an X-V mounted antenna the
apex of the quadrapod was the mOre desirable location from both an RF and a mechanical standpoint . The acquisition antenna has a simple four-horn r eceive only feed. Any of fOUr polarizations is available, r e motely selectable.

CASSEGRAINIAN FEED SYSTEM
The Cassegl'ai!'.i::m f~ed assembly serves as the illuminating system for the 30-foot parabolic di sh antenna, and in due COUrse, will serve like wise fOr the 85 -foot model. In this di s cussion such t e rms as "illuminating" and "radiatOr" ar e u~I;'(I, fo!' the :sake ot Simplicity in
describing functio ll ~ Qf the fe-.i:U, irrespective of its use as a transmitting Or receiving feed, even
though a receiving feed does not illuminate a reflector antenna, tn a true sense.
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This assembly consists of the hyperboloidal subrenector and the feed cone or feed housing, 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 reliabiHty we chose a design approach which combined good microwave engineering techniques and proved, established principles to create a simple and dependable 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 I, 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
Cassegralnian 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 shorlened and simplified.

DESIGN PARAMETERS [30· FOOT OISHI
To summarize the pertinent basic design parameters of the 3(1-foot dish microwave subsystem: The feed assembly wHl receive data in the 2270- to 2300-megacycle band with a
minimum gain of 44.Odb, corresponding to an
overall
efficiency of 53%, including 12R losses
APeRTURE
APERTl.IIE
PLANE
PLANE
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. Transmission of up to 20-kilowatt RF power, at a
..
'
minimum of 43.Odb gain, is possible over the
AXIS
....- . . /
;"FUO - ......
2090- to 2120-megacycle band. The feed system
, CONE
receives and transmits only circular polariza.... ""
FOCUS
,: .... / SU(lREfLECTOIi:
tion with remote switching capability. Receiving
and transmitting circuits are switched simultaneously, with the primary data-receiving output,
A. CASS£GRAINLAN
B. fOCAL-POINT FEED
as well as the monopulse tracking signals, being
Figure I-Antenna feed systems.
of the same polarization sense as the transmitted

'OCA'
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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 struct ure and a sharp, stable tracking·
signal output.

DESIGN PARAMETERS [S5-FOOT DISHI
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 difference between the two subsystems, of course, Is that in the 85·foot dish the feed will develop
gains of 50.5db receiving and 50.Odb transmitting. Better sidelobe control will also be possible.
Except for these differences, what Is said here applies as well to the 8S-foot feeds and acqui.
sition antennas as to the 30-foot equIpment.

SHIPBOARD ANTENNAS [30-FOOT DISHI
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
_ _ _ _ _ _ SUB REFLECTOR
Company, by Hughes Aircraft Company in
FUllerton, California. The basic technical
difference is in the method of injection of
higher order modes which are described
later. The designer of the shipboard 30·foot
feed system had an easier packaging problem
than did the Rantec engineers, due to more
space being available in the back-up structure
of the Az· El mounted shipboard antennas
than in the ground station structure.

UNIFIED S-BAND FEED SYSTEM
The baSic aperture components of the
unified S-band feed system (produced by
Rantec Corporation in Calabasas, California)
are the four square waveguide horns, disposed two opposing two to develop th~ error
~ign:U$ In I::ach plane (Figure 2). These are
represented by the four parallel lines. From
this point back the system is a Simple, I'lassica l fo'.l:" channel-waveguide monopuise system. Problems were encountered in packag·
lng the components within the feed cone

"'"
OIPLEXER

ERROR

-----------_._,
figure 2-Cossegroi"iOr'l feed

~y$tem,

block diogrom.
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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 junctiOll 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 receiving frequ ency band.
Outward from the basic four - horn monopulse aperture the feed system becomes what has
come to be called a "multi mode" horn. The multi mode portion of the feed comprises the
sections at the top of Figure 2 and is shown schematically in Figure 3.
The effect of the multi mode 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 is that the H-plane
distribution is unaffected, and the E-plane
is modified to be essentially identical to the
H-plane, leading to higher efficiency and
TO:
improved side lobe control.
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The Rantcc feed differs from others in
this class which have been described in the
published lite rature in the method of TE I~ I
TM 11 mode excitation. Section B-B is a
section through the main square waveguide
beyond the four waveguide aperture, and
includes a section through one of the sets of
higher mode exciters, which are essentially
lour auxiliary waveguides, shorted at their
far ends. When the electric field is as shown,
the upper and lower auxiliary waveguides
are excited. Being of very small axial dimension, 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 10' TE I l ' and TM!l modes, plus higher modes which are prevented [rom propagating by
choice of the main waveguide dimension A. Essentially only the TE 10 and the TEu / TM' 2 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-megacycIe band, and the other functions likewise 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. In the Y-difference mode, the exciter section couples to the TE II / TM II 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 2 (1 and the
TE II / 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 r esults. 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
side lobes in the sum pattern are as high as
-17.5db below the sum pattern peale

°r---'~~~~~~ruu","-'
3 db 29" 0.85 ° 30 FOOT USB DISH
,

TRANSMITTING PATTERNS
The transmitting patterns of the 30-foot
dish have not yet been evaluated satisfactorily
at Dallas due to instrumentation problems. Indications are , in the preliminary data taken,
that these will show somewhat higher close-in
side lobes th",..!! th" i · ~celving patterns. This
high energy cOntent out to some 5 degrees will
actually be used to ad v ant age as the
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Figure 4- Typical receiving patteros.
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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 deflection 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 sandwiched, with the comparator package, in the space between the acquisition dish and the subreflector. From this network one sum and two error channels, of any linear or circular
polarization remotely selectable, are fed back through coaxialUnes to the acquisition preamplifiers. 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 anterma is a 42-inch diameter parabOlOidal dish of
0.4 fl 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 8S-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 Cente1'
ABSTRACT
Parametric amplifiers are used to provide a low system noise temperature
for both the main track ing and acquisition antennas. Identical units are used to
simplify maintenance and allow substitution in an emergency. A noise tem peratu re of l70' K deG"rees is achieved without cooling . The units are housed
in weatherproof, pressurized containers to aHow mounting without weather
protection.
It is important to determine system readiness for operation without disabUng the equipment. The Noise Figure and TestSlgnal 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
s ignal thre shold since the effects of antenna temperature and sky noise are Included in the measurement.

INTRODUCTION
A large variety of techniques and devices is used to calibrate a tracking system prior to
its operational use. Typical examples which have already been discussed are the method of
aligning surface panels and the use of airplanes to calibrate aU signal-receiving subsystems.
It is necessary, in a complex system such as this, to perform daily preoperational te sts to assure 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 networkare 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 Signallnjectionsl:b::;y;;rem is used to measure receiver nOise
figure (which includes 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 '!''?!!~:.
tivity and that the data demodulator and data hanrlli..ng cq;;.ipiu~nt wUl operate properly with the
receiver. A pr!.r:'~I'Y goal in the design of this subsystem has been flexibility: it may be used
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with the

a~enna

in any position and it allows the use of a wide variety of static or dynamic

test signals.
Figure 1 shows the hmctional 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 .w ill be injected and which receiver channels 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 Wlder 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 mOWlted on the antenna.
It was mentioned previously that parametric amplifiers are mOWlted on the antelUla. 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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frequency conversion is performed on the antenna. The total amount of antenna-moWlted equipment 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 about Idb on the error channels. This is not intended to be a precise measurement. 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 signals may be present nOise which is due to the antenna, 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 ga1n to the signal to produce a constant amplitude (N 2) in the
noise figure indicator.
When the nOise source is turned off, the gain of the indicator is held constant and the amplitude of noise left (N i) 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. B<lth 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 i is the same for both cases. The magnitude of the ratio of N l to N i is inversely proportional to system noise figure. In other words, the larger the ratio of N l to N I'
the lower the system noise figure. It is also evident that the nOiSe-figure meter not only displays the noise figure of the receiving channel but also includes the total antenna noise as a part
of the measurement.
Figure 3 shows a view of the noise figure and test signal network equipment. The
lower panel is the control panel with its
Single switch. With this switch we may
measure noise figure or insert a test signal
into either the main chaMel or the acqUisition channel. Noise figure is measured individually for each receiver channel, but the
test Signal is inserted into the three channels
(sum, X, and Y) or either receiver Simultaneously. This panel is 3-1/2 inches tall by
19 inches deep. The upper panel is the
nOise-figure indicator. The reading o[ nOise
figure is displo.yed by the meter movement.
The controls are for operation of the noisefigure meter. This panel is 5-1/4 inches tall
by 16 inches deep. The network assembly,
which is the part of this subsystem located
on the antenna, will be shown later with a
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view of the parametric amplifier. That panel is 10-1/ 2 inches tall by 25 inches deep. It contains 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 Dart of the JPL equipment.
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Figure 3-Nohe figure OI"Id le51 5igool network equipment.

PARAMETRIC AMPLIfiER
The purpose of the parametric amplifier (paramp) is to provide a low system noise temperature constrained by such things as the necessity to produce equipment that will be reliable
under widely varying field conditions. Th.is equipntent 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 mus t be as low as practical within
the constraints of reliable performance, reasonable cost, and required sensitivity.
To provide a little backgroWld, 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 temperature. 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:

where
Pn is the noise power,
is the noise tempera ture ("'K),
K is Boltzmann's constant,

Tn

and

8n is the noise bandw idth.
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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 confusing in computing system performance because noise figure presupposes a source temperature 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 amplifier, 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,
anterma 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 amplUier and receiver nOise temperature
will be seen. The receiver will have an effect on the noise temperature at the input of the system, 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"1< to
about 83"K. Under aU of these conditions, the nOise temperature of the equipment following
would remain a constant. The total of paramp noise temperature plus receiver noise temperature would be 168"1< 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 2Odb. All temperatures may be added to get a total system temperature of 233"1<
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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When the system was originally designed it was expected that the system temperature!>
stated here would be sufficient to meet the need for the Apollo program. Lately it has COme to
Ught that the spacecraft in some attitudes will not be quite what we expected, and there will be
conditions where system temperatures as originally specified will be marginal.
There are means that we can use to improve the system temperatures. It can be seen that
the paramp temperature is considerably larger than the antenna temperature from a comparison of the two. We can lower the paramp noise temperature by employing a cooled paramp.
Typical numbers on the right-hand part of the chart show a cooled-paramp-plus-receiver
temperature ot 35"K. This compares wIth the previous figure of 168"K.. If the temperatures
are added as before, a cooled paramp would provide system temperatures of 100"K, 220"K,
and 118"K. Comparing the cooled-system temperature with the uncooled-system temperature
indicates an improvement of 3.7, 2.1, or 3.3db. In other words, employing a cooled paramp
in this application could improve system sensitivity by approximately 3db for the average
condition. This improvement is bought for a price. That ·price is a complexity of the parametric
amplifier which would be two to three times that of the present unit.
Figure 5 shows a block diagram of the parametric amplifier. The signal input is fed into
a device which is referred to as a five-port circulator. It is really three, three-port circulators connected together and built as a single subassembly. A decoupled input is also included
for injection of the test signal which was discussed a little bit earlier. This is a two-stage
parametric amplifier which provides a total gain of 30db with a good degree of stability. A
Single-stage paramp could achieve 30db of gain, but at the cost of poor gain stability with
change in time and change in temperature. Since this stability is important, the added complexity of the two-stage parametric amplifier is warranted.
The first stage of the parametric amplifier is shown on the left. The signal enters and
exits the paramp through the same connection. The five-port calculator is the key to the
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successful operation of this paramp because energy that enters the circulator at the input will
appear at the first output and at no other output (within reasonable limits, of course). The
signal will appear at other outputs but will be attenuated by some 45 or 5Odb. Again, signals
that enter at the first output port will exit at the second output port, enter the second parametric amplifier, experience gain, and be reinserted into the directional coupler to appear at
the third output port. Energy fed into the test input will be combined with the normal Signal
input after being attenuated by the coupling loss of 2Odb.
The klystron pump provides the microwave energy needed to drive the parametric amplifiers. The output of the pump is fed through a coupler and an isolator and then through a voltage
variable attenuator. The pump power that is actually inserted into each stage of the paramp
may be adjusted from the control panel. The pump signal is then passed through a power divider
and manual attenuators. These attenuators would be set as part of the alignment procedure.
Bias controls for each of the parametric amplifier stages are also located on the remote control panel.
The signal that has passed through the two stages of the paramp is then fed through the
power divider to five isolated outputs. These five outputs are provided so that more than one
receiver at a time may be connected to the same parametriC amplifier. The bandwidth of this
paramp is about 30 megacycles. As such it can pass all the expected unified S-band signals.
Isolation is prOVided so that the receivers will not interact with each other.
A typical noise figure which has been measured on the parametriC amplifier is 1.66db,
which would be an excess nOise temperature of about 136 "K. This measured noise temperature includes loss due to the input circulator. Further, this noise figure can be obtained with
diOdes which are of average quality. The diodes are tailored to the diode holders and the
diode-plus-holder would be replaced as a unit in the field. The holders would then be returned
to a central facility or to the manufacturer for outfitting with a replacement diode should the
diode burn Out. The gain stability of the parametric amplifier assembly has been measured to
be 0.7db per day and this measurement was made while the environmental temperature outside
of the paramp enclosure was varied from about 50" to 100OP.
Figure 6 shows a view of the parametric amplifier in its enclosure. This is a pressurized
box. The top row of attachments includes the pressurizing connection, pressure relief valves
which are set to prevent the pressure inside the box from exceeding twelve pounds per square
inch, and a manual depressurization switch for use should it be necessary to disassemble the
box for service. The bottom row shows the five isolated outputs, the test input, the signal
input, the name-plate, and the power plug.
Figure 7 and 8 are views of the parametric amplifier with the cover off. Figure 9 is a
view of the control panel. The two bias adjustments and the f,"'!!'!!P jiV.... t:r adjustment which controls gain are visible. The w.,ite," was informed that this unit was photographed prior to acceptance testing, hence the rwming-tlme meter reading of 0000.0 hours. At the center of the panel
are the diode current meters and the pump power monitor. The three enclosure-temperature
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Figure 6-Poromclrk amplifier, enclosure attached.

,....rFigure 7-Porometric amplifie r, enclosure removed.
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lights show that the temperature in the antenna enclosure is either low, normal, en high. At
the lower right are the ON/ OFF switch and an OPERATE/ STANDBY switch.
Figure 10 shows the parametric power supply, including the klystron bias monitors , reflector voltage adjustment. and fuses . Figure 11 shows the main channel paramp and the acquisition

Figure 10-PQr(llT1elric; Qmplifier power supply.

Figure II-Main channel and acquisition parametric amplifiers mounted in
wheelhouse of ontenno.

PARAMETRIC AMPLIFIER, AND NOISE FIGURE AND TEST SIGNALNETWMII

paramp mounted in the wheelhouse of theantenna. The panel below the left paramp is
the network panel. The panels to the lower
right are part of the JPL receiver. The outputs from the feed which were discussed
earlier can be seen at the top.
Figure 12 shows the antenna installation
from the outside. Paramps, of course, are
located in the top of the wheelhouse. Cables
from the acquisition antelUla come down the
legs, enter the wheelhouse, and are fed to the
paramp. Cables come out the side of the
wheelhouse and pass over theaxes of the antenna and down and into the operations
building.

Figure 12-Antenna installation.
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RECEIVER-EXCITER SUBSYSTEM
by

R. C. Bunce

Jet Propulsion Laboratories

ABSTRACT
The receiver-exciter subsystem , MSFN version, may be described as nine
functional units interfacing with nine e1tternai subsystems. The prime Intenmit
and interlace signals, gross frequencies, levels, and functions arc InitiaUy
presented in diagram form.
Following the initial description, six functional block diagrams showing the
mcchanil.ation within the functional units in greater detail are also presented.
Finally, photographs and dlagrams showing equipment layout within the
cabinets and views of the control panels are Included. and functions of the important controls and indications arc explained.

INTRODUCTION
In earlier NASA manned flight programs, several functionally independent systems using
different frequency bands have been employed in the two-way spacecraft-ground links, resulting in highly complex facilities. However, in the Unified S- Band (USB) equipment for the
Apollo program, most of the commWlications hU'lctions have been integrated, for the first time,
into a single comprehensive capability. For example, all of the carrier frequenCies in the
two-way path are in S-band region (between 2100 and 2300 megacycles). Voice, television,
telemetry data, range, range-rate, and antenna-tracking information may aU be processed
separately or simultaneously by the same radio frequency equipment.
Within the ground station facUities of the Manned Space Flight Network (MSFN), this unified concept is extremely evident in the receiver-exciter subsystem equipment. The subsystem
acts as a link between the microwave equipment (such as the power amplifier and parametric
amplifier) and the low-frequency RF, digital data proceSSing, and dc actuated equipment. Information and reference signals from ten different external subsystems interface with the
receiver-exciter equipment, which is, in essence. a focal point in the USB concept.
These basic interfaces are shown in Figure 1. together with the gro!!-s chssificalions of
equipment within the subsystem. Only cne oI lwo identical receivers in the normal single
('o~.!i.6oJ.nI.Lion is indicated. The equipment is also supplied, for most stations. in the dual configuration. This configuration contains two complete receiver-exciter suhsyste!'i".s fui: redundancy and multiple-vehicle operation . F0r si.i....""licity. only a single configuration will be discw;:sed ir, this description.
59

60

R. C. BlJNCE

DOWN-LINK

UP-LINK

CARRIER.

CAARIER.

~IGITAL

TIME &

ANALOG

COMMAND
SYSTEM

FkEQ

INSnU-

."

,

T!tACKING
&

DATA

DATA
DEMOO

AN'

CONT &
"WE

t-\NGING

SUISYSHM

Figure l-Receiver-exdter Unified S-Band system functions; doppler extraction,
two-way communications, angle tracking and ranging_

Operation of the receiver-exciter subsystem within the\Unified S-Band system can best be
understood through a description of the following four major functional capabilities:

Doppler Extraction
The subsystem provides a signal whose frequency is proportional to the doppler shift occurring on the two-way transponded carrier. The doppler shift is a result of spacecraft motion
with respect to the ground equipment.

Two-way Communications
The subsystem contains an S-band transmitter exciter that processes the up-data and voice
modulation for the Apollo spacecraft, and also contains two functionally identical receivers
that process the modulated received carriers from the Apollo spacecraft. The received modulation consists of spacecraft TV and data telemetry, as well as voice information.

Anile Tracklnll
The subsystem contains dual-channel angle receivers which operate in conjunction with the antenna feed and antenna control and drive equipment to form an antenna position tracking servo system.

Ranllinll
The subsystem contains a ranging receiver and other associated subassemblies that operate
in conjunction with the digital ranging subsystem to provide data which, when properly reduced,
yield the instantaneous range between the Apollo spacecraft and the ground staUon.
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The fundamental S-band two-way carrier path is diagrammed in simplified form in Figure 1. Excitation from the exciter is applied to the power amplifier. The amplifier output is
transmitted as the up- link carrier via t he diplexer, antenna feed, and antenna. At the spacecraft, the up-link carrier is r eceived, transponded and retransmitted as the down-link carrier.
This carrier is received by the antelUla and feed, passed through the diplexer and amplified by
the parametric amplifier. The amplifier output is applied to the receiver .
The receivers and exciter interconnect with the doppler and ranging equipment to perform
the listed functions. In the paragraphs that follow, the mechanization of these four major
functional capabilities are discussed in greater detail.

DOPPLER EXTRACTION FUNCTION
Let the exciter output carr ier frequency at S-band (between 2100 and 211 0 megacycles) be
deSignated Fn as shown in Figure 2. The frequency FT has a precision based upon the accuracy
of a 1.0- megacycl e reference supplied by the timing and frequency reference assembly.
The output frequency is amplified and transmitted to the spacecraft, where it is coherently
transponded by the ratio 240/ 221, and then retransmitted to the ground station. On the ground,
the received signal is preamplified by the parametric amplifier and appears at t he receiver
input as the fr equency
v
( 240/221 ) Fr

!

~

0

r::-,

L X 240122 ~

The quantity "0" is the two - way dopplershift frequency, and has a maximum value of
about 200 kilocyc les at earth escape velocity.
The receiver reference loop is phaselocked to this received frequency, and receiver reference signals containing frequen cies coherently related to the received
f r e que n C yare applied to the doppler
extractor .
Similarly, frequenc ies coherently related
to the transmitted frequency are also applied
to the extractor.
W!thin the doppler extractor, the transmitter references are suitably combined and
s hifted coherently to simulate the 240/ 221
ratio Qec'.!:-~irl~ in the spacecraft. The resulting signal is functionally differenced with
the receiver references to yield the doppler
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frequency D. Finally, thi s frequency is added t o a 1.0-megacycle bias from the timing and
frequency r eierence assembly. and the resulting biased doppler, or range rate Signal, is supplied for furth er reduction to the tracking and data processing (TOP) subsystem. The biasing
is done to supply the doppler signal in a fornl that is convenie nt for further reduction by a
computer.
The frequ e ncy D is apprOximately related to the spacecraft radial velocity vector and
transmitter frequency by the expressiOn

vis considered

positive when the range is increasing. Thus, if the spacecraft Is moving
away from the ground station, the biased doppler frequency wUl be greater than one megacycle,
while If the spacec raft is approaching the ground station, the biased doppler frequency will be
less than one megacycle.
where

TWO·WAY COMMUNICATIONS FUNCTION
A typical operational configuration using both r eceivers is s hown in Figu r e 3. Up-data
and voice FM subcarriers from the s ubcarrier o sci llator s are applied to the e xcite r phasemodulator . The PM- modulated carrier from the exciter drives the power amplifier, which, in
turn , feeds the PM- modulated up - link carrier to t he spacecraft - Lunar Excursion Module (LEM)
or Command and Service Module (CSM) - via the antenna and micr owave eqUipment. Within the
spacecraft, the carriers are s uitably demodulated to provide up - link information for the Lnflight equipnlent and personnel.
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In the configuration shown, the separ ate
carrie r s are amplified through the multichannel, parametric amplifier and applied
to the separate r ecei ve rs.
Receiver 1 operates as phase-lock,
double-convers ion equipment, and coherently
detects the phase - modulated carrier. The
res ulting det ected s pect rum consists of
information subcarriers, frequency - modu lated
by voice and data infor mation. This spectrum
is supplied t o the data demodulator assembly
for subcarrier de modulation.

RECEIVER·EXCITER SUBSYSTEM

Receiver 2, in the example shown, operates in an open-loop, single-conversion, wide-band
mode. It supplies a gain-controlled FM spectrum (usually TV information) around a center
frequency of 50 megacycles, the receiver first intermediate frequency (IF). This spectrum
is also supplied to the data demodulator assembly for FM demodulation.
Receivers 1 and 2 are not limited to the modes of operation shown in Figure 3. Either or
both receivers may be Simultaneously operated in either the open-loop or closed-loop configurations on anyone of four received channel frequencies in the 2270- to 2290-megacycle band.
The receiver internal configuration is identiCal, except that only one source of reference signals is required, and this is included in receiver No. I, for use by both receivers.

ANGLE TRACKING FUNCTION
The received carrier from the spacecraft is split by the antenna feed equipment into three
channels, as shown in Figure 4: the sum channel ("2"), the "X" channel, and the "Y" channeL
The sum channel signal is amplified by the parametric amplifier, and is the main received
carrier for the reference loop of the receiver.
The X and Y channel signals are not preamplified, but are applied directly to the dualchannel, angle receiver. Using reference signals generated by the receiver reference loop,
the angle channels operate as dual-conversion receivers. They produce dc outputs (Ex and
Ey) with magnitude proportional to the amplitude of the channel input Signal.
The antenna pattern associated with each channel is such that, when the radial axis of the
antenna is perpendicular to the plane of the incoming wavefront, the sum channel amplitude is
maximum, but the angle chalUlel inputs are minimum, or "null" inputs. Under this condition,
the error signal dc outputs Ex and Ey are also at a mtnimum.
When the antenna is slightly displaced
from radial alignment in either the X or Y
tracking planes, as occurs during angular
tracking, the angle channel input amplitude
increases. The detected error voltages then
take on dc values proportional to the angular
displacement, ortracking error. The polarity
of the error voltage is a function of the phase
of the channel input Signal, which in turn is
dependent on the direction of the angular
tracking error. The antenna pattern assO('!M~d with th~ angle channels is essentially
biphase; that is, the phase goes through a 180"
reversal at the null (alignment) position of
the aT'!te!'_~.::..
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angular tracking error, and the angle channels function as the amplifiers and detectors in the
antenna tracking servo loop. The other elements of the loop are the antenna ieed, which performs the sensing function, and the antenna control and drive equipment, which actuate the
motions of the antenna structure.
The standard single configuration contains two complete angle channel receivers, one
associated with each of the reference loops. Receiver No.1 is ordinarily used with the main
(30-foot or 85-foot) antenna, while receiver No.2 is ordinarily associated with the small, widebeam acquisition anteiU1a. When the acquisition antenna is not in use, receiver No.2 reference
loop is ordinarily switched to receivf" via the large antenna through the multi-channel parametric
amplifier.

RANGING FUNCTION
The major signal paths associated with the ranging function are shown in Figure 5. The
digital ranging equipment, known as the ranging subsystem, although not a part of the receiverexciter subsystem, is shown in the diagram to simplify the description.
A pseudo-random noise code spectrum containing a "clock" component is applied from the
ranging subsystem as phase modulation (code x clock) to the exciter. The resulting modulated
carrier is transmitted to the spacecraft, "turned around", and retransmitted to the ground
receiver. Within the receiver reference loop, the carrier containing the received code x clock
modulation is translated to an IF of 10 megacycles and applied to the ranging receiver.
Within this receiver, the received code x clock is correlated with a locally generated code
from the ranging subsystem. The correlation process is functionally subtractive, yielding an
output of clock signal alone, whose amplitude is proportional to the degree of correlation. This
signal is tracked by a receiver phase-lock loop, and its amplitude is detected to appear as a
dc correlation indication. This indication is routed back to the ranging subsystem as a primary
information input.
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The ranging receiver also supplied cl.....:k :'equency reference and c lock doppler signals,
while the reference loop supplies a UHF range doppler signal (at one-fourth the S-band doppler
value or 0 / 4), for use by the ranging subsystem .
Using these various inputs, the ranging subsystem programs an acquisition sequence from
which data proportional to the range of the spacecraft is obtained.
Upon completion of the acquisition program, the ranging sub!:'ystem delivers updated
range information to the tracking and data procesSing subsystem upon f"ommand from that
subsystem.

THE RECEIVER REFERENCE LOOP
The reference loop of a typical receiver Is particularly important as an element of the
subsystem, as it COntains equipment that is operational in all four of the major functions. The
loop and its associated branches are shown in detail in Figure 6.
S-band RF input, at one of four carrier center frequencies in the 2270- to 2290 - megacycle
range, is applied to the first mixer and preamplifier. At the mixer, the signal is differenced
with the local oscillator (1.0) chain injection signal, which is 50 megacycles lower in frequency
than the received signal. The resulting 50-megacycle IF signal is preamplified and applied
to the automatic gain control (AGe) 50-megacycle IF amplifier.
During open - loop operation, when the carrier is frequency-modu lated by television information, the 50-megacycle spectrum is branched off at this pOint, passed through a gain-contrOlled,
wide- band, 50-megacycle IF amplifier, and supplied as an undetected spectrum to the data
demodulator assembly.
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In closed-loop operation, the signal is next gain controlled thrOUgh a series of 50-megacycle

AGe IF amplifier stages, and then differenced with a 60-megacycle reference signal in the
second mixer to produce the second IF of 10 megacycles. The IF amplifier is capable of a
total gain control range of 91db, operating at an overall gain between +51db and -40db. The
phase and gain changes across this range must be carefully controlled during manufacture to
assure compatible operation with parallel units in the angle receiver channels.
The IO-megacycle output is applied to a distribution amplifier, where telemetry channel
IF and range receiver channel input signals are branched off. Operation of these channels
are covered in greater detail later in this paper.
The reference loop Signal is next applied to a lO-megacycle IF amplifier, where a crystal
filter establishes the loop predetecUon noise bandwidth of about 7.0 kilocycles. After filtering,
the signal is split into two channels. The first operates at high gain and contains a limiter
whose output is applied to the loop phase detector. The second channel operates at lower gain
without limiting, and this channel output is applied to the loop AGe detector.
Within the loop phase detector, and assuming loop phase lock, the limited output signal
frequency is differenced with a lO-megacycle reference signal. The resulting output is a small
de voltage proportional to the angular phase error in the loop. This de output Is applied to the
reference loop filter, within which time constants are selected manually to control the overall
loop-noise bandwidth (2B ,.). Threshold values for this bandwidth (2Bl.o) of 50, 200, and 700
cycles per second may be selected.
The loop filter output, known as the loop "static phase error" (SPE), is a small and relatively noise-free dc voltage. This voltage is applied to the voltage-eontrolled oscillator (VeO)
where, during phase lock, it automatically adjusts the veo frequency to maintain lock during
input signal frequency variations.
An acquisitiOn input voltage to the

veo is

applied manually by the operator to obtain initial
lock (acquisition), and then to balance out the residual phase error when acquisition has been
accomplished. This latter function is indicated by a reduction of the SPE to zero.
The veo output is next multiplied by three, and acoherent reference signal for the doppler
extractor is branched off from the multiplier.
Finally, the veo signal is multiplied by 32 for a total multiplication of 96, and applied as
the local oscillator injection signal to the first mixer, thus closing the loop. Local oscillator
injection Signals for the angle channel reeeiver are also branched off at the x32 multiplier
output.
Returning to the AGe path, the detector output is applied to the AGe loop mter. Within the
filter, the AGC loop bandwidth is selected by the control operator for one of three values,
grossly designated narrOw, medium, or wide.
These values are ordinarily paired with the corresponding reference loop 2 Bl.o settings,
although this is not a necessity for proper operatiOn.
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The filter output is the de AGe voltage, with a dynamiC range cf 10 volts. This
voltage is' applied to the gain-controlled stages in the 50-megacycle IF amplifiers in the
reference loop, and to the parallel angle receiver channels. It is also displayed and recorded
by the analog instrumentation equipment, as it varies with, and is a measure of, the input signal
level.
The 60- and la-megacycle reference frequencies are both derived from a 20-megacycle
crystal oscillator. The SO-megacycle signal is obtained through a x3 multiplier, while the
la-megacycle signal is derived from a x 1/2 multiplier. This reference generation equipment
is present only in one of the receivers. Reference signals for the second receiver, the angle
channels, the telemetry channels, the range receiver, and the doppler extractor are all branched
off of the x3 and x 1/ 2 multiplier outputs.
In summary, the reference phase-lock loop is of second order, with the dual-phase integra-

tion occurring through the loop filter and VCO, while the AGC loop is of first order with single
integration occurring through the AGC filter.

VARIATION IN LOOP NOISE BANDWIDTH
The reference loop gain varies with the input signal level, primarily be<:ause of
the suppression of signal by nOise within the limiter preceding the phase detector. The
increased loop gain at high signal levels r e sults in an increased damping and widening
of the bandwidth. The values of 50, 200, and
700 cycles per second mentioned earlier are
'"00
values occurring at the system signal threshold; the strong signal bandwidths are much
wider.
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This effect is shown in Figure 7. Note
that in the 700-cycles-per-second poSition,
the bandwidth rises to about 2 kilocycles
when the signal exceeds the threshold value
by about 30db. This wide bandwidth is deSirable for tracking the high doppler rates
encountered durtngthe earth orbital phase of
the Apollo miSSions, and will ordinarily be
used during these passes. Carrier pho.se
mcdulalion within the loop bandwidth cannot
be properly demodulated because the loop
"tracks out" these frequenCies. ThiR is o!
Ettle ;:vi".::~rn lOr the Apollo program, however, as all modulation except the emergency
voice information is on subcarriers at
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frequencies greater than 1.0 megacycle, well beyond the low frequency cut-off of the
loop.
The 50-cycles-per-second poSitiOn, reaching a maximum bandwidth of 500 cycles per second,
is intended for use during the lunar phases of the mission . Doppler rates will be low during
these phases, and the increased sensitivity and narrow bandwidth will assure an adequate communications margin for the expected received signal levels, even U the emergency modes must
be used.
The FM television spectrum will contain energy within the tracking bandwidths shown.
However, the receivers are in open-loop condition during FM r eception, and no attenuation
occurs, as the tracking loop is inoperative.

THE RANGING RECEIVER AND DETECTED TELEMETRY CHANNELS
The 10-megacycle IF distribution amplifier in the receiver channel branches off signals
for the ranging receiver and the detected telemetry channel. As these two signal paths are
important to the basic functions of the subsystem, they are shown in greater detail in Figure 8.
The ranging receiver input, from either receiVer as selected by the control operator,
consists of code x clock modulation on the 100megacycle IF. This modulation occupies a wide
spectrum containing slgnUicant sideband components as far as 2 megacycles from the carrier.
This spectrum is applied to a wideband phase detector which is referenced by "code x IF." The
code x IF is a modulated spectrum centered at the IF frequency of 10 megacycles . The spectrum is derived from a phase switch, within which the 100megacycie IF reference signal is
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periodically switched :90" by the code signal, also known as r eceiver <-ode. This code is supplied by the ranging subsystem.
The phase detector differences the two signals, producing an output spectrum which always
contain s some ene rgy at the clock frequency. The amplitude of this energy is directly proportional to the degree of corre lation between the r eceived code and the r eceiver code.
The energy at the c lock frequency, known as the clock signal, is filt ered and amplified
through a dual-channel IF amplifier. The channel outputs a re applied to a loop phase det ector
(limited output), and a correlation detector (linear output) . The correlation det ector develops
the dc correlation indication for the ranging subsystem .
The phase detector output drives a loop filter and veo, which in turn refer ences the two
detectors . These units together define the ranging receiver phase- lock loop. The loop bandwidth, as in the main receiver, is established by manual selection of the time constants in the
loop filte r . This bandwidth has threshold values of 4, 16, and 40 cycles per second. These are
considerably narrowe r than the bandwidths of the main loop; the refore ranging thres hold is not
ordinarily r eached during operation.
The r eceiver loop acts as a narrow-band tracking filter, providing relattvely noise-free
frequency r eferences at the clock frequ ency and its second harmonic. These are supplied to
the ranging subsystem . The frequencies are used to drive the r eceiver coder within that
s ubsystem.
The detected telemetry channell.s a simple series arrangement of IF amplifier, wideband
phase det ector, and video amplifier. The phase detector is r eferenced with a lO-megacyc le
signal from the refer ence signal generator in the r eceiver.
The detected s ignal is supplied at a level of Odbm and a -ldb bandwidth of 1.25 megacycles
to the data demodulator assembly.

RECEIVER-EXCITER SUBSYSTEM EQUIPMENT LAYOUT
Control room cabinets containing the receiver-exciter equipment are s hown in Flgure 9.
The fir s t three cabinets on the left contain subsystem control panels and monitoring eqUipment,
tuted and arranged for convenience by a seated control operator. Continuing from left to right,
the fourth, fifth, and eighth cabinets each contain two roll- out frames which mOWlt subassemblies
of the s ubsystem. Over eighty dUferent types of subassemblies are used, and the total COWlt
exceeds 200.
O;;e [,'ame of cabinet one is rolled out to show the subassembly packaging and mounting
methods . All of the interconnecting coaxial cabling is routed on the outer ~"rbcc or tilt! mounting plates, while the power, dc, and low -!!'cq.. ':;,icy Signal paths are all wired with s hielded leads
on the in;;':;l' surlace of the plates within the frame . Each subassembly is individually removable for qulck r eplacement. Connections to the wiring wlthin the fram es are made through
multipin connectors mounted at the ends of the subassemblies. Intracabinet cabling is routed
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Figure 9-Receiver- e xciter subsystem.

through floor channel s beneath the cabinet s, and all connections t o these cables a r c made
through COlUlecto r plates at the base of the cabinets.

Subassembly power suppli es arc rack-mounted beneath the roll- out fr a nH} S, and ac con venienc e outlet s arc placed on the c abinet lowe I- IiI)S.

Cabinets two and five conta in the subassemblies for r eceiver one and r eceiver two, r es pectively . Each rece ive r thus hou sed consists of the reference loop, th e anp;ic c hanne ls , and
the t e l emetry c ha nne l s .

Cabinet one contains subassemblies of the exciter, the doppler C>.1racl or , and th e range
r eceiver, as we ll as oth er minor equipnlc!Ilt used with th€:! ranging r eceiver during the ranging
program . The exposed plate contain s subassemblies of the doppler ext ractor .
Additional Subassemblies containing equipment opC'rable in the S-band re!,:ion arc normally
mounted nea r th e antcrm:l, and d o not appea r in thi s picture .
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Cabinets three and four of the right-hand group contain isolation amplifiers and power
supplies which preprocess monitoring signals before they are fed to the analog instrumentation
subsyst em. All of these s ignals are normalized for a peak-to-peak level of 10 volts from the
low impedance output of the isolation amplifiers. The cabinets also contain instrumentation
used while testing and evaluating the performance of the subsystem equipment.
The location of the syst em cont rol panels for the exciter, the two S-band receivers, and
the ranging receiver are indicated on racks one, two, and three. Figures 10, 11 and 12 s how
these control panels in greater detail.
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THE SYSTEM CONTROL PANELS
The exciter control panel contains all operational controls and indications for the exciter
and doppler extractor, as shown in Figure 10. Controls for a phase- lock loop which locks one
of four exciter veo's to a system frequency synthesizer are included, together with controls
fOr selecting the modulation source and the receiver input to the doppler extractor. The pane l
also contains controls for an automatic sweep generator that acts as an aid during acquisition
of down-link carriers by t he receivers. The exciter veo's may also be automatically frequencyswept to aid in the two-way carrier acquisition process.
The receiver control panel contains all operational controls and indications for the receiver
reference loop, angle channels, and telemetry channels, as shown in Figure 11. Push-button
controls for selecting the reference loop noise bandwidth and the AGe loop bandwidth are included, as well as controls for selecting one of four veo's for the corresponding four received
carrier frequencies . Coarse and Cine manual adjustment controls for the VCO acquisition
voltage are located conveniently in the lower right-hand corner of the panel.
The ranging rece iver cont r ol panel, as shown in Figure 12, is not ordinarily used during
system operation, as all control of the ranging equipment is transferred to the digital ranging
subsystem. However, during test of the receiver-exciter equipment, this panel is used to
control and monitor operation of the ranging receiver and associated equipment. Typical controls are those for selecting the ranging receiver bandwidth, and for selecting the main receiver,
from which the ranging receiver input is derived.

SUMMARY
The receiver-exciter subsystem interfaces with many of the other station subsystems to
aid in performing four major functions .
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1. Doppler extraction
2. Two-way communication
3. Angle tracking
4. Ranging
The subsystem embodies, in many ways, the heart of the unified S-band concept, as it:
1. Receives and generates the S-band carriers which define the single-system approach.

2. Operates upon modulation and frequency information contained in these carriers to aid
in giving the ground station a total communications capability with the spacecraft of the
NABA Apollo program.
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VERIFICATION RECEIVER, SCO OSCILLATOR
AND UP-DATA MODEMS
by
J, Jacobi
Goddard Space Flight Center

ABSTRACT
The verification receiver is a solid- state, S-band telemetry receiver with
special demodulators. It is a fixed-tuned superheterodyne, multiple- conversion
re ceive r of standard design. The purpose or the verification receiver I S to
sample the up-link signal at the power am plifie r output and provide demodulated
voice and data signal s. The voice signal Is recorded and the data is util i zed by
the command system as an input to the verification loop.

The subcarr ier oscillator (SeQ) subsystem comprises a 30- kHocycic voltage
controlled oscillator (VeO) and appropriate m ixing networks. The 30-k ilocycle
SeQ is modulated with voice and the 70-kilocycle seo Is modulated with data.
The two resu lting signal s are added linearly and modulated onlO the S-band
carrier.
The up-data modem (modulator-demodulator) accepts a command message
(rom a modified Univac 6428 computer and converts It to a fonn suitable for
modulating onlO the 70-kilocycle seo.

INTRODUCTION
The equipment which will be discussed includes the up-data buffe r modem, the subcarr ier
oscillator s ubsystem and the verification receiver. Together, these ite ms comprise a Significant pOrtion of the up-link commW'lications system. Figure 1 depicts the relationship between
these subsystems .
The up-data buffer modem accepts data
data from a compute r and operates on the
data to put it into a form suitable for modulation onto a suilcarrier. The subcarrier
oscillator subsystem accepts data and voice
signals and modulates these Signals onto
their re~~cti... a suucarners. T ne verification receiver samples the output of the
S-band power a mplifier and demodulates the
S-band carri~r. The vuiput or the verifica-
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tion receiver is the original up-data and up-voice signals. The data is returned to the buffer
modem as an input to the system verification process. The voice output is recorded.

UP·DATA BUFFER MlIDEM
The hmction of the up-data buffer modem (Figure 2) in the Unified S-Band system is to
provide interface between a modified Univac CP-642B computer and the up-data subcarrier
oscillator. The computer provides digital data to the buffer modem. The buffer modem stores
this data and at the proper time, modulates the data onto an audio tone. This tone is mixed
with a synchronization tone and filtered, and the resultant is applied to the 70-kilocycle subcarrier oscillator. The buffer modem also accepts phase-modulated audio from the verification receiver, demodulates this audio, and provides the demodulated data to the computer. The
computer uses this information as a part of a complex verification process.
The buffer modem may be divided into four main sections: a transmit section, a receive
section, the audio switching system, and control circuits. In the transmit section. the buffer
processes digital data and provides a phase shift-keyed audio Signal to the subcarrier for updata transmission (the phase shift key will be subsequently referred to as PSK). The receive
section processes the output of the verUication receiver. The audio switching circuits automatically provide normal and emergency connections between modulators, demodulators and
RF equipment. The control section generates control and timing waveforms required by the
up-data buffer modem.

Transmit Section
The transmit section can be subdivided into two parts, the data input circuits and a PSK
modulator. The data input circuits consist of a 27-bit shift register and a 5-bit storage register.
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When the buffer is ready to accept a word from the computer, it places a request signal on a
line to the computer. The computer responds with a 3D-bit parallel word, consisting of 25 data
bits and 5 control bits. The 25-bit data portion of the word is entered into the shift register
and the 5-bit control information is set into the storage register. The control information
selects the modulator, demodulator and transmitting equipment to be used during the transmission of the data bits. If the computer does not respond to the request for a word, logic 1
data bits are transmitted each bit time.
When the data is completely entered into the shift register, it is automatically dumped to
the PSJ( modulator at a I-kilobit rate. After the data is transferred to the pSK modulator, a
signal is generated to initiate another word transfer from the computer.

PSK Modulator
Two identical phase modulator circuits
(Figure 3) are employed in the buffer, one
acting as a standby to increase operational
reliability. Digital signals from the shift
register are applied to the modulator and
shift the phase of a 2- kilocycle tone at a 1kilobit rate. The total phase shift between a
logic "0" and a logiC "1" is 180 degrees.
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Figure 3-PSK modulOlor.

The phase-shifted signal is filtered and added linearly to the I-kilocycle synchronization
tone. The combined signal is filtered through a 3-kUocycle low-pass filter, amplified and
supplied through two balanced outputs to the RF equipment.

Receive Section
The receive section consists of a pair of phase demodulators and data output circuits. The
phase demodulators are depicted in Figure 4.
Phase-modulated audio is obtained from the verification receiver and applied to one of the
two demodulation circuits. The l-kilocycle synchronization tone and the 2-kilocycle PSK audio
are separated by filtering, the 2- kilocycle PSK audio is applied to a phase detector, and the
I-kilocycle synchronization tone is doubled to 2 kilocycles, and is used as the phase detector
reference. The demodulated output is then
"squared up" to provide the digital data to
COMPOSITE
the data output circuits.
AUDIO
-~

The data output circuits consist of a 26bit shift register and a 5-bit storage register. The storage register receives information from the audio S~'litchl.j",~ lJectlon and
drives a display unit for visual presentation
of equipment configuration. The demodulated
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audio output is entered into the shift register at a I-kilobit rate. When a full word is stored the
buffer requests tne computer to accept the word, The computer responds by accepting the word
in parallel readout and acknowledges to the buffer that it has accepted the word.

SUBCARRIER OSCILLATOR SUBSYSTEM

DATA
INPUT

" ,<

Thepurpose oithe subcarrier oscillators
(Figure 5) in the system is to convert baseband voice and data signals to frequencymodulated subcarriers. The subsystem also
linearly adds these subcarriers and adjusts

r~

their respective levels so as to produce the

VOICE INPUT

MODe
OUTPUT
SELECTION
CKTS

~
flLTU

proper up-link modulation index at S-band
Figure 5-Subcorrier O$ciUotor subsystem.
for the mode of transmission selected. For
purposes of discussion, this subsystem will be broken down into three components: the voice
subcarrier oscillator. the data subcarrier oscillator, and the mode selection circuit.

Voice Subcarrier
Voice signals are received from the station intercom and applied to the appropriate input
of the subcarrier oscillator subsystem. The input voice is passed through a low pass filter
which restricts the vOice spectrum to a maximum frequency of 3 kilocycles. This filter has
relatively sharp cutoff characteristics attenuating 6-kilocycle components by 60db which reduces
the spreading of the VOice subcarrier spectrum and eliminates a certain amoW"Jt of noise.
The voice subcarrier oscillator is a VOltage-controlled multivibrator which operates at a
nominal center frequency of 30 kilocycles. The frequency deviation of the subcarrier oscillator
is a linear fW"Jchon of the modulation voltage and has a maximum value of plus and minus 7.5
kilocycles about the center frequency. The linearity of the frequency deviation versus voltage
is I percent or better over the full range of plus and minus 7.5 kilocycles.
The output of the voltage-controlled multivibrator is filtered by a band-pass filter to remove harmonics of the 30 kilocycles and also to remove undesirable VOice components which
might occur at frequencies of 3 kilocycles and less. The output of the band-pass filter is then
supplied to the mode selection circuitry.

Oata Subea"ie,
The data subcarrier oscillator is also a voltage-controlled multivibrator. The nominal
center frequency of this subcarrier Is 70 kilocycles, and the maximum deviation of the data
subcarrier is plus and minus 5 kilocycles about the center frequency. The linearity properties are the same as those of the voice subcarrier. Filtering of the data prior to application to the subcarrier is accomplished in the up-data buffer modem.
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The output of the 70-kllocycle multivibrator is filtered by a band-pass filter for reasons
mentioned in the discussion of the voice subcarrier. The output of the filter is supplied to the
mode selection circuitry.

Mode Selection Circuitry
In the present Unified S-band system there are eight possible modes of up-link operation,
designated lA through lH. The basic mode structure is given in Table 1.
Table 1
Basic Mode Structure of Unified S-Band System.
Mode

Operation

lA

No subcarrier outputs

lB

Voice subcarrier only

Ie

Up-data subcarrier only

10

Voice subca rrler only at a voltage level different trom that in mode IB

IE

Up- data s ubcarrle r only at a voltage level different from that in mode Ie

IF

Both subcarriers linearly added

10

Both subcarriers linearly added at voltage levels different from those in mode IF

lH

Backup voice. This mode permits modulatio n of up-voice on the 7o-kilocycle subcarrier
In the event of certain failures.

The purpose of the mode selection circuitry 1s to make the proper subcarriers available
at the voltage levels required by Simply setting a selector switch to the mode desired.
To accomplish its purpose, the mode selection circuitry accepts the outputs of the two
subcarrier oscillators and applies them to two banks of variable attenuator networks. Each
bank of networks may be considered to contain eight variable attenuators corresponding t o the
eight modes of operation. One bank of attenuators adjusts the voice suocarrier level and the
other, the data subcarrier level. The output of the two banks of attenuators are cOmbined in a
linear fashion and provided to the transmitter-exciter through a l ine driver. It should be noted
that since each attenuator is variable, the level of either subcarrier may be adjusted independently of the mode selected and independently of the level of the other subcarrier. The
range of output levels is sufficient to accommodate any present 01' Iuture modulation index
requirements.

VERIFICATION RECEIVER
The purpose of the verification receiver (Figure 6) in the Unified S-band system is to provide a means of demodulating a sample of the up-link signal as far upstream as possible. The
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demodulated outputs of the verification receiver consist of up-data and up-voice. The up-data
is returned to the buffer modem for further processing and the voice is recorded.
The verification receiver is a version of a commerCial, solid-state, S-band telemetry receiver. It is a fixed-tuned, superheterodyne, multiple-conversion receiver of standard design.
The unique items in this receiver are the phase demodulators and the subcarrier demodulators.
A sample of the up-link Signal is obtained from a directional coupler located at the output
of the S-band power amplifier. The power level out of the directional coupler is approximately
+20dbm. Therefore it is necessary to reduce the signal to an acceptable level with the aUenuator shown in the diagram.
After reduCing its power level the signal is converted to the first IF frequency of 30 megacycles. The converter utilizes crystal-controlled oscillators that operate at approximately
40 megacycles, which requires a multiplication factor of 54. The output bandwidth of the converter is approximately 3 megacycles.
The 30 megacycle first IF Signal is supplied to the second mixer where it is heterodyned
down to 10.035 megacycles. The signal is amplified, Umited and applied to the phase demodulator.
The phase demodulator consists of a conventional Foster-Seeley discriminator and an integrating network. With a phase-modulated input a Foster-Seeley discriminator provides a
demodulated output which is a differentiated replica of the video intelligence. By integrating
this output, a true replica of the video is obtained, This type of phase demodulator gives adequate performance at high signal-to-noise ratios. It has the advantage that it does not have
the acquisition problems associated with a phase lock demodulator.
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It should be noted that the receiver employs an automatic frequency control (AFC) lOOp.

This eliminates the problem of having to retune the receiver because of local oscillator drift
or because of slight changes in up-link frequency.
The output of the phase demodulator is supplied to the 30-kilocycle and 70-kilocycle subcarrier demodulators. The subcarriers are amplified, filtered and limited in their respective
demodulators. The resulting signals are fed to discriminators, which are of the pulse averaging type. The outputs of the discriminators are the desired up-data and up-voice.
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SIGNAL DATA DEMODULATORS
by

G. Handros

Goddard SPace Flight Center

ABSTRACT
This paper presents an overall view of the function and capabilities of the
signal data demodulator which is an i ntegral part of the heart of the Unified
5-Band system. The text Includes a general discussion of the different types of
demodulators. Then, more specific discussion follows explaining in detail the
dynamic behavior of eacb demodulator, tabulation of parameters, opel'8Uonal
procedures and Integration of the demodulators with the rest of the Unified
5-Band system.

INTRODUCTION
Before we begin the discussion of the s ignal data demodulator system (SODS), it is necessary t o acquaint the reader with the type of signals transmitted from the spacecraft. The
spacecraft has the capability of transmitting
VOICE AND
two carr iers s imultaneously at different freTHEMETRY
BIOMEDICAL
SU8CARRIE~
quencies, one of these i s phase-modulated by
DATA SU9CA~RI ER
RANGE CODE
/
'
the information and the other. is reserved
SPEC,M
for frequency modulation. An examination
oflypical spectra of the phase- and frequencymodulated carriers, shown in Figures 1 and
~O+1,2SM<.
2, reveals the necessity for simultaneous
groWld demodulation of both carrier s and
recovery of all data. For this reason, two
demodulator channels, which will be discussed in subsequent pages, have been deEMERGENCY VOICE
signed for the ground stations.
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and feeds the data processing equipment such as the PCM system, Figure 4 is a simplified
diagram of the SOOO . As the figure indicates, the receiver feeds the demodulators with two
signals. One is a 50-megacycle IF which carries the frequency modulation. The other input
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from the receiver Is at video aoo. contains the phase modulation . Thus the SDDS consists of
two channels which may be referred to as t he FM and PM channels.
The 50-mcgacycle IF is routed to the carrier frequen cy demodulator which reduces the
signal to video and fceds a r ecorder , an isolation amplifier and filter (television channel), the
voice and biomedical data demodulator, and the telemetry demodulator . The PM video input
from the r eceiver supplies the inputs to the VOice and biomedical data subcarrier demodulator,
the telemetry demodulator, and the emergency key demodulator. Also obtained from this channel is the emergency voice information. It should be noted at this point that the telemetry subcarrier demodulators and the voice and blomedical data subcarrier demodulators of the PM
and FM channels are identical.
As Figure 4 indicates, the outputs of the voice and biomedical data subcarrier demodulators and the telemetry subcarrier demodulators are routed to a data output selector ,
which is simply a switch. This allows the ground operators to r oute the voice, telemetry,
and biomedical data to the proper data-processing equipment regardless of whether these
data are recovered fro m the FM or PM channels of the SDDS. In addition, the data l'Ip.lector provides the inputs to seven biorn€o:!ica! S\lbcanier demodulators for the recovery of the
biumedical I.n!ormation.

DEMODuLATOR EQUIPMENT
At this point, l et us discuss in some detaU the various demodulators .

G, KONORQS
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Carrier Frequoney Oomodulator
The carrier frequency demodulator is shown in detail in Figure 5. T he 50-megacycle IF
enters the demodulator through an attenuator and is routed to a bandpass filter of either 1- or
4-megacycle bandwidth. However, as shown in the figure , if the switch is in the horizontal
position , the input bandwidth is determined by the receiver and it Is about 9.3 megacycles . The
reason fOr the use of variable bandwidth Is to optimize the performance of the demodulator for
the various signals which are transmitted from the spacecraft. The output of the filter is
amplified, limited, and converted to 120 megacycles using a local oscillator and doubler.
Subsequently, the signal is reduced to video, uSing a modulation tracking phase-loc k loop.
Again for optimization purposes, the loop has a 4- and an ll-megacycle closed loop nOise bandwidth. The lOOp bandwidth is selectable through a front panel control. The output of the loop
is routed to an output amplifier via a buffer where the video outputs are used to feed the various s ubcarrier demodulators, television monitors, and tape recorders . The demodulator also
contains a threshold detector and a loop lock indicator. A loop disable switch is also available.
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Figure 5-Corrier frequen<= y demodulOlor.

The PCM Tolomotry Subearrior Demodulator
As previously POinted out, the telemetry demodulators of the PM and FM channels are
identical. T herefor e, only one will be described here .
The telemetry demodulator is shown in Figure 6. Since the spacecraft has the capability
of transmitting 200, 51.2, or 1.6 kilobits per second bi-phase modulated on a 1.024-megacycle

SIGNAL DATA DEWOOULATORS

87

subcarrier, it was necessary to provide the
WO,
FI LTER
demodulator with three different predetection
bandwidths. These bandwidths are obtained
!AND-PASS
uSing a variable bandwidth filter, shown in
FILTER
SH ECTA8Lf a
Figure 6, and their values are 600-, 150-,
L _ _ DATA
and 6-kilocycles, respectively. These bandwidths are equal to three times the bit rate
Figvre b-Telemetry subcarrier demodulator.
and are selected by a front panel control.
When the proper bandwidth is selected for
the particular vil rate t,·a.llsmilted trom the spacecraft, the 1.024-megacycle vi-phase modulated subcarrier is routed to a limiter, a filter and a phase detector. The other output to the
phase detector is obtained by squaring the l.024-megacycle bi-phase modulated subcarrier,
thus eliminating the modulation and obtaining a 2.MB-megacycle stable component which is
locked on using a modulation restrictive phase-lock loop. The output of the loop is then routed
to the phase detector via an Xl / 2 multiplier. The output of the multiplier is the PCM information which is routed to the bit synchronizer and PCM data processing equipment.

The Voice and Biomedical Data Subcanier Demodulator
As pre viously pointed out, the voice and seven biomedical data s ubcarriers are frequencymultiplexed and the composite is modulated onto the 1.25-megacycle subcarrier. This is done
only when EVA is performed. At any other time the biomedical data are transmitted via the
PCM telemetry system and the VOice is transmitted alone on the 1.2- megacycle subcarrier.
The voice and biomedical data demodulator is shown in Figure 7. The 1.25-megacycle
subcarrier enters the demodulator via an attenuator. If the subcarrier is modulated with the
voice information, the 20-kilocycle filter is used prior to detection. If, however, the subcarrier is modulated by VOice and biomedical data, then the 35-kilocycle filter is used. When
the proper filter is selected, the output is limited and detected using a modulation tracing
phase-lock loop. At the output of the loop a low-pass filter is used to recover the voice information and a wideband output is obtained which feeds the biomedical data demodulators via the
data output selector shown in Figure 4. The demodulator also contains a threshold detector
and in-lock indicator.

The AM Key Demodulator
The emergency key demodulator is shown in Figure B. A 512-kilocycle band-pass filter is
used to recover the subcarrier from the output of the PM buffer amplifier s'hown in Figure 4.
Subsequently the signal is amplified and convertl;'d t o 1 lr.ilccyclt: using a 51::!-kilocycle crystal
oscilla.tor. The l-kilocycle signal is filtered and detected using an amplitude detector. Thus dc
or keyed outputs are provided. Also incorporated is an audio output amplifier which provides
the required audio outputs.

The Test Unit
For field and laboratory performance evaluation of the various' demodulators, the SDDS is
provided with a test unit. This unit is shown in Figure 9. It can be seen that this test Wlit has
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the capability of simulating the telemetry subcarrier, Ute VOice subcarrier, the emergency key
subcarrier, and the video information. These signals may be summed and routed to a 50megacycle veo from which the 50-megacycle IF is derived or to a phase modulator and multiplier where the 50-megacycle PM signal is obtained.
Depending upon which snns channel is to be tested, the PM or FM 50-megacycle signal is
obtained from the test unit, using a switch, and noise is added to it from a 50-megacycle nOise
source which is built into the test unit. Thus a signal plus noise at 50 megacycles containing
the desired subcarrier and/ or video information is avaUable to the SnDS for testing.
Two signal data demodulator systems have been completed and tested. Figure 10 shows
the first system . On the top draw there are three loud speakers used for PM VOice, FM voice
and emergency voice with the various volume controls also shown. In addition, this draw contains the various in- lock indicators and a patch panel for routing the various signals to the
various demOdulators. The second draw contains thp. carrie: !.eqiJE'Ucy demodulator on the
l~!t and the ~u voice demodulators on the right with their various front panel controls. This
draw also contains the emergency key demodulator which has no front panel controls since they
are not necessary. The third draw contains the two telelTlPtry de :::cd..u..t.uns with their bandwidth S,;,!!.tch!:.g '::uutrois and in-lock indicators. The fourth draw contains the various power
WlitS. In the fifth draw there are seven phase-lock biomedical subcarrier demodulators with
their power supplies .
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From the data obtained from tes ting the first two
systems, GSFC is convinced that the SDnS des ign is
very good and there is every reas on to believe that
this syst em wUl operat e very well in the fie ld .
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THE UNIFIED S-BAND POWER AMPLIFIER
by
T. E. McGunigal
Goddard Space Flight Center

ABSTRACT
Thispaper reviews the salientspecificaHons ofthe lO- kUowatt power amplifier Including its interface characteristics and actual performance characteri s tics dcte rm{n(..>(\ during the acceptance tests. Special emphasi s Is given to the
RF performance and the more dUficult RF tests are discussed. Metering and
control c ircuit operation Is covered In the light of the Apollo miss ion operotlonal
requirements . An overall block diagram of the amplifier is included.

INTRODUCTION
The unified S-band (USB) power amplifier will provide uplink data, voice commWlications,
and ranging transmissions to either the Apollo Command and Service Module (C8M) or the Lunar
Excursion Module CLEM) . In an emergency situation, it would be possible to Simultaneously
provide two uplinks at 2 kilowatts each to both the C8M and the LEM. Essentially the same
power amplifier will be used by all the Apollo ground stations; that is, the 85-foot dish stations,
the 30-foot stations, and the shipboard installations. The power amplifiers were designed and
manufactured by Energy Systems, Inc. a t Palo Alto under subcontract from Collins Radio in
Dallas.

SALIENT CHARACTERISTICS OF USB POWER AMPLIFIER
To begin, we will describe the power ampliher by reviewing the salient specifications. It
should be noted that in all but a couple of cases which will be mentioned as we go along, these
specifications represent demonstrated performance dete rmined during type-testing of the first
two units at the manufacturer's plant. The output power of the power amplifier is continuously
variable from 1 to 20 kilowatts, CW. The tunable frequency range of the transmitter is 30 megacycles from 2090 megacycles to 2120 megacycles. The bandwidth of the power amplifier is
10 megacycles minimum to the Idb point at all power levels. As a matter o! fact , it wa~ determined rhl:rL"lg type te&Ung that at aU but the very lowest power levels the bandwidths are
typically 16 to 18 megac ycles at the Idb point.
The bandwidth is, of course, wider than the sine;l~ '.!pl~!' ;;~cl,· um to the CSM or the LEM
so that it o.;an Simultaneously accommodate both spectrums or , on the oitler hand, provide rapid
switching between the CSM and the LEM by switching the exciter.
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Tuning Umt.f however, if it is desirable to tune across the band, is less than 10 minutes
between any two frequencies in the specified bane!.
Tile required drive power to produce the full 20 kilowatts of output is 500 milliwalts. The
linearity of the amplifier Is such that when driven with two tones, each producing 2 kilowatts
of output power and separated in frequency from 1.5 to 8.5 megacycles, the third-order inter·
modulation products are down at least 3Odb.
The output power stability of the transmitter was specified to be less than O.5db of variation for a 24-hour period. Again during type-testing, it was determined that typical variations
for a daily period were on the order of O.ldb rather than 0.5 as required. The phase stability
and the phase-transient characteristics of the amplifier have nol been measured as yet due to
the unavailability of a phase-coherent receiver at the manufacturer's plant; however, these
parameters will soon be tested by Collins at their Dallas installation. The specifications are
that the power amplifier shall contribute less than I degree rms residual phase noise when
measured with a phase-cOherent receiver having a double-sided loop bandwidth of 50 cycles
per second. The phase transients shall not exceed 4 degrees peak for power line variations of
:l5%.
The wideband noise output of the power amplifier in the receive band, which is from 2270
to 2300 megacycles, will be less than -8Odbm per cycle. The in-band nOise, that is from 2
kilocycles to 5 megacycles awa.y from the carrier on either side, will be at least 130db per
cycle below the carrier level. In order to keep radie frequency interference problems to a
minimum, the conducted and radiated interference in the power amplifier is reduced to comply with MIL-I-26600 for Class ill equipment.
The interface specifications of the power amplifier are as follows: The input impedance is
50 ohms with VSWR of not more than 1.25:1 over the entire amplifier bandwidth. The output
characteristics are such that the amplifier will perform to specifications when terminated with
a load having a VSWR of 1.5:1. The input primary power required by the amplifier is 440 volts
and 208 volts. The 440 volt-input can be :llO percent 60 cycle, 3-phase, 3-wire and requires 85
kilovolt-amperes. The 208 volt can also be ±IO percent and is also 60 cycle, 3-phase, 4-wire and
requires 6 kilovolt-amperes. It was anticipated that the 85 kilovolt figure would be required
for operation in either the single 20-kilowatt mode or the dual 2-kilowatt, linear mode. However,
the tube seems to be more efficient than we expected and during type-testing it was determined
that a typical value for power consumption at 440 volts is on the order of 66 kilovolt-amperes.

POWER AMPLIFIER SYSTEM
Figure 1 is a power amplifier system block diagram. The exciter-supplied signal comes
into the RF input control and monitor circuitry, which consists of an input-isolator, wavegUide
coaxial switch which permits rapid removal of the drive from the klystron, a directional coupler,
and a continuously variable 20db attenuator which permits smooth variations of the input drive
to the klystron. From there the signal goes into the klystron and electromagnet assembly. The
klystron is an Eimac tube, a 5KM7OSJ, which has been modified to actually reduce its standard
tuning range, thereby giving greater precision in tuning to preset counter readings and also
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giving greater transmitter tuning stability. From there, the signal anywhere between the 1- and
20-kilowatt level is fed into the RF output monitor and protective devices which include a lOdb
output isolator and several directional couplers, one of which feeds the verification receiver,
an arc-detector cir cuit, which detects the presence of an arc in the output waveguide and immediately cuts the drive to the transmitter, and a reflectometer, which senses high output VSWR
and again cuts off the transmitter. From there the signal goes into the RF switch which, at the
discretiOn of the operator, controls the flow of the Signal either to the 20-kilowatt feed or into
the dummy load.
At the middle of the block diagram we see the 208-volt power distribution system which
powers the electromagnet power supply, the filament power s upply, and the control monitor
and protective system. The other input into this Circuitry is provided by the various protective
devices throughout the power amplifier.
The primary power for the amplifier is 440 volt, 60cycles, which powers the motor-generator
set and the liquid-te-air heat exchanger. The motor-generator converts the 60 cycle per second
power to 420 cycle per second power which is then, in turn, rectified by the high-voltage beam
power supply (22 kilovolts, 30 amperes). The advantages of using the motor-generator in this
system are two-fold. By converting the frequency of the primary power to the high voltage
beam power supply, the filtering job can be done better and in less space. Secondly, the motorgenerator provides a desired degree of isolation from UM volUgt: variations and transients.
The liquid-to-air heat exchanger is of conventional design. The coolant flows from the
heat exchanger into the distribution manifold and then to Ixlth the dummy load ::tnd the !".!yst.:vu/
electromagnet. The flow i.<:' ret;".:.!Olt&1l.n Lhe ilquid-to-air heat exchanger so that the temperature of the coolant at the klystron is maintained to within :5 degrees Fahrenheit of nominal value.
Figure 2 is a W'lit-identification diagram of the power amplifier system. As will be noted,
it is made up of four main enclosures: Ule power supply enclosure, the RF enclosure, Ule
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Figure 2-Power amplifier unit idenlificotion.

motor-generator and its associated controls, and the heat exchanger. In the power supply enclosure in the far right-hand cubicle, we have the high-voltage beam supply itself. The next
cubicle to the left houses most of the control circuitry and the battle-short switch, about which
a little more will be said later. On the left-hand portion of the power supply enclosure, we see

the circuit-breaker panel which contains the circuit breakers Cor the whole power amplifier
system, the control panel, the monitor panel, and a focus supply panel.
In tile RF enclosure in the left-hand cubicle the klystron and the input RF circuitry is
housed. A small door is provided in the enclosure so that the transmitter can be tWled without
having to open the cubicle doo r. On the next panel over we have the control and monitor panel
which is very much like the one in the power supply enclosure. A calibrator panel which employs a bolometer-type RF power measurement system so that the meters in the various control panels can be calibrated from time to time.
The next panel down contains the arc detector panel and the klystron filament metering and
control. On the right-hand panel of the RF enclosure is mounted the coolant flow, pressure and
temperature g"auges required for monitoring the status of the COOling system. In back of this
monitoring panel is mOWlted the RF switch and the RF dummy load.
In the case of the 30-foot and the shipboard installations, the RF enclosure will be mOWlted

on the grOWld and power will be fed through a waveguide system and rotary joints to the feed
point. In the case of the 85-foot stations, the RF enclosure will be mounted on the steerablc
portion of the antenna eliminating the waveguide run and the rotary joints.

THE UNIFIED S·SAND POWER AMPLIFIER
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On the lower l eft-hand portion of Figure 2 is shown a remote control panel which is again
essentially identical to the other two control panel s. This remot e panel is mounted within the
operations building a t eac h site so that the t ransmitter can be operated from the central control area during a mission.
Figure 3 is a closeup view of t he remote control panel which will serve to demonstrate the
protective circuit and monitor circuit philosophy employed in the power amplifier. Across the
top of the panel are two rows of lights which indicate that a failure has occurred causing the
transmitter to cycle down, either by removal of the beam voltage or by cutting back the RF drive,
or both.
The particular faul ts which will cause the powe r amplifier to cycle down are:
1. Loss of cabinet air flow.

2. Open cabinet door somewhere in the system.

• • • • • • • • • • • •-.
•

•

•

•

•
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Figure 3-Remote control pone l
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3. Failure of the heat exchanger.

••

Excessive temperature of:

••

Magnet .

b. Body.
c. Collector.

d. RF load.
e. Isolator.

5. Klystron filament undercurrent.

6. Klystron filament air flow failure.
7. Phase failure of AC line.
8. AC overcurrent.

,. Excessive beam voltage.
10. Excessive beam current.
11. Magnet undercurrent.
12. Body over current.
13. Excessive forward or reflected output power.

14. Occurrence of an arc in output wave guide.
15. Loss of waveguide pressurization.
In the case of the Apollo system external interlocks are used to provide protection of the

RF hOrizon. If the power amplifier is illuminating the feed and is directed to a point on the
horizon which would be hazardous either to personnel Or equipment, RF drive is removed from
the transmitter, leaving the beam voltage up so that as soon as the antenna comes above the
hazardous pOint, the transmissions are immediately resumed. If a failure has occurred which
causes the beam voltage to cycle down, it takes about 20 or 30 seconds for this to occur, and
while this is happening, the beam- voltage lowering light is illuminated. The large Ught in the
middle of the panel indicates that the battle-short switch is in the batUe-short poSition, which is
an extreme emergency measure because it wipes out the protective features just described.
The metered quantities on the control panel are the RF output power in either the forward
or the reflected direction, the body current, the beam current, the beam voltage, the status of
the input Circuit, the forward driving power, the reflected power in the input circuit, and the
position in db of the input-variable attenuator which is controlled by a switch below it, allowing
the operator to manually raise or lower the drive to the power amplifier.
An interlock light test is included which should light all of the fault-indicator lights if the
bulbs are in satisfactory condition. A pushbutton also allows the operator to flash a smalll1ght
in the output wave guide which Simulates an arc and should stop both the RF drive and lower the
beam voltage. A beam-voltage safety switch is key-operated and when placed in a safe position
on anyone of the three control panels, precludes the operation of the high voltage beam power
supply.

THE UNIFrEIJ S·BAND POWER AMPLIFIEr.
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A 'Control under the beam-voltage meter allows the operator to raise or lower the beam
manually. U it should become desirable to operate it automatically, there: is a switch in the
control circuitry which permits him to have the beam-voltage cycle up a\l:,ll~atically to a preset level simply by pushing the beam voltage on light.
The first two switches at the bottom of the control panel are the main system on/off. Next
is the dummy load anteJUla-selector switch followed by the ready light, and the two beamvoltage switches. On most of these meters, a second needle is fOlUld (on the power supply enclostrre control panel only) whose fWlction is to indicate the particular setting of the overVOltage or Wldercurrent, or whatever it is that is going to represent a fault which will cause
the transmitter to cycle down.
Figures 4-8 are photographs of the
actual equipment. Figure 4 is a picture of
the RF enclosure including the control panel,
RF calibration panel, arc detector, reHectometer panel and coolant flow, pressure
and temperature gauges. The waveguide can
be seen but the klystron itself cannot. Also
not visible in Figure 4 are the dummy load
and RF switch which are right in back of the
coolant monitoring paneL
Figure 5 is a view of the klystron itself.
In the upper left-hand corner of the cubicle
is mOWlted all of the RF input circuitry. The
tWling controls and the aSSOCiated mechanical

I

Figure 4-RF enclosure.

Figure 5-KlY$tron.

98

T. E. McGUNIGAL

COWlters which indicate the poSition of the plWlger in the cavity are lined up - five of them
since it is a five-cavity klystron - on the body of the electromagnet. To facilitate removal of
the klystron from the power amplifier system the rather large chassis sUdes are mOW'lted so
that the whole power amplifier - the klystron and the electromagnet - can be s lid out of the
cubicle and removed by using a hoist. The cooling connections are the quick-disconnect, l eakproof type.
Figure 6 is a view of the liquid-la-air heat exchanger which will be used at the groWld stations. It is approximately six feet tall to the top of the fan.
Figure 7 is a view of the liquid-la-liquid heat exchanger which will be used in the ships'
syst ems. Its use was necessitated in spite of the fact that the ships have a built-in liquid-toliquid heat exchanger, because the regulation oC the temperature of the coolant is not adequate
to permit the power amplifier to maintain the specifications; thus, this one is used to regulate
the t emperature of the coolant at the klystron to ±5 degrees F.
Figure 8 is a view of the motor-generator
and it s associated controls. There are two
because at the Dallas installation. the contractor is operating two power amplifiers; but,
of course, one power amplifier requires only
one motor-generator.
In general, the transmitter tunes smoothly
and accurately to the preset counter readings
and meets most of the requirements by a
rather comfortable margin.
Figure 6-liquid-to - oi r heot exchanger.

Figure 7-liquid-to-air heat exchonger for
in ships' systems.
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Figure a _Motor _ge nerator.

RANGING SUBSYSTEM - MARK I
by

P. Lindley
Jet Propulsioll Laboratory

ABSTRACT
This presenta tion c overs the functional characteristics of the Mark I ra~
ing subsystem includlng Its genera l desc ription, parameters, constraints, and
interfaces with other subsystems of the ranging complex.
The follow ing main functions of th e Mark I are discussed : Code generation
aoo synthesis, code synchroni zation, code s hifting, doppler detection, range
tallying, output, ranging code acquisition and tracking, and range monitoring.

INTRODUCTION
The JPL ranging system measures the round-trip propagation time of a Signal from a
ground transmitter to a spacecraft transponder and back to a groWld receiver. The accuracy
and resolution are independent of the velocity of the spacecraft relative to either the ground
transmitter or the ground receiver.
The measurement is made continuously and can be sampled on demand. The Wlit of measurement is called the range unit (RU) which has the dimension of time. The RU is defined and
determined by the frequency of the transmitter S-band carrier and is otherwise invariant.
SpeCifically, the RU is independent of any doppler shift on the signal received from the spacecraft.
The JPL ranging system transmits an S-band carrier, phase modulated by a particular type
of pseudo-random binary code (called a ranging code), to a transponder in a spacecraft. The
code modulation is detected in the transponder and used to remodulate a down-link S-band
carrier (shifted in frequency), which is then received by a groWld receiver using the same antenna as is used for transmitting. The groWld receiver is a type of phase-locked receiver which
tracks both the S-band carrier and the ranging code .
The subsystems directly involved in the determination and readout of range data are the
S-band exciter and transmitter, the S-band receiver, the tracking data processor, and the Ranging Subsystem Mark I.

BASICS OF PSEUDO·RANDOM·CDDE RANGING
The basic nature of pseudo-rann.O!r.-cod... 1'0UIging is probably best explained by starting
with ~ t..a::;ic, though inadequate, concept and increasing its complexity as shortcomings become
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apparent. To this end a series of what in
German are called "gedanken-experimente"
or thought experiments are conducted in this
presentation.

Range Measurement On a Stationary
Rellecting Target

8

-,

K"
TRANSMIHER

UCElVfR

"'.~

IMTER

By assuming a reflecting target rather
than a transponder, and by stipulating that it
be anchored in space, as shown in Figure 1,
its range may be determined in the most
straightforward manner.

MODULATION
GENERAT()\
IAtGE

T
STANDARD
FREQUENCY

'''"'''

This target constitutes a standard freFigure l-CW radar ranging system.
quency source which serves to modulate an
S-band carrier with periodic Single pulses.
The reflected modulation signal is detected
in a receiver and, by means of a phase meter of some sort, the phase difference between
modulation transmission and reception is determined. It will be found that the period of the
pulse modulation (Le., the interval between single-pulse transmissions) must be greater than
the roWld-trip tranSit time. Otherwise, there will be ambiguities of integral pulse periods.
Conventional pulse radar works in thIs way.

Range Change Measurement on a Moving Reflecting Target
Assuming the reflecting target is permitted to move, our concern is to detect the resultant
changes in range. As the target moves, the phase meter reading changes, increasing if the
target moves away.

Resolution 01 Range Measurements
The resolution of the range increment
detection and the initial range determination
depend on the precision of the phase meter.
By designing the phase meter as a digital
device as shown in Figure 2, it is possible to
attain almost any desired resolution, which
will then be invariant.

TARGET

TRANSMITTER

The transmitter is shown to be modulated at a much higher frequency which is, in
turn, continuously compared with the received frequency in a doppler detector consisting of a mixIng device and a cOWlUng

STANOARD
FkEQUENCY
SOVIICE

..

,

MtXEIt

~

TIACKING

ucuvu

QOf'PLER

Figure 2-Doppler measurement by conerent CW rador.
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device; the shorter the period of the modulating pulses, the finer the resolution of
measurement.

The General Ranglni Principle
In general, ranging consLsts of filling the up-link and down-link path with Wliformly trans-

mitted cycles of known period, determining the number of cycles in space at the start of ranging acquisition, and subsequently adding Or subtracting cycles in accordance with motion of the
target.

DETERMINATION OF FRACTIONAL CYCLE OF INITIAL RANGE
Again, considering the target anchored in space, by subdividing the transmitter local oscillatOr frequency, a transmitter clock signal is derived which serves as one input to a clock
doppler detector and also drives a transmitter coder which generates a continuous
code (101010 ... ) two bits in length, referred
to as transmitter clock code. This then
modulates the transmitter cOherently with
the carrier, as shown in Figure 3.
A receiver clock Signal is derived from
the received modulation and fed to the other
input of the clock doppler detector. In the
absence of doppler (since the target is stationary), the received clock code will be delayed with respect to the transmitted clock
code by some unknown integral number (n) of
clock code periods (·d , plus a delay (d) equal
to some unknown fraction of "T . In other
words, total round-trip delay=, n "T + U.

t .... ~GEl

•
TRANSMITteR
ClOCK

TRANSMITTER

TRANSMITTER
ClOCI( CON

A range tally is provided in Ul.e form of
a digital accumulating register, in which
range numbers, in ra!!g2 ""its, are tallied in
accordance with outputs from the clock doppler detector.

R£C EIVER

CLOCK
OOPPlU
DUEC!OI!

'-_~T RANSMITTER

A clock transfer lOOp is then provided to
help determine the value of d and concern
about the number n is postponed until later.

RECEIVER
ClOCK

TO RANGE
T.... lly

coon

• ClOC I( · COOE PfRIOO
TRANSMllTfO "ClOCK "

coOt:

RECEIVEO ·C lOCK · COOE
FRACTION .... t I'f.RIOO OF OELAY
TOTAL OELAY

n?+d

""H~~t

.. - UN t:;NO WN INUCU

Figure 3-D&terminalion of froctiOr"lol cycle.

At the start of range acquisition, the input to the transfer loop is switch-connected to the
transmitter. The inputs to the clock doppler detector are then identical and there is no output.
The range tally is set to zero range units.
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The t ransfer loop is now s witched to the receiver. As the transfer loop tracks into the
phase without lOSS of lock, the doppler detector keeps track and causes tallying of range numbers in accordance with what appears to be a s light spacec raft motion. This then correctli
what would othe rwise have been an error in range corresponding to the fractional clock-cycle
delay, d.

DETERMINATION OF INCREMENTAL CYCLES OF RANGE
Assuming again that the target is moving, the resultant inc r ements in range wiU be detected,
clock cycle by cloc k cycle, in the clock doppler detector and will be continually tallied in the
range tally.

THE COMPLETE RANGING EQUATION
The determination of total range at time

t

is bas ed on the r elation

where Ru is the r.mge at some refe rence time t o and the integral is t he s um of range increments since that time. The mechanization of the ranging system is quite analogous to s olving
this integral equation :
First the integr ation is pe rformed by determining the incremental range throughout the
time required for acquisition and the s ubsequent time of trac king. This is accomplished by
continuallallying of range units corresponding to doppler cycles which, in turn, are derived
from compa rison of received carrier Submultiple with trans mitted carder s ubmultiple.
Secondly the constant of integration Ro is determined by determining the fixed range at the
start of ranging acquisition. This is accomplisho:!d by tallying range units corresponding to the
time oHset (or delay) between transmission and reception of a given point in tile rangtng code
at the start of range acquisition. ThiS, in tur n, comprises t ile determination of the fractional
clock·cyc1e delay d (already accomplis hed) and the determination of the integral number of
clock cycles n (next s tep): Ro ~ d • no 'r . The operations required to determine Ro are referred
to as range acquisition and are the only operations requiring the use of the pseudo· random
codes.

MODULATION PATTERN DESIDERATA
For the purpose of precisely determining the number of clock cycles n, a modulation pattern is desired having the following four characteris tics:

RAflGING SUBSYSTEM· MARK I
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1. A detectable overall periodicity greater than the maximum anticipated rOWld-trip time.
This is required to prevent ambiguous results, and means in effect that the measuring tape
should be longer th.a n the distance to be measured.
2. A detectable, fixed, high-frequency periodicity within the overall modulation pattern.
This is required for the sake of high resolution or precision of measurement. The clock code
period of slightly over 2 microseconds, which we have previously dIscussed, will serve this
requirement.
3. The characteristic of two-level autocorrelation. This means that the overall pattern
is required to be such that if the pattern is compared with the same pattern displaced by integral numbers of bits, the two patterns will match exactly in one relative poSition, and they
will fail to match to the same degree in all other relative pOSitions. The firm requirement
here is that there be only one relative poSition that yields maximum correlation. If it Is pOSSible to have all other relative poSitions yield uniformly low correlation, the correlation detection is, of course, greatly simplified because it becomes a binary (or true-false) prOblem,
rather than one of precise measurement.

4. The characteristic of being essentially balanced, Le., of having as many 1 '5 as O's tn it.
While this is not an absolute requirement, balanced use of power in the carrier sidebands
makes for higher efficiency and better system deSign.

RANGING CODES
The problem is solved by the use of a pseudo-random binary sequence continually generated
in the form of 1 's and O's in digital equipment.
Figure 4 shows two cycles of such a sequence having fifteen binary digits per cycle. Also
shown is the rectangular waveform of a ranging code derived from the sequence where 1 is
represented by a low level and 0 by a high level.
To see whether and how this code satisfies the requirement for two-level autocorrelation,
consider it matched against a second code, identical to that shown, but displaced by any number of digitS other than 0, 15 or a multiple of 15. It will be fOWld that the measure of correlation, Le., of digit-by-digit matching, is uniformly low. It Is high when the two codes are in
phase, which Occurs every 15 displacements in this example.
The resolution obtainable from a code
as such is inversely proportional to the digit
period. The m::.xiri"t4m round-trip time which
can be determined withOut ambiguity corresponds to the total length of the code (here,
15-di~it periods).
In Figure 5

a transmitter coder has

been provided to generate the repetitive

1 1

Figure 4-Pseudo-rQndom binary sequence and
ronging code waveform.
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pseudo- random ranging code to be used to
bi-phase modulate the transmitted S-band

carrier.

TRANSMITTEIl

RECEIVER

r'L-,

CLOCK

RfC£fVER

CLOCK

TItANSMITTU

TRANSFER
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TR....,NSMITTER
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RECEIVER

CLOCK
DOPPLER
DETECTOR

, _....JL--,

CODE

CO,"

SYNC

~'--1--<t'~'~C<~"~'~'J---.I
CODER

TRANSMITTER
CODeR
J

TO RANGE
TAllY

Figure 5-Phose modulation of S-bond carrier.

A receiver coder has been provided to
generate the same code as the transmitter
coder, with additional features whereby this
code can be matched to the received code in
the receiver. It must therefore be timemovable by bits with respect to the received
code or, in a way, with respect to the transmitted code. A reference must, of course,
be provided for this receiver code shifting.
Thus, when the transfer loop is still connected to the transmitter and the range tally
reset to zero at the start of acquisition, the
receiver coder is code-synchronized to the
transmitter coder, as shown schematically
by a switch.

THE OVERAll CODE AND CODE COMPONENTS
With respect to the overall code to be used, a bit period of 1/ 992,000 second or slightly
more than 1 microsecond has been chosen for Manned Space Flight Network (MSFN) use. This
corresponds roughly to 300 meters of round-trip distance or to 150 meters of one-way range.
It was intended that the Mark I reach to 800 million meters, requiring then a code of no less
than 800/150 or 5-1/3 mUlion bits. Such a code can be generated directly, but its acquisition
would require 5-1/ 3 million correlation readings to determine the proper match.
It is possible on the other hand to generate such a long code by combining, bit by bit,
several repetitive shorter subcodes or code components cleverly chosen. These components
must meet the same requirements asthe total code. We have chosen five code components
whose designations and lengths in bits are:

CL
X
A
B
C

code
code
code
code
code

component
component
component
component
component

of
of
of
of
of

length
length
length
length
length

2 bits
11 bits
31 bits
63 bits
127 bits

Provided their lengths in bits have no common factors, the length in bits of the total code
is the product of the lengths in bits of the individual components, or 5,456,682 bits.
Further. it is possible to acquire the total cOde by acquiring the components individually
in turn. This reduces the number of correlation readings required from the previously suggested 5~1/3 million to 232 . It must be noted that the 2-btt CL component is not acquired by
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digital means in the Mark I. but rather by the process of locking up the clock loop in the ranging receiver.
Therefore. the transmitter code contains the five components CL. X. A. B. and C. combined bit by bit in accordance with a certain Boolean logical relationship. The receiver code
as generated by the Mark I itself contains only the components X, A. S. and C.

THE DDUBLE·LOOP RANGING RECEIVER

CQUElA{lON

INDIO-TOR

Figure 6 shows a schematic diagram
COOE X
of a part of the ranging receiver. Here CLOCK
the CLcomponent is designated as clock. the
components X. A, B, and C in combination
are designated as code, and the combination
of all five components as code X clock. The
CODE
CODE
GEN
code generator shown is the receiver coder
of the Mark I. Its code output, matched
Figure 6-Double-loop code tracking syslem.
against the received code X Clock in a balanced detector, will provide a clock output whose average amplitude is a measure of the
degree of correlation between the received code and the receiver code.

,

The inner phase-locked lOOP. or clock loop, is initially locked up to the incoming clock
component which it subsequently tracks, whether or not there is any code present.
The outer. or code loop is held in gear by the locked state of the clock loop. It serves no
other purpose than to match the received code to the receiver code.

CODE CORRELATION:
DETERMINATION Of INTEGRAL CYCLES Of INITIAL RANGE
This matching is accomplished by digitally shifting the components of the receiver code
and measuring the correlation indication at each relative shift position Wltil a maximum is
obtained.
The total ultimate shift of the receiver code from its initial phase is a measure of the initial range at the start of acquisition or, more ccrrectly, a. measure of Ro - d (both Ro and d being
in units of time).
Each shift of each component in the pro("ess of :lcq..isilivn is noted by adding the appropriate i'lumber of range units into the range tally whenever such a shift is made. This in no way
interferes with the adding (or subtracting) of the previously mentioned clock doppler tallies, as
required by target motion, which can occur Simultaneously.
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RESOLUTION OF MEASUREMENT IN THE MARK I
The resolution of measurement was indicated earlier as being :1 clock doppler cycle, for
ease of presentation. Since this represents 2-bit periods of about 1 microsecond each, it corresponds roughly to :2 microseconds or ±600 meters of round-trip distance or =300 meters
of range. Actually clock doppler tallies are made every quarter cycle, for a resolution of
about :1:0.5 microsecond or :75 meters of range.
Once acquisition has been accomplished, the Mark I automatically switches from tallying
every 1/4 clock doppler cycle to tallying every 16th S-band doppler cycle. This improves the
resolution by a factor of 72 to =1 RU or approximately :I: 1 meter.

MODULATION CHANGE FROM CODE TO CLOCK
At the same time, or any time thereafter, it is possible to disable the full code modulation

and modulate the carrier instead, with the 2-bit clock component only. There is, as previously
indicated, no further need for the code, the clock component being alone responsible for keeping the clock loop in lock. The advantage of changing from full code to clock code lies in the
fact that this not only cuts down on the required sideband power, but also limits the spectral
distribution of ranging frequencies to two single spectral lines - 496 kilocycles above and below the carrier frequency.

THE MARK I RANGING SUBSYSTEM
Many of the statements and illustrations in this paper have been purposely Simplified to
present the basic principles of digital precision ranging as developed at JPL, and as employed
in the ranging subsystem Mark I (Figure 7a).
The Mark I is a special-purpose binary digital computer with special input and output interface devices. As part of the receiver-exciter-ranging system, it makes on demand range
determinations without a priori knowledge of approximate range . Its construction is almost
completely modular. Monitor and display eqUipment, p::lwer supplies, and controls are located
in the upper half of the single cabinet. Some 300 pitch-wired, SOlid-state, digital logIc modules
are mOWlted in the lower half on movable frames as illustrated in Figure 7b. This subsystem
is not really complicated, but is definitely complex.
The principles of digital ranging are essentially straightforward, consisting mainly of
counting integral cycles, a fractional cycle, and incremental cycles due to motion, on the twoway radio link between ground and a spacecraft. It has been shown why and how pseudorandom code components are combined and thus used in a ranging code for the purpose of a fix.
Once the code has been acquired, it is possible and desirable to shut it off and continue to track
doppler.
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Figure 7-(0) Ranging subsy$tem Iv\ork I (closed).
(b) Ranging sul»y~lem Iv\ork I (open).

PERFORMANCE CHARACTERISTICS OF THE MARK I
To summarize the performance parameters of the Mark I;
Its maximum Wlambiguous range of 800,000 kilometers is twice the distance to the moon.
Its resolution is ±l range unit (RU), which is defined as
~

221 light ·s~onds
30 x tran smi tt ~ fr~quency

and is 01 tne order oi ±i meter.
Overall sys tem inaccuraCies of no more than :15 meters are attributable to drifts and instabilities in gr OWld and space lOOps.
Minimum range acquisition time is 1.6 seconds at strong signal levels and may possibly go
as high as 30 seconds at lunar distances in the MSFN configuration.
Range data output is in binary range Wlits and can be effected once per second.
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SHIPBOARD DOPPLER COUNTER, ANTENNA PROGRAMMER,
AND TRACKING DATA PROCESSOR
by

W. Hocking
Goddard Space Flight Center

ABSTRACT
This paper describes three subsystems within the Unified 5-Band System:
the antenna position programmer (APP), the tracking data processor (TOP> , and
the shipboard doppler counter (SDC). The discussion includes the relationship of
these subsystems to all interfacing subsystems of the overall 5-band system,
and detailed description of their functions and. mode of operation. Range and
range- rate data problems and characteristics are also treated.

INTRODUCTION
Two lmportant tracking modes within the Unified S-Band System are autotrack (prime) and
program (acquisition and backup). The antenna position programmer subsystem provides the
backup or program mode. The programmer accepts real X and Y angular data from the angle
encoders mounted on the antenna. Command X and Y angle data (predictional data) are entered
into the programmer via punched paper tape. The spacecraft prediction data are processed by
computer into a five-level punched paper tape with X, Y. and time (command) information existing in Baudot cooe.
The tracking data processor subsystem collects and formats the Apollo tracking data onsite, and prepares these data for communication to centralized Apollo computers. The t racking data parameters included in the format are antenna X and Y angular information, spacecraft
range and range-rate data, and Greenwich mean time (GMT) . Apollo S-band transmitter frequency information 1s also inserted into the data format as r equired . The tracking data processor provides the Apollo USB system with both a high-speed data rate (up to 2400 bits per second)
and low-speed (teletype) data rates.
The shipboard doppler counter subsystem accepts a 1 megacycle biased doppler signal
from the JPL range and range-rate subsystem, and operates in two modes: I'\Qn-destr-....::t ami
destruct. In the non-destruct mode the doppier signal is counted directly, and is read out upon
uperator decision. A dual shipboard doppler counter accepts and processes simultaneously two
doppler signals: Lunar Excursion Module (LEM) and Command and Service Mf"II1I.!!e {CSM).
The Antenna P<:-~itio.. P l'Ugl'ammer (APP) is fOWld in all 85 and 30-foot dish sites along with
either a "single" or "dual" Tracking Data Processor (TDP); "Single " or "dual " pertains to the
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capability of the USB tracking site to track one spacecraft only or two Simultaneously.
TDP system contains a doppler counter for measuring the doppler information prior to
tion into the TDP data formai. This doppler counter is packaged separately (SOC) with
mentation to make the unit independent in operation and environmentally acceptable for
board use. The SDC is included in the five USB Ships (2 single and 3 dual),

The
inseraugship-

ANTENNA POSITION PROGRAMMER
The relationship of the APP with all interfacing USB subsystems is shown in Figure 1.
There are two antenna tracking modes, autotrack and program. In autotrack mode (prime),
the spacecraft RF signals are received and processed by the tracking receiver. The tracking
receiver sends to the antenna servo system angular error signals (ex and ( y) for both the X
and Y antenna axes. The servo system converts these signals into X and Y axes drive signals
which ultimately move the antenna. A backup mode exists, called program mode, in the event
that spacecraft autotracking fails. In this program mode, the APP generates the angular error
signals for both X and Y and supplies these signals to the servo system. The autotrack mode
may fail if, for instance, the tracking receiver fails or becomes intermittent, if the spacecraft
antenna or transmitting system becomes erratic or fails, and if the spacecraft attitude is such
as to cause the received RF signal to drop below the autotracking threshold.
The APP receives accurate X and Y axes positional information from angle encoders
mounted on the two axes of the antenna. These X and Y angular data are called true or real
data since they are the true or actual antenna pOinting information. True or real time information
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Is entered into the APP from the USB time standard. The APP now knows where the antenna
is pointing as a function of time. The APP is ready to accept X, Y, and time command data,
which are spacecraft predictional information. These command data represent the best estimate
of where the space<: raft shc~.lld be as a function of time.
The APP then compares where the antenna is pOinting at a given time (X and Y real data)
to where the space<:raft should be at that time (X and Y command) and takes differences. If the
angular differences are zero meaning the antenna is painting to the best estimate of spacecraft
position, then the APP feeds Cx and ! y = 0 signals to the servo system. If, however, the antenna
is not pointing to the estimated space<:raft position, non-zero f ~ and ! y signals are given to the
servo system which attempts to null out ex and E y • Thus, in program mode, spacecraft tracking is achieved by comparing existing X and Y angles with predicted angles. The accuracy of
spacecraft tracking is therefore a function of how well the real antenna angles are measured,
as well as a function of the accuracy of the predictional data. Under similar antenna tracking
conditions experienced within the GSFC space tracking and data acquisition network, program
mode tracking has been a 0.1 degree or better for both 85- and 40-foot antennas.
The predicted or command X, Y, and time data are generated in the following manner:
The APP sends to the tracking data processor real X and Y angular data. The tracking data
processor accepts these data as well as range, range rate, and time information; fOrmats and
transmits these tracking data through communication circuits to the Apollo centralized com puter system (ACCS). The ACCS digests this tracking message as well as the tracking data
messages fr om other Apollo facilities and generates an orbit. From this orbit, predictional
data are generated and transmitted back t o the tracking facility t o an on-site computer system.
The predictional data are transmitted to the tracking site in an abbreviated form to conserve
communication transmissioTJ. time. The on-site computer accepts the transmitted prediCtional
data and converts these data to antenna drive tapes containing command X, Y, and time data
words once each second. The antenna drive tapes (the familiar 5-level teletype paper tape) are
produced in advance of the actual tracking operations.
The antenna system is placed in the program mode for spacecraft acquisition purposes.
The antenna slews to that portion of the horizon and awaits the spacecraft horizon ascent to
occur at the predicted time on the drive tape.
Figure 2 is a simplified block diagram of the APP. Real X and Y angular information from
antenna mounted encoders is supplied to the APP in straight binary form (these binary signals
are also sent to the traCking data processor). Trans lation from binary to binary coded decimal
(8-4-2-1 BCD) takes place before the X R and Y R angles are inse rted into the "difference" arithmetic unit. The APP operator has the option of selecting p.ither the 2.ch:al a.-.gles £:i'QUI ihe
antenna or from an antenna simulator. The use of this "select" function i s to input to the APP
X R and Y R angles for test and/ or maintenance purposes (simulator mode) without actually r equiring the use of the anteIUla.
The COmmand angles (Xc:
drive tape, on-sit e comput er,
data input selection has taken
tracting bias X and Y angles.

and Yc ) may be il"serted into the APP in one of three ways: fr om
or manually inserted by means of digit switches. Afte r command
place, the Xc and Yc angles may be updated by adding or subThe APP provides a visual means of determining the quality of
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Figure 2-Anlenno position programmer.

the command information while the system is in autotrack mode. Any bias error that may
exist in the predictional data may be minimized by using this add/subtract bias function. The
updated command angles are then passed to the arithmetic difference unit where (X R - Xc) and
(Y R - Yc ) signals are generated. These difference signals are in digital form and are therefore
passed through a digital to analog converted unit which outputs the angular error signals (t x and
t y) to the antenna servo system.
The APP also provides visual displays as shown in Figure 2.
Figures 3 and 4 show the local and remote control panels respectively. The antenna simulated angles, as can be seen from Figure 3, are inserted into the APP by means of digit switches.
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Changing the command time may be accomplished with the bank of digit switches on the extreme right. Note that the time bias may also be subtracted from command time by adding the
complement of the time to be subtracted (to subtract 1 hour and 10 minutes add 22 hours and
50 minutes). The dark edged boxes indicate visual displays only, while the undarkened boxes
represent both visual display and switch function.
The APP has the capability (while in autotrack mode) of storing any error that may exist
between the real X and Y antenna angles and the command X and Y angles. The operator need
only actuate the STORE ERROR button during the autotrack mode. U the USB system is forced
into the program mode. then this stored er ror mayor may not be added to the command X and
Y angles at the discretion of the operator (ADO ERROR). The purpose of the ADO ERROR,
STORE ERROR and biasing X and Y digit switches is to provide the means to most effectively
update command or predictionai data during a mission.
As seen in Figure 4, the operator at the remote location (servo cont r ol console) may select
the input command source (computer. tape. or manual). provided the local (APP) operator has
r elinquished control. U the manual input is selected (usually for test and maintenance purposes).
the operator can dial in the command data by means of the two banks of digit switches shown.
The "remote position test" button allows the remote operator to know the status of his control
panel when the APP control is in "local". This information is necessary before transfer of
control can safely be made.

TRACKING DATA PROCESSOR
The tracking data processor (TOP) is interfaced with (lth~r SUb +5)'st€mS wiihin the unified S-uand system (Figure 5). The two receiver systems (representing a dual USB station)
each oulput a thirty binary bit range word and a range rate signal. Certain data identification information is also fed to the TOP. e.g., one -way or two-w:>.y doppkr. gw':,.'bau data
dctcrmiiiaLiun. hme of year information from the Apollo time standard system is supplied
in straight binary form for the high speed section of the TOP and in BCO form for the low
speed section of the TOP. Several timing control signals are also used by the TOP.
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As meutioned previously, the straight binary real X and Y antellna angles are received by

the TOP from the antenna position prOgrammer. The function of the TDP therefore is to accept
range, range rate, X and Y angles, and time information; format these data into a 240-bit frame
and prepare these tracking data for communications to the Apollo centralized computer system.
The TOP records on a magnetic tape recorder the output serial bit stream in the event that
communications Circuits are down during a mission. This emergency makes it necessary to
playback the data in "post" time through the TOP to the ACCS.
The same precaution is applied to the low speed data. As the low speed data is transmitted
to the ACeS, it is recorded on teletype 5-level punched paper tape. This "history data" tape
(not to be confused with the antenna drive tape) may be fed into a tape reader and recorded on a
page printer in readable form. The TOP must be capable of interfacing the tracking data to a
family of communication Circuits, namely, 600, 1200, and 2400 bits per second and 6 and 10
characters per second t eletype.
Figure 6 is a simplified block diagram of the TOP. The data input unit accepts the input
data and distributes them to the high and low speed data sections. The range rate signal from
the Jet Propulsion Laboratory (JPL) range and range rate system is a one-volt rms sinusoid
of frequency 1 .!: 0.18 megacycle. This signal is passed through a doppler counter fo r measurement prior to entering the high or low speed sections of the TOP. The doppler counter will be
described later with a discussion of the shipboard doppler counter. A measurement of the
22 megacycle voltage control oscillator (VeO) transmitter frequency is inserted into the TOP
frequency COunter whi ch counts this veo Signal directly. This measurement is made automatically and inserted into the data fo rmats (both high and low speed) when a new range measurement is made. The frequency measurement may also be performed at operator discretion
by cont r olling the "manual frequency measurement" button. The frequency data are inserted inte
the range word (bits 93 through 122 of the high speed format) after measurement takes place.
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It should be noted here that the TDP high and low speed data formats are transmitted in
complete blocks; no partial blocks are gated out as a result of switching, as an example from
"receiver number one" to "dual", or from 10 characters per second t o one character per second
frame rate.

The low speed data are passed through a Baudot converter (converts t o familiar teletype
code), where the data are permanently stored on punch paper tape. The low speed data are also
sent to the on-site computer system where some data smoothing or processing is being considered. The teletype data are transmitted to the AceS in real time if the facility has available I O-chan.cter per si:col)d ll:!letype communications.
The high speed data are passed through the output gating circuit and to the interface circuits .
A polynomia! code gC"H<itOl.' ;J.l:l:l:!pis the high speed bit stream and generates a powerful
33-bit error detection word which is inserted at the end of each 240-bit frame. The 33-bit
error detectiOn word travels with the block of data through all communication circuits and
input and output buffers until the data are received at the ACeS. At this time the ACeS generates a second 33-bit error detection word by knowing the original polynomial, assuming no
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errors due to communication circuits have occurred in the data bit stream itself. The transmitted 33-bit word and the ACeS generated 33-bit word must be identical; otherwise an error
has been detected, thus enabling the ACeS to reject that particular frame of data. The S3-bit
code working with the seven "start of frame" bits provide a powerful format or data synchronization to be applied to the tracking data.
The TDP system has the capability of inserting a slightly less powerful 22-bit error
detection code word. The advantage of the smaller code is that 11 more data bits may be
inserted into the data format, should this prove necessary in the future; under good communi cation transmission conditions, the power of the 22-bit code may be all that is required for
protection of the USB tracking data. The normal mode of operation is to transmit to the ACCS
the data in real time . The magnetic tape recorder provides a backup to the communication
circuit so that the data are stored and may be fed back through the TOP to the ACCS in "post"
time.
The high speed lor mat is shown in Figure 7. The Apollo shipboard tracking data format is
identical to that in Figure 7. It is hoped that, where possible, any future systems handling Apollo
tracking data will use this format . The first seven bits, start of frame (SOF), and the succeeding five station identification bits (SID) are inserted by toggle switches. All data format
bits from bit number 13 to bit 205 (when utilizing the 33-bit error detection word) are controlled
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by a patch panel which enables a binary "1" or "0" or external input to be inserted into the
format. Therefore all tracking data may be shifted in any sequence desired or deleted and
replaced by ones and zeros; the 33- or 22-bit error detection code words are always at the
end of the format, followed by two "fixed wired", communication synchronous signal (CSS) bits.
Data identification (DID) bits describe the sample data rates, frequency or range information, and in general any pertinent information the ACCS needs to consider in processing the
tracking data. Time is 29 bits of straight binary which is required to give time of year (TOY)
information to O.l-second resolution. X and Y angles are next, followed by the range data
quality (RDQ) bit, which is a binary "1" when the range word is good, and binary "0" when bad.
Range acquisition (RA) is a binary "1" for one range reading only, when range acquisition has
occurred and "0" all other times. RA is succeeded by thirty bits of range data which have a
resolution of 1.5 meters; thirty bits therefore represent an unambiguous range measurement
of 10~ miles. The 22-megacycle veo frequency measurement bits are inserted in the range
word when frequency measurement takes place. Spare (SP) bits 123 to 128 are unique spares
in that any data placed into these bit locations are also placf!d into the low speed data format
(characters 58 and 59). Bit location number 129 (JPL ID) is a binary "0" when the station
operator considers that for any reason the range and/ or range rate data are not good.
This information is inserted manually and may be used effectively to override the RDQ
bits. iu:~ (R represents range rate) serves the same function as the RDQ bit. Thirty-five bits
of range rate enables the TDP to count maximum doppler frequency without ambiguity for a
period of apprOximately seven hours. Bits 166 to 205 are at present designated as spare bits.
The 33 error control or error detection bits (Ee) and the communication synchronization signal
bits (CSS) terminate each 240-bit frame of data.
Figures 8a and 8b show when the TDP multiplexes range and range-rate data in the highspeed fOrmat for both single and dual TDP systems.
The low-speed data fOrmat is shown in Figure 9. This fOrmat consists of 60 teletype
characters and is transmitted to the ACCS in real time over a 10-character per second teletype circuit. The characters I, 2, and 60 (line feed, figures, and carriage return) offer the low
speed data "hard copy" readability when the traCking data (history tape) are played through a
page printer. Station ID and spare characters are inserted into the fOrmat by means of toggle
switches. The time of year, unlike time in the high-speed format, is binary coded decimal
(BCD). All other data in the fOrmat are the same as the data contained in the high speed format
with the exception of the spare, EC, and CSS bits. As an example, consider the X angle information in the high-speed format (17 bits plus one sign bit, straight binary). The first three
least silmificant hits of the 18 -bit X ....-.gl.:- S€qul:c'nce are grouped together to form the octad, 8°
(character 26). The next three bits are grouped to form 8 1 • All 18 X angle bits are grouped
into 6 octads with the most significant bit of the 8 S octad (character 21) being the X-angle sign
bit. ApprOximately four hQl.!!'!: of ~ow ~~~d data o;:asl ut:! l'ecor6eci on one roll of paper tape when
the recording rate is maximum (one frame each six seconds).
Figures lOa and lOb show when the TDP multiplexes range and range rate data in the low
speed format for both Single and dual TDP systems.
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Figure to-Range and range rale recording - law speed.

SHIPBOARD DOPPLER COUNTER
Figure 11 is a Simplified block diagram of the shipboard doppler counter (SOC). The doppler counter existing within the TOP is identical in function to the SOC; for shipboard use, the
doppler counter was repackaged and designed for shipboard environment and to be independent
from a control and maintenance consideration. The SOC has two modes , destruct and
non -destruct.
In the destruct mode the 100-megacycle counter performs a high resolution time measurement of a predetermined number (N) of doppler cycles. After the measurement is made (N, for
10 times a second measurement rate and N 2 for 1 time per second rate), the contents of the
l00-megacycle counter is transferred to the shipboard centralized computer system.
In the non-dpl3t!"J,ct m:xic, the Nw

IN

very large) switch position is selected which enables
the N-counter to count continuously without reset. Extreme care Is exercised in transferring
the N-counter contents to storage each 0.1 second or Once per second. During the non-destruct
mode the measurempnt 0f dC!pp!cr ~s .such t:,at a ~ise IS never gained or lost throughout the
entire s pacecraft traCking time. The input doppler signal is S-band doppler (the SOC is designed
for plus or minus ISO - kilocycles biased about a standard IMc frequen cy). The input signal is a
one-volt rms sinusoid.
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Figure II-Shipboard doppler counter.

The destruct measurement is made in the following manner. The on pulse to the gate
comes from the time standard system. The 10 characters per second is selected when the communication circuit available is 2400 bits per second (10 per second times 240 bit frames). When
the gate opens, the first positive zero crossing of the first gated doppler sinusoid is shaped and
advances the N-counter to state one . This transition turns the 100- megacycle counter on.
which starts immediately (within 10 nanoseconds) counting 100-megacycle pulses (synthesized
1 megacycle input from the Time Standard System). The gating of the approximate I-megacycle
doppler Signal continues until the count of "N" (N I or N z) has been reached in the N -counter.
At the positive going zero crossing of the Nth pulse. an off pulse is generated which turns off the
gate and the 100-megacycle counter. The result is a 100-megacycle counting operation for
precisely the period of time between positive going zero crossings of the first and Nth doppler
sinusoid. All gating and coonting operations are performed. with Apollo time standard coherent
pulses. The advantage of N-counter techniques is briefly that high resolution measurements
(10 nanoseconds) are available with short measurement periods (100 milliseconds).
In the non-destruct mode the same operation takes place. except that "N" is very large and

the off pulse never occurs to turn off the gate. The counting operation continues without dist urbance or reset throughout the spacecraft t r acking period. The advantage of the non-destruct
technique is that a continuous. undisturbed doppler measurement Is made with no data "gaps"
such as exist in the destruct mode.
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APOllO USB HIGH SPEEO OATA FORMAT
Bit

Function

Description

I - 7
8-12

Selectable by switch
Selectable by switch

13

Start of Frame
Station or Site
Identification
Data Identification

14

Data Identification

15

Data Identification

16

Data IdentUication

17
18
19

Data IdentiHcation
Data Identification
Data Identification

20

Data Identification

21

Data Identification

22-23

Data Identification

24

Data IdentUication

25

Data Identification

·Bi.... 'y

OM

is ok.i, ... '~d by ·I ·.ad bi ...,y

Range
Range
Range
Range

Rate
Rate
Rate
Rate

Destruct Mode is binary "one"·
Non-Destruct Mode is binary "zero"·
Nl Mode "1"
N2 Mode "0"

High Speed Format 10, 5 or 2.5 per second "1"
(The rate 10, 5 or 2.5 depends on communication
circuits available at site, This is identified by
the SID bits 8 - 12)
High Speed Format 1 per second "0"
Real data " 1"
Test data "0"
Object number - not defined
Object number - not defined
Object number: LEM " 1"
CSM " 0"
Auto Track Mode "1"
Other "0"
Time, X and Y angle data (manual) Good " 1"
Bad "0"
Doppler Mode
Bit 22 23
o 0 one way doppler
o 1 two way doppler
1
0 multiple (non-coherent)
1
1 multiple (coherent)
Frequency standard Identlfication
Rubicluim " 1"
Crystal "0"
Range data (bits 93 - 122) " 1"
Frequency data (bits 93 - 122) "0"

:0 .... 0

by ' 0",

'II. HOCKING
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Bit

Function

26-54

Time of Year
X-Angle
V-Angle
Range Data Quality
Range Acquisition

55-72
73-90

91
92
93-122
123-128

Description

Range

129

Spare

InformaUon inse rted into these bit locations also
go into the Low Speed Format (characters 58 and
59)

Manual Good/ Bad Data
Information

Range and Range data (manual)

166-205*

Range Rate Data Quality
Range Rate
Spare

206-238

Error Control Bits

130

131-165

Good "1"
Bad "0"

Information inserted into these bit locations is not
inserted into the Low Speed Format.
These bits provide error detection to the data.

c2=3~
9_
-2
~4~0::-_ _.:Communication Sync Signal
'''he n 22 bi'

e Not ~on"<) 1

is u,iliu d bi.s 166· 216

a. ~ ~ ""'C .

APOllO USB lOW SPEED DATA FORMAT
TTY
Character

Function

Description

I

Baudot

Line Feed (LF)

Fixed for hard copy. computer. and

2

Baudot

Figures (FIGS)

3
4
6

Decimal
Decimal
Octal
Octal

Station 10-Tens
Station 10- Units
Data Identification
Data Identification

Fixed for hard copy, computer, and
communication purposes.
Variable

7

Octal

Data Identification

communication purposes.

5

Data 10 bits 13, 14 and 25
Slow Speed System data rate
0 • IP6S
I • IPI0S
2 • IP30S
3 • IPM
4 • IPIOM
5 • Manual
6 = Spare
7 = Spare
Data ID bits 16, 20 and 21

SHIPBOARO DOPPLER COUNTER. ANTENNA PROGRAr.lMER. ANO TRACKING OATA PROCESSOR
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TTY
Character

8

•

I.
11

12
13

I.
15
16
17
18

I.
2.
21
22
23
2.
25
26
27
28
2.
3.
31
32
33
3.
35
36
37
38
3.

••
41

.2

"

44

'5
46

Octal
Octal
Baudot"
Decimal
Decimal
Decimal
Decimal
Decimal
Decimal
Decimal
Decimal
Decimal
Baudot"
Octal
Octal
Octal
Octal
Octal
Octal
Baudot"
Octal
Octal
Octal
Octal
Octal
Octal
Baudot"
Octal
Octal
Octal
Octal
Octal
Octal
Octal
Octal
Octal
Octal
Octal
Octal

Function

Description

Data Identification
Data Identific ation
Spare
Time-Days-Hundreds
Time-Days-Tens
Time-Days-Unlts
Time-Hours-Tens
Time-Hours-Units
Time-Minutes-Tens
Time-Minutes- Units
Tlme-Seconds-Tens
Time-Seconds- Units
Spare
X Angle - 8 5
X Angle - 8 4
X Angle _ 8 1

Data ID bits 22, 23 and 24
Data ID bits 17, 18 and 19
Variable (patch panel)"
Time of day and year

X Angle
X Angle
X Angle
Spare
Y Angle
Y Angle

- 81
- 81
- 80

Y
Y
Y
Y

- 8J
_ 81
_ 81
_ 8°

Angle
Angle
Angle
Angle

- 8s
_ 84

Spare
R-R II)
Range - 89
Range _ 86
Range _ 87
Range
Range
Range
Range

- 86
_ 8s
_ 84
- 8)

Range
Range
Range
Range

- 81
- 81
- SO
Rate - 8 11

Variable (patch panel)"
High Speed Data Bits 55, 56 and 57**
High Speed Data Bit s 58, 59 and 60
High Speed Data Bits 61, 62 and 63
High Speed Data Bits 64, 65 and 66
High Speed Data Bits 67, 68 and 69
High Speed Data Bits 70, 71 and 72
Variable (patch panel)"
High Speed Data Bits 73 , 74 and 75
High Speed Data Bits 76, 77 and 78
High Speed Data Bits 79, 80 and 81
High Speed Data Bits 82, 83 and 84
High Speed Data Bits 85, 86 and 87
High Speed Data Bits 88, 89 and 90
Variable (patch panel)·
High Speed Data Bits 91, 92 and 130
High Speed Data Bits 93, 94 and 95
High Speed Data Bits 96, 97 and 98
High Speed Data Bits 99, 100 and 101
High Speed Data Bits 102, 103 and 104
High Speed Data Bits 105, 106 and 107
High Speed Data Bits 108, 109 and 110
High Speed O:tta Bits 111. 112 and 113
High Speed Data Bits 114, 115 and ll6
High Speed Data Bits ll7, 118 and 119
Hi~ Speed Data RitA 120, 121 ~d 122
High Speed Data Bits 129, 131 and 132

. ", TTY " ,pt.Ct · ... iIl be .... cbtd iOlo.be I.,.... uo.;1 chara"t'" is ...udcd fOIl data
··",ll X. Y. R _Dd R char.c le rs •• he fit" bit ii$led (i.e. , ~~ in e har3e,et 21) is tht _ . ,;,nifiea,n bi. of th •• octad. !be lease
si,ninno . bi. of the oclad is die la.. bi. lis.ed (~7 in ella.ac.", 21 ).
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TTY
Function

Character

51

Octal
Octal
Octal

Range
Range
Range
Range
Range

52

Octal

Range Rate - 8 s

53

Octal
Octal
Octal
Octal
Octal
Octal

Range Rate - 8·
Range Rate - 8 3

Octal

Basic Spare
Carriage Return (CR)

47
48
49

50

54
55
56

57
58

59
60

Octal

Octal

Baudot

Rate
Rate
Rate
Rate
Rate

Description
_ 8 10
_ 89
- 88
_ 8'
- 86

Range Rate _ 8'
Range Rate _ 8 1

Range Rate _ 8°
Basic Spare

High Speed Data Bits 133, 134 and 135
HIgh Speed Data Bits 136, 137 and 138
High Speed Data Bits IS9, 140 and 141
High Speed Data Bits 142, 143 and 144
High Speed Data Bits 145, 146 and 147
High Speed Data Bits 148, 149 and 150
High Speed Data Bits 151, 152 and 153
High Speed Data Bits 154, 155 and 156
High Speed Data Bits 157, 158 and 159
High Speed Data Bits 160, 161 and 162
High Speed Data Bits 163, 164 and 165
High Speed Data Bits 123, 124 and 125
High Speed Data Bits 126, 127 and 128
Fixed for hard copy. computer, and communication purposes

NOTE: All octal and defi ...l fh.'a<:tt., .rt B. udo. tncodtd f.,.. .... n...ission Ov er .tlt."p'" fom", .. nicalio n$ circuit •.

APOllO PRECISION FREQUENCY SOURCE
AND TIME STANDARD
by

R. L. Granata
Goddard Space Flight Center

ABSTRACT
A brief description Is given of the Apollo precision freq,l ency sour ce and
time standard.
The precision frequency source will be the source of accurate tl'i ....wl.Cy
reference for the Apollo time standard,5-band ranging system , tracking data
equipment, and other site functions. This unit contains four frequency references , two rubidium resonators and two crystal re50nators. These four sources
are processed through combiner c ircuitry and distributed throughout the 5-band
system. A brjef desc ript ion of the operation of this equipment is discussed.
The Apollo time standard will be utilized to gcnente station time and to
correlate station and spacec raft events. The Apollo Ume standard consists of
redundant clocks and time·code generators to enhance r ellablllty. Vsrlous Urne
codes and standard frequenc ies are generated by this equipment for use by the
S-band system. Perlpherallnstrumentatlon is also ine luded with Ihls system to
aid In synchronizing the network to a common source. Time synchroniUltion is
estabUs bed with the National Bureau of Standards Station, WWV, and freq...epey
correlation Is maintained to one part ill 10 10 with VLF'teehni<p..lel.

INTRODUCTION
The basic or primary function of the Apollo precision frequency source and the time
standard is to provide a reliable and accurate tag or reference scaler for tracking and telemetry data. These systems are utiHzed within the S-band system to s upply precision frequencies
and pulse repetition rates to various subsystems, such as t he t racking data processor and
modem, the antenna position programmer , t he ranging subsystem, and the digital command
subsystem.

SYSTEM DESCRIPTION

PreCi sion Frequency Source
The predsion frequency source contains two rubidium frequency standards and two crystal
frequency standards. The operator has the option to select any n,,~ .,! th.~ fo;.;r si.alluards as the
primary !;ta.~d:.rd • .-..1 tu aiso select the order of preference fOr the other three. Normal operating procedure is to select the more accurate of the two rubidium standards as the primary unit.
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Det ection of failure, which is performed in the control loglc, can be noted in several ways:
excessive drift rate, amplitude variations, and power supply failur es. Upon detection of a
failure in an oscillator, that unit will be switched of{ line. IT this happens to be the ope rating
standard, the second pr efer ence unit is made operational. U a failur e OCcurs in a secondary
unit, th e ones lower in prefer ence are moved into a higher pOsition. Detection of failure is
also indicated on the control panel to inform the operator of the present equipment status.
The control lOgic also performs another important function, that of frequ ency control of
the secondary frequency standards. The secondary standards are compared t o the primary
standard in a phase det ector , and the resulting phase error s ignal drives a proportional and an
integral control loop. The proportional loop controls phase variations of the output signal by
c hanging the control voltage on the varicap frequency control in the osctllator. The integral
loop drives a servo a nd nulls out the oscillator drift Or long term errOrs. The servO also
drives an indicator dial which is calibrated for frequ ency cor rection. The rubidium control
loop Is similar in nature except that current variations are made to adju st the magnetic field
around th e gas cell. The maximum tracking rate o[ this servo will follow an error of 2 x 10 ~9 .
A s t epping motor is e mployed in the integral cont rol loop to eliminate the need for the generation of 60 or 400 cyc les per second power.
The output of the combiner (5 Mc), which i s the selected st andard, is then synthes ized by
redundant paths into two additional output frequ enc ies, 1 megacycle and 100 kilocycles. These
three freq uencies a r e then expanded in the distribution amplifier t o furnish the required output
configuration. Thi s unit interfaces with the time standard at thi s point. All user s of these
frequencies in the 5-band system obt ain their outputs directly from the time standard s yst em.
In order t o Obtain a highly reliable unit, each frequ ency standard contains it s individual
power supply and balte r y pack. The control lOgic and di st ribution syste m have redundant power
s upplies and battery packs, each capable of supplying the required power . The power unit s for
the two rubidium standards, the cont rol lOgic , and the distribution amplifier are identical and
c an be int erchanged in case of a maj or failure .

Time Standards
The time s tandard contains redundant clocks and time code gene rators . LogiC gating
within the Signal distribution area of all output functions allows the operator t o select the
operational time standard. Switching is performed manually and at the disc retion of the operator . All othe r functions, binar y coded dec imal (BCD) t o binary conver sion of tim e, statu s clock
control s ignal s, special frequ enC ies, and clock synchronization signals are gene rated aft er the
ti me standard selection circuits. Th e easies t method of describing the functions of this system
is t o l Ogically follow t he signals through each unit.
The fr equency divider portion of the digital clock r ecei ves two redundant one megacycle
Sib'l\al s Crom the precisian frequency source. These s ignals are added through a r esistive
network. The combined signal i s t hen limited and squared by means of a zer o c rOSSing detecto r
developing pulses for driving the digital Circuits. The t wo input s s ignal s are gene rated in the
preci s ion fr equency sou rce and thus are always phase coherent. Loss of one input s ignal results
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in a phase change of less than 20 nanoseconds. The 1 megacycle square wave is then divided
by means of 8-4-2-1 BCD decades to a 1 pulse per second rate. At the 100-kilopulses per
second point in the divider chain, two methods for obtaining time synchronization are employed,
an analog and a digital technique. The analog method employs a continuous phase shifter utilizing a sine-cosine potentiometer. This method is used for daily time corrections to compensate
for oscillator drift as measured by the VLF equipment. The digital method adds or subtracts
pulses from the lOO-kilopulses per second bit stream. Several rates of correction are manually
selectable by the operator. This technique is utilized to aid in synchronizing the frequency
divider to WWV or to the redundant time standard.
The digital clock accepts the 1 pulse per second from the frequency divider and divides by
appropriate factors to obtain time of day and day of year information. For synchronization with
WWV, time of year information is inserted into the digital clock by means of a bank of switches.
A visual display is also present above this unit to indicate time. Outputs from the frequency
divider and digital clock are employed in the time code generator to develop the four NASA
time codes.
The outputs of the flip-flops in the frequency divider, time of year information from the
digital clock, and serial lime codes are presented to the logic switch in the signal distribution
unit for selection, as a group, to develop the output Signals.

SIGNAL DISTRIBUTION
As well as performing the time standard switching function, this unit develops all the
output signals; contains expansion for the AC and DC line drivers; modulates the time codes
with their appropriate carrier frequencies; develops the special frequencies for the tracking
data processor; such as 2400, 1200, and 600 pulses per second; and develops the necessary
signals for driving the time synchronization equipment.
The BCD to binary converter generates time of year information into straight binary data
to be compatible with the tracking data processor requirements. This information is available
in three different granularities, one second, one tenth of a second, and one millisecond. One
complete conversion of the time of year information is made within 100 microseconds.
The STATUS clock develops count down and elapsed time information to display the mission
status. Outputs from this unit are provided to drive multiple displays for use within the ground
station.
The VLF and WWV equipment ~re :Jro"id~d t o aid ill the tIme synchronization and maintenance of time synchronization of the station clock. The WWV signal is displayed upon an oscilloscope and used to synchronize the station one pulse per second to the received WWV signal.
The VLF equipment phase locks a lOO-kilocycle output [rom the precision frequency source
with the received VLF signal. A phase plot is obtained which defines the frequency error of
the precision frequency source and the accumulated time error since the previous VLF
measurement.
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The patch panel provides a convenient method of connecting signals to the other station
subsystems.

ACCURACY & RELIABILITY
System accuracy can be broken down into two basic categories: frequency and time.

Frequency
The frequency accuracy is determined by the inherent stability of the rubidium gas cell,
VLF tracking capabilities, and operator ability.
The specification placed upon the ApollO precision frequency source is to maintain a frequency setting within 5xlO - 1I for a One year period. This value is placed upon the system for
worst case operation. These units could deviate to the maximum on a daily basis and still
meet the speCification, but past data have shown that the daily mean frequency does not exhibit
deviations greater than 2Xl0 - 1I •

VLF tracking is now Widely utilized to compare frequencies of a house standard to that of
a stable reference transmitted in the 10 to 30-kilocycle band. In order to achieve the system
accuracy required by the S-band, VLF signals must be monitored on a continuous basis. The
VLF equipment in this system has a resolution of one microsecond which gives approximately
a frequency resolution of lxlO- 1l over 24 hours. Due to diurnal shifts and ionospheric noise,
the system at best can resolve five microseconds or 5xlO - 1i over 24 hours.
If this data is closely monitored and tabulated for a period of one week or more, an ac-

curacy of 2><10- 11 is achievable. These results have been repeatedly obtained in our labOratory
and we feel that with properly trained site personnel, the same results can be achieved. This
then leads into the question of the site personnel effects on the system frequency accuracy.
The author has already stated that the best achievable results are 2><lo-lI and that on a daily
basis 5xlO - 1I can be maintained. With reasonable performance on the part of the site personnel,
the author feels that our site will maintain its frequency standard. between these two values.

Time
Time accuracy is determined by the synchronization technique employed and the frequency
accuracy of the precision frequency source. The method of obtaining time synchronization is
to employ the WWV, HF time signals. These transmissions are received and displayed upon
an oscilloscope. The station pulse is then compared with the WWV tick, a one pulse per second
Signal, and aligned to be COincident with it. The jitter on the WWV pulse allows setting of the
station clock to no better than :to.S millisecond. Propagation times from the transmitting
statlon have been calculated previously. The station pulse which is coincident with the WWV
signal is a delayed (61 pps) pulse. The amount of delay being that calculated for the particular
site. By synchronizing the 61 pulse per second with the received WWV signal, the stations
undelayed or normal! pulse per second output is synchronized to the WWV transmitted signal.
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In this way. the S-band network will be synchronized to a common base. The propagation delay

times are then the second source of station time error. The calculated values for each station
are based upon both experimental data and mathematical calculation. The estimated error for
these values is in the order of one millisecond. This is partly due to the uncertainty in the
mathematical model used, seasonal ionospheric variations, and ionospheric disturbances.
The third source of time error is that derived from a frequency error. As stated earlier,
the maximum expected frequency error is 5xlO- " . This error would contribute approximately
5 microseconds a day to the time error. The author mentions this source of error to show its
magnitude, and because if left unchecked, it accumulates and contributes to the other errors.
VLF monitoring of frequency Is done by displaying phase error. The display is exhibited

directly as time error. The operator can then adjust his clock on a daily basis to eliminate the
time error due to frequency Offset. The total system error based upon these facts Is in the
order of one millisecond. Other techniques are now being developed which show promise for
improving this error by an order of magnitude. These may be incorporated into this system at
a later date if mission requirements show the need for improvement.
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APOLLO MISSION PROFILE
by
J. J. Donegan
Goddard Space Flight Center

ABSTRACT
A typIcal Apollo mission profile is presented to provide an unde rsL'lnding of
the tracking requirements placed on the Unified S-8and System in s upport of the
Apollo misSionS. Characteristics of the Apollo spacecraft are Included, a s well
as the timing sequence of the Apollo spacecraft events from initial liftoff
through lunar touchdown, lunar liftoff, reentry, and earth touchdown. Orbital
parameters, night constraints, and navigational problems are also discussed.

The Unified S-8and System is implemented to provide ground instrumentation support for
Apollo missions. In this role it will provide monitor and realtime control capability to flight
controllers on the ground from l iftoff to landing. In order to Wlderstand the tracking requirements on the Unified S- Band System, it is necessary to know the mission profile the system
will be required to support. This presentation describes a typical Apollo mission profile.

Figure I-Saturn V vehicle.

135

136

J. J. DONEGAN

The Saturn V vehicle is 360 feet tall as
compared with 109 feet for the Gemini Titan
II vehicle. It delivers 7-1 / 2 million pounds
of thrust as compared with 430,000 pounds
delivered by Titan II.

It i s a three stage

launch vehicle. The first st age is deSignated
S- lC, the second 8- 11, and the third S-IVB.
The third stage or S- IVB is a restartable

engine.
Elements of the Apollo spacecraft are
the launch escape syst em , the Command and

Service Module (CSM), and the Lunar Excurs ion Module (LEM). Totally fueled , this
con figuration weighs about 90,000 poWlds at
liftoff .

Figure 2-Apollo ~pocecraft .

The operational control of the Apollo
mission will reside on the gr ound in the
Hous ton Control Center. even though the
spacecraft will be designed with the capability of executing the mission and all abort
options without use of g round information.

Figv re 3_A pol lo operational contro l cen te r.
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For a typical mission the timing sequence of events is given in the following table:
TIME llt ELAPSED TIME
AFTER LIF"TOFF

EVENT

2.8 hours

Lunar injection

3.3/3.5 hours

Transposition (turn around) discard
third stage

72.8 hours

Arrive at moon (3 days)

74.5 hours

Lunar touchdown 24 hours stay
on moon

98.5 hours

Lunar lifto(f 24 hours stay on moon

99.9 hours

Rendezvous at moon

103.5 hours

Leave llmar orbit for earth

196 hours

Start reentry

196.6 hours

Earth touchdown (8 days)

At liftoff the Saturn V weighs approximately 3000 tons and has the capability of transporting
45 tons to the moon any day of the month. The first stage (S-IC) burns for about 2-1/2 minutes

Figure 4-Timillg sequence of events for typicol mission.
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Idl
Figu re 5-Solurn liftoff, firsl $toge burning, first stage separation, ond second stoge separation.

to approximately 200,000 feet. After first stage separation, the second stage (S-I1) ignites,
producing a thrust capability of approximately 1 million pounds and burns for about 3-1/2
minutes to an attitude of 600,000 feet. At this point the second stage separates. The launch
window will be about 2- 1/ 2 hours l>ased on the restraint of a variable laWlch azimuth limited to
26 degrees and on the uasis of one tracking ship covering the insertion phase.
During the second stage burn the tower launch escape system is jettisoned .

The third stage or S- IVD which is a restartable engine is the n fired llriefly to attain a
velocity of 25,520 feet pcr second and places the Sp~\c(!craft in it t OO-nautical mile parking
oriJit. Durin!:: this phase crew and l.'Quipment will iJe checked out to see if they qualify to

APOLLO M1SS1ON PRO F1LE
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figu re 6-Eorth orbitol checkou t.

Figure 7- Lunor tra jectory inse rt ion.

perform the complete mi ss ion . The plane of the parking orbit s hould include the target or antici pated IW'lar landing point to a void cos tly out of plane maneuve r s.
At appr oximately 2.8 hours after liftoff the S- IYB e ngine r e-ignites, propelling the s pacecraft to a velocity of a pproximately 35 ,640 feet per second a nd injecting it into the translunar
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trajectory. The spacecraft then goes into a translunar coast and during this phase it is necessary to determine the orbit quickly to make a "go/ no go" deC is ion on the translunar phase of
the mission prior to transpoSition. This will require about 10 minutes of traCking.
ApollO will introduce new and complex operations. One of these is the transposition o r
turnaround maneuver. During this maneuver the CSM will be separ a ted from the S- IVB! LEM
configuration, turned aroW'ld, and coupled up again. freeing the engine of the Service Module
(SM) fOr use . Figure 8 shows the explosive separation of the forward section of the spacecraft/
LEM adapter, and the turn around maneuver . It is presently estimated that this phase will take
aoout 30 minutes.

,.,

'"

'"

,.,

,'
f igure 8-CommlJlnd loer\/ice modu le s.eporotion, turnorouoo moneuver, docking ond
coupling , s.eporatian af S-IV8 stage . midcourse correc t ion, ond bteaking maneuver.
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Also shown in Figure 8 are the docking and coupling up of the CSM to the LEM/ S-IVB, and
the separation of the S-IVB stage which is now discarded. If required, midcourse corrections
are then performed by the astronauts using the service engine to establish the proper course.
This will occur about 5 to 8 hours after injection. It will take about 72.8 hours to reach the
moon. Using the SM propulsion system, the astronauts will perform a braking maneuver to
achieve the proper lunar orbit. This will be approximately a loo-nautical mile circular orbit
above the moon's surface, at an injection speed of approximately 7500 feet per second.
Sometime later two astronauts will transfer from the Command Module (CM) to the LEM,
and one astronaut will remain in the CSM in lunar orbit.
When all is ready, the astronauts will separate the LEM from the CSM and turn around the
the LEM to descent attitude. First they will make a reconnaissance pass coming to a Pericynthial
of 50,000 feet above the antiCipated landing point. If all looks good, they will start the actual
landing approach. The rate of descent will be carefully controlled. The LEM will reach a hover
point 300 feet above the lWlar surface before final landing. Lunar touchdown then occurs. Immediately upon !anding, the LEM will be prepared for relaW1ch before either astronaut sets
foot on the moon. Lunar landing occurs at 74.5 hOurs elapsed time.
While on the moon the astronauts will perform scientific experiments, gather geological
samples, take photographs, and do some exploration. They will also leave some scientific instruments behind for transmitting scientific data back to earth.
After a 24-hour stay on the moon, the astronauts will fire the liftoff engines using the fourlegged adapter as launch pad and leaving it behind. Lunar liftoff occurs approximately at 98.5
hours.
The lW1ar launch must be timed to permit rendezvous with the CSM. This is a critical
maneuver which imposes severe requirements on ground tracking. Rendezvous will occur at
99.9 hours. Upon docking the two astronauts will return to the CM, detaching the LEM and
leaving it in lunar orbit. If everything checks out at approximately 103.5 hOurs, the astronauts
will fire the service module for the return trip to earth.
It is very important to determine the transearth trajectory early.

From ground tracking, midcourse corrections will be made to assure that the spacecraft enters the correct
reentry corridor aoout 40 miles thick. A miss can mean up to 350 g's or can mean skipping
back into outer space, or can mean encountering exceedingly high temperatures during reentry.
The determination of the orbit quickly in this phase is of paramOU!l.t imp0rtlncc. Adjustrait:'lIll:i
of time enroute to earth will determine where landing takes place on earth. Fuel penalty for
trajectory adjustments early in this phase are less than for later in the transearth phase.
Helore entering the earth's atmosphere, the astronauts will jettison the SM. It must be
separated so that there is not a re·contact problem between the SM and CM, and so that the
anticipated impact point of the SM is not in a populated area.
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Figure 9-Tronsfer to l EM, lunar approoc;h orbit, lunar des.cenl, lunar touchdown,
photography, and exploration.

The eM is then placed in proper attitude for reentry. The Apollo spacecraft like the
Gemini spacecraft is a lifting vehicle. Its landing footprint gives the astronauts some control
of their la nding point. Apollo reentry is a very c ritical maneuver. Reentry speed is aoout
35,787 feet per second and reentry range varies from 2100 and 5000 nautical miles. Ionization
phenomena are intense during this phase, creating tracking problems for the groWld during the
blackout periods. Drogue chut e deployment and main c hute deployment are shown in Figure 11.
The Apollo mission terminates in a water l anding in the Pacific after approximately
196.6 hours e lapsed time. Two possible landing areas are c ontemplated. one in the
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: igure IO- Lunor liftoff, lunor orbit rende;zvous, docking, leoving lunor olbit,
ond return trip 10 eorlh.

northern and one in the southern hemisphere .
Pago.

These are near Hawaii and Pago/

As seen rrom study or the mission profile, t he Apollo project introduces new and complex
tracking problems, which must be resolved to provide realtime control or the mission from
I.UtOll to reentry. Tne Apoiio uniiit:!o 5-Ea.uu i:iy"t"lIl i" Uo:.i... ~ 4t:Si5iicd ~v .... ;: ~.i;: .·;: t~~:::
result.
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Figure 11 - Service modu Ie jett isoning, reentry ottitude orientation, reentry I drogue

chute deployment, and main chute deployment (terminal descent).

COMPUTER TEST PROGRAM TO QUALIFY
USB SYSTEM
by

J. Barsky
Goddard Space Flight Center

ABSTRACT
The GSFC computer processor will utilize data from the Unified S-8and
IUSB) System to document its operating characteristics during actual orbital
track. The USB system wi.ll be calibrated by the C-band network of FPS-16 aod
FPQ-6 radars which have been proven in Mercury and GemIni. The basic computer program utHizeel will be the Gemini program, revised to receive and
process the outputs of the two systems both simultaneously and separately to
allow lor maximum comparison of the results. The results will be measurements of the noise and bias in the USB network and the orbital determination
accuracy as a function of this noise and bias.

System testing of data flow to and from a USB site conducted at GSFC will
utilize developed tests from the CADFISS program. These tests will be used to
determine (1) the degree to which the com~ter-related portions of the system
have fulfilled their system design requiremenLs, (2) those portions of the systems which are not functioning properly, aD:! (3) the operational capability of the
system to support a mission.

INTRODUCTION
The computer test program to qualify the Unified S-Band (USB) System will consist of two
phases. The first is the CADFISS program which will check each site as it is implemented and

check the whole network before a mission, supplementing remote site testing. The second is a
check of the system during a mission with an orbit computation program capable of utilizing
both USB data and C-band radar data.

CADFISS PROGRAM
Th~ !:2spcnsibUlty uf

the CADFlSS program testing for the USB will be to verify the operational readiness of hardware and software configurations which may affect the data content of
messages used for computer computations at GSFC and/or MSC. Particular emphasis wil\ 1:>e
placed rm ~'lb~~·&tcm ir,tel'Ia..,t:.:s which are not checked during unit testing. Where possible, the
tests utilize the operational program which will be used (or mission support. This enables the
CADFlSS tests to perform an authentic pre-mission checkout of the applicable systems.
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The general equipment areas that are involved are communications, radar tracking, including boresight, antenna programmer and range and range rate, the digital command system
(DeS) at high and low speed and the PCM telemetry tests at high and low speed. All of these
tests are applicable both to Manned Space Flight Network remote sites and the ships, except
the boresight test which cannot be run on the ships. All GSFC t ests will have the capability to
process variable input rates for both high and low speed tests.
CADFISS utilizes an automatic program concept, aU phases of testing belng Wlder control
of the computer program. The 7094 is the center of the testing system and controls data flow
activity between remote sites and the Goddard Space Flight Center.
In discussing the tests necessary to accomplish the testing objectives it is assumed that

GSFC will have access to aU high- and low-speed communication lines that exist between MSFN
sites and MSC, Houston, and that GSFC's realtime systems will have access to high speed command circuits, high-speed tracking circuits, and low-speed teletype circuits required to perform the proposed CADFISS lists. Facilities will be available at GSFC to accept and format
data from six high-speed telemetry circuits simultaneously, and error codes required on the
outgoing command circuits will be affixed by the GSFC realtime system.

Communications Tests
The communications tests are required to ascertain the condition and continuity of each
GSFC remote site circuit. The commWlicaUons circuits are common to all areas of testing;
therefore, a Simple end-to-end test is required. The testing will consist of sending data from
GSFC to the Site, where it 1s compared against an expected pattern and scored, and the results
are transmitted to GSFC. The site, in turn, sends data to GSFC, to be compared with an expected pattern and status of the circuit is established.

Radar Tracking System Tests
The testing of the radar tracking system consists of three aspects; the range and rangerate (doppler) test, the radar boresight test and the antenna position programmer test.

Range and Rate Tests
The purposes of range and rate tests are to: (1) verily the operation of the ranging
system for one discrete value of simulated range; (2) insure that the voltage controlled oscillator (YCO) frequency is inserted into the range format position of the first output message
following range code acquisition; (3) verify the proper operation of the range/ frequency indicator bits to provide a coarse check on X, Y angular data; (4) check time; (5) test the ranging
system for both Lunar Excursion Module (LEM) and Command Service Module (CSM), on dual
radar sites; (6) check the "n" counter; (7) check operation of the lOO-megacycle interval
counter and (8) test the doppler readout Circuitry ope ration.
According to the procedure set up for range and rate t ests, the site upon cues from GSFC
acquires phase lock with the collimation transponder and the transponder acquires phase lock
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with the ground station, after which ranging is started. When range acquisition is achieved,
YCO frequency is transferred to the range output register and then to the tracking data processor. Successive output messages will contain the range units which correspond to the delay
inserted at the transponder simulator. In addition to range and frequency, the message identification characters and the time word are checked for proper operation.
During the range test, the doppler counter is tested by using a stable 1 megacycle generator as a simulated doppler source analog signal and is checked for the destruct and nondestruct modes and for Nl and N2 count periods. The approximate length of test is 5 minutes.
Tests will be required for both high and low speed testing to satisfy laW1ch area and network
radars and will be capable of operating with variable speed input data.

Radcrr Boresight Test
The purpose of the radar boresight test is to check the angular alignment of the radar
system and check on the time and message identification. Upon receipt of a cue from GSFC,
the site acquires and locks on the boresight signal. "N" frames of data are transmitted to
GSFC over low-speed teletype circuits. The data is compared with the tower survey value to
determine angular alignment. A high speed test will also be required to test radars used in
the launch area but 1s not applicable to the ships as they will not have a collimation tower.

Antenna Position Programmer Test
The purpose of the antenna poSition programmer test is to verily the proper operation of
the subsystems and interfaces used to position the antenna. The operational program will be
used in the on-site data processor. GSFC will send acquisition points to an on-site computer
via low speed teletype. The operational program in the computer uses these points to compute
and pW1ch a pass tape which contains command angle data to direct the antenna poSition programmer (APP). The tape is entered into the tape reader for the APP where it will direct the
antenna to the specified orbit search. The radar encoder outputs the angular position of the
antenna to the tracking data processor (TDP) where it is formated and transmitted to GSFC.
The acquisition points sent to the on-site computer are used at GSFC to construct the command angles which were used to direct the APP. These angles will be used to construct a
simulated orbit. The data received from the site will be compared against this orbit with some
small amount of errors allowed. Test time is approximately 5 minutes. A high speed test is
also required.
Prior to getting an operational progl"am ior the on-site computer, a tape will be prepared
at GSFC and used to Simulate an orbit pass. This tape may also be programmed for discrete
antenna positions and the boresight tower coordinates.

Dill tal CDmmand System
The digital command system will be tested to verily proper operation of the subsystems
and interfaces used operationally as part of the digital command system including an input data
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check (program IWlctions), an up-link check and a validate and retransmit check. The procedure will be to prepare output command loads in the GSFC's IBM 7094 computer, affix error
code to data, and transmit to the appropriate site. The remote site program in the command
data processor (COP) will perform a validity check on the data and store commands or request
retransmissions as required.
The second phase of the test up-links the data to the collimation tower Or the dummy antenna load. The up-linked data feeds the verification r eceiver and is then fed to the CDP via
the input buffer. The CDP performs a comparison with the up-linked command and indicates
those commands which do not compare. The addresses of failing commands will be sent back

to GSFC via low-speed teletype as a program function or a manually prepared remote site
report. Sequential switching of circuits at Honolulu and London will require that this test be
run in three passes to test all sHes.
The operational program will be used in the CDP. This test will vary slightly in operational procedures at the site due to the different modes of operating the command system.
Mode 1 r equires site personnel to up-link the command data. Mode 2 operation up-links the
data upon receipt of an execute command from GSFC and Mode 3 up-links the command immediately upon receipt of data and validation . The test will be limited to approximately 10
minutes per site.

PCM Telemetry Tests
The PCM telemetry will be tested to verify the data flow path from the sub-carrier demodulator to the telemetry processor and the output of the telemetry processor via high speed
to GSFC. The PCM simulator will be used to input directly to the PCM demodulation distribution panel or modulate the S-band downlink at the collimation tower if the latter is available.
Each vehicle format will be checked as well as each decommutation station.
The operational program is used in the telemetry processor during this test. The data
transmitted to GSFC are compared against tables of expected values and the test results transmitted back to the site. The high circuit switching at London and Honolulu limits the number
of sites which may be tested Simultaneously. therefore, three passes will be required to test
all sites. The CADFlSS program will then check the entire network and allow the orbital computation to be performed with confidence in the equipment.

ORBIT COMPUTATION PROGRAM
The ultimate test of the USB system as a tracking system is its ability to provide data to
determine an orbit. Theoretical studies can s how what the capabilities of a system should be,
but only actual track of an orbiting vehicle can prove its real capabilities.
One problem associated with determining the capability of a tracking system is a good
standard of comparison. In Mercury and Gemini we simply used the best tracking systems
available, the C-band radars FPS-lS and la ter the FPQ-6. These proved fully capable and
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provided excellent orbit determination. This then provides an exceliellt measuring stick for the
USB.

Although the USB has the added capability of measuring doppler or range- rate, the specification for angles and range are not as good as either the FPQ-6 or FPS-16. The results of
recent Gemini missions show the rms errors for the C-bands to be roughly 0.1 mil in angles
and 5 yards in range as compared to specifications of 0.6 mil in angles and 15 yards in range
for the USB .
The USB is primarily designed for tracking to hmar distances but does have definite nearearth functions. Once a vehicle is far from the earth, the angle t r acking ceases to be of value
and the doppler and range are the prime sources of information . Therefore the USB has to be
evaluated in two ways: first, as a c o mplete system with angles; second, as a source of range and
range-rate alone.
The comparison then will be made on vehicles carrying both C-band and USB transponders.
The central computer will accept data from all sites and perform orbit calculations in three
modes: C-band track alone, USB track alone , and combincd C-band and USB track.
Thc residuals and rms errors will be computed for the USB as a function of all three solutions. These errors will be analyzed to determine the biases o r systematic errors in the various sites, which may be due to static errors such as station location. X and Y angle boresig:hl
and ooresight misalignm ent , frequency standard, and dynamiCS e rrOl'S such as antenna lag.
Other errors are always present which compl1cate an analysis. The mathematical model or
equations of motion are ne,'er ex'lct, particularly ill the case of a satellite relatively close to
the earth and subject to all of the earth's harmonics perturbation and especially to atmosphC'ric
drag.
The model will contain Cowell equations of motion integrated with an improved 8th order
central difference integrator. AU necessary perturbations will be accounted for in the equations of motion. The data will be corrected for all known dfects indicating local verticaL refraction, light time and delays, and timing errors.
One of the prinCipal problems associated with tracking has been the nature of the satellite
itself. If it is unstabilized and unsymmetric, a random tumble area is usually used with a
fixed coefficient of drag for drag calculations. If it is tumbling at a high rate. the main source
of error is the coefficient of drag, which is difficult to estimate for an odd shaped vehicle . H.
in addition, the tumble rate is slow compared to the orbital period and the o rbit elli!)tiC. the
problem of the precise orientation durin~ the r>eriQd of l!!:txi ...um urag becomes very significant.
Another associated problem occurs if the vehicle is stabili7.ed by on-hoard thrusters . This
tends to act as a small net thruster which perturbs the orbit greatly in prf'r'i<;iQ!! c r!;:t de termination ; thf'reforc a st;;,ti.: urbit is required for perfo rming the tests described before.
Ideally for these tests, the orbiting vehicle should be round to minimize errors in surface area
and coeHicient of drag computations. It should be unstabilized to eliminate effects of thrust
and should he in a fairly high orbit to minimize perturbations on the orbit. If uncertainty in the
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drag and thrusting characteristics are allowed to dominate the solution, no definitive analysis
can be made.

A crucial role of any tracking system occurs when the orbit has to be defined or redefined
on the basis of one station. This is where the performance in terms of low data noise is very
important. As has been pointed out, there are many phases in which a single station will have
to determine the orbit in the Apollo mission.
In Mercury program, however, it was found that once a sufficient amount of data had been
accumulated (e.g. about one orbit), the solution from a "poor" tracking system and a "good"
tracking system did not differ appreciably. The case in point was the Verlort versus the
FPS-16. At that time the relative noise of the two systems was 1.0 mil and 40 yards for the
Verlort, compared to 0.2 mil and 10 yards for the FPS-16 . However, after one orbit, the
solutions using Verlort alone or FPS-16 alone did not differ greatly. This condition depends
on the two systems having only a difference in noise levels where one of them is much noisier
than the other but there are no Significant biases present.
Where the superior capability of the FPS-16 appeared was in the ability of one station to
determine an orbit. Here the systems differed vastly in their results, the FPS-16 being an
order of magnitude better in velocity determination. Therefore, by testing the single station
solution of USB against a best combined solution, a real figure of merit will be obtained for one
oC the most critical roles of the system - the ability of a single station to redefine the orbit.
In summary then , the residuals of the combined solutions should provide a good estimate of
the possible biases and errors in the system and the single station solution error should provide
a real measure of the capability of the USB system.

NETWORK SYSTEMS
by

C. O. Roberts
Goddard Space Flight Cente",.

ABSTRACT

Thio presentation outlines the confib'Ul'ations and capabilities of the network
equipment to be iostalled on the remote s ites for the Apollo program. Discuss ion indudes oile and system design considerations , system p..'lrameters , func tions , and modes of operation.
The major systems. including PCM d ecom telemetry and DeS processors
and console systt'm s , arc described in detail.
The di!!cussion also includes thC' capablliti('s to be provided [or closed·toop
tests of the t'quipmcnt

(It

tht, remote sk'ltions, and the design of the equipment

rcquil'cd to prOCe!>s and distribute the data from the Unifi(.>d S- Band System.

The data flow from the co ntrol center to the remote sites Is desc ribed, as
~'qui pm('nl iu rangcmc nt at a typical r emote site .

wdl as

The quantities and types of new nt'tw ork equipment being procured fo r the
Apollo jll·oj.:ct arc listed to provide an indicatiOl"l of the magnitude of the Manned
SII:ICC "' ligh t Network (MSF N) implementation progrJ.m for the Apollo project.

INTRODUCTION
The Unified S-Band System ls the major system located on the remote sites of the Apollo
Network. This system combines the variOus up-link data and the down-link data on a Single
car rier. The system required to instrument the remote sites of the Manned Space Flight Network (MSFN) for the Apollo project is described in this paper.

DESIGN CONSIDERATIONS
r.'lany fadvrs were conSidered in the development of specifications for the individual sys tems procured fOr the Apollo program. This program requires instrumentation for three
vehicles as well as the booster. This fact dictated the necessity for increasoo flp'(ii;oi.Ety ir: the
des:;;:-:. of U',e ..y..icms. t:ach of the three vehicles will transmit PCM telemetry. The network
was designed to transmit digital commands to each of the vehicles. Increased data proceSSing
capability is required for processing and displaying significantly larger amounts of information.
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In addition to these features related to the space vehicles, other factors were considered.
Redundancy was considered necessary in all of the major systems. Modularity of design was
considered to be an important factor. Maximum flexibility was necessary to provide the capability of instrumenting the network with systems which would not be outdated as vehicle parameters were further defined or modified. To meet required operational dates, major systems
were required to be procured prior to detailed definition of the spacecraft equipment parameters.
The state-of-the-art digital equipment was employed throughout the network wherever possible.
This presentatiun attempts to show how these factors influenced the deSign of the network
systems.

SITE DESIGN
A typical remote MSFN site for Apollo 1s shown in simplified block diagram form in
Figure 1. More detailed block diagrams of the individual systems are presented and explained
later.
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Telemetry
The data flow between the major subsystems at the r e mote sites is shown in Figure 2.
Telemet ry data received from the various vehicles will be demodulated by the Unified S-Band
System. Th e data will then be decommutated and distributed by the PCM syst e m. Selected
t elemetry parameters will be transfe rred to the telemetry (TM) data processer, and to th e
com mand data processer (CDP) . Each PCM decom will contain two compute r buffers to transfer
TM paramete rs broadside t o the associated data processer. The decom has the capability of
tran sfe rring a ny selection of parameters into each of the compute rs.
The parameters transferred to the TM data processer are independent of those transfe rred
to the CDP. The PCM decom also has e vent storage and digit al/analog (D/ A) converter capabilitie s . Data transferred from the PCM stations to the TM data processer will normally cons is t of paramete rs to be conve rted. t o enginee ring unit s, analog data t o be displayed on strip/
chart recorders, clock data to be dis played for time compari son, and a ny othe r paramete r s
required for display on the consoles . Paramet ers required for transmis sion t o the control
center as part of the telemetry summary message will also be transferred to the TM computer.
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Data transferred from the PCM stations to the CDP will include MAPS. spac€c raft parameters and
clock words which may be updated by com mand, and events for driving indicatio ns on the console
com mand panel. Data to be displayed on the consoles will be proc essed and formatted by theTM

data processer and transferred to the memory character/ vector generator for storage. Data
stored in the memory character vector generator (MCVG) will be utilized to continuously update
displays on the cathode-ray tube located in the individual consoles. Data will also be processed
by theTM data prOcesser for transmission in feal time to the control center over high speed lines.
In addition to the Unified S- Sa.nd (USB), the 30-foot remote sites will a lso be equipped with <I.
VHF acquisition aid. DJring the early phases of the Apollo program, data received from the
spacecraft will be VHF rather than USB. Provision has been made to provide eitherUSBorVHF
telemetry data to the PCM decoms. Biomedical parameters from the USB and PCM Systems
will modulate voltage controlled oscillator$ ( VCO's ) and be multiplexed for transmission to the
control center over.,. voice -data line.

Command
Command data will be received from the control center over high speed lines as shown in
Figure 3. The data will be checked by polynomial code techniques and stored in the CDP after
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verification. II the data received from the control center is not valid, the CDP will generate a
request for an automatic retransmission of blocks of data which were not valid. Individual
commands, spacecraft clock, and up-date of command loads may be initiated from the flight
control consoles or from the control center. Upon initiation of a command, data will be transferred from the command data processer to the up-data burrel'. The data received by the updata buffer will then be serialized and converted into a PSK wave form consisting of a twokilocycle data tone combined with a one-kilocycle reference. The PSK wave form may then be
utilized to modulate the UHF command system or the USB system.
Both systems are equipped with monitor receivers which will det ect the data which were
transmitted and COnvert them to parallel words for entry into the command data processer
(Figure 4). These data will then be utilized in the preparation of summary messages to be
transmitted to the control center over a high speed line in real time. The magnetic tape unit
being provided with each data processer may be driven by either data processer. Therefore,
it appears advisable to transfer all command data r eceived from the control cent er to the
magnetic tape unit for storage. II either computer fails, the data would t hen be immediately
available to the remaining data processer.
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Voice, Acquisilion, and Reco,dinr IFigure 51
Acquisition of the various space' vehicles may be accomplished by one of three methods:
The utilization of the VHF telemetry acquisition aid, the C- Band radar, and the USB. Air-toground voice capabilities will be provided on both VHF and USB. Tone remoting is being provided to permit voice modulation of the transmitters from the control center. Wide band, narrow band, VOice, and chart recorders will be provided for each site to record PCM telemetry,
spacecraft TV, VOice, analog event, and status information. A TV monitor will be provided to
display the slow scan TV from the spacecraft. Teletype input to the data processers will be
Ih-vviut:'d ill 01'JI€:I' that ld~lJLeti'Y 5UlY,mariEs from ether remot c :;itC5 m:ly be sto,ed i.!l the
telemetry computer. Summary data may then be called up fOr display on the cathode-ray tube
by the flight controllers. PCM simulator will be provided for maintenance of the PCM system
converted into COmputer instructions by the console computer interface adaptor (CCIAl.
Sites which will not have flight controllers during missions will not have MCVG, CCIA or
flight control installed.
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Redundancy has been pr ovided throughout the major syst ems ( Fi gure 6). Each USB system

must be capable of handling at least two links in both receiving and transmitting modes. Dual
VHF acquisition aids have been installed at most s ites . Dual VHF voice receivers and transmitt ers are installed . All sites equipped with UHF command capabilities are duaL All primary
sites will have three PCM decoms. Th e telemetry and command data processes are identica l.
In case of failure of one data processor. the remaining data processor will be utilized to process
both telemetry and command information. All peripheral equipment which inte rfac es with only
one COmputer will be wired through switch unit s to permit them to be connected t o either data
process.
T he up·data buff er is d esigned to provide redundant channels . The MCVG has three identical channels. Failure of any channel will r esu lt in the loss of o nly four o f the 12 CRT displays . Th e CCIA consists of two identical channels . The Cailure of either channel will result
in the loss of control from half of the consol es.
Full utilization of digital equipment has been made throughout th.e USB, PCM, Data Praces·
sor, MCVG, CCIA and up·data buffer. These systems comprise the major part of the remote
site instrumentation shown in Figure 7.
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SYSTEM CAPABILITIES
Computer
Some of tbe major features of tbe data processor system are:
1. Two identical 642B modified computers are provided. One is for tbe primary purpose
of telemetry data process and driving console display. Botb units bave an identical complement
of peripheral equipment.

2. The computer memory bas a two microsecond cycle time.
3. Each computer bas a 32K directability, addressability memory. This memory size was
selected to provide for the capability of driving CRT displays. It was determined tbat a 24 bit
word length was desirable to permit the computer to process spacecraft computer words and
ground and spacecraft time words as single units. The unit select has a 30-bit word length
capability.
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4. Sixteen fully buffered input/output (I/ O) channel s we r e considered the minimum ac ceptable to provide for connection of all pe ripheral equipment without the necessity of multiplexing channe ls.
5, An ove rlap memory capability provides additi onal execution sp eed for th e comput e r .
6. Continuous data mode capability permits the compute r to transmit large blocks of dat a
to e xte rnal devices without reinitiation of the buffer.

7. As the computer fo rms the heart of the remote s ite system through which both command
and display functions must pass, a militarized unit was conside r ed necessary to provide hi b"h
r e liability.
8. Inter - computer transfer c apability is necessary to permit both COlllput£>rs to uC' inte r connected for transfe r of data. This capability is also required for the Apo llo sh ips in o rd£>r
that data may be trans ferred from the telemetry co mpute r to the s hips' central proc ('ss<u" .
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Pulse-code modulation IPCM)
The major features of the PCM system are:
l. The PCM system procured for the Apollo project utilizes program control for both

acquisitiOn and distribution formats. A 4096 by 36 memory provides the capability for routing
any bit to anyone of the 127 binary stores, and lor the routing of any word in the format to any
one of the selected 127 D/ A convertors,
2. The computer load capability is provided for rapidly loading the PCM program. This
feature permits the updating of the format by the COmputer in real time.
3. A computer output capability is provided to permit the PCM station to transfer data
and status to the telemetry and command data processors.
4. The 4096 word memory of the system provides the capability of storing 10 selectable
formats; six formats of the Gemini complexity can be accommodated.
5. Bit rate selection is under program control and up to 10 different bit rates may be
selected . This feature permits complete control of the PCM stalion by the program.
6. The system has the capability of handling all existing formats with bit rates up to One
megobit. Since all system paramet ers are under program control, the syst em has the flexibility to handle a wide variety of new formats.
7. Self check capabilities arc provided through the use of a stor ed program simulator and
a compara.lor for determining bit error.

Command
The main characteristics of the command system are:
1. Redundant channels are provided throughout.

2. Flexibility has been provided throughout the system by plaCing all major parameters
under program control. Only software modifications are required to change word structure,
word length. sub-bit encoding, transmissiOn verification method, and input verificatiOn format.
COmmand words trallsferr('(i from the CDP to the up data buffer are in sub-bit encoded form.
The on ly parameter of the system which may not be chant-::ed by program control is the data
rate. The nnxinmm data rate is established at one kilobit by the selection of one kilocycle as

3. COntinuO\JS equipment status monitoring is !)fOvidcd. by the utiliZ:ltion dia~n()stic l'OU tines. Equipment status may be determinf'd (>Vo"n cillr;n~ !)(~ ri'XI!: wh£'n <: O !~l!ll.:tlld!: :lrc ::c:! b::: in;
transmitted.
4. A real time command summa ry capability is provided. Data transmittcd from either
the USB system or the UHF system will be received by a monitor receiver, dl'lllodulated, and
transferred to the command processor for summary preparation.
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Displays
The principal featu res of displays arc:
1. Computer driven cathode-ray to displays were selected for the Apollo consoles to derive

greater f1exibillty than can be obtained from analog meters .
2. A rapid reconfiguration capability was considered necessary to keep the number of
consoles to a minimum . In a matter of minutes a console may be configured from S-IV-B
support to Lunar Excursion Module (LEM) or Command and Service Module (CSM) support.
The fou r systemS consoles and the command communicator console are almost identical. One
may be r econfl~ur ed to provide the support previously supplied by any of the others .
3. Two CRT's were provided on each system console and the command communicator
COnsole. This feature provides the capability of continuously viewing prime data while cycling
through contingency data. It also provides additional reliability in that the two CRT's are
connected to separale memory channels.
4. Three separate and identical channels are provided In the MCVG unit. No ha rdware is
common to alllhree channe ls. This factor minimizes the effect of an individual failure . A
failure in any of the three channels would result in the loss of four c athode· ray tubes, no two
of which wou ld be located on the same console .
5. A flexibl e modular de::;!gn of the consoles was necessary to permit addition of displays
and repositioning of existing displays in the console shell. Th e panels designed in standard
unit sizes may be reposiHoned on the consoles' viewing area.
6. A maintenance monitor was provided to permit rapid maintenance of the system. The
display module in the maintenance monitor is Identical to the display module uHlized in the
consoles. If necessary It may be used as a spare unit. The maintenance monilor may be
paralleled wlth any of the 12 CRT displays for tests of the systems performance; however, the
capability of separate call·up of a new format for dis play on the maint e nance monitor has not
bee n Ilrovided.
7. Both c ha.racter and vector display capabilities were conside red neces sary to provide
system flexibility for di splayinl;!: tabular data, analog data, trend plotting or meter fo rmals .
8. A 3,000 word per minute printer is provided at each of th e systems console locati ons
as well as at the command communicat or console. The printer is multiplexed to both the
tel emetry and command comput ers. Data from either computer may be printed by the high
speed printer . It is anticipated that the printer will be utilized fo r r ead-out of command informatiOn transmitted to the remote site from the control center, read- out of the commands
initialed from the consoles display, selection of tabular data and the display form ats , and to
display results Ilf computer di agnostic tests .
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T:lblc 1

DATA FLOW

Datu Flow.

The capability exists at the remote site
From Remote Site
From Control Center
for transmitting various types of data to the
A/ G \'olc ~
A/ G voice
control center in real time (Table 1). The
following data may be transmitted from the
C;\1D sum
CMDS
remote site in real time: air-ground vOice
Form:lt select
TM sum
command summary messages, telemetry s um mary messages, C-Band and USB tracking
Trucking dnt.'I.
ACQ dut.'I.
data, biomedical data, and administrative trafOlO-MED
Remote site sum
fic. The remote site has the capability of ac cepting many types of data from the control
Admin. t ruffie
Admin. traffic
center in real time. These include air-ground
vOice, commands, format select, acquisition
data, remote site summaries, and administrative traffic. At present, all types of data mentioned may be processed automatically with the exception of acquisition data and administrative
traffic.

CLOSED LOOP TESTS
A block diagram of the remote site closed -loop test capability is shown in Figure 8. The
method illustrated will permit closed-loop tests of the major portions of the system from GSFC
under computer control. Test data from GSFC can be transmitted to one of the remote s it e
processors over either high speed or teletype lines. This data can then be utilized to load the
PCM simulator program. Data in the PCM bit str€-am may control fr om a remote source in
real time the simulator output introduced into either the RF system or the PCM system. The
output of the PCM system is then transferred to the data processer to be formatted for
TO GSFC
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Figure 8-Typical remote site closed loop lest block diagram.
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transmission back to GSFC. Commands will also be initiated from GSFC through the command
data processer and transmitted from the USB or UHF transmitters. The :b.ta are then sampled
by the monitor r ecei ver and transferred to the command processer through the up-data buffer.
Command sUmmaries may then be generated for transmiss i on to GSrc to complete the closing
of the comnland loop. Telemetry and command summary messages r eceived at GSFC ma y be
reduced by the computer com plex: to determine remot e site equipment performance.

EQUIPMENT LAYOUT
The quantity of new network equipm?nt being procured for the Apollo project (exclusive of
the equipment inc luded on the Apollo ships and airc raft contracts) is presented in Table 2. The
amount of equipment provides an indication of the magnitude of th e MSFN Implem entation program fol' Apollo.
Figure 9 s hows how the equipment arranged in a typical r emote site. The USB equipment
mounted in the building has been located in one roo m . A large picture window has been prOvided to permit the antenna to be vi('wed from the control console. The PCM equipment , VHF
receivers, acquisitiOn aids, and r ecorders have been located adjacent to the USB rOOm. The
compute r s, peripheral and associated eqUipment, including the MCVG unit, have been located

in one room adjacent to the operations and telemetry rOOmS . The communications room is
located adjacent t o the ope rations r oom to speed mission message

handlin~.
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APOllO NETWORK
PCM DECOMMUTATION SYSTEMS
by
W. A. Dentel
Godd(1rd Space F light Center

ABSTRACT
A descri ption of the MSFTP- l (peM) decommu llll ion systems ('ur r!JoUy
being util i zt'<l on thll Manned SpI\ce F l ight NClwQI'k (MS.'fIlJ Is prcsenlCd , including a discussion of the signal condi ti one r , the group synchroni1.er, and the

tcill mdry output buffer and its c3p:l.bililies.
A description of th e new stored pr<lKram PCM dt!Com mul3tion systems

being proc ul'L-d fO l' the MSFN is also presented. In addition, the added versa tility
o r the s t Ot'tc'(t program and its associattJd soHware will be discussed.
The two types of systems arc discussed with respect to the Interfaces with
the othe r on- slt l' l'quipme nt, includ ing unified S- Ixmd (US B), VHF receive r s,
cOm p.ll e r s , and consotes.

INTROOUCTION
The foll owing paragraphs describe the new pulse-code modulation (PCM) deco mmutation
systems being p r ocured fo r the ApollO missions and the differences between the new systems
and the ex isting Gemini PCM system. The new systems will complement and inc rease our
present capability at the Gemini sites fo r PCM decommutation . There will be two t ypes of
syste ms utilized o n the Manned Space Flight Network (MSFN) . The fir s t is a n existing patchboard system which was manufactured by ELectrica l Mechanical Research, Inc. This system
is in use, and has been in use for some time on Gemini network. The second is a stOred program PCM which Is presently under procurement and in manufacturing at Dynatronics Inc., in
Orlando, Florida. The stored program PCM will be utilized in all of the new Apollo tracking
s ites, as well as to s upplement t he Gemini site complement of PCM 's {or support of the ApollO
prog ram .

PCM SYSTEM INTERFACE
The bloc.k <:!i?g!":l~ {Pis ;';.,: 1/ ;snuws in a very s implified manner the interfaces of the PCM
syst ems with the o ther network equip ment . The decommutation system distribution unit (DSDU)
is the major interface unit for a ll the PCM equipment and the other network eqU ipment. The
165
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DSDU accepts inputs from the unified S-band
(USB) signal data demodulators, the VHF
telemetry receivers, and thc magnetic tape
recorders. SeriaL data inputs are patched by
a video patch panel into the PCM signal conditioners. These serial data inputs can be
patched to PCM's 1, 2, or 3. The outputs
from the PCM stations are connected to the
DSDU patchboard systems. This allows the
user devices at a remote site such as the
consoles, the event light indicators, and the
recorders to accept any event or any analog
parameter from anyone of the three PCM
T£lEMH'RY
(xenus
SYSTEMS
bit streams which we have the capability of
receiving. There is also a direct interface
Figure l-PCM system interface diagra m.
at each of the PCM decommutators with each
of the two computers on site. Each PCM has
the capability, under program control, of st:lt:cting or strIpping out any word or number of word!:!
from the format for inputting to the computer.

'"

"'"

PCM DECOMMUTATION UNIT DESCRIPTION
The first of the two types of units being utilized on the MSFN to be covered is the new
stored program decommutator. A few of the differences between the new unit and the existing
patchboard type unit will be pointed out later. Figure 2 is a pictor1al drawing of the new PCM
decommutator which is scheduled for delivery to NASA in August. In the first rack there
are two signal conditioners . Behind the door in the lower portion of the rack are several of the
self-test functions which consist of a self-test panel, a paper tape reader for inputting data to
memory, and other non-operational type
functions. All controls for operating the
station are located on the system control
panel in the second rack. Below and behind
the system control panel are printed circuit
card gates containing the program control
logic. The core memory is also located in
the second rack. The third rack contains
test equipment for the system. There is
also an OSCilloscope, electronic counter,
digital voltmeter, and intercommunication
panel. The fourth rack consists mostly of
printed circuit gates and contains all of the
output circuitry for the system. These
major outputs of the system consist of 127
Figure 2-PCM data decommulation un it.
digital-to-analog converters, 127 on/off
event outputs, and five 40-bU binary stores.

167

APOLLO HET'ORI( PCW OECOMMUTATIO N SYSTEMS

PCM STORED PROGRAM SIMULATOR
Figure 3 is a photograph of the PCM s t ored
program s imulator which is being procured for
the ApoUo. The simulator will be supplied to every
s ite used on the MSFN whether it gets a stored
program decommutator or not. The reason is with
this s imulator unit we can eventually perform
(from GSrC) closed l oop computer tests of the s ite
utilizing the compute r intput to this simulator, the
output of this Simulator via an RF link into a PCM
decommutator, and from the PCM decornmutator
to the on- s ite co mputer and back to GSFC . The se
are at the moment in acceptance testing a t the
manufacture r's plan t, and the first is scheduled to
be delivered in July.
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PCM STORED PROGRAM OECOMMUTATOR
Figure 4 is a block diagr am of the new stored
program PCM decommutator. The PCM syste m
utilizes computer t echniques to accomplish real
time and delayed processing of serial PCM data
formats under the control of an internally stored
program. Ttle system is capable o [ c hanging formats by the selection of a pus h button on the front
panel of the syste m control panel, or the selection
may be acco mplis hed at a remote location . The
system has the capabUity of s toring up to 10 complete PCM formats in the decommutator.
Bit r ates from 10 bits to 1 megabit per second
may be accommodated in eithe r of two bit sync hronizer s. Selection of either one of the two bit
conditioners is pr ovided on the system control
panel. The narrow band bit synchronizer has 10

associated with the 10 s tored programs in memory .
The wide band bit s ynchronizer is similar, with
s election of bit rate anywhere fr om 10 bits to I
mega bit per second .
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Figure 3-Stored p rogram sim ulator.
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Figure 4-B lock d iogram of $tored progrorn PCM doto decommutolion 'yllem number 6000.

The parameters required for setting up the PCM system are rt!<l.o from memory at the
initiation of a new program. At this time, memory instructions are read from the core memory
to the program controller. The ins tructions are routed to the bit condit ione r and determine
what type of code this format is supposed to be receiving (NRZM, NRZS, NRZC. split-phase,
or RZ). the polarity of data (negative or positive), and the bit rate (one of 10 fixed bit rates
associated with this particolar format).
Th~

synchronization patterns are also read from the core memory and inputted to registers

in the synchronizer for utilization in the frame synchronization, subframe synchron ization, and
work sync if it is utilized. At the end of the format setup procedure, the system automatically
goes into a search mode and I.>e~ins searching for a frame sync pattern. Once it has acquired
the franle sync pattern , or word sync if it is utilized, the system goes into a c heck mode and then
a lock mode. When in the lock mode, the decommutalor is in step with the airborne commutator
and the data coming from the outputs is valid.

Serial data from the bit synchroniz.er is coupled to the serial-lo- parallel converter where
it is converted to parallel form for outputting to the various output devices o[ the system.

These consist of those :>hown in Figure 4. There are three 64-bit multiplex outputs and fi ve
40-1.>1t llinary stores which have the capability of assembling, W\der program control , 40-I.>i1
words from any syllables within the format. The syUables need not be adjacent, and may be
anywhere in length from one to ten bils.
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Tbere are two computer buffers for interfacing with tbe two 6428's that are being installed
on the MSFN. The computer lluffers have the capability, under program control, of accepting
any selected number of words from the format. There are 127 digital-to-analog converters that
are individually addressed by utilizing a 7 bit address in the memory instruction, and again any
word in the format can be routed to anyone of the 12'1 digital-to-analog converters. This is
also true of the 127 digital on/ of[ stores, except in this case individual bits of any word can be
routed. One bit, or any number of bits from any word in the format , may be routed to any
arbitrarily assigned on/ off store. Status signal outputs such as synchronization status are also
available.
There are three methods by which data may be inputted to tbe new stored program decommutator at the site: manually, from the system control panel utilizing a series of switches; by
utilizing a paper tape reader which is contained in rack one; or the computer can directly interface with the PCM decommutator and in real time change a format or some instructions in an
existing format. We are, of course, limited on the MSFN at the sites where we have existing
patchboard systems because the computer cannot input data to the patchboard system.
Parity is used in this 4096x36 bit memory. One bit of every word is used for a parity
bit. There are two modes of utilization for parity. The first is a test mode whereby the system
completely runs through every memory instruction checking for parity. U a parity error is
determined the system will stop and display the error (that is, the memory address and data) on
the front panel displays so that it can be corrected. However, when operating on a format in the
operational mode it is desired that a parity check be made without the system stopping if an
error is found. In this case, parity is checked continuously as every word is brought out from
memory address and data are displayed, but the program continues to operate.

NARROW BANO BIT SYNCHRONIZER
Figure 5 is a front panel view of the narrow band bit synchronizer. The control s are standard . The only things different are indicator lights on some controls. Those controls that have
indicator lights are the functions which are under program control: bit rate, the type of detector being utilized, filter and sample or tbe integrated and dump, polarity of the incoming
data, and the type oi code. The wide band bit synchronizer front panel (Figure 6) is very simi ·
lar, the only exception being that the bit rate itself is continuously variable. using the front
panel switches, from 10 bits per second to 1 megabit.

SYSTEM CONTROL PANEL
Figure 7 is the system control paneL The top portion contains the major operating con·
troIs where format selection is controlled .
The next section is the memory control, which selects and manually inputs data to the
memOry or selects whether data is gOing to be inputted from the computer manually or from
paper tape. Parity errors are displayed on this panel.
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Figure 6-Wide band bit synch ron izer, front pone l.

The next section of panel is a monitor display. There arc a 64-bit binary and two decima l
display s. Any channel in any format may be selected for display on anyone of the three devices located here by the c hannel address controls, which are assoc ia ted with a uniq ue 12-bit
data tag associated with every word in the format by util izing the nlemory.
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The lower portlon is the synchronization panel, where threshold parameters for frame
sync, subframe sync , and word sync are manually controllable .

D/ A CONTROL PANEL
Flg un: 0 It1 a urawlnj!: vi Wtl (1i~iLil/...r...l vli;: \D/ A) ••;(out,vi ......m::i which ill iUC4l.to:::ti in radl. 4.

n is used primarily for testing. The large switch on the l eft is one which will s tep through the
127 D/ A converters. During the self-test diagnostic routine, it wUl check automatically for 0
and 100 percent of voltage for calibration of each n/ A. Manual control of the digital voltmeter
display is on this panel providing the monitoring of the voltage output of the D/ A in the system.
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The capability of checking any powe r supply in the system or us ing the voltmeter for any ex·
ternal input is available if des ired .

SELF·TEST CONTROL PANEL
Figure 9 is the self-test control panel located behind the doo r in rack 1. It is utilized for
seU-c hec king the system. The system can be run in several diagnostic modes , utilizing the
PCM simulator in a closed loop to check the output devices ,and ean run bit-error-rate curves
on the signal c onditio ners, again using the simulator in a closed loop mode. The simulato r con tains a bit comparator which provides a direct reading of the bit-error rate of the Sig'nal
cond ilione r .
The cor e memory c ontains internal circuitry for seU-check whic h will allow the input of
the worst case pattern or its compliment (all 1 '5, all 0' 5), and it wUl automatically step through
this program .

PCM STORED PROGRAM SIMULATOR
Figure 10 is a simplified bloc k diagram of the PCM s tored program simulator. Stored
program is perhaps a misno mer in this case, as we are actually procuring two simulators . A
manual simulator and a sto red program simulato r are both contained in the same rack and
share the same output perturbation circuitry, where nOise, jitter, or baseline variation are
added to Simulate some tape-recorder characteristics.
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The stored program simulator portion has all the characteristics of the decam with respect
to core memory inputs. Data input to the memory can be manual, by computer , or by paper
tape. Data are read from the memory core. Ten bits of every word in the menlory contains
output data. A 19 bit memory. 2,048 words, provides many unique words ill the format, many
more Ulan could practically be obtained with a manual simulator. The Simulator, like the decam,
can contain up lO ten fOrmats. These can lJe controlled and selected at its front panel or remotely tied into the computer in a closed ioop mode for remote checking of a site. The output
portion of the simulator allows the addition of noise , calibrated with reference to a particular
bandwidth to the system for running: bit error rate curves. It provides fOr the addition of jitter,
again by known amounts, and baseline val'iation by known amounts to Simulate the variOUS
characteristics encountered when utilizing: telemetry receivers and recorders in a playback
mode.

SIMULATOR CONTROL PANEL
Figure 11 is the control panel of the Simulator. It is quite similar to the system control
panel of the decommutator, The first portion controls operational functions and data register.
The next portion is utilized for blanking, which may be started anywhere in a seri.a l bit stream
and stopped at any other point, manually selectable. The remainder of the control panel is for
output data control such as adding noise, jitter, or baseline variation, The last portion of the
bit comparator, where bit errors are obtaincd when the serial bit stream (from the Simulator
to an RF link, into a PCM Signal conditioner, and out of the signal conditioner !Jack into the
simulator) is compared with the simulatol' output. Any I.)it error or incorrect decision made by
the signal conditioner is indicated on this panel, which also contains the manual simulator
controls.

DECOMMUNICATION SYSTEM DISTRIBUTION
Figure 12 is a block diagram of the decommutation system distribution unit, which is the
main interface box for all the PCM's and other network equipment. All the inputs from each
PCM which are going to be utilized on Apollo connect into this unit. PCM outputs come Into a
main patch panel where any PCM may be arbitrarily selected, and in case of a failure PCM 2
can replace PCM 1 and be utilized by selecting the proper format and replacing this patch panel
to output PCM 2 direCtly to all the outputs interfaced with PCM 1.
The primary function of this W\it is the handling of the event indicationS from the PCM,
which are utiliz.ed to switch on the event indicator lights on the consoles.
From the main patch panel the events are routed to an individual patch panel for each con~
sole and for the recorders. All 127 events from each pCM are connected to individual console
patch panels in parallel. This panel provides the meanS for selectin~ any 108 of these events
(rom each console. These 108 cun COme from one PCM or any mixture of 108 events from
the three PCM's.
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lliAiii PATCH PANEL
Figure 13 is the main patch paneL On the l eft hand side are events coming in and going out
[rom one, two, and three PCM's, 127 of them from each. On the right hand side are the analog
functions coming t n from the PCM's. These can be patched on this panel to the aeromedical
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Figu re 12-Bloek diogrom of decommutalion dist ri bution system.

console for biomedicaL fW'lctions, and to the aeromedical recorders. Also included on this
paneL are a few other functions which tie the PCM's into other systems on the site. There are
outputs (rom the PCM analogs which are required for the exciter portion of the unified S-band.
These are analog spacecraft parameters indicating the static phase error and automatic gain
control (AGe) range of the spacecraft receiver. These are received by the ground station,
decommutated, and converted to analog form in the PCM station, then patched on this board
(rom the pCM station back to tht! unified S-band exciter panel for utilization in obtaining up-link
lock. This is not required, but it is utilized as an aid for obtaining up-link lock. PCM sync is
also sent to the exciter with this analog to let the operator know when the data he is receiving
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Figure 13-Main patch panel.

is valid. Also on this panel are the seven
aeromedical-biomedical channels from the
unified S-band. Sub-carrier discriminator
outputs are brought to this panel as this unit
will interface with the aeromedical consoles.
There are two methods by which we can get
aeromedical information. One is the unified
S- band where it comes out of the subcarrier demodulators, and the second is
where it comes down on the PCM telemetry
bit stream.
",
,.

i

, 1'.1'

EVENTS PATCHBOARD
Figure 14 is the patchboard for the
events. There are three sections here for
inputting from the three PCM decommutators. A fourth section for the output of the
events is divided into groups of 36 patches to
correspond with the groups of 36 indicators
on the consoles.
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Figvr. 14-E.... nh potch ponel.
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PATCHBOARD PCM SYSTEM
Figure 15 is the existing patchboard pCM system located On the sites. The basic difference
between the present and soon-to-be-obtained systems is that the acquis ition parameters of this
PCM and its distribution parametel'S must be manually patched up (using a patch board). However, it does have the capability of containing four PCM formats which can either be selected
locally or remotely. It has just about the same output capability, except that the D/ A's and
on/ off events are limited to 100 rather than to 127 . It is, of course, a large" system in physical
size than what is being purchased .
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APOllO NETWORK
REMOTE SITE COMPUTER SYSTEMS
by
E. Willis
Goddard Space Flight Center

ABSTRACT
A brief descriptio n of the 1218 r emote site data processor currently being
utili zed on the Manned Sp:lce Flight Nctwor\( (MSr"N) Is presented, including
brief discussion of the systems configuration and the present capabIlities In
Ge mini missions. New compute r systems which arc to be installed on all of the
Apollo s ites arc a lso included. This covers the:

a . UN IVAC MOD- li42B compute r
b. UNIVAC 1540 mag ne tic tape units

c . UNIVAC 1259 TTY adaptor
d. UNIVAC 2008/ 10 data transmission units
c . UNIVAC model 1000 CAM adapter and Greenwich m ean tim e (GMT) buffer

f. Motorola TP-40 00 3000 word per minute line printer
g. UNIVAC 1299 dlstrlbution s wltc hload

h. Console com pute r inte rfac e adapter.

INTROOUCTION
The data processing system selected for Apollo remote sites is being manufactured and
asse mbled by the UNIVAC Military Systems Divis ion located in St. Paul, Minnesota. The compute r, the UNIVAC 6428, is deS igned to meet military specifications. There will be two identical computing subsyste ms located on e ach of the remote sites for the Apollo network. These
systems are identical in every r e spect wlth the exception of the mis sion requirements which
will be assigned to them. One computer will process teLe metry data , and the second will perfo rm co mmand fun ctions.

6428 MODIFIED COMPUTER
The 6428 modified computer shown in Figure 1 has the following characteristics:
1. It is a general-purpose, medium- scale, SOlid-state, parallel , binary mac hine.
181
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2. The main memory is magnetic core, capable of being randomly accessed.
3. It has overlap memory capability which
can increase the execution speed of various programs.
4. It has a 2.0 microsecond read-write cycle
time and a 30-bit word length.
5. There is a storage capacity of 32,768
words, directly addressable, half or full
word operands which can be increased to
131,072 words, directly addressable.
6. Sixteen input and sixteen output channels

are provided and aU input/output transfers
are W'lder full buffer control.
7. With these sixteen I/O channels there arc
eighty-one Wlique interrupts.
Other features of the computer are:
1. Channel priority can be determined by the
Figure 1-6248 modified computer.

software with very minor adjustments
made to the hardware.

2. Input/output (I/O) control, which is accomplished with ten basic instructions , provides positive control over the I/ O and a high degree of sophistication in programming.
3. The continuous data mode capability will a llow for automatic reinitiation of previously
established buffers Wlder program control. The termination of the buffer is also program controlled.
4. Externally specified addressing features enable a data word to be stored or read from

an address directly specified by an external device.
5. The externally specified indexing capability can be used to transfer data words indirectly
specified by the external device. The external device specifies the addrcss of the buffer
control word for the particular transfer .

Peripheral devices required to complete the computing system arc;
1. 1540 magnetic tape Wlit.

2. 1232 input/output console.
3. 2010 data transmission unit.

4. Console computer interface adapter.

APOLLO NETWORK. REMOTE SITE COI.I.PUTER SYSTEMS

5. High-speed buffer , translator, and
printer .
6. 1000 interface system adapter.
7. 1259 TTY adapter.

... .......
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1540 MAGNET1C TAPE UNIT
The 1540 magnetic tape Wlit shown in
Figure 2 is designed to military s pecifications . Significant features of the tape unit
are:
1. Air-cooling requirements will operate at normal conditioned room ternatures with no special ducting of the
air .

(

(

2. The tape transports are s hoc kmounted inside the cabinet.
3. The tape transports will handle 1/ 2
inch mylar tape.

r

4. The maximum writing a nd reading
operations are 120 inches per second.
Rewind ope rations can be 240 inches
per second.
5. The recording densities are 200, 556
or 800 frames per inch.

Figure 2-1 540 magnet ic tape un it.

6. The recorded tapes will be compatible from transport to transport within the syste m and with IBM 727 , 72911, 729IV, and 729Vl magnetic tape sets .
7. Each set of magnetic tape units will have duplexing capability. Either magnetic tape
system can communicate with either computer during operations. The same is true for
each of the computers.

UNIVAC 1232 INPUT j OUTPUT CONSOLE
The UNIVAC 1232 input/ output console is shown in Figure 3. This unit consis ts of the
~F~ F!:.~tc el ect.;..,: i'oCaUO:! , wilicil wili rt!au 5-, 0- , i- or H-level oUed, or dry paper and mylar
tape at 30 inches per second or 300 characters per second. The tape punch can punch 5- , 6-,
7-, or a- level t ape at the r a te of 11 inc hes per second or 110 characters per second. The keyboard input/output capablllty Is 10 characters per l>ecund, with 72 c haracters per 11ne.

E. WILLIS
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Figure 3-UNIVAC 1232 input/ou tput conrole.

UNIVAC 1259 TELETYPE ADAPTER AND
MODIFIED ASR -28 SET
Figure 4-UNIVAC te let ype adopte r all ,
modified ASR-28 sel.

The UNIVAC 1259 teletype adapter and
modified ASR-28 set shown in Figure 4, consists of:
Page printer which will accept TTY codes
at a maximum rate or 10 characters per

"'~ '"" ··'''-i

second.

SVITI .. AOAPl [ 1

Type reper[orator (Al
Type reperforator (B)

l'&10 ')AU
U .. NSM' \\OON 0", ..

..... NK

Tape reader (transmitter/ distributer)
Keyboard
Figure

Aultiliary line relay

~- Peripherol

communicatio ns sys tem.

T eletypewriter adapter (which provides the necessar y interface between all
the 1259 units and the 6428 modified co mputer . )

PERIPHERAL COMMUNICATIONS SYSTEM

IFiro,.

51

Data Transmission Units
The purpose or the data transmission unit (DTU) and the communication complex is to pro·
vide computer· controlled input and output co mmW'lication between remote site co mmW'lication
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lines and the UNIVAC 6428 computer. The DTU's are each designed to permit independent
operation. The DTU is also designed to provide a 8- or lO-bit parallel transfer between the
computer ·and the DTU. The transfer rate of the data will be determined by the clock supplied
from 205 modulator/ demodulator. The DTU is capable of transferring serial data to the subset at speeds of 80,000 bits per second with only minor modifications consisting of adjustment
of four delay cards.
Contained in the same DTU cabinet is the UNlVAC Model 1000 interface system adapter.
This adapter consists of a timing buffer which will receive parallel Greenwich mean time (GMT)
from the station timing system and input GMT to each of the two computers with one-second
granularity.
The second purpose of this adapter is to multiplex nve computer address matrix keyboards
located on the flight control consoles to one of the computer channels.

Console / Computer Interface Adapter CCIA [Figure 6)
This Wlit provides the means of commWlications between seven flight control display consoles and both the telemetry and command computers. The CCIA consists of two identical
sections, which are independent in all respects, including their source of power . One section
will service four consoles and the second section will service three consoles. At least three
consoles will be completely operational in the event of a failure in any portion of the system.
In Figure 7, it will be seen that each section of the CCIA consists of four major subsystems.

First is the concentrator unit which sequentially inputs the position of all keyboard switch contacts into a 1218 computer. The 1218 computer has a four kilobit memory capacity and
is programmed to detect actuation of any
switch, establish communication with both
DISCRETE
the telemetry and command computers, and
to format and translate data directed from
these computers to the distribution and storage unit. This distribution subsystem proMOTOROLA
vides the signals [or the keyboard button
PRINTER
INTERF.4.CE
indicators, the wall-mounted clocks, and the
digital-to-analog converters. Analog voltages
MUl TlIIPLE X"''''~
derived from the digital-to-analog converter
unit drive eight channel pen recorders which
are associated with four of the consoles.
The buffer unit and a translator unit for
six Motorola TP 4000 printer units shown in
Filnlre 8. are p;!rbg"lO'o:I. L'! the CC!.~. ~::it b..t
are not a part of it. The buffer and translator serve as the interface between the six

Figure

6- Con~le

computer interface adopter.
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high-speed printe rs and both the
telemetry and command computers.
Eac h printer unit is small in s ize
and is quiet, smokeless, odorless,
and residue-free while operating at
speeds up to 3000 words per minute.
Its paper capacity is equivalent to
30,000 lines of print with each line
containing 72 characters (500 feet).

Figure a- Motorola TP400 printer ~I.

The last ite m of equipment to
be descr ibed (Figure 9) does not fall
in the category of peripheral devices ,
but it is a vital part of the system
interconnection. This is the digital
signal distribution s witchboard, type
SB-1299. A single switchboard may
contain 10 independent, manually
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operated, S8-pole, 3- posiUon switches. Each site requires
two of these switchboards.

APOllO OATA PROCESSING SYSTEM OPERATION
The Apollo data processing block diagram (Figure 10)
shows the int erCOIUlection between the computing system
and t he other remote site systems. In the normal mode of
operation one 642B computer will process data for display
on the flight control consoles and format telemetry data for
trans mission to the Mission Control Center. The second
6428 computer will process, validate and store commands
for transmission to the s pacec raft.
If either computer failS, a third program may be loaded
into the remaining computer . This program will have the
capability of processing data for both dis play and command.
At present it is anticipated that part of the display capability
may not be accommodated due to the s ize and s peed limits
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of the computer. The limitations will be defined further after the computer program has been
developed. In the failure mode, peripheral devices required for either command or display
functions will be switched to the remaining computer manually at the 1299 switchboard. Units
which will not require switching include the following:
a. The I/ O console
b. The 1259 TTY adapter
c. The GMT buffer

d. The 1540 magnetic tape Wlit
Each computer has these Wlits connected directly to it.
The I/ O console w1ll be uUlized malnly for maintenance and check-out of the system. It 1s
anticipated that the teletype input to the console will be utilized mainly as a backup to the highspeed input. The GMT buffer will input time to correlate up-link clock words and to time-tag
telemetry data. The 1540 magnetic tape units will be utilized for storage of computer programs,
background data, command loads, and tables for conversion of parameters to engineering units.
A high-speed printer will be located in the computer room to provide a high-speed read-out to
the computer technician. It is anticipated that he will be required to assist the flight control
team in monitoring command loading and transmission.
Figure 11 indicates the block diagram of sites which do not have flight control consoles.
These sites will not contain either a eCIA, memory character vector generator, cathode ray
tube (CRT) displays or consoles with associated keyboard, analog recorders and spacecraft
clOCks. One high-speed printer will be provided for Management and Operations personnel.
Figure 12 indicates telemetry data now. Data received from the pulse-code modulation
(PCM) station wUl be processed by the telemetry computer and formatted for transfer to the
MCVG. Data displayed on the CRT will be refreshed from the MCVG. Selection of data to be
displayed on the CRT will be made from the data request keyboard (DRK). Parameters in the
various display formats will be limit-sensed by the computer. Indications will be given on the
DRK of formats which contain out-of-limit parameters. Analog functions from the telemetry
data to be displayed on recorders associated with the systems consoles will be stripped from
the telemetry data by the computer and routed to digital/analog (0/ A) converters in the CCIA.
The D/ A converters will be hard-wired to the recorders. Selection of one of six groups of
parameters can be made by a switch on the recorder.
The selection of a format by positioning the switch will generate instructions for the computer through the CClA. The 6428 computer will perform the selection or switching function
of the analog parameters. Spacecraft clocks contained in the telemetry bit stream will be formatted by the computer and transferred to the CCIA for driving in-line digital displays. Provision has been made for transferring 16 additional oU/ on Indications from the computer to the
CClA. These functions will be terminated on the decom system distribution W'Iit and may be
utilized similarly to off/ on stores to the PCM. Data to be displayed on the high speed printer
may be selected from the DRK.
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figure II-Block diogrom of site willloul flight control con~ole.

A 5X5 CAM matrix will be located on each of the systems consoles. This panel will permit
the flight controllers to communicate with the computer. A three-digit number plus mode indications may be transferred to the computer from the CAM. The data format to be transferred
to MSCC may be selected from the DRK. The data is then transferred to the DTU in e ither
eight- or ten-bit bites, converted from parallel to serial format and transmitted over the high
speed modulator/ demodulator. Telemetry summary messages from other sites or the control
center may be input to the computer for storage through the teletype adapter. This data is then
available for display on the CRT at the flight controllers command.
Commands and command loads will be transmitted from mission control center (MCC) over
high-speed lines to the 642B computer. The computer will perform error checking fWlctions
as the data is stored in the command computer. It will also be output to the 1540 magnetic tape
i.iti.it fol' stol'41St:. Iut1ication that a commanei lwei has been receiveei wili be provided to the
computer technicians and to the flight controllers on the high speed printer.
Off/ on stores indicating spacecraft equipment status will be .'ltrippen from thp. PC:M form:!t
by the decom and loaded to the computer. This data will then be utilized to drive the command
panel displays through the CClA. Switch selections of the command panel will be converted to
computer instruction by the CCIA. The command panel will contain modulator selection
switches, load and clock selections, and real time command switches. Sixteen miscellaneous
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off/ on functions have been provided at the CCIA. These off/ on stores will be utilized to provide
miscellaneous outputs from the command computer.
When the command transmission is desired by the flight controller, he will depress the
assocated switch on the command panel. The selection transferred to the computer will cause
the selected data to be transferred to the up-data buffer and consequently, up-link to the spacecraft via either the Unified S-Band (USB) or UHF transmitter.
Two command validation loops are available. One loop samples the transmitted command
throughout the monitor receiver for comparison in the computer. The other validation loop
consists of message acceptance pulse data received from the spacecraft through the PCM system. Diagnostic routine may be utilized in real time by the computer to check the status of
the command-transmitting system and the ground validation lOOps even during times of no command transmission. This greatly increases the level of confidence in the equipment in that the
malfunctions will be discovered very rapidly.
Results of the diagnostic routines may be recorded on the high-speed printer. Summary
data, acknowledgment of valid data receipt, or a request for the data retransmission may be
transmitted to the control center on the high-speed lines. This message could also be transmitted to the control center over the t eletype adapter. This method as anticipated will be
utilized strictly for backup and for simulations.

APOLLO DIGITAL COMMAND SYSTEM
by
C. B. Knox

Goddard Space Plight Center

ABSTRACT
The presentation expl ains the purpose of tilt! commaoo system, the command word struc ture, the on- s ite equipme nt configuration , and the operationa l
capabil Ities of th e command system . The p.lrpose of lhe command system is

explained utili1.ing typical commands employed during a miSSion. Different
Apollo/ Saturn command types are also itemhed for each vchlclc . An explanation of the command word struc ture demon.st rates how each vchic\(' an.d vehicle
system Is addn.'ssed and updated. This c!< pianation will also incl ude the pur-

pose and use of t he sub-bit codes and error codes used in the Apollo command
system. Diagrams are utilized to prcS('nt the on- site equi pme nt configur.tti()!l S
and how they p;lrtlci[:lllc in the command system. The discussion will include
the {unction, associ:l. ted c:l.pabiHty, and purpose of each unit in the system. The
openltional capabilith:s a nd prQccdurcs wUl also be prcsented . In conclusion,
the prcsent:l.lion will discuss a typical data t ra nsmission from its origin at lhe
cont r ol center to the trnnsmlssion at the remote site.

INTRODUCTION
The purpose of the Apollo digital command system (DCS) Is to provide a means for communicatin g with and controlling the spacecraft's equipment from the groW'ld. Some commands
are identified before the launch; others are developed by the computing complex at the Mission
Control Center (MCC) in Houston during the mission.
The commands identified before the mission are the type that are to be executed at selected
intervals during the mission. One of these commands may be sent several times from one or
more ground stations. For example, a command requesting a tape playback of spacecraft recorded data may be sent by all stations once or twice during a mission .
Other commands developed during the mission by the MCC computers would ordinarily be
sent only once by one station. However, if the transmission were not successfully accomplished
by the selected station, it would be retransmitted hy :HI/)ther stati.on l:'!tcr d .... ing the ...,issiulL .
An example would be the correct time for the spacecraft computer. The time of the spacecraft
computer is telemetered to the ground stations. If this parameter does not agree with the indicated ground time, a command will be sent to the spal'.p'l'.raft <:/)mp~ter t!-..:!.t wi!! ... pdats the
timing system with the COrrect time.
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COMMAND WORD STRUCTURE

General Purpose
The command word is configured so that each command will only be accepted by the selected
spacecraft if it has the correct vehicle address, systems address, bit structure, and word length.
The vehicle address requirement is obvious. The system address is required to differentiate
between the RTC, AGe, and CTE ~yslems aboard the vehicle. The bit structure employs subbit coding for security measures.
The philosophy for secure up-data transmission is to insure that the command word will be
r ejected by the spacecraft if it is not the exact command word transmitted. Measures have been
taken in all phases of the up-data transmisSion system to insure that the chances of the spacecraft accepting an invalid command is 1 x 10 - '. In the ground-to-air link each information bit
is encoded into five sub-bits to insure the nonvalid command rejection ratios.

Bit Arrangement Isee Figure 11
s-

a

B/ IU spe ANO RTe
35 BITS

The general bit arrangement is as foleSM / 1.£M en OR nST
lows : Bits 1-3, vehicle address identifica30 BITS
tion; bits 4-6 , system address identification;
bits 7-remainder, system instructions. Each
information bit in the transmission is en~>M/c£M"~
12 BI15
coded into five sub-bits to insure spacecraft
VA SA
OAf A
rejection of nonvalid words. The sub-bits
Hoi, [.Iol'I'I'lolCl,IOI'!olOlOl d0101,1, 101 ,10111, I,I ,IClOl ,I, lOt ,I, I
are transmitted at a 1 kilocycle ratc. Additional precaution is taken by encoding the
vehicle address bits with a different code
BITS VA eOOE
SYSTEM ADORESS ANO
OATA CODE IS THE SAME
than the remainder of the information bits .
Normally , the s ub-bit code for a zero is the
Figure I-Apollo/Soturn commend structure.
complement of the sub-bit code for a ol/e.
Also, the CSM, LEM, and S-IV-B plan to use
the same sub-bit codes. Either of these parameters, codes for sub-bits ONES/ ZEROS being
complementary or sub-bit codes for aU space vehicles, could be different.

C'"~'~:]

su.~ ~ ~

Tabl es 1, 2, 3, and 4 describe the bit structure of the varous commands.
In Table 1, data is MSB !irst - Each RTC is Wlique, Maximum number of RTC is 2 6

:.

64.

T abl(' 1

In Table 2, data is MBa first. The !ive bit data
words represent the following 18 symbols: verb,
noun, key release , errur reset, enter , clear, plus,
minus, 0, 1, 2, 3,4,5,6,7,8, and 9. Symbols are
transmitted in Wlique sequences to fOrm computer
up-dates.

CSM / LEM Rt"al Tinw Commands (RTC).

Bits

1· 3
4 - 1i

7- 12

ldenti fi t· at ion
Vehicle Addrt"ss
System Address
RTC I listruction
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Every effort is made to insure that the commands generated at the Mission Control Center
are transmitted safely to the remote site and from the remote site to the spacecraft . RedW\dant
data ci:rcuits are employed between the Mission Control Center and the remote site to insure
that the command reaches the site. Backup requirement is utilized at the remote site whereever possible. Also alternate data paths are used within some of the remote site eqUipment.
We must not only have the facilities for transmitting commands, but must also insure that
only valid commands are transmitted. Various means are used throughout the system to insure
that the chances of transmitting a nonvalid command are 1 x 10 *9.

Specific Types

0' Commands

The Command Service Module (CSM) and the Lunar Excursion Module (LEM) will use the
same command format for similar commands. The S*IV-B will use similar formats but the
word length is different from the CSM/ LEM commands .

CSM / LEM Real Time Commands
The real time commands (RTC) are commands that are known and identified before the
launch. These commands are the on/ of! variety that are used to control the spacecraft systems. For example, dump tape recorder playback, ON or OFF, C*band radar beacon, ON or
OFF; telemetry mode select, ONE or TWO.

CSM/ LEM, ApollO Guidance Na.igational Computer
The Apollo guidance navigational computer (GNC) commands will provide updated informa*
tion to the spacecraft computer. This will enable the spacecraft computer program to be updated or varied due t o the new information developed during the mission.

CSM/ LEM Central Timing Equipment
The central timing equipment (CTE) will receive correct timing data wherever there are
ind ications that the spacecraft timing system is not accurate.

S-IV-8 Real Time Commands
The S-IV-B real timE> ('ommands t-,::tyc not teen identiGt:d at this Hme but they will perform the same on/ off functions as the CSM/ LEM RTC if implemented.

S-!Y-8

C~m;mtar·StGiid

Fruj.tam Commands

The S-IV-B computer-stored program commands (SPC) will incorporate timing and computer instructions. These commands will perform the same function as the CSM/ LEM.
GNC, and CTE commands described earlier.
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Table 2
CS~I / LE~l

Apollo Guidance Nadgallonal
Cu mput(' I' (C:-;'C) .

Bi b;
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g. !:!
1:\ - 17
I !:I-:!:l

Cl'nl ral T iming f:q u ipm l'nl (C TE )
I de nl i ric aU Oil

Bits

!clent if ie al ion

1· :1

4-'-'

CS~1 / LE""

1-3

Vehklc ,\(hln'~;;
Srstcrn t\lldrL'ss

4- u

P;It' i t~·

S,' mbol

Symlml Complt' llwnl
Sr mh,,1 ItqJl':11

7- 12
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1 3-1~

19-2~

MinutL's
Uour!'.

25- jO

0:1.'" 5
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In Table 3, data is LSB first. Bits 24
and 30 are zero fillers since five bits are
sufficient to specify 24 hours or 31 days.

S - IV·II c:,:"ml>ull' r· SI<>n' 1" 'V:::T anl Cummauc1
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In Table 4. olle 35 bit transmission constitutes one syllable. Each set of four syllables is followed by an e xec ute command .
The exec ute command is initiated followin~
spacecraft verification of the [uur syllables.
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II
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Error Coding

:!(j- :!S

[k("l~1L'1"
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L' p·,!:!I"
T"~" Hit
O,·{·,,,l'·I· ,\(Id,·,·ss

l!)- :: n
The previous command word descrip:1 l - :l~,
tions have pertained to the transmission of
data from the l' e mote sites to the spacecraft.
The communication link between the computing complex at Houston, where the commands
are gene rated. must a lso be protected to maintain the no nvalid c o mmand rejection ratio of

1 ;.. lO· q.

Proposed Code
The Base-Chaudhuri* cock has been proposed as a means for obtailling: the required error
detection capabilities. Since many fa ctors of the missions and the computer programs are nOl
completely defined at this time, this proposal may vary before actual implementation. However.
the final product will probably be very similar to the Ilroposed system.
The Base-Chaudhuri code has the followin g c haracteristics :
1. Probability of an undetected error may be slated essentially independe nt of transmission

line error statistics.
2. Detects aU burst

I ~rrurs

equal to o r less than "

" II",,·•. .\. M. (".". .• ,,,1 F",p •. " 1,,, ,h.· It i"h •.",..·.·,1 n ..... I . 'n~. Ph,ko ' MSC.

k in length.
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3. Hrobability that an error goes undetected when the burst length equals n - k I 1 is:

4. PrObability that an error goes Wldetected when the burst length is greater than n - kis:

where n ::: total number of bits per word, and k :. number of information bits per word.
For a Base-Chaudhuri code where n = 57
k

30,

49 .. 10- 8

The parameters selected in the example are compatible with the equipment characteristics
and insure the desired error detection capability.

Proposed Operation

0' the Command System

It has been proposed to operate the command system in three modes:

Mode L Used at sites with flight controllers. The command is generated at Houston,
transmitted to the site, validated and stored in the command data processor. At
the selected time, a flight controller at the remote site selects the command for
transmission and the command Is sent to the spacecraft .
Mode 2. Used at sites without flight controllers. The command is generated at Houston,
transmitted to the site, validated, and stored in the command data processor. At
the selected time, a flight controller at Houston sends an execute command to the
remote site and the command is then sent to the spacecraft.
Mode 3. Also used at sites without fiight controllers. The command is generated at Houston,
transmitted to the remot e site, and immediately sent t o spacecraft H it is validated
by the l:vrnmanci ciata processor.

GENERATION AND TRANSMISSION OF A CSM/ GNC COMMAND Isee Figure 21
The computing centers at Houston will be receiving telemetry and tracking data from all
the remote sites. This data will be monitored to determine if any command action is necessary.
If the spacecraft 1s to change orbits by groWld command and the spacecraft computer needs new
instructions, the necessary data will be generated by the mission computer s. Error coding
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detection bits will be added to the format and the data will be transmitted to the appropriate
site at 2400, 1200 or 600 bits per second. The data processor is also capable of receiving and
transmitting over teletype circu its. Should the high speed circuits or equipment become unusable, the teletype circuits will be used.

Command data will be transmitted to the remote sites In data blocks. Each data block will
consist of sub-blocks. Th.e number of sub-blocks per block will vary with each transmission:
however, each sub-block will contain the same number of bits. 57. (Three extra bits may be
used for data synchronization which would make each sub-block SO-bits long since multiples of
30 would easily adapt to the remote site equipment).
The first sub-block of each load would be an introductory sub-block . This sub-bloc k would
contain bits as shown in Table 5.
The remaining sub-blocks of each load will vary with the type of data being transmitted:
however, each sub-block will always contain 27 bits for error protection.

MCC-H Romote Sito Validation
The data transmission is received at the remote site via the high speed data cir cuits . The
command data processor accepts the data for validation if it has the correct site address. The
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processor then performs the following checks to determine if the command is
valid:
1. Checks the error coding,

2. Checks the vehicle and systems address,
3. Checks the command word structure.
If the command is validated, it is then tagged and sto red in the processor's memo ry and

printed out on the high speed printers near the consoles. If the command is not validatE'd, a
retransmission is automatically requested by the data process or. The data are then transfer~
red to the magnetic tape Wlit for storage. Both the telemetry data processor and the command
data processor have access to the magnetic tape unit, If the command data proces s or expe ri~
ences a failure, the commands will be transferred from the tape unit to the tel e metry data
processor. The telemetry data processor will then be programmed to perform the CTi lif-a/
fwtctions of command a nd telemetry data processing,

Flight Control Console
The flight control consoles contain the pushbutton command nlatrix for init iating commands
and indicators for displaying events associated with the commands. Each of the four syste ms
consoles and the capsule communicator console has the capability of tra nsmitting 36 real time
commands, a clock ('.nmmanrl, ::111(1::1 ("(I rn p'.Itpr \ 0 <1(1
Each console can be used for initiating commands to any vehicle by interChanging the mask
overlays. The mask overlay has the proper coding to identify itself as the CSM system number
1 console or any of the- other systems consoles.
When the flight COntrollers deCide to execute the command, the capsule communicator will
determine that the transmit system, UHF or S- band is in the proper configuration to transmit
the command. He will be able to determine the status of the system by observing the status
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indicators on his consol e, i.e., RF power , ON, S-band No. I , and up-data mode selected. If the
command is to be transmitted by the CSM systems controller. the capsule cammW1icator will
permit this console to have access to the command system. The CSM Systems controller will
then press the CSM/ GNC transmit control. The command request is sensed by the console
computer interface adaptor, coded properly for computer use and transferred to the command
data processor.

Console Computer Interface Adapter
The console computer interface adapter (eCIAl iJ1terfaces the consoles with the computers.
The primary function of this equipment is to receive command data from the consoles, identify
the originator, format the request in computt!r language and present the data to the computer:
and receive status information from the computer about the various events displayt!d on the
consoles and update the display as new data is received.
The CClA is configured in two separate data channels. Thi~ is to prevent the command sys·
tem {rom being incapacitated by a partial failure. If a failure occurred in part of the system,
the second channel could support hal[ the consoles. Masks would be interchanged among the
consoles to allow the highest priority con~ol e to have access to the computer.

Data Processor
The command data processor ca ll s the CSM! GNC load from memory. The processor also
adds the redundant complementary uits, the symbol repeat bits, and the parity bit. The ~J'stem
controllJHs for arranging the UHF or S·band equipment are also Ke nerated by the data proces·
sor . The data bits are then sub· bit encoded in the proper sub· bit code and transferred to the
up- data buffer in 30-bit parallel transfers. Twenty-live bits of each transfer are data and fivC'
a r e control bits.

Up-Dala Buffer
The up-data buffer interfaces the command data processor with the RF transmitters . The'
up-data buffer recciV\!s the 30-bit p.."1rallel transfer of data from the da.ta processor a nd separates the control data from the information data. The control bits are proCl'sscd to control the
systt!m as instructed by the computer.
The twenty-five information bits are serialized and transmitted at a 1 kilocyclE> rate. Each
bit controls a 2 kilocycle phase shift keyed (PSK) oscillator that is s hifted 180 deKI"l'es by a
chanj:c or state from a 011(' or a 1. ('1"0. The output of the 2 kilocyc le oscillator is added with a
cohel"l'Il1 I-kilo('ycle silJ:nal that is transmitted for synchronization purposes. A Olll.' is defilwd as
a composite Signal where the 1 kilocycle and 2 kilocycle signals are KOinlJ: positive at lhe :ll'1"0
c r ossove r point. The PSK demodulators are designed to recover the digital data from the
composite PSK Signal for computer verification.
The cuntrol data are transformed to r elay closures to provide the data transmission p.."1th
that the computer has requested. Some of the con trol circuits are within th(> buffe'r and som!.'
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art' ~xlf'rnal circuits. The buff~r has a dual-data path for redundancy purposes, Some of the
control bits s~lect the correct data path when an error is detected in the ground verification
loop "
TherE' are two UHF transmitters employed in the system and one or two subcarrier oseil1"tors of the unified S-band (USB) equipment" The buffer will have the capability for transmittin~ through either system SE'quentially" Normally" the S-IV-B will utilize the UHF transmitters
and the eSM or LEM will utilize the USB equipment. Therefore, the buffer must select the
UHF transmitters when processin~ a S-IV-B command and the S-band subcarrier oscillator
subsystem (seQ) when processing a CSM or LEM command. Associated with each UHF transmitter and each SeQ is a verification recciv~r for monitoring the effectiveness of the ground
command equipment. The verification receiver5 are connected to PSK demodulators within the
buffer where the composite 1 kilocyclE' and 2 kilocyclE' signal is conv~rted back to a digital
signal. The control and status bits necessary to coordinate the UHF operation are diagrammed
in Table 6"
Talll .. , li
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The control bits are identified on one side of the chart and the status bits on the other" The
control bits will be explained fil'st.
Bit 26 - A 01/(' selects the UHF equipment for transmission to the S-IV-B, a zero selects
the USB equipment for transmission to the eSM or LEM.
Note: Assuming that Bil 26 is

Ol/t',

the following is applicable:

Bit 27 - A olle indicated that the number I UHF transmitter should be shut down (fail) because of a nonvalid transmission" A Zero indicates the equipment is operating
satisfactorily,
Bil 28 - Similar to bit 27"
Bit 29 - A one indicates that the PSK demodulators should be reversed because an error
has been detected in the ground verification loop. A zero indicates that the normal
(IH demodulator to #1 verification receiver) is desired.
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Bit 30 - A olle indicat es that the PSK modulators s hould be reversed because an,error has
been detec ted in the ground verification loop. A zero indicates that the normal
(I!l to !it) configuration is desired.
The philosophy for switching W1its after an error is detected is: The PSK demodulators in
the verification loop will be switched first. The PSK modulator will be switched next if an
error is still present. If an error is still sensed after these two switches, the external transmitting equipment will be requested to switch. The status bits are expla ined as follows:
Bit 26 - A olle indicates that the buffer is supplying data to the UHF equipment. A Zl'ro bit
indicates that the up-data is going to the USB equipment.
Note: Assuming that bit 26 Is a ooC' , the [ollowing is applicable:
Bit 27 - A olle indicates that the UHF number 1 is on and working properly, A zero indicate.:; that the UHF number 1 is off.
Bit 28 - Similar to bit 27,
Bit 29 - A olle indicates that the number 1 UH F equipment has been deSigned as the prime
equipment. The prime equipment will provide the RF signal to the antenna while
it is workIng properly. A zero indicates that the number 2 UHF equ ipment has
been designated as the prime equipment.
Bil 30 - A unf' indicates that the RF power is on. This means that the RF power has lJeen
sampled at the input to the antenna and is at a sufficient level. A zero indicates
that the RF power is off.
Status signals for bits 27-30 are provided to the buffer from external equipment. The buffer d(ll'clops the status for bit 26 internally, The information is then transferred to the computer for evaluation of the gro W"ld transmitting equipment.
If control bit 26 was a zero instead of
transmitting equipment (see Table 7).
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Ta hh- 7

_.

...
Slatu ,;

C"nll",,1

Il i I

From C"mIJull.,.

." um l~· "

,,,

Ollt·
-~.

.

ell - I),,[a B ltl'(,·t'

__

\'''0",

--

:! 7

V" " ili" al ;,,,, Ill',''' ' '''' ''
St''''d

,·,·I'int·;,1 io n 111·.: .. i,..· ..
' t Jft'

:! ...

,·,·,'iI·i,·"U, ,n Ikn,h , ·,.

'·".·il;":oli"l1 H.· ... · in· '·

,

~ :!

t·" mlml,·!"

-~

1"111-'

t'SIl

\0

/.,· ,'0

._.

:! t;

~1<~h'

Rufk,'

I'SH M,d,'

~"~k

,

S~ I ~: ' lId

"I

()u

s - n;wd " . Oil
S-I':tlld ' :! ()Il

.:! ()I"["

Sd''("1

:! ~ I

Ih·m'. ' ubl,,,. It.· \ . ·,·s.,

D,·n" .. lu 1;,1"1" ;':"I"nl" I

:111

:o.1,~

M" d ulal v ,·

lu l; ' I" .. I(,· n· .·s.·

-

~ o' ·r. ,;,1

S("(l " 1 Up- I)"I;I ~" .. k

St',)
_

S("(I " tO n

" :!_ 111,_1)<11
~I , .. ----L
l.. :snl
" :!_
till ----'
_;' _
_

201
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Control Bit 27

NO.1 verification receiver has been selected for verification of the data
transmission. A .ze1'Q means No.1 verification receiver is not selected.

Control Bit 28

Similar to Bit 27

Control Bit 29

reverse their normal configuration. A zero requests the demodulators to maintain their norma l
configuration.

Control Bit 30

Similar to Bit 29. Causes PSK modulators to reverse their normal
configuration.

Status Bit 26

'This bit has the same meaning as explained when the buffer was configured for UHF transmissions.

Status Bit 27

A o1le indicates that the number 1 sea of the S-band equipment is on and

A

one requests the PSK demodulators

to

operating properly. A zero indicates that the number 1 sea is off or
not operating properly.
Status Bit 28

Similar to Bit 27 . Indicates status of sca NO.2.

Status Bit 29

A olle indicates that SCano. 1 is capable of modulating the exciter. A

indicates that the mode select switch is not in one of the up-data
modes.

.zero

Status Bit 30

Similar to Bit 29. Indicates whether sea No.2 is selected for update
transmissions.

The control bits originate in the computer and are processed by the buffer to configure the
transmit loop to satisfy the up-data requirements for each up-data transmission. The information data transmitted by the RF system and monitored by the verification receivers is returned
to the computer with the status bits after each up-data transmission. Therefore the computer
is able to check that the data has been transmitted validly via the desired RF path.

S-Band Up-Data Transmissions
The S- band system is capable of transmitting up-data in four of its eight transmit modes,
modes C, E, F, and G. The mode select switch is deSigned to inform the command system if
it is in one of the up-data modes.
Wilen the up-data mode is seiected, the composite PSK signai irequency modulates at 70
kilocycle oscillator. The 70 kilocycle signal then phase modulates the S- band exciter which
drives the S-band power amplifier. The S-band signal is sampled at the output of the power
aii.ij:iUH""r ;';'y a v';:,·;';io.;il.tiuu l'~o.;t.:ivcl'. Til~ v~l·iiio.;aliujj l·~o.;~ivt:1' u~jJjvOula.t~iS th~ 5-Uauu auu
70 kilocycle signal to obtain the composite 1 kilocycle and 2 kilocycle signal. This Signal is
returned to the up-data buffer and to the up-data processor for ground verification.
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UHF Up-Dala Transmissions
The UHF tnnsmitting system is operated for command purposes only. The system is
composed of two UHF exciters , two power amplifiers, two a ntennas. and two verification receivers . This equipment is now being used in the Gemini Program and will be adapted to the
Apollo program without any significant changes .
The UHF transmitting system employs both transmitters, power amplifiers, and verification receivers simultaneously. One transmitter-power amplifier is connected to an antenna
and radiates power continuously. The second transmitter-power amplifier is also rW) at full
power, but it is terminated in a dummy load. This arrangemcnl provides a hot standby unit that
is also nl0nitored continuously for proper operation .

UHF Transmitters and Power Amplifiers
The UHF tran smitters at the Launch sites and at the Gemini Sites is the AN/ FRW-2 equipment. The UHr equipment aboard the new Apollo ships is not of this variety but has similar
characteristics , such as :
Type of modulation:

FM

Frequency, adjustable :

406 - 549 megac ycles

Power output:

500 watts

The power amplifier s are the Collins Model 240-0 at the Launc h areas and exist ing Gemini
sites. The new Apollo s hips will have similar power amplifiers, each capable of 10-kilowatt
output.
The UHF verification receivers are compatible with the characteristics of the UHF transmitters. The receiver is housed in the transmitter'S cabinet and monitors the transmitter's
output. The PSK is obtained from the UHF transmissions and returned to the up-data buffer
for command validation.

UHF Command Antennas
There are two UHF command antennas associated with each UHF system . The antenna
characte r istics are:
Type:

9-Turn Quad Helix

Polarization:

Le it hand

Gain:

Approximately 18db

Beam width:

Approximately 20 degrees

Remol. Silos Wilhoul FIiCht Conlrollers
Many of the Apollo s ites will not have flig ht contro llers. Therefore, there will not be any
systems consoles or CCIA at these sites. The command system at these sites will be remotely

Af'(J LLO OIGITAL COMt.lANO m TEM
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controlled from the MCC at Houston. The command system at flight controller sites will be
operated in mode 1. The command system at nonflight controller sites will be operated in
modes 2 or 3. However, once the computer receives a command execute signal, the command

transmission proceeds the same at all sites .

Transmit Validation
A message acceptance pulse (MAP) is telemetered from the spacecraft to the ground station when the spacecraft receives and validates an up-data transmission. If a command word
is not validated by a MAP, the word is retransmitted a preselected number of times before
alarming the flight controllers that a valid transmission can not be obtained. The valid or
non valid indication is displayed on the consoles via the CCIA.

The command history of the up-data transmissions is printed out on the high speed printers
for evaluation by the flight controUers. This printout will include the up-data transmisSion,
the time of the transmission, and an indication that the command was or was not received. The
command history may also be returned to Houston to complete the command-transmit verification loop.
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APOLLO REMOTE SITE DISPLAY SYSTfM
by

G. N. Georgcadis
Godduyd Spat:e Flight C('nter

ABSTRACT
,-I. descl'iption or the display system which wl\l be used 10 monitor:"lnd conh'oJ th ... spacecraft s during the many pMses of Project Ap<:Illo i s prcsc nh'd. The

opcr:"ltion :\nd output c:l.pability of the system is discussed together with equipmt'll! located in the Ap<>lIofiighl operations room such as the fas t access file and
d isJli;t), system, silenced t cklypcwrllcrs. and th e group display is a lso discu ssed
l.Iricfly.

INTROOUCTION
Since the pulse-code modulation (PCM) systems, the data processing systems, and the
digital command systems have been described in previous papers, the writer will now describe the system which provides the direct interface between these systems and the flight
controllers, the Apollo display system.
The display system for the Apollo program as shown in Figure 1 will consist of one aeromedical monitor console, four spacecraft systems consoles, one command communicator
console, o ne memory-character generator, one maintenance monitor, .one maintenance and
operations console and, for shipboard installations only, one flight dynamics officer's console.
The memory-character generator, which is the heart of the display system, is described in
detail in the followll1g discussions. Note that the previously described systems have their
inputs fed directly into the consoles.

DUTIES OF CONSOLE OPERATORS
In order to better appreciate the display system deSign, a definition of the duties of eac h
console operator is in order. Their duties are:
1. TJIP. r.nml.'!!md Comm!:ntcat.:n· is tj',c Ili~j,L I,:uniroi team leader and maintains cognizance

over the more general mission-oriented events and activities. He maintains control
over commWlications and command function and has access to all spacecraft parameters to nht::t;n ;:o.n i!ldi:::3.ti.~!! ~f ~·::::rz.ll .ii.i.;;.:;i.:;," Ci.uu :.vacecrait status.

2. TIle SPacecraft Systems Monitor performs detailed spacecraft systems monitoring and
analysis for the purpose of detecting malfunctions and asSisting the astronauts in
205
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maintaining spacecraft system integrity. Each systems monitor has access to those
displays and commands contained within the jurisdiction of his designated responsibility.

3. The aero-medical monitor console is a two-operator position console. The aero-medical
monitors perform 3. medical surveillance of the physiological and environmental status
of the astronauts. For this purpose, they have access to special displays and a selection of telemetered parameters.

4. The Maintenance and Operation Supervisor exercises control over station maintenance
and operations personnel during the missions. He has access to allintersite and
intrasite communications circuits available during the misSion.
5. The Flight Dyn4miCS Officer monitors the spacecraft injection or insertion trajectory
characteristics for sufficiency or abnormality and can assist in the execution of an
abort maneuver if necessary.

APOLLO RENOTE SITE OISPLAY SYSTEM

207

RELATION OF DISPLAY SYSTEM TO OTHER EQUIPMENT ON SITE
Figure 2 gives an idea of where and hOw the display system fits in with the other equIpment on site. The console/computer interface adapter provides command and display request
capability to the consoles and also provides the necessary outputs to drive six high speed
printers, four analog recorders, and six spacecraft clocks located on the wall-mOWlted group
display. The group display will provide spacecraft and groW"ld-generated times in addition to
station equipment status information to all the personnel in the Apollo flight operations room.
The groWld-generated clocks are driven from the Apollo time distribution frame. The station
equipment status inputs will come from each particular system to be monitored. The decommutation systems distribution unit (DSDU) provides inputs from the PCM stations. The two
blocks labeled FAF #l and FAF *2 are two fast access file and display system projectors containIng predetermined information such as flight plans and procedures. These devIces will be
independently controlled slide projectors that allow random access of 500 slides each to be
display~ upon request. One FAF will serve two systems console operators and the command
communicator, and the other will serve the other two systems console operators and the command communicator. All consoles wlll have an intercom panel with local, range, and spacecraft communications.
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APOllO FLIGHT OPERATIONS ROOM LAYOUT
Figure 3 shows a typical Apollo flight operations room layout for a remote site ground installation. It should be noted that all the consoles face directly forward in order to view the
group display and two rear-projection screens . The group display contains spacecraft and

ground-generated clocks plus the station equipment status displays. The two rear-projection
screens are part of the fast access file and display system. It should also be noted that aU the
systems consoles and their associated recorders are located in the front row. The high speed
printers which provide the hard-copy print-outs from the computer are located in front of the
systems console recorders and one between the command communicator console and the
aeromedical console, The teletype RO's are located , one at each end of the front row, and
one between the command communicator console and the aeromedical console. These units
are Teletype Model 28 ROs which have been mounted in an enclosure which has been de·
signed by Bendix- Pacific to silence the units and to be accessIble and visible to the sealed
operator,

0

B

0

00

'0

M'
0

ccc

AUOMlD

STOAAGE

""

THIS 'LATFORM 12"

AlIOVf flOOR lEVEl

STOAAGl

o
I RCDR

<--- CSM 2 CSM 1

~'-O". ~'-O"

RCDR RCDR

LEM

Sl!la / UM

I«CDR!

MIUOR

Figure 3-Apollo flight operatiQr'ls room loycu t.

APOLLO RfII(OTE SITE DISPLAY SYSTEM

209

COMPONENTS OF ALPHA NUMERIC OISPLAY SYSTEM
The Raytheon Company is the prime contractor for the Apollo Display System. This display system consists mainly of an alpha numeric type display system. The alpha numeric
system is made up of eleven cathode ray tube display modules (or twelve in the case of shipboard installations) not including the display module in the maintenance monitor; a maintenance
monitor; and a memory character generator.

CRT Display Modules
The CRT display modules are identical and interchangeable in the Apollo display system.
A block diagram of this display module is shown in Figure 4. Each module contains a 17-inch
rectangular CRT which uses a combination of electrostatic and electromagnetic deflection for
displaying tabular data in a format of 36 lines with 72 characters in each line, in an area of at
least 100 square inches. Electrostatic deflection will be used for character writing and
electromagnetic deflection will be used for positioning and vector writing. In addition to the
CRT, the display module includes the deflection circuits, power supplies, and controls. The
two power suppUes associated with each CRT display module, one low-voltage and the other
high-voltage, are housed in separate containers and are removable from the rear of the console. For personnel safety, a safety glass is provided with anti-reflective coating and a tin
oxide coating for RFl suppression.

Maintenance Monitor
The maintenance monitor unit will consist of a dolly, with locking wheels arranged for
easy maneuverability, and a CRT display module which is electrically and mechanically identical to the other CRT display modules. In addition to the controls in the display module, the
maintenance monitor is equipped With a channel selector switch which will permit the monitoring of any of the displays located in the system for maintenance purposes.

Memory Character Generator
The memory-character generator (MCG) consists of three independent logic and memory
modules, two character/ vector generators and independent power supplies for these. Each
channel will be located in its own cabinet as shown in Figure 1 and may be independently
selected by the computer for data transfers to the MeG. A single modified 642-B computer
fast inter lace output charuiel connects Ule computer to t..",e :MCG by mean,s cf t;. single cablc.
The computer wUl enable the desired channel, through the use of an external hmction word
which speCifies the particular chalUlel, to be addressed. Once a particular MeG channel is
If the selected channel is in its display refresh mode, it will compute the refresh cycle. At the

end of the refresh cycle, the MCG channel selected will send a data request to the computer
and accept input data. The transmission of an end-of-message command word on the end of a
MCG channel data block will disable that MCG channel. A new external function may then be
sent.
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Memory Module

A memory channel block diagram is shown in Figure 5. Each MCG channel contains one
4096, IS-bit core memory wi.th a 4-microsecond cycle time. This memory is logically divided
into two memory sections of 4096 9-bit words. A memory seetion is further divided into two
subsections under program control. Each memory subsection of an MCG channel contains the
information necessary to drive a single CRT display. Therefore, the memory in each channel
has the capability of storing information for four CRT display presentations since there are
four subsections of memory. Since there are three MCG channels, the system is capable of
operating with twelve CRT displays.
The primary function of the core memory in each MeG channel is to store the input data
and refresh the four displays associated with that particular MCG channel memory at a flickerfree rate. The memory is also addressable in a random access mode through the use of certain
command words. When the memory is receiving data from the computer, it is not refreshing
the CRT displays. This means that the frequency of the updating of the data stored in the
memory and the amount of data transferred from the computer to the MCG should be kept to a
minimum since the CRT display may become dim or an objectionable flicker may occur at the
face of the CRT.

Character/Vector Generator
Each memory section provides information to a character/vector generator which in turn
drives two CRT displays. The character generator which is shown in Figure 6 will receive
6-bit codes and character Size deSignation from the MCG memory and will transform these
codes into character deflection and unblanking Signals necessary to generate the corresponding
characters. The diSplay character codes are those shown in Figure 7. Character formation
shall be based on a 32 by 32 matrix. Two character sizes are provided, 0.140 inches and 0.280
inches, with an actual character writing time of 3.16 microseconds. The characters are generated as sequential locations of memory read out. The memory refresh is read out simultaneously for two character generators. Each character generator will have the capability of
displaying 4096 characters on two permanently associated CRT's, each CRT being located in
a different console. Each character generator will also have the capability of driving the
maintenance monitor CRT which is 1n parallel with either of the two permanently associated
CRT's withOut degrading the performance of the latter. The character generators will recognize
start blink and stop blink character codes. Upon interpreting a start blink code, that character
position on the CRT will be skipped and characters between start blink and stop blink will be
wri.ttcn or r.ot .",'ritter. depending upcn the ph~se of th.e bli."lkL'1g Signal. Upon interpreting a
stop blink code, that character on the CRT will be skipped, and subsequent characters will be
written without qualification.
The vector generator shown in Figure 8 will be equipped to: accept 18- bit words;
store initial position in X, Y coordinates of 9 bits each; use the final position in X, Y
coordinates of 9 bits each; draw a line from the initial position to the final poSition in
the time required to position and write two characters; and transform the old final poSition
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Figure 6-Chorocter generator.

into a new initial position. By this process the vector generator will construct line segments,
joined end- to-end, starting from an arbitrary poSition at the same refresh. memory data rate
used by the charact er generators.
When operating in the display refresh mode, the memory sections cycle all 4096 9-bit
words in 21 milliseconds . The speed capability of the display system will be sufficient to continuously accept a computer word every 50 microseconds, display 22,980 characters on twelve
CRT's, and refreR" thp. ri~t~ dir,pl1\y.,-lj on all tw"'llvp. CR1"f'I ~t ~ OI(,;kp.r-frpp. ratp.
T he program controlled memory divider causes the infor mation generated by the character
generator to be visible or inv is ible on the front of its two assOCiated CRT displays. For example, if the informatiOn for display number 1 is contained in the MeG refresh memory address ~tJtJ to tJ777, this information would be visible on display number 1 while the r efresh
memory is cycling through these addresses and the Information contained in refresh memory
address l~tJ to 7777 would be displayed on display Dumber 2 while the refresh memory is
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cycling through these addresses. This is accomplished through the use of a 9- bit memory
divide operation code placed in refresh memory location It1~ .
The ccmp,lter words entering the data input command logiC of the MeG will be either
command words or data words. The command words are used to s1gnal the display system as
to channel selected, whether to wrlte small or large characters or vectors, into which portions
of memory section data is to be written, which memory subsection is to be erased, where the
memory sections are to be divided between two displays, what data should be modified, and
when a computer transmission is ended. The command word format is shown in Figure 9.
Data words are used to specify the X- Y positions of characters, the heads and tails of vectors,
which characters should be written, and control data as it is being written into memory. The
data word format is shown in Figure 10. Figure 11 and 12 show computer word structures
and Figure 13 is a typical computer WOrd sequence.
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COMMAND CGMMuNiCATilR CONSulE
The command communicator console, whose display panels are shown in Figure 14, has
two alpha numeric CRT display modules in it. These displays whlch were previously described
will be used to portray spacecraft telemetered information in the form of block diagrams,
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EVENT
INDICATORS

UNIFIED S -MNO
PANEl

tabular listings, meter formats, or a combination thereof. Spacecraft teiemetered
time and command clock time can also be
displayed on the CRT display. The information presented on an alpha numeric CRT
dis play shall be referred to as a format.
The format presented on each alpha numeric
display must be capable of being changed by
the console operator at any time. These
INTERCOM
. . .\~.
COMPUTtR ADORESS
changes are accomplished through the use of
PANEl
MATR IX K(Y80AJlD
the display request keyboard, which is loOISPlAY REQUEST
COMA NO KEYaoAAD
cated on a sloped panel below the CRT disKEYDQAkD
TYPE I
plays. Changes w1ll be restricted to the
Figu re 14-Command communicotaf console.
selection of formats previously determined
and stored in the remote site data processor
memory. Each display request keyboard contains fifty-five (push button indicators) PBI's,
five of which are used for control fWlction s such as designating the CRT on which information
is to be presented. Each of the other fifty PBI's represent a format which may be requested
by the console operator. Four coding switches are also provided on the display request keyboard which provide the capability of changing the fWlction of the fifty format PBI's. This
feature of the display request keyboard is accomplished through the use of coded plastic overlays together with the four coding switches. These coding switches allow the total capability of
15 different overlays to be used on the fifty format PBI's for a total capability of 750 formats
for each display request keyboard. Each overlay contains the identifying legends for the fifty
format PBI's and coding for the four coding switches. The coding switches will tell the compute r which overlay is in poSition over the display request keyboard. Each format legend has
an indicator light which will blink and illuminate red shOuld any parameter within the format
become out-of-limits.
OISPl../I.Y
INDICATOR

-

Each display request keyboard is capable of requesting a new display presentation (format)
on either CRT display located on that console. It is capable of requesting a hard copy printout
of any tabular format on the keyboard whether or not the format requested is then being displayed. The high-speed printers des cr ibed under the data processing system will provide the
hard copy required. And last but not least, the automatic generation and transmission of
selected summary messages to Mission Control Center (MCC), Houston is also initiated at the
display request keyboard.
The command communicator console contains three event light panels. Each event light
panel can display 36 events and also has a quick reconfiguration capability. The quick reconfiguration capability is provided by plastic overlays which are preassembled with the correct legends and desired colored lenses. No coding switches are required since this panel
consists of indicators only instead of PBI's. The reconfiguration of an event light panel merely
involves the replaCing of the progra mmed patch board at the DSDU with another programmed
patch board and the replacing of the overlay over the event light panel itself with another
overlay.
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A command panel will be provided on this console, which is divided into four sections.
These sections provide the command communicator with six command enable PBI's, twelve
mode select PBl's. six load command PBI's. and thirty-six real-time command (RTC) PBl's.
This keyboard is also capable of quick reconfiguration due to the same type overlays and four
code buttons as used on the display request keyboard. The command enable PBIs are not under
the overlay since they do not change function. The matrix for RTC's will enable initiation of
RTC's and will provide a means of preconditioning to aid in the rapid analySiS of command status
and the operation of selected commands. The load commands are required to transmit onboard
computer loads such as clock times. The mode select portion is required for such commands
as RCT auto/ manual and setup/ command.
An operator status panel is a panel on the command communicator console only. consisting
of one status indicator light for each console operator position. An operator status unit is
provided at each console operator position. except the command communications, which will
allow each console operator to signal his state of readiness to the Command CommWlicator by
way of the operator status panel.
An event timer is also provided in the command communicator console. This device is a
five-digit, rear-projection clock which permits the console operator to program ±999 minutes
and 59 seconds, with count-up, count-down. start and stop controls.

A computer address matrix is provided the Command Communicator which permits the
console operator to request parameter group printout on the high-speed printer and to request
automatic computer generation of summary messages.
An intercom panel is provided each operator position in the AJXlllo flight operations room
which permits local, range and spacecraft communications. Two input jacks and a foot switch
jack are provided with each intercom panel and in addition a portable speaker is provided with
its output jack mounted on the upper righthand corner of the console.
The command comrnWlicator console is provided with a USB panel which indicates the mode of
operation of the USB ground equipment for both Command Service Module (CSM) and Lunar
Excursion Module (LEM). This is the only console in which this panel is contained.
Finally, the Command Communicator is provided with a panel to control both fast access
file and display system projectors which have been previously discussed. The Command Communicator also has control of the power to each of these projectors.
It is important to note that the Apollo consoles have been designed on a modul.ar basis for
quick and easy reconfiguration of these consoles. The modules can be shuffled around or new
modules added or substituted in order to supp:>rt future missions, or even the present mission.
This feature is better shOVln in Fill:Ure 15. It is also important to note that these consoles are
45-1/ 2 inches high and 58 inches deep with the three-bay consoles being 63 inches wide, the
four-bay console (aero-medical monitor console) being 82 irlches Wide, and the two-bay console (maintenance and operations console) being 44 inches wide. The 10w-profUe design permits the seated operator to maintain a full and unobstructed view of the group display (wallmounted clocks and status lights) and the fast access file and display system Wall-mounted
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rear-projection screens. All the controls and display devices which are mounted in or near
each console must be accessible and visible to a seated operator.

SPACECRAft SYSTEMS CONSOLE
Figure 15 shows the spacecraft systems console of which there are four. The four systems consoles are designated: S-IV-B/ LEM, LEM, CSM lH, and CSM 1#2. The S-IV-B/ LEM
console is first used to monitOr the S-IV-B vehicle and is then reconfigured, by use of the
methods previously described, to monitor
the LEM together with the other LEM conC"
£VE NT
DISP LAV
sole. The two CSM consoles, of caurse,
monitor the command-service module.
COMPUTER .... DDRf$$

MA TR IX

'~' ''''''' ",::':;::-'!\

EVEN T TIMER

",_"A"'Y' P.... N£t

The systems console is practically identical to the command communicator console.
There are three basic differences between
these two consoles. One difference is that
P.... NE L

the command ,keyboard on the systems con-

sole has one indicator where the command
communicator command-enable PBI's are
COMAN O ",,,,.,",,1
located. This indicator will tell the systems
TVPE .II
COnsole operator whether his command keyboard is "enabled" or "disabled" by the coml UNHS $
7 CNLY }
mand communicator. Anothe-r difference is
Figure JS-SpacecrQh system, console.
the fast access We (FAF) control'panel, which
appears only on the S-IV-B/ LEM console and
the CSM HI console. The systems console FAF control panel controls only one FAF instead
of the dual control afforded the command communicator console. And finally, the systems
consoles each contain an operator status unit as discussed previously.
DISPLAV !~:'~"'"
IUVao.... RD

Each systems console has a vertically mounted analog recorder associated with it which
is driven from the CCIA. These recorders have eight channels, and controls are provided
which permit the operator to select anyone of six groups of eight parameters to record. The
selection controls are on the recorder.

AERO·MEDICAL CONSOLE
Figure 16 shows the aero-medical monitor console. This console contains only one CRT
display module and two event light panels. However, it also contains two intercom panels, two
operator status units, two event timers, and one display request keyboard. The aero-medical
console also contains a four-trace cardioscope with 10 selectable analog inputs and its associated control panels. Figure 17 shows these panels in more detail. Associated with
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this console is a vertical mounted analog
recorder which is driven directly from the
PCM stations' DSDU. The input parameters
are selectable at the DSDU in the same manner the event light panel inputs were selectable. This recorder is furnished with a
table extension to permit a more careful
analysis of the data being recorded.

FLIGHT DYNAMICS OFFICER'S CONSOLE
Figure 18 shows the flight dynamics officer's console (FDO). This console is only
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Figure 16-Aero-Medicol eomole.
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Figure 17-Portels of Aero-Medical console.

present on shipboard installations. The FDO
contains one CRT display module, one operDISPLAY
ator status unit, one display request keyboard, and one intercom panel. This conDIGITAL
UNITS
sole also contains a small command keyboard
STATUS "N''J~
which is physically identical Only to the
computer address matrix (5 by 5 PBI matrix)
PANEL
except that the first column of this command
keyboard contains 5 indicators. The other
four columns contain 20 real-time commands. The FDO contains 12 digital readFigure 18-flight dYl"\(lmies officer'$ console.
outs and an FDO switch panel. The digital
readouts are driven from the ship's central
data processor, and the switch panel provides the ship's central data processor with information on the computer mode, the programmed lift, and the abort mode. Finally, this console
contains an event lighVoverride panel which is merely a special event light panel with override
CO< '''' .~, INDICATOR

PANEL
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capability on six of the events. Twelve event lights are provided, half to be driven from the
DSDU and the other half with override capability to be driven from the ship's central data
processor. Figure 19 shows the display panels of the FDO console, some of which have since
been revised.

ClClaD

caCCD
CDaCD

Figure 19-Display panels of FDO console.

MAINTENANCE AND OPERATIONS CONSOLE
The maintenance and operations console requirements are presently being finalized. To

date it contains only an intercom panel and an operator status unit.

COMMAND AND SERVICE
MODULE UNIFIED S-BAND SYSTEM
by
a.Hood
Manned Spacecraft Center

ABSTRACT
The basic commWlications and tracking requirements for the Command and
Service Module Unified S- Band System are given along with a brief discussion of
the reasoning behind these requirements. The operational modes, which include
simultaneous transmission of a pseudo-random noise (PRN) range code, TV,
voice , tele metry and biomedical data am system configuration that evolved from
these r~uirement s , are considered. Such things as modulation techniques,
major systems, and basic data flow for these arc outUned along with the modes
of operation and system configura tion. A more detailed description for the
major systems Is then presented, including block diagrams and data flow and key
parameters of the premodulation processor (PMP), transponder, power ampUfier and antennas.

INTRODUCTION
To introduce in this session the two ''blocks'' of the Apollo unified S-band (USB) will be
defined, The early Saturn Apollo 200 series will carry what has been deSignated as a Block I
system. As a result Of increased operational requirements, it has become necessary to modify
the functional design of the Command and Service Module (CSM) S-band system, This modified
or updated version has been designated as the Block n system which will first be flown on
mission SA-207 and w1ll be the system used on the lunar mission, and is the system discussed
in this paper.

BASIC REQUIREMENTS FOR CSM TRACKING AND COMMUNICATION
The basic requirements for the CSM tracking and communications are to provide tracking
data, two-way voice communications, up-data from gr/)um! t o ep::.cccraft, telemetry and teievision from spacecraft to ground, biomedical channels, relay capabilities, and scientific data
channels.
Table 1 presents the communication requirements from ground to spacecraft. There are
essentially three functions to transmit: ranging, VOice, and up-data. As the first requirement,
the spacecraft must be capable of receiving the pseudo-random noise (PRN) range code at any
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Table 1

Grouod To Spacecraft Co mmunic atlons
Requirements.

Requirements

Function

Ranging

Continuous Capability

Voice

Continuous Capability
Normal - 90% Word Intelligibility
Backup - 70% Word Intelligibility

Up Data

Continuous Capability
Maximum of 1 Correct Message

Reject per 1000
Maximum of 1 False M essage
Accepted in 109

time it is transmitted from the ground. The capability for VOice re<:eption will likewise be continuous with a requirement of 90-percent word
intelligibility under normal operating conditions
and 70-percent word intelligibility in the backup
mode. This percentage of word intelligibility
would approximate lOO-percent sentence
intelligibility.
The spacecraft will also be capable of continuously receiving up-data or command information. The requirements for the up-data channel
are that no more than One correct message per
1000 be rejected and that no more than one false
message in 10 9 messages be accepted.

The spacecraft-to-ground communications provide a more detailed list of modes, as seen
in Table 2. The voice channel must have continuous capability and be transmitted with the same
word intelligibilities as stated previously. The telemetry system must provide a nonreturn to
zero (NRZ) PCM wave train at either a 51.2 kilobit rate or at a 1.6 kilobit rate with continuous
Table 2
Spacec raft To Ground Communications Requirements.
Function
Voice

Requirements
Continuous Capauility
Normal - 90% Word Intelligibility
Backup - 70% Word Intelligibility

Telemetry

Continuous Capability
NRZ PCM at 51.2 KBPS or 1.6 KBPS Rate
Maximum of I En'oJ' in 106 Bits

Ranging

Continuous Capability
Phase Coherent Turn-Around of the PRN Range Code

Television

When Convenient
Near-Commercial Quality Resolution and Gray Scale

Scientific Data

3 Channels

Tape Playb:lck

Capability to Transmit Simultaneously With Real Time Data
Telemetry. Voice, and Scientific Dflta

Emergency Key

Continuous Capabllity
!'.I:'Iximum of 25 Characters Pt!r Minute

Relay Thru CSM

Eva Voice and Blomed to MSFN
LEM Simplex Voice to MSFN
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capability. The ranging channel On the transponder will be capable of continuous phase-coherent
turnaround of the PRN range code and also will provide a coherent carrier on the down-link fOr
doppler extraction.
Television is not a direct mission operational requirement; thus it will be transmitted
only when convenient during the mission. When transmitted, it will provide data by which the
ground personnel can monitor activity in the spacecraft or scenes from the window. The data
transmission for this has been specified as near-commercial quality resolution and gray scale.
There is also a capabil1ty to transmit three channels of analog data. use of these channels will
be specified by the scientific experiment office.
A tape playback mode will transmit data which has been taped on board the spacecraft
during the time it is behind the lunar disc or between ground stations while in earth orbit.
Stored information includes telemetry, voice and SCientific data. The telemetry data will
either be of low or high bit-rate command module data. There will also be a capability of
receiving low bit-rate data from the Lunar Excursion Module (LEM) (over a VHF link) and
recording it aboard the spacecraft for later playback to ground stations. The requirement to
Simultaneously transmit taped data along with real-time voice and telemetry data was One of
the contributing factors in changing from Block I to Block n design.
The emergency key is a last-ditch communication mode. It will have a capability to provide
a maximum of 25 characters per minute. This mode would be used in case of major failure
aboard the spacecraft, such as losing both power amplifiers and/ or the high-gain antenna. A
relay capability through the CSM is also available. Voice and biomedical data from an extravehicular astronaut as well as simplex VOice from the LEM can be transmUted to the gr()J,nd
stations thrOUgh the CSM communication facilities.

TRANSMISSION MODES
A list of possible transmission modes or data combinations has been derived along with
the appropriate modulation techniques. Table 3 shows this list for the ground-to-spacecraft
transmission link. There are basically four pieces of data to be transmitted: PRN range code,
up-voice, up-data, and backup VOice. For SimpliCity, only modes 6 and 8 w1ll be discussed.
In mode 6, the PRN code is phase-modulated directly on the carrier and requires apprOximately
3 megacycles of bandwidth. The VOice is frequency-modulated onto a 30-kilocycle subcarrier
which is in turn phase-modulated onto the carrier. Similarly, the up-data is frequency-modulated
onto a 70-kilocycle subcarrier and then phase-modulated onto the r.~rrip.r _ In modO!' 13-, the
backup VOice is frequency-modulated onto the up-data subcarrier, which is in turn phasemodulated onto the carrier.
Table 4 shows a tabulation of the narrow band PM modes which will be used on the downlink channels from spacecraft to ground. The reasons for nine modes are that circuit margins
may be optimized by using only those channels which are of immediate interest; and under
certain contingency modes where a power amplifier or an antenna has been lost, the spacecraft
must have the capability of transmitting at reduced rates.
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Table 3
M SFN To CSM S- Band Trans m lssior: Combinati ons Summary (PM M ode s ).
2106 .4 Me

Ca r r ie r
Combinations
1

Informa tion

Ca rr ie r , PR N

Modu l aUon
T echnique

SulJcar r ie r
F I"I~qu e nc r

PM On Ca ,' rie r

·

,

CarriCI'. Voice

nt/ PM

:10 kc

C:l rr ier . Up - DUa

n t/PM

70 kc

4

Car ri er

2

5

PR:\'

PM 011 e ar rll' l'

·

Voic e

FM / PM

.10 k c

PM On Ca lT iN

·

FM/ PM

70 kc

PM On Can kr

·

n t/PM
n.t/ PM

30 kc
70 kc

FM / PM
FM / PM

30 kc
70 k c

FM / P\\"

70 k c

Ca r r ie r
PRN
Up - D ata

G

Carr ier
PRN
Vo ice
Up- Data

7

Ca rr iel'
Voice
Up - Da ta

•

C:1 r l' io..' I'
Vo h:~'

Il; 'l' kup

Mode 2 is th e pri mary hi gh-dat a mode whic h will be us ed during c ritic al phase s of th e
mi ssion. In thi s mode, the PRN c ode pha s e-modulates the carrie r , whe r eas the voice frequencymodulat es a 1.25-megacyc le subcarrie r whic h th en phase-moctulat es the c arr ier. The t e le metry
data Is a 51.2-kilobit P CM wave tra in whic h phase- modulat es a 1. 024 -megacyc!c subcarri e r,
whic h in t u rn phase -modulates the c arrier. Mode 3 has essentially the s ame function with only
a 1.6- kilobit telemetry stream on the 1.024 - megac ycle suhc arric r .
Mode 4 has been des igned as a lunar COast mode. There i s r educ ed activity in the spac ec raft at this time a nd a minimum amount of data is required for monito ring. Modes 5, 6, 8, and
9 are possible trans mi ssion co mbinations which c an be us ed to optimize ci rcuit margins in
c ontingency s ituations. The emergency key capability is provided by amplitude- modulating a
S12-kUocyc1e subc arrie r, whic h phase -modulates the carrie r . Also, th e b ackup vo ice c apability is provided by direc tly phase-modulating the c arrie r with the backup VOice si gnal.
The wideband FM c ombinations are shown in Tabl e 5. The main r eason fo r the wideband
FM c a r ri er i s the TV dat a shown in mode 4. The othe r functions which exist on the FM mode
a r e the ta lle play bac k cha nnels and the real-time c apability (or the scientific data. T he FM
channel is designed to a ccommodate playback of various combinations of voIce, CSM telemetry,
LEM t elemetry , and scientific dat a. A hi gh- spe ed playback mode Is used fo r rapid dump of
low bit rate P CM at a 32 t o 1 playback rate . This r esult s in an appare nt bit r ate of 51.2 kilo b it s per second on the 1.024 megac ycle subcarrie r . Fo r playback of hi gh bit rate PCM, a 1:1
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Table .J
CSi\\ To MSF N S-Band n',lIlsmlssion Cuml)i nation Summary (PM :\10010').

2<: 8;. 5 Me
Car der
Coml, inat ion
I

2

i nform ;'l{i on

Ca n-ier
Vo ice
51.:? KBPS TM
PR~

,
5
6
7

8

9

Sul.>carrie l'
Frequency

F M / P~1
PCi\!/PM / PM

I,:n Me
1,024 Me

PM On Ca rr ie,'
FM / PM
P CM / PM /PM

1.2;; Me
1.024 Me

PM Un Ca nler
FM / PM
PCM / PM / PM

1.25 M c
1.024 Me

Carrie r
Voice
51.2 KBPS

3

Modulation
Technique

Canie r
PR",
V(.iee
L6 KBPS

earl'il' r
F~1 / PM

Voice
1.6 KBPS

P Ci\I / PM / PM

1.25 Mc
1. 0:?4 1\lc

Carri er
1,6 KBPS

PCM / PM / PM

1,024 Me

Ca rr ier
Key

AM/PM

5 12 kc

Carrie r
PR",

PM On Carri er

Carrie r
Backup Vo ice
1,6 KBPS TM

PM On Ca r rie r
P CM / PM / PM

1. 02 4 Me

Carrier
PRN
1.6 KBPS TM

PM On Ca rri e r
PCM / PI\I / PM

1.024 Me

dump speed is used, Playback of vOice is accomplished simultaneously with telemetry or
scientific data dump by modulating the FM carrier directly at baseband with either 1:1 01' 32:1
voice s ignals. The scientific data frequency-modulates the subcarciers of 95, 125, and 165 kilocycles which then frequency modulates the carr ier.

SPECTRA OF TRANSMISSION MODES
Typical spect ra of the above transmission modes can be seen in Figure 1-4. Figure 1 shows
the iuii Up-illlk spectrum with the range code, VOice, and up-data subcarriers. The range code
is centered on the 2106.4-megacycle PM carrier, and the voice and up-data subcarriers are at
30 and 70 kilocycles, respectively.
A typical down-link spectrum is represented by Figure 2. n is seen that the spacecraft has
the capability of simultaneously transmitting both an FM and a PM carrier. The PM carrier at
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Table 5
CSM to MSFN S- aand TransmiSSion Combination Su mmary (t'M Modes).
2272.5 Me

Ca rr ier

Modulation

Informa ti on

Technique

Comhlnntion
I

Play bac k VoicE' at 1: I
Pla.rlJack CS:'\\
,,1.2 lOWS TM at I I
Scicnl iric Da ta
Playbac k :\1 1 . I

2

FM 3t Dascband
p eM / PM / FM
FM / FM
FM / FM
PM / FM

Pla.vback Voi<;(' a\ .12 I

Subcarrier
Frequency

102~

kc

95 kc
125 kc
Iii;; kc

FM at O:lscband

PI:\." h ack CSM
1.1i K8PS TM:lt 32 :1

PCM / PM /F M

1024 kc

Sci('nliric Data
Pl a,vhfl(-k at 32:1

3

,

,

FM / FM
F M / Fr.1
FM / FM

95 kc
J 2.; kc

165 kc

Plnyh:ll'k LEM
Lt.; Kill'S
Split 1'11 .. 5\' T M at :12:1

FM :H a,sdm!ld

Tci .... v i llion

FM at R.1S('b.1 nd

n~'nl· Timc

FM / F~1

Sckntific 0:1 1:1

f);' kc
12:. kc
HiS k\"

F M / FM

n1/FM

PM CAlRIEI

VOICE SUlC .... Rlf.

~ up· DA.' "

SUICAU IER

ItANG£ COOt:

TElEV ISION

fNVnOP!

'" CAR, klU

VOICE
/"....I._-t
\
_ _--.'SUIlCAUlfR

PM CA~~ 'E~

R,.t..NG£ CaOE fNVE10pt

'. ' 30Ke

Figure I-Full up-link $peclrum wi.h .he ra nge af code,
voice, and up-dala $ubcarrien,

/
Figure 2- Typical dawn-link $pec.rum.

2287 .5 megacycles would be modulated with the range code, the telemetry at 1.024 megacycles
and the voice at 1.25 megacycles. The FM carrier is located at 2272.5 megacycles and is
modulated with the TV signal. Figure 3 indicates another tYPical down-link spect rum with a
normal PM mode. But ins tead of TV, the FM channel contains the playback voice modulated
directly 011 the carrier, the playback telemetry data modulated on its subcarrier, and the
scientific data subcarriers.
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Figure 3- Typico l down-liok spectrum
with a normal PM mode.

Figure.- 4-Conl ingency down -I ink spec trum.

In the event that the hi gh - gain antenna or the powe r amplifier are disabled, one of the two
contin ~ency down-link s pectra of Figure 4 could be employed. One spectrum s hows the PM
carrier modulated by the range code and a low bit-rate telemetry subcarrie r (1.6 kilobits of
PCM data). The othe r mode s how s the PM carrier modulated directly by voic e and a low bitrate telemetry sbucar ricr . Although it Is not shown, the spectrum for the emergency key would
be essentially the same with a 512 kilocycle subcarrier phase-modulating the ca rrier .

BASIC CSM USB SYSTEM
A block diagram of the basic USB system is shown in Figure 5. It consists of four basic
components or s ubsystems : the antenna subsystem (omn idirectional antenna and high - gain
directional antenna): the power amplifier, switching, and triplexing subsystem; the transponders;
a nd the premodulaUon processor. The transponder consists of a PM receiver, a PM exc ite r or
transmitter, and an FM exciter. The premodulation processor provides the capability to
demodulate the up-voice and up-data subcarrier, as well as the capability for modulating the
down-link subcarriers and combining them into a composite waveform for use by the PM and
FM exciters. The premodulatiOn processor also interfaces with the VHF equipment for the
communications between the LEM and command module.
HIGH
UP ·OATA

The system is not fully redundant since
there i s only one pre modulation processor;
however, due to the requirements for transmitting real-time and recorded data, there
are essentially two sets of modulators for
each of the prime subc:arr iers. In the event
oi a ialiure of one of the real-time modulators, we could usc a modu lator which has
been provided for recorded data and thereby
maintain redundancy in the real-time
channels.
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Figure 5- Diagrom of bo~ie CSM
Unified S-Bo nd System.
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Figure 6 shows the basic USB receiver in the transponder. n is a dual-conversion superheterodyne PM receiver with a center frequency of 2106.4 megacycles. Following the conversion

phase, at a signal level of -U4dbm and a static phase error of 24 degrees, the carrier tracking
loop is capable of tracking frequency ranges of i:90 kilocycles and sweep rates of 35 kilocycles
per second/second. Immediately following the second mixer, the signal passes through an IF
limiting amplifier into a wideband detector.
The voltage control osclllator (VeO) in the carrier-tracking loop provides a reference for
the wideband detector. The output of the wideband detector consists of the range code which is
cOherently returned to the PM transmitter and the up-data and voice subcarriers, which are
passed to the premodulaUon processor for demodulation and use in the spacecraft. The output
of the veo is also coupled to the PM transmitter where it provides the phase-coherent reference for this exciter. The transponder provides a frequency ratio of 2.40:221 for the coherent
turnaround of the carrier.
The basic configuration of the transmitter exciters is shown in Figure 7. The modulators
(PM and FM) receive data (telemetry and VOice subcarriers) from the premodulation processor.
Other inputs to the modulators include range code, a coherent reference from the carriertracking yeO (for the PM mode), and a reference frequency from an Oscillator (for the FM mode).
Once the data is modulated, it is amplified and multiplied up to the proper frequency-2287.5
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megacycles for the PM mode and 2272.5 megacycles for the FM mode, and is then passed
through an isolator and filter network to the power amplifier subsystem.
The power amplifier subsystem, s hown in Figure 8, is composed basically of two travelingwave tube amplifiers and the appropriate switching arrangements. The switches are designed
such thai either transmitter (PM or FM in Figure 7) may be connected to either power amplifier;
and that the output of either ampWier may be connected to either input of the antenna subsystem.
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f igvre 8-Diagram af CSM S-bond power amplifie r subsystem.

Th e traveling- wave tube amplifiers have two power-output levels : 5 or 20 watts. These
power levels are deSignated as low- and high-power modes, respectively, and are controlled
by the switching of the input power from the power supplies to the tubes . As can be seen, the
output of the traveling wave tube is filtered and passed through switching to the triplexer arrangement and then to the antenna. The actual power delivered to the antenna is considerably
less than the output power of the tube due to
circuit losses between the tube and the anHICH
OMNI ANTENNAS
tenna. In the event of amplifier failure, the G"IN
PM exciter can bypass the power amplifier
and sti ll provide a capability of 1/ 4 watt of
RF power.
The ante~r::l. S'.!bs ystc m (Fig'ure !l), co;;sists of a high-gain antenna and a set of omnidirectional antennas. As can be seen, PM
and / or FAA' r~rr;4!'l'S -=l'e fed :~t'J the t:-iplexer, which in turn supplies the power to
the selected antenna. The high-gain antenna
is mounted on the service module and has a
selectabl e set of gains and beamwidths.
The omnidirectional antelU1as (low-gain) are
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fM PDwt:l AMPLIfiER

figure 9-CSM S-band antenl'la sr,tem.
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located around the base of the command module and are spaced at 90 degree
intervals.
There are plans to use a number of combinations of antennas and power amplifiers in order
to optimize the circuit margins and conserve power during dtHerenl mission phases. The
omnidirectional antennas will be used in earth orbit and in the fir st stages of translunar injection up until the high-gain antenna can be deployed. The omnidirec::tional antennas will also
provide limited capability at lunar distances when co mmunicating with the high-gain antennas
on the ground.
The basic characteristics of the antenna system are tabulated in Tabl e 6. As stated above,
the high-gain antenna has a selectable set of gains and beamwldth. It has a capability of 28.4db
at a beamwidth of 4.6 degrees, 22.9db at a beamwidth of 11.1 degrees, or 7.4db at a beamwidth
of 68 degree s. In order to cover the earth's surface during early phases of injection, the
beamwidth must be quite la r ge. As the spacecraft nears the moon, beamwidth is reduced. The
high-gain antenna is a parabolic radiating system and radiates a right-circularly polarized wave.
It is pointed at the earth by an IR sensor device . The omnidirectional antennas are flux-mounted,
right-circularly polarized, and provide an overall gain of apprOximately -3db over 80 percent
of the sphere.
Table G
CSM Ante nna Charac teri s tics.

Funcli{)n

Omni

T,po

Flus h Mounted

High Gain
Pa r3.00lie

Polari t a t ion

RC P

RCP

On-A.Jcis Gain
and Corrcspondlng
3 on Benmw id th

-3 DB Over 80'1

28.4 DB 4.6'
22 .9 DB 11.1 '
7. 4 DB 68'

Poinllng

Sphere
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LUNAR EXCURSION MODULE
UNIFIED S-BAND SYSTEM
by
W. Kuykendall

Manned Spacecraft Gel/ter

ABSTRACT
A description of the basic 5-band communication and tracking requirements
for the In-night and lunar phases of the LEM operation is given.
Modulation
techniques and associated RF spectra for various communication modes involving voice, t",[emelry, TV, and nroging are presented. RF systems, including th e
transponder, power amplifier, diplexer and antennas (omni, stcerable, and
erectable) are discussed. Current estimates of system gain and loss paramcters are presented along with predictions of system performance at lunar
distance.

INTROOUCTION
In discussing the LWlar Excursion Module (LEM) Unified S- Band System, four essential

areas arc covered: mission requirements, spacecraft system configuration to meet these requirements, spacecraft signal design for tile up-link and down-link, and expected system performance margins.
Table 1

LEM COMMUNICATIONS AND
TRACKING REQUIREMENTS
Table 1 gives the communication and
tracking requirements for the LEM. These
requirements can be divided essentially into
two areas: the inllight area and the lunar
stay. Table 1 shows that the up-link requirements for the inflight !lhar<.p. ind'.!de fc!" ca!"rier, range code and voice. Note that there
is no up-data link to the LEM. The downlink infiight requirements consist of r.HT'rif'tr J
voice, biomedical data, PCM telemetry, and
range code. During lunar stay, the up-link
requirement is for voice only; the down-link

LEM S-Band Communication and
Tracking Requirements.

MiSSion Phasc

In-night

Lunar Stay
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Requirements
MSFN_LEM
(Up-Link)

LEM_MSJ-·N
(Down-Link)

Carrier
Voice
Rangc Code

Carrier
Voice
Biomedical Data
PCM Telemetry
Range Code

VOice

I

Voice
Biomedical Data
PCM Telemetry
Tele vision
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requirement, for voice, biomedical data, PCM telemetry, and television. We might also note
that there is no requirement for a tape-playback capability from the LEM. There is, however,
an indirect tape-playback capability present since the LEM is capable of transmitting low- rate
telemetry to the Command and Service Module (CSM) where it can be recorded and subsequenUy
played back to the Manned Space Flight Network
(MSFN). Another UnUiedS-Band (USB) requireTable 2
ment that will not be treated in this discussion,
Carrier Modulation Techniques.
is the lWlar surface experiment package, S-band
link for communication with the MSFN.
ModulaUon
Link

The modulation schemes used for the upand down-link transmissions are shown in
Table 2. The up-link is always PM as is the
down-link during inOight phases. During the
hmar-stay period, when the LEM is not transmitting TV, the PM mode will normally be used.
When transmitting TV during the lWlar stay, the
FM mode wUl be used.

PM

Up-Link

Down-Link

LEM

In-Flight

PM

Lunar Stay. Without TV

PM

Lunar Stay. Witb TV

FM

SoUN~

SYSTEM CONFIGURATION

Figure 1 shows the system block diagram for the onboard S-band system in the LEM, illustrating the several major elements in the system. At the left of the figure is the premodulation processor (PMP) which fWlctions much like the PMP for the CSM. To the right is the
S-band transcelver, or transponder. Between the transceiver and antenna system are the two
power amplifiers; the antennas and associated switching are deplcted in the upper right-hand
part of the figure.
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MOOULATION TECHNIQUES AND ASSOCIATED RF SPECTRA
Figure 2 shoWs the full up~ l1nk PM spectrum. Notice the absence of the 70-k1locycle (updata) subcarrier. DurLng normal flight operation the range code will be used lntermlttentlYi
there!ore, the spectrum without range code represents the normaltnOlght up-link mode. The
center frequency 1s 2101.8 megacycles (plus or minu8 doppler and transmitter frequency
offset).
The full down-link spectrum for normal
PM modulation is shown in Figure 3. Again
the range code will be used intermittently;
therefore, the normal down-link mode will
include the carrier and the two s\lbcarriers.
The two contLngency modes are illustrated in Figure 4. Backup voice is modu~
lated directly at base band with low-rate telemetry transmitted on the 1.024 megacycle
subc:arrier. In the worst case, multiple failures such as antenna, power amplUier, and
possibly PMP fallure could lead to the use of
the emergency-key mode which utilizes a
512-kUocycle subcarrler keyed on and off by
the astronaut.
Figure 5 shows the FM down-link spectrum. which will be W5ed dW'ing the lunarstay mode if there is television transmission. Also shown in the figure Is the
spectrum containing TV and the telemetry
and voice/biomedical Bubcarriers.
Table 3 shows the three possible combinations of up-link information: carrier
and pseudo- random noise (PRN), carrier and
voice, and PRN and voice. Note that the
combinations is synonymous with modes.
Combination 2 will be the primary up-link
mode for the LEM.
Tilt: va.rious comomatlons of down-link
transmission for PM and FM modes of operation are s hown in Table 4. For down-link
transmissions there are a few keyed modes
which will probably be used during most of
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Table 3
LEM Up-Link S-Band Transmission Combinations Summary.

Carrier
Information

Modulation
Technicp.1e

&!.bcarr\er
Frequency

1

Carrie r, PRN

PM on Carrier

-

0, 37 RadJans

2

Carrie r , Voice

FM/ PM

30kc

1.' Rad!""

3

Carrier

-

0.37 Jladjans

CombinaUon

PRN

PM on Carrier

Voice

nf/PM

30kc

Phase

Deviation

1••

Radl~

the operation and additional modes to be used in the event of various failures . The primary
modes are comblnaUons I, 7. and 10.
Combination 1 is the down-link carrier with voice and 51.2 kilobit telemetry on their r e spective subcarriers. Combination 7 Is commonly refe rred to as the lunar-stay mode. Voice
and biomedical information are transmitted on the 1.25 megacycle subcarrier while low-rate
telemetry Is on the 1.024 megac ycle subcarrier . In order to optimize the circuit margins, the
phase deviations for the two subcarriers modulating the PM carrier are reversed for combinations 1 and 7. In combination 1 we are transmitting a wide-band high-rate telemetry signal.
In combination 7. it is not necessary during hmar stay to transmit the same quantity of information requlred during inUlght and we are able to reduce that bit rate to 1.6 kUobits per
second , The power in the two subcarriers may then be balanced, enabling combination 7 to
perform well w ith low-power transmission and the erectable antenna during lunar s tay, contras ted to another alternative of operating with full power (20 watts ), This is the basic reason
for a change in the modulation indices in the right-hand column.
The advantage of the r e versal of the modulation indices in combination 7 is evident if we
consider operation with low power during lWlar stay while keeping the same phase deviations
as used in combination 2. The result is a -3 .9db margin fo r the voice and biomedical channel
and about a + 12.9db margin fo r the low-rate teleme try, However, if by revers ing modulation
indices , results yield positive margins fo r both channels operating in the low-power mode.
These margins are over 3db for the voice and biomedical channel and 6db for the tele metry
channel. The last primary mode here of course Is number 10 which is the FM transmission of
TV with the voice, biomedical and extra-vehicular mobility unit (EMU) signals, The EMU is
the device carried by the astronaut o n the lunar surface. The biomedical 5ubcarriers are
transmitted from the EMU to the LEM by the VHF link and are subsequently placed on the
S-band for transmission to the e arth.
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Table 4LEM Down-Llnk MSFN S-Band TransmiBalon Combination Summary.
2282.5 Mc
Carrier
ComblnaUaD.

Carrier
5ubcarrier
Frequency

Deviation

PCM/PM/PM

1.25 Me
1. 024 Mc

0.7 Radians
1. 3 Radians

PM aD. Carrie r
FM/ PM
PCM/ PM/ PM

1. 25 Me
1.024 Mc

O. 2 Radians"
0.7 Radians
1. 3 Radians

Carrie r
1.6 kbpe TM

PCM/ PM/ PM

1. 024 Mc

1.3 Radians

Carrier
BU Voice
1. 6 kbpe TM

PM on Carrier
PCM/PM/PM

1.024 Mc

0.8 Radians
1.3 Radians

Carrier
Backup Voice

PM (24 db clipping)

Carrier
Koy

AM/ PM

512 kc

1.4- Rad1a.na

Carrier
Voice!Biome!i
1.6 kbpe TM

FM/PM
PCM/ PM/ PM

1.25 Me
1.024 Mc

1.3 Radians
.7 Radians
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Voice/EMU/
Blomed
51.2 kbps TM
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PCM/PM/PM

Information
Carner
Voice
51.2 kbps TM

1

2

Modulation
Techniques

FM/PM

P ....

Carrier
PRN

Voice
51.2 kbpe TM
3

,
5

•
7

(Lunar Stay Mode)

8

0.8 Radians

TBo

Carrier
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Ra.o
9

10
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Biomed

FM/ FM

1.25 Me

0.17
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PCM/ PM/ FM

1.024 Me

0.37

TV
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..."'''

...rc
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EQUIPMENT CHARACTERISTICS
Returning to Figure 1 the PMP performs the demodulation of the up-voice subcarrier and
contains the voltage controlled oscillator (VeO) for the down-voice channel and the hi-phase
modulator for the PCM telemetry. It interfaces with the TV equipment, emergency key, and the
hardline biomedical channel. The hardUne biomedical channel is a 14.5 kilocycle subcarrier
on which 0 to 30 cycles per second biomedical data is modulated when LEM is transmitting low
bit-rate telemetry. Due to the lower capacity in the low-rate telemetry format, certain necessary biomedical data cannot be handled by PCM; therefore, a separate 8ubcarrier was provided.
The other equipments with which the PMP interfaces on the spacecraft include the audio
center, the PCM telemetry equipment, central timing equipment, and TV camera. The S-band
transceiver (transponder) block as shown here includes two fully redundant transceivers as
well as an FM modulator. The two RF outputs are selectable, as are the two RF inputs to the
receivers. Differing slightly from the CSM, the LEM utilizes ampHtron power amplifiers
operated in cascade. Normally, power amplifier, PA *2 would be used when operating in the
2Q-watt mode because there is additional insertion loss in the circuit with power amplifier
PA In in operation. The three types of antennas, shown in Figure 1, are the erectable antenna,
which is used during lunar stay operations, the steerable antenna, which is the primary tnnight
antenna, and two omnidirectional antennas, which may be used as backups. These antennas are
switchable by the astronaut.
With reference to the control functions which the crew exercises over this system, the
astronaut has control over the telemetry bit rate through selection of either 51.2 or 1.6 kilobits.
He also may turn the ranging channel on or off by a manual control on the panel which allows
the ranging channel to be turned of! when PRN ranging is not being used, thus eliminating the
turnaroWld of the up-link subcarriers and nOise which is detrimental to the down-link performance. Another control selects PM or FM such that the LEM can transmit either FM or
PM, but not both. The crew can also select transceiver one or two and the power amplifier
(PA *2) or backup power amplifier (PA IH). In addition, the crew has manual control for pointing the steerable antenna for initial acquisition.
Table 5 lists the characteristics of the three types of antennas used. The steerable antenna,
a 2-foot parabola which is the primary infl1ght antenna, angle-tracks the MSFN station automatically. The erectable antenna, a 10-foot parabola, is used to provide the additional gain
needed for the TV transmission from the IWlar surface. It is stowed in flight and is erected by
the astronaut on the lunar surface. The low-gain omnidirectional antenna serve as a backup to
the steerable antenna. In lWlar orbit the astronaut can switch between either of two omnidirectional antennas located on opposite sides of the spacecraft for optimum commWlications.
As shown in Table 6, the steerable antenna ls a 2-foot parabola with on-axis transmitting
gain of 20.3db and receiving gain of 16.5db. The noticeable difference in the transmit and receive gains is due largely to the RF tracking technique wllich degrades the receive performance.
The RF angle tracking involves a feed system for sampling four quadrants and deriving
the error signals. The 3db beamwidth is between 12 and 14 degrees and polarization is rightcircular with an elipticity of less than Idb within plus or minus 4 degrees of the boresight axis.
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Table 5
Characteristics of LEM S-Band Antennas.
Na me

Type

U"

2' P a r abola

Stecrable

Primary In_Flight Antenna

Allto- Trac ks MSFN Station
Erectable

10' P a r abola
Stowed In_Flight
E rected on Luna r Surface

Primary Lunar-5tay Antenna

Ornul
(Bac kup)

Low-Gain Omnidirectional
(Can Manually Sv.itch Between

Backup to Steerable

2 Antennas)

Table 6
Characteris tics of LEM Steerable Antenna (S-Band).
2' Parabola

Gai n (On-Axis)

Transmit: 20.3 db
Receive: 16. 5 db

Beamwidth (-3 DB)
Polarization

Rep

Ellipticity

< 1 db Within :t4° or Boresight Axis

Pointing

RF Tracke r

Lobe on Recei ve Only

Utilizes S-band t ransceive r ACC to
deri ve error signals

The pointing of the antenna is accomplished by RF angle tracking using a lobe- on-receiveronly tec hnique . Original LEM plans called for an IR tracker much Uke that in the CSM tracker;
however, it was fOWld that during the LEM descent phase, there are certain mane uvers which
could place portions of the LEM structure within the line-ai-sight between LEM and earth. The
infrared system could then lock on the LEM itself requiring the Hight crew to manually reacquire earth. Since this was an Wlacceptable crew tas k, seve ral alternatives were considered
such as extending the boom, providing auxiliary antennas, and using an RF tracke r . The latter
was the method c hosen.
Table 7 gives the characteristics of the LEM erectable antenna. This is a lo-foot parabola
with an on-ax1$ transmitting gain of 34 . 0, receiving gain of 32.5db and a beamwidth 01 3 degrees at the 3db pOints. Polarization is right-circular with elipticUy less than Idb with.in 1.3
degrees of the boreslghl axis. This antenna Is erected on the lunar surface by the astronaut
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Table 7
Characteristics of LEM Erectable Antenna (S-Band).

10' Parabola
Gain (On-Axis)

Transmit; 34.0 db
Reeeive: 32.5 db

Beamw\dth (-3 db)

"

Polarization

RCP

EllipUcity

<1 db With in sl.3°

Pointi ng

Manual by Astronaut Aided by Sighting Devi ce

Dimensions When Stowed

3 ' Long x 10" Diam eter

Tab le 8
Cha r ac te r is tics of LEM Omniantennas (S-Band).
Type

2 Conical Spirals

Gain

Not LeSB Than -3db Over 5S!}',

of Spherical Area (assumes

Or Bore-sight AXis

and pointed by a visual alignment with the center of the earth . The astronaut will be able to
align the antenna accurately enough to a c hieve
good communications . The size of this to-root
antenna while stowed in the LEM is to be less
than three feet in length and 10 inches in
diameter .

switching)

Polarization

RCP

Table 9
LEM S-Band Equipment Weight and

Power SUmmary.
Weight
Item

(Ibs )"

S-Band Transceiver

20. 2

29

P ower Amplifier and
Diplexe r

13.0

65.2

PMP

Stcerablc Antenna

9

20.0

(Including

electronics)
Erectable Antenna
Backup Antennas

,

DC Power
(Watts)·

10.0

2. ,

17. 0
20.0

The LEM omnidirectional ante nnas , shown
in Table 8, consist of two conical s pirals with
the specified gain not less than · 3db over 85
percent o f the spherical area . The spirals are
switchable for optimu m coverage . The polari·
zation [or the omniantenna is also right· circular .
Table 9 gives the pres ent power and weight
estimates of the LEM S·band equipments.
Table 10 shows the LEM S·band circuit
losses. Circuit losses vary with transmission
power. transmit or receiver c hannel and the
antenna selection. The difference between the
high-power and the low-power loss values is
due to the insertion loss of the powe r amplifier
system. The non- operating power amplifier
system Is in the transmit leg even when trans·
mUting in the low-power mode. Thus , an addi·
tional insertion loss appears in the low-power
mode which does not appear in the high· power
mode.
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In the case oUhe erectable antenna, high

losses are basically due to long cable rwts.
A 65-foot cable run is necessary to allow the
astronaut ample room to select a suitable
place for erecting the antenna. Therefore, in
the low-power mode with the erectable antenna there are some very high circuit
losses.

Ta.ble 10
LEM S-Band Circuit Losses .
AntcMa

Losses (db)
Transmitting
High Power

Stecrable

Transmitting
Low Power
7.9

5.5

Receiving
6.3

Ere<!table
9.1
11.5
10.0
Table 11 gives the expected circuit
margins for normal down-link comm\UlicaOmni
7. 6
5.3
6.1
tions. No margins are given for the up-link,
since the 10 kilowatt transmitter power on
the groWld minimizes the problem of up-link communication with the LEM at lWlar distance.
The first mode uses the steerable antenna at 20 watts while transmitting the carrier, range
code, voice, biomedical data and telemetry. The resulting circuit margins are based on the
circuit loss values given in Table 10. These margins are calculated assuming an 85-foot antenna, a system temperature of 326 degrees kelvin and operation at lwtar distance. The system
temperature is quite high and a 2 or 3db improvement in these margins can be expected by
using the cooled parametriC amplifiers now being implemented for the ground stations. In the
first mode, the voice/ biomedical channel has about a 6.6db margin, and high bit rate telemetry
has a 5.2db margin.

The erectable antenna normally uses a transmiUing power of 0.75 watts for lunar stay
mode when not transmitting TV. The carrier margin is 24.6db, the voice/ biomedical margin,
3.2db and the low bit-rate telemetry margin, 5.8db. If the modulation indices had not been
Table 11
Expected Circuit Margins for Normal LEM Down-Link Combinations.
System
Configuration

Channels

Stcerable Antenna.

Carrie r

32.2

20 Watts

PRN Ranging

20.3

Vo ice/Biomed

6.6

Telemetry (51.2 KBPS)

5.2

24.6

Erectable Antenna

Carrier

0.75 Watts

Voicc/Biomed
Telemetry

.

i\Iargin
(db)

(1.

3.2

b KlH"~'

Erectable Antenna

TV, Voice/Blomed, TM on

20 Watts

~'M

Channel

.

5. iI
2.3
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reversed, the voice/ biomedical margin, which is 3.2db in this case, wouLd be minus 3.9db and
telemetry would be plus 12.9db.
The margin for the FM mode is low, but with a low system temperature, the margin should
increase enough to assure good quality TV from the moon.
The above margins have assumed that the antenna is pointed direcUy at the center of the
moon; however, during the infiight modes, the antenna could be boresighted at a spacecraft
near the edge of the lWlar diSc. Thus another slight improvement in signal performance may
be expected.

UNIFIED S-BAND RF SYSTEM COMPATIBILITY TEST PROGRAM
by

A. Travis

Manned Spacecraft Center

ABSTRACT
The bac kground, history, and prescnt status of the UnUied S-Band RF Sys-

tem compatibility program are presented. A diagram of the test conIiguration is
furni shed and the e quipment uUiJzed In t esting is outlined. The tests which have
been accomplis hed are enumerated and the general results are given .

The responsibility of verifying spacecraft- ground-systems compatibility through systems
analysis and tests has been assigned to the Information Systems Divi sion of the Manned Spacecraft Center. To fulfill a portion of this responsibility, the Unified S-Band RF System Compatibility Test Program is being conducted, and the background, history. and present status of
this program will be presented. Approximately one year ago it was deddcd that the ground and
spacecraft system development status was such that it was pOssible and desirable to make an
intensive effort to plan and conduct the S-Band Electronic Systems Test Program (ESTP). The
initial objectives were to:
1. Insure basic signal compatibility between the Block I USB spacecraft system and the
S-band g round equipment.
The tests which have been accomplished include: Gross compatibility tests as a first overall
look at the quality of the operational modes for Block I, data channel performance te sts which
consisted of a detailed examination of each communication channel and s ignal combination, and
detailed investigation of the problem areas noted during t he other tests.
General results of the tests show that Block I systems are compatible with the mission
reqUirements under some const raints, which have been defined; and severa l problem areas have
been delineated.
Some of the prOblems represent system constraints, othpr~ have a!!ected the des!.:;n ~!
spacecraft and ground equipment, and the remainder require further investigation. Tests which
are int ended to investigate the latter problems are presently being planned and will be conducted
in the near future. In addition to the written reports, periodic hripfin r:~ ?!"!d reviews 2!"e held
for interested parties.
Test results are documented .in monthly activity reports, test-review reports, and a final
report. The final report On the Block I tests will be published in the near future.
243

244

A. TRAV IS

The new receiver/ exciter subsystem, which was furnished by GSFC, and a Block I transponder are presentl}" being modified to Manned Space Flight Network (MSFN) and Block II

specifications.
2. Establish performance limitations and communications circuit quality for the early
Apollo flights by experimental means and evaluate the results by comparison with. theoretical
analysis.
3. PrOvide a high degree of the assurance that the first Apollo USB flight tests would be
successful.

4. Provide data as soon as possible on design improvements required for future development of spacecraft and ground systems to meet mission requirements.
The test planning has been a joint effort of the Manned Spacecraft Center (MSC), NASA
Headquarters, Goddard Space Flight Center (GSFC), Jet Prol)ulsion Laboratory (JPL), Marshall
Space Flight Center (MSFC), and the spacecraft contractors. MSC awarded Motorola Communications and Electronics, Inc., the contract to work with MSC and the other participants in
conducting the system tests at MSC.

GSFC, JPL, North American Aviation, Inc., and Collins Radio Company have provided onsite assistance by operating and maintaining equipment, as well as by handlin~ information distribution to and frOm their home office.
Between July and December 1964, the facility at MSC was preparl'd and furnished with a
modified deep space network receiver/ exciter subsystem, ranging subsystem, engineering
models of the data demodulators and subcarrier OSCillators, and engineering models of thc
Block I Command and Service Module spacecraft equipment, These, along with special supporting equipment , were assembled, carefully checked, and calibrated so that COntrolled tests
could be conducted.
A block diagram of the test configuration is given in Figure 1, and the operational equipment
utilized in performing these tests includcs: Receiver/ exciter subsystem, ranging subsystem, Signal data demodulator, subcarrier oscillators , and spacecraft equipment. Equipment shOwn at the
right of the chart is for the spacecraft systems, while the equipment at the left is for the ground
systems. The spacecraft equipment is separated from the ground equipment by an RF-shilded
enclosure, to insure that both the spacecraft and the ground equipment arc sufficiently isolated an
that the received signal strength can be accurately controlled by the RF path. Tests utilizing the
modified transponder, Command and Service Module Block I D-Models, Lunar Excursion Module
production equipment, Command and Service Module Block II equipment, S-IV-B production
equipment, and the up-dated ground station will be initiated in the near future.
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COMMAND AND COMMUNICATION SYSTEM
by

B. Reed
Marshall Space Flight Center

ABSTRACT
The Command and Communication System (eeS)

consists of a transponder,

power arnplUler and antenna system. The CCS Is located In the S-IVB Instrument unit and is capable of up-data command, down-link telemetry and turnaround ranging. A brief description of each stage or the Saturn V vehicle is
presented. The S-TVB is the third powe red stage of the Saturn V vehicle and
separates from the Apollo spacecraft at a distance of approximately 20 ,000 nautical miles from the earth. The operational requirements of the CCS during the
period up to and. including separation are described. This consIsts of the launch,
parking orbit insertion , and injection phases of the Apollo mission. Electrical
snd environme ntal s pecifications of the CCS are presented. The errors in the
transponder due to doppler shift and doppler rate are tabulated versus Input
signal level. Loop bandwidth and su ppression factor versus signal level are also
included. The CCS omni- and directional antenna system and their switching and
coupling nctwons are described. A system analysis Is presented and gain
margins are tabulated for the up-data link, ·down telemetry link and the BF
carrier.

INTROOUCTION
The S-IVB command and communication system (CCS) is a phase-coherent receivertransmitter capable of establishing a communication link between the unified S-band (USB)
ground stations and the instrument UnIt (IU) of the Saturn V launch vehicle. Specifically, the
CCS will: receive and demodulate command up-data [or the guidance computers in the IU;
transmit pulse code-modulated (PCM) miSSion control measurements originating in the S-IVB
and the IU to the USB ground stations for processing; and coherently retransmit the pseudorandom
noise (PRN) range code that is received from the USB ground stations. The CCS physically
consists of a transponder, power amplifier, and antenna system. Each of these will be described
later .

SATURN V VEHICLE
We will nl)w ~y.am!!:.~ th~ S::.t:.:.rn V ·.ehide to ~stiltli:;h ill! n:ia~ion to the (;(;8. The Saturn V
consists of three powered stages and is shown in Figure 1. The first stage is deSignated the
S-IC and is the stage normally called the booster. The S-IC is built by The Boeing Company.
R has a cluster of five F-I engines which burn liquid oxygen and RP-I kerosene. Each F-I
2.7
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The second powered stage, designated
the SoU, has a cluster of five J-I engines
which burn liquid oxygen and liquid hydrogen .
Each J-I engine produces a thrust of 200,000
pounds for a stage thrust of one mUlion
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L SS / FM
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million pounds for a total S- Ie stage thrust
of seven and one-ball million pounds. The F-I
engine was developed by the Rocketdyne
Division of North American Aviation.

S[cUU RANGE
SAFETY

COMMAND

COMMAND

figure I-Saturn V in!otrumentotiol'l syslen'1$.

pounds. The S-D is built by North American
Aviation and the J-I engine, by Rocketdyne.
The third powered stage, designated the
S-IVB and built by Douglas Aircraft Company, has one J-I engine for a stage thrust
of 200,000 pounds. In addition, the S-IVB
J - I engine has a restart capability which will
be explained later. The CCS is contained in
the IU, which is rigidly attached to the S-IVB.
The Apollo spacecraft is then attached to the
IU.

The total height of the Saturn V vehicle including spacecraft is 110 meters. The S-IC is
42 meters high, the S-II, 25 meters, and the S-IVB, 19 meters. The Saturn V as described
has a capability to put a 200,OOO-pound payload into earth orbit or to thrust a 90,OOO-pound
payload to escape velocity.
A nominal moon mission will consist of a 72 degree laW1ch azimuth. The S-IC will burn
first. After the S-IC fuel is expended, the S-IC and S-ll stages separate. Separation is
achieved by retro-rockets on the S-IC thrusting in the flight direction to slow the S-IC down
and ullage rockets on the S-lI thrusting opposite to the flight direction to speed the S-ll up.
After sufficient separation time, the S-II engines are ignited. After depletion of the S-ll fuel,
the S-II and S-IVB separate in a maMer similar to the separation of the S-IC and S-ll. Upon
separation, the S-IVB engines will ignite and th.rust the S-IVB and the spacecraft into a 185kilometer (100 nautical mile) earth parking orbit.

Once the orbit is established, the S-IVB engines are shut down W1til an injection opportunity is presented. This may take from one to four orbits. At the time for injection, the
S-IVB engines restart and the S-IVB and the spacecraft are injected into a IWlar trajectory.
The S-IVB provides attitude stabilization for approximately two hours after its second burn
and separates from the spacecraft at a distance of approximately 20,000 kilometers from the
earth .
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CCS OPERATIONAL REQUIREMENTS
The operational requIrements of the CCS include command up-data, down-link telemetry
in which ranging is desirable but not mandatory. COmmand up-data is not required on a
continuous basis throughout the entire moon mission. The requirement for command varies
according to the particular phase of the flight prOfile. During the launch phase, there is no
requirement for up-data, the logic being that the launch is of such short duration that there
will not be sufficient imte to analyze and make an action decision on unpredictable situations.
The guidance computer is triple-redundant and is programmed for all predictable situations.
After insertion into an earth parking orbit, command up-data will be required on a noncontinuous basis for crew and equipment checkout. If all systems are functioning properly,
the computers will be corrected if necessary and updated with the data required to accomplish
injection.
During the injection burn (second S-IVB burn), command up-data will be required on a
continuous basis to take advantage of any injection opportunity. During this period, the ground
stations will monitor the vehicle and determine the first injection opportunity. At a distance
of apprOximately 20,000 kilometers, the S-IVB/ IU separates from the spacecraft and is no
longer needed for mission success. The CCS requirement is then complete.

TELEMETRY
The telemetry (TM) systems Oil the Satu.t¥l V are shown in Figure 1. Each stage has its
own sell-sufficient telemetry link. IXlring the launch and earth orbit phases, VHF transmitters
Table 1
Down-Link Telemetry VHF-UHF
Parameters

VHF

UHF

Transmitted Power (20 w)

+43 dbm

+43 dbm

Modulation, Polarization" Cable Gain

-5.1db

-S.ldb

Transmitter Antenna Gain

-3db

+12db

Space Loss (260 mc - 20,000 km)

-167db (2.2 gc 20,000 km)

-185.l)db

Receiver Antenna Gain

H Sdb

±44.Odb

Reeeiver Gain

-O.Hdb

-0.2db

Received Input Power

-114.1 dbm

-94.8db

No!ee Dc:':.s ity (KTD)

-i73,4 dum/cycie

-173.4 dbm/ cycte

Noise Bandwidth (150 kc)

+51.7 db

+51. 7db

Receiver Injeeted Noise (NF)

+4,Odb

+2.5db

Noise Power

-117.3 dbm

-119.2 dbm

Actual SIN

+3.2db

+24.4db

Required SI N

+13.Odb

+13db

Circuit Margin

-9.3db

+l1.4db
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are the pri me TM source making ecs TM unnecessary at this time. At distances of approximately 10,000 kilometers and greater, VHF transmission is inadequate, primarily due to spacecraIt and ground ante nna gains. Table 1 is a comparison between the VHF and UHF transmission
links. After injection, the ecs transponder and a UHF trans mitter become the prime TM links .
The mission control data from the S-IYB
stage and the IU are interconnected suc h that
both sourc es of data are available at either
DATA
.U
source , This makes the mission control
)(MTR
'M
data double-redundant during the launch and
MISSION
[=:c~c~':::::learth ol'blt phase via a UHF transmitter and
CON TtOl
T14NSI'ONDtk
the CCS in the IU (Figure 2) .
~_ME.:sUl\e~~S___
_ _______ _

"'"

_____ ..J

- .. SoN'
DATA

S- I!ZS

VHF
XMn

The TM data from the S- IVe and IU
have different PCM formats. However, the
mission control data occupies the same time
f igure 2-Telemetry systems.
slots in both formats making the recovery
of the miss ion control data simple regardless of which receiver is demodulating the PCM
stream .

'M

TRACKING
Under normal circumstances, there is no mandatory tracking requirement of the CCS ,
Ouring launch, tracking is provided by C-Band beacons and surface radar with the Command
and Service Module (CSM) transponder prOviding tracking during other phases , The CCS
transponder will have PRN turnaround capability and may be used as a bac kup to the CSM
transponder in case of failure or desire for a cross-check.

CCS TRANSPONOER OPERATION
The CCS transponder consists of a double-conversion phase-coherent receiver and a continuous wave (CW) transmitter in which the received and transmitted signal are integrally
related in both frequency and phase, Figure 3 illustrates the operation of the transponder.
The received frequency is designated221f and is nominally 2101.8 megacycles where f is nominaUy9.S1 megacycles . The first mixer converts the 221f input to the first intermediate frequency
(IF) of Sf using a local oscUlator of 216f. The first IF amplifier has a bnadwidth of 4 megacycles and a gain of apprOximately 100db with an automatic gain control (AGe) range of 12Odb.
After amplification, the Sf signal is converted to f in the second mixer using 6f as a local
os cUlator , The second IF amplifier is at a frequency of f and has a flxed gain of .54db and a
bandwidth of 10 kilocycles, which is determined by a crystal bandpass filter . The second IF
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output is then limited to a constant signal plus noise (S+N) level of +15dbm before being presented as one Input to the loop phase detector.
The other input to the loop phase detector Is from a crystal voltage -controlled oscillator
(VeO) which has been divided by two. It will be noticed that both local oscillators (216f and

6f) are the 2f veo multiplied by 108 and 3. This makes the 216f and 6f local oscillators frequency and phase-coherent with the 2f veo. Since the loop phase detector Is phase-comparing
the converted input and the divided veo, any phase d1!ference between the two will cause an
output from the phase detector related to the phase difference.

E.!..f

,U.

veo

fiLTER

-

L"

I
TO COMMAND D£COlO£.

MIX ER

I

I

MLXfR

I

-+--''-1

!ALANCED .....

""

-

, ...LNC"c,=.C
e"OMMAN•

.___~~~~~~1-_____.I~N
COMMAND

2010 1

MO.

,.

f

TItANSM ITTU SHUTDOWN
PCM

'nEMET~Y

I

COO£

SWITCH

""

flOM AGC

lANGE

PfMOOULATIQN

-

r

__ -oj

' ~HAs.e

"

AVX

0 '<

1
GAU)

MOOULAJ[D

1.0'24 Me SUICARKI!.

L _

_

_ _ _ _- '

Figure 3-Tron$ponder block diagrom (ABC loop nol ~how,,).

The output of the phase detector is then processed by the loop fllter and applied as a
control voltage to the veo. This control voltage is such that the phase difference between the
converted signal and the divided veo will be reduced. The amount and rate of reduction are
dependent upon the loop fiiter, the limiter, phase detector, and the veo. This will be covered
i.n the c..-:alys is section late r. The receiver i5 110W ci)nsid€ l' ~ in .. "lock.;.d'· '::uuuiti un and the
veo will foll ow the input signal in phase and frequency and wlll titus contain the up-link doppler s hift .
The com ma nd up-data is frequency-modulated (FM) on a 70 kilocycles sub-carrier and
70 kilocycle sub-c arrier i s tlten phase-modulated onto the RF carrier. The PRN range code
is di r ectly phas e- modulated onto the RF carrier. The second mixer has a second output of
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f, or approximately 9.51 megacycles. The f output is then amplified and limited before wldeband demodulation using the divided veo. The output of the demodulator will be the 70 kilocycles
sub-carrier and the PRN range code at baseband. The demodulated signal is then passed
through a 70 kilocycles bandpass filter with a bandwidth of 20 kilocycles to remove the command
sub-carrier. The sub-carrier is limited and FM-detected using a pulse-averaging detector.
The FM-detected output is video-amplified and presented as an output to be further processed
by the command decoder. The baseband PRN range code is one input of the transmitter
modulator to be described later.

The transmitter section of the transponder receives 2f from the veo and multiplies it by
4 to Sf. The 8f is then phase -modulated and multiplied by 30 to 24Of. It is thus seen that the
received and transmitted frequencies are Integrally related by a ratio of 240 to 221. The
phase modulator of the transmitter has two modulation inputs, the PRN code and the down-link
telemetry sub-carrier. Either modulation input may be separately set to modulate the downlink R-F carrier to 2 radians Cor a peak modulation capability of 4 radians.

The down- link telemetry sub-carrier conSists of a 1.024 megacycle crystal oscillator that
is bi-phase modulated by 72 kilocycles nonreturn to zero PCM data which cOntains mission
COntrol measurements. This sub-carrier is compatible with the USB ground stations althOUgh
its bit rate is different from the Lunar Excursion Module (LEM) and Command and Service
Module (CSM) PCM bit rates.

An auxiliary oscillator is included so that when the receiver is unlOCked, the auxiliary
osclllator will provide a noise-free carrier for the transmitter. Upon lOCk, the auxiliary
oscillator is gated out by the receiver AGC.

AGe is provided by a second phase detector which phase-detects the unlimited second IF
and the divided VCO phase shifted 90degrees. This detector will therefore have an output
directly proportional to the amplitude of the input signal. The AGC system is designed to
maintain tbe signal input into the limiter a constant power within 3db over the operating
signal dynamics.

Figure 4 is a gain, bandwidth power distribution of the transponder. It relates signal and
power levels and signal-to-noise ratios at various points in the transponder under locked and
unlocked conditions. In the unlocked condition, all amplifiers are at maximum gain since there
is no AGC voltage developed.

Since the CCS and LEM transponders have identical frequencies, there exists a possibility
of Interference if the two are Operated Simultaneously at close range. The CCS transponder
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has the capacity to shut down the transmitter upon external command. This shut down command
will be initiated before the LEM transponder is used. The CSM receiver will remain alive so
that commands may be received at all times. It is desirable but not essential that the CCS
transponder transmitter be turned back on after sufficient separation from the LEM transponder.
This will allow turnaround ranging to more completely define the trajectory of the S-IVB
after separation from the spacecraft.
Tables2 and 3 show the main electrical and environmental specifications of the CCStransponder
At the data of publication, power amplifier proposals were under evaluation so the power
amplifier will not be described. Its main characteristic is to raise the CCS 500 milliwatts to
20 watts.
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Table 2

ecs

Electrical Characteristics.

Frequency Received

2101.8 cps

Frequency Transmitted

2282.5

Offset Ratto

240/ 221

Noise Figure (including preselector)

13db

Threshold Noise Bandwidth (BI,..o)

400 cps

Strong Signal Noise Bandwidth

2330 cps (2BL)

Carrier Threshold (SIN = +6db)

-126db

Dynamic Range

lOOdb (12Odb capability)

Transmitter Power

500 mw

veo Gain (Ky)

400

Phase Detector Gain (ke)

0.35 volt/degree

Phase Multiplication (M)

110.$

Tracking Range

.d 8S kc

Inpu~

28

Power

cps

cps/ volt

:t.

4 VDC@ 32,$ watts

Weight

20.5 Ibs.

Siu

5.4 x 9.8 x 14.9 Inches

Table 3

ecs Environmental Characteristics.
Temperature (Operating and. Storage) -20· C to +8S·C
Vibration:
Random Noise

20-59 cps at 0.04 gl/CpS/S

(5 minutes In
each plane)

59-126 cps at 9db/octave
126-700 cps at 0.4 g Vcps/S

700-900 cps at 18db/ oct.ave

900-2000 cps at 0.09 g7/cps/S
Shock:

50 g for 11 milliseconds with a shocks In three perpendicular planes

Acceleration:

100 g for one minute in three perpendicular planes

Vacuum and
Pressurization:

Less than 1.0 psi leakage per 24 hour period when pressurized to 15
pslg and subjected to a vacuum of 1.5 X 10- 6 millimeters of mercury.

RF Interference:

MIL-I-6IaID
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ANTENNA SYSTEM
The antenna system for

ecs is being designed to

meet three requirements:

1. To provide adequate coverage for pre· launch and launch conditions.

2. To provide the wide angular coverage required at low altitude during parking orbit,
where roll maneuvers will be performed
3. To provide adequate coverage of aU stations which are optically visible during the
period from injection to spacecraft separation.
To meet these requirements, a system consisting of an omnidirectional antenna pair for
the receiver and an omnidirectional pair and a directional antenna for the transmitter are being
designed. The omnidirectional pair for the receiver will be permanently COnnected and will
maintain essentially omnidirectional angular coverage for the receiver from launch throughout
the mission. The transmitter will operate into an omnidirectional pair from launch through
injection to a polnt approximately 10,000 kilometers from the earth. At this distance, the path
loss becomes great enough to require additional gain from the vehicle antenna, and the tranSmitter is then switched to a directional antenna having a gain of about 6 db initially. The beamwidth of this antenna will be adjustable, so that it may be reduced as the range becomes greater,
the angle subtended by th e earth becomes smaller, and t he required gain increases . The
orientatiOn of the directive antenna pattern remains fixed with respect to the vehicle, and
directing of the pattern toward the ground stations is accompli.shed by attitude control of the
vehicle.
The omnidirectional antenna elements
are rectangular hall-loops, located diametrically opposite on the vehicle body and driven
with equal power. The directional antenna is
a 3x3 array of Archimedian spirals, connected through a s witchable system of phasing and power·dividing transmission lines.
The antenna system is shOWn in Figure 5. As
can be seen, the ees transponder and the
UH F TM transmitter may be switched to
s hare an omniantenna or to their OWn separate directional antenna as desc ribed above.
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'"

XMn

cCS / PCM
5WlTOt

n ..
'"'

""'"

XMU

SWITCH

PC..
OI~fCTION"' l
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Figure 6-Anlenna 'y,tem.

PHASE LOCK LOOP ANALYSIS
The criteria that determined the ecs RF carrier- tracking loop design was the required
20,000 ki]om~t'i!r ccm:-:".~n!catto" link I.' all!!;'" and i.he received lrequency dynamics caused by a
combination Of vehicle velocity, acceleration, and ground station acquisition procedures.
The following standard phase-lock equations were used to calculate the loop errors and
characteristics under the combination of signal strength and frequency dynamiCS listed with
the equations:
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1. Threshold loop bandwidth, BUI

. )'n
_ (40'
42ii1
f

-

,

'=

400 c p s.

2. Loop bandwidth, BI.

3. Loop nOise bandwidth, BN

4. Signal suppression factor,

Cl

s

N < l Odb

II

0.

°

0

at threshold whe re

n " noise into the limiter
s

signal into the limiter.

5. Phase e rror due to acceleration, ,' ,I,

t' . "

a
( 40')'( f) (",)
48 ..)

where

"

doppler frequency offset due to acceleration.

6. Phase error due t o velocity, By
8

-

v

(mu i murn dopp l e r frequency )
~lK. co\ (m) (a.)

where phase detector gain '" .35 volt/cycle,
M "

veo

360"
><

gain'" 400 cycles/ volt

multiplication ratio" 110.5 .

7. Available tracking loop gain, c.
G• •

( 360 )

(K.) (K".)

(m) ( o)

8. Required tracking loop gain, Gil
maximum doppler fr equency o ffset
threshold phas e error at detector

G...

:>

G. if the loop 1s to be functional.
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The two doppler dynamic conditions considered are:

r

I :;: 63 KCS 2

Case I {

i, S JSKCS'

Case

n

{

KCS

f d2 ! 190

Table 4 is the tabulated velocity and acceleration errors calculated to be produced by the
transponder under case 1 doppler dynamics. Table 5 Is the calculated errors In the transponder
under case [I doppler dynamics. Figure 6 shows the phase errors tabulated for the two doppler
Table 4.
Tabulated Veloc ity and Acce le ration Errors Produced by Transponder Under Case I Doppler Dynamics.
f d .. 18 1.5 KCS;

•
.242
.260
.280
.300
.320
.340
.360
.380
.400
.450
.500
.S5G
.600
.650
.700
• , "v
. 800
.850
.900
. 950
.980

e,

Ii.

B,

39 . 8"
37.03404·
32.1·
30.1·
2 8.3·
26.8·
25.3'
24.1"
21.3"
19.3·
17.6·
16.014.8"
13.S"

46.5·
43.8"
42 .039.037.034. 5·
32.5·

400
420

t;t .!:!'

12. 011.3·
10.7'
10. 1·

9,'-

30S
29. 1·
26.1*
23.4·
21.2"
19.5·
18.0·
16.8·
15.6·
14 .6·
13.8·
13.0"
12.S·
ll.:r

."
."
m

508
530

552
57'
629

".
744

798
853

908
963
1018
1073
1128
1183
1138

i "'

.

INPUT
SIGNAL
LEVEL

63 KCS 1

PRE.
DET.

,,

".,

-132.0
-131.4
-130.7
- 130.0
- 129.4
- 128.4
-128.2
-127. 7
-127.1
- 125.5
- 124.7
- 123 .3
-122.4
-121. 3
- 120.1
-118.9
- 117.4
-115.7
- I1 S.6
- 109.8

-11.0
-IDA
- 9.7
- 9.0
8,4
7.4
7,2
0,7
6 ,)
4.5
:1 .7
2,3

-lOG . O

SI'

- I.'
- 0,3
•
•

O.~

2.1
3,0
• 5.3
7,'
· 11.2
· 15.0

-

·

AVAILABLE
LOOP

'"'
1.339 x 10 6
1.441 x 1()6
1.550 x 10'
1.662 X 106
1. 770 x 10'
1.880 x 10'
1.996 x 10'
2.1 10x l 0'
2.220 x 10'
2.448 x 10'
2.77S X !CA
3.050 x to'
3.330 x 10'
3.600 x 10'
~.f!70 ~ H)~
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4.440
4.71 0
4.990
5.200
5.540
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X 10'
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X 10'
x 10'
x 10'

RE~IRED

L ,

G.~ I N

2.573 X 10 6
2.573 x 10 6
2.573 X 10'
2.573 X 10 6
2.573 X 106
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2.573 X 10'
2.573 x 10 6
2.;j73 x 10 6
2.573 x 10.
:'.;;73 x iu~
2.573 X 10 6
2.573 X 10'
2.573 X 10'
:0::.;;; 3 " iv~
2.573 X 10 6
2.573 X 10 6
2. 573
2.573
2.573
2.573

X 10'
X 10'
X 10 6
X 106
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Table 5

Tabulated Velocity and Acceleration Errors Produced by Transpoodcr Under Case II Doppler Dynamics.
fd =
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verws ;"'PUt signcJl level where Ov , ond 0" , represent
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dynamic conditions plotted versus transponder Input signal level. The errors calculated in Tables 4 and 5 used the apprOXimate
formula for the suppression factor, alpha.
The approximate formula was used to make
the error calculations a s imple computer
run . The apprOximate formula actually
produces a greater phase errOr as shown
by Figure 7 . Figure 8 Is the exact and actual
suppression factor ploUed versus !.ignal
level. In all tases the approximate suppression factor is equal to or less than the
exact suppression fact or, Since error due
to velocity is inversely r elated to the
suppression factor, the approximate solution
will yield a greater e rror than the exact
solution under the same doppler dynamiCS.
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SYSTEM MARGINS

...

The system margin calculations were
performed for the up-link command, range
code and carrier and for the down link telemetry, range code and carrier.

•••
..•••,
•••

Standardcommunications equations were
used to arrive at the circuit margins.
1. Assumptions:
a. These calculations were based
upon the sub-carrier frequencies being 1.024
megacycles for telemetry and 70 kilocycles
for the command. The modulation indices
were taken to be 1.22 for both sub-carriers
and 0.6 for the range code
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miles or 48,600 kilometers.
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Figure 7-Loop bandwidth and suppression foetor versus
input signal level, where " '" (1 + 4/ -: N/S) - 112 , Bl
BlO (1/3 + 2 >/3" 0)' '40 =: 0.242, and BlO = 400
cps.
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b. The sub-carrier demodulators
were assumed to be standard Foster-Seely
type discriminators.
c . The circuit losses that were estimated are so marked.
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Figure 8-Signal su ppression versus input signal level
and SIN in predetection BW, when (\ =: f 1/(1 + 4/" NlS)
(approximate) where N equals KT8f (noise power in
prcdc~~=~iv;; II'.'.'), S <:"Iu .... :~ ~;9na' power, i\.o equais
400 cps, Bl F equol$ 10 kilocycles, and F ~ equa ls
13db.
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TYPICAL ACQUISITION PROCEDURE
by

R. H. Newman

Goddard SPace Flight Center

ABSTRACT
The problem of acquisition is considered from thegroond operational aspect
during earth orbit for each of the following tasks: (1) Spacecraft illumination,
(2) Tw~way RF acquisition, (3) Data acquisition, (4) Range acquisition, (5) Angle
acquisition, and (6) Station·to-station hand-over.
The time required to perform each of these tasks, total acquisition summary
chart, and ground acquisition aids are discussed.

INTROOUCTION
The typical Apollo Unified S-Band acquisition procedure presented consists of the following
tasks:
1. Spacecraft illumination - to position the groW'ld antenna properly for spacecraft antenna
reception of the ground transmitted up-link.
2. Two-way RF acquisition - to obtain a two-way RF lock between the ground transmitter,
spacecraft transponder and ground receiver.
3. Data acquisition - to lock the ground demodulators and the pulse-code modulation (PCM)
decommutator after RF lock.
4. Range acquisition - to provide the network with a range reading.
5. Angle acquisition - to provide the network with accurate angle information.
6. Station-to-station handover - to handover RF lock from one station to another without
losing down-data or voice [rom the spacecraft.

SPACECRAFT ILLUMINATION
Spacecraft Ulumination depends on the position of the spacecraft antenna and the pointing
accuracy of the ground antenna. Here we will assume that the spacecraft antenna is properly
oriented and only the task of positioning the ground antenna will be considered.
261
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Figure 1 is an attempt to depict the
ground transmit and receive pattern in space.
The acquisition antenna actually has a 10degree receive beam but is not shown because the spacecraft would always be within
the acquisition beam shown for a normal
mission. If other than a normal condition
exists and a signal is not observed in the
10-degree acquisition beam, the antenna control will be changed to one of its search modes.

During the initial acquisition phase, the
antenna program track mode will be utilized.
In this mode, the antenna will be positioned
in real-time in accordance with a predicted
spacecraft flight profile computed prior to
Figure I-Ground tron$mit and re ce ive pattern in $pOee.
launch during the launch phase. The main
beam will be positioned at the horizon initially and will follow the programmed path.
The antenna programmer can be up-dated as required prior to launch by insertion of time and
angle offsets. After the launch phase, up- dated predicts will be sent to all stations if required.
If necessary, the antenna may be deviated from Its predicted path by manually adding X, Y and
time offsets while in this mode.
1.2°

1--'.---1

It should be noted that if the spacecraft Is within the acquiSition beam shown, the spacecraft

and both ground receiving systems will be illuminated at the RF horizon.

TWO-WAY RF ACQUISITION
The unified S-band two-way RF acquisition can be achieved faster and more reliably by
locking the up-link first, because the groW"ld receiver cannot maintain a down-link lock when
the spacecraft receiver acquires the up-link. A method of achieving up-link lock first is given
below:

mOUND
TRANSMITTER
SWEEP
GEN[U,lOR

I

Sf'ACfCRAFT
TRANSPONDER

I
I

TURN .uOUNO
RATIO ASSUMED 1:1

GROUND

Figure 2-Diagram illustrating procedure for two-way
RF acqu isition.

Sweep the ground transmitter over a frequency range sufficient to lock the spacecraft
receiver. After the up-link is locked, the space·
craft transmitter frequency follows the ground
transmitter sweep. The sweep continues until
the ground receiver locks to the spacecraft
transmitter. Two-way lock is indicated by observing that the ground receiver voltage controlled oscillator (Veal is following the
ground transmitter sweep. Figure 2 illustrates
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this procedure. The sweep about the
nominal frequency (Fn) should have a
range sufficient to cover the frequency
uncertainty associated with both the
spacecraft and ground receiver. This
procedure would require modification
to accommodate the transponder in earth
orbit due to doppler shift.

1201«
G~OUND

"",
-------

"

UCEIVU

,,

,,

,

GROUND TRANSMITTU

." ____________-C~-----<C----------------

,
\ ... L S P.... CECAAfT

Figure 3 shows the worse case (overhead pass) of doppler shift anticipated in
earth orbit. The doppler. as seen by the
spacecraft, varies from plus 60 kilocycles
at the acquisition horizon to minus 60 kilocycles at the loss-of-lock horizon. The
ground receiver , if the spacecraft is locked
to the ground transmitter, will see two-way
doppler shift or twice that observed by the
spacecraft receiver.

n .... NspONDER

------------

Figure 3-Worte e a se (overneod pOS$) doppl er
ontieipoted in eorth orbi t.

1.. - 60 Ke-'\l\l\r

GROUND
TltA.NSMIIH~

SWH P

Therefore, a sweep range covering the
total doppler and receiver frequency uncertainty range or the proper selection of
fr£'quency offsets for the ground receiver and
transmitter plus a sweep will allow the
groWld system to acquire the spacecraft at
any time during a pass. Figure 4 shows an
example of how acquisition can be accomplished at the horizon for an overhead pass
using receiver and transmitter bias (frequencyoffsets).

GENERAT~

,.,
-6()

SPAC~CR.A.FT
T~NSPOI~OU

Ke

G~OUNO

'.

-'VVV

REC(IVU

1
81AS

ONE-WAY

OOPPLER ~ t:"J

Kc

+60 Ke

figure 4-Procedu re for ocqulsltlon ot norizon for on

By biaSing the g:roW1d transmitter f n
overheod PO$$ using reee iver 000 tronsmi tte r bios.
minus 60 kilocycles to counteract the f n plus
60 kilocyctes dopple r, the spacecraft appears to receive a Signal at its nominal frequency. If the sweep is adequate to cover all frequency uncertainties of both rcc: elve r s, the spacecraft should ac:qllir" the "-!p-l!~k. Thc spacecraIl output will sweep in step with the ground transmitter after lock about the nominal frequency.
The ground receiver has an f n plus 60 kilocycles bias to offset the f n plus 60 kilocycles doppler.
Therefore, this co mbination (frequency offsets plus sweep) will allow thp e-r . . . '.~!!d system to ~c
quire lOck at anytime during the pass.
In order to acco mmodate this feature and also to provide the capability for reliable acquisition procedures, the ground system flexibility shown in Table 1 is being provided.
Automatic llias decay is necessary so that the ground receiving and transmitting system
can ope rate at lhe nominal fr eque ncy. This minimizes the stress in all receiver loops and
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Table 1

Groond Acquisition System Capllbili lies.

allows the ground transmitter to return to a
stable rrequency necessary for accurate
ranging information ( Figure 5).

Variable sweep r ange

Th e acquisition system also has the capability to sweep the ground receivers for
down-link locks only, H required.

Vari:tblc sweep rate

Thirteen selectable bias levels
Varinblc bi as
On~

opcr3tion selectll pro~r bias ror ground

transmitter and both reccivcI"I;
Automatic biAS decay

nANS~ONO[.

U~'lINK .·f

....,

~
LOCk

~_,

_ _ __

lOCI( UANSMtTlU
TO SYTHfSIZEk

flEO-NOM - - -

stAlT lIAS Df.CAV
Df.CAY SWfU

1. GroWld transmitter bias f" - 30
kilocycles

2. Ground r eceiver bias f ~ + 60
kilocycles
3. Sweep range f " + or - 60 kilocycles
4. SWeep rate -35 kilocycles per
second/ second

CIOlINO netlvEl

.tlAS

Figure 5 r epresents a typical sweep and
bias system that COuld be utilized [or an
overhead pass during horizon acquisition in
earth orbit. It is drawn to scale and would
require three selectable bias levels to accommodate reacquisition during aU phases
of an overhead pass. Biasing is utilized in
order to minimize transponder stress during acquisition . The sweep characteristics
are:

A·'

TWO WAY
......... AQUISITION

COMPUTE
",Q·NOM,""- - _ . - -- _ •• --- ~ - - - - - -

The following s hould be noted when observing the sweep diagram:
1. At the point where two-way acquisition is indicated. down-data is being
received and up-link modulation
should be initiated.

Figure 5- Typicol RF a cquis ition sweep procedure.

2. Two-way lock is recognized on the
ground by nOting the ground receiver
static phase error following the transmitter sweep. The operator can also note the
spacecraft telemetered AGe and demodulator in- lock indicators.

3. The sweep decay function is normally initiated immediately, although the diagram s hows
the sweep continuing.
4. A time lag is shown between sweep decay and bias decay . During normal operation the
sweep decay is manual but the bias decay would automatically start as soon as the sweep
decay reaches zero.
5. The point shown, lock transmitter to synthesizer, is a manual operation that is initiated
alter bias decay (push-button operation).
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6. After the synthesizer and exciter VCO are locked, range rate is available and ratlge

acquisition can be initiated.
Table 2

DATA ACQUISITION
Data acquisition is the task required to lock the
data demodulators and PCM decommutator. This
operation is completely automatic. The time required
for each function is given in Table 2. The PCM decommutator lock time is the time required for biterror rates of 1 x 10 ' 4 or better.

Demodulator Lock Times.
Voice demodulator

1.0 sec

Telemetry demodul:ltor

1.0 sec

P<:m decom (51.2 KBS)
( 1.6 KBS)

0,16 sec
3.7 sec

On - site data processor

0.05 sec

RANGE ACQUISITION
T:'J.blc 3

Range acquisition should be attempted only after
the exciter has been locked to the syntheSizer (time
standard) as indicated in Table 3. The exciter control
operatOr should initiate range modulation on the uplink. Immediately after the range code modulation is
initiated, the range receiver will automatically lock.
Next, the range subsystem operator initiates code
acquisition, which is automatic. The range reading is
then sent to the network equipment automatically.

Range Acquisition Procedure.
Initiate range modulation (manual).
Lock range r eceiver (automatic).
Initiale code aCquisition (manual).
Acqulr(' c od., (.autom"tic).

ANGLE ACQUISITION
Accurate angle information is not considered available Wltil RF lock has been achieved and
the antenna controlled in the auto-track mode.
If it is assumed the spacecraft is illuminated at the horizon with the acquisition and main
beam, two-way lock should occur in both receivers (acquiSition and main) within one sweep
period. As soon as lock is observed in both receivers. signal levels should be compared in
both receivers to ascertain that the main receiver channel is not locked on a side lobe. Table
4 gives the time required to accomplish this fWlchon.

The antenna servo control operator must decide when to switch from the program-track
mode to the auto-track mode. The effects of multipath at low elevation an~les will determine
wtv~!l the switch .:an ut: marie.
It is anticipated that the auto-track mode will be feasible when the antenna is approximately

two to five degrees above the horizon. Multipath will be the only constraining factor after RF
lock before this mode can be initiated.

R. II. NEWMAN
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STATION-TO-STATION HAND-OVER

Table 4

The task required for station-to-station
hand- over is that of transferring up-linkloek
from one staUon to another without downlink loss of lock and with a minimum loss of
up-data. This can be accomplished during
mission phases that have suffiCient overlapping RF antenna coverage to allow that:
1. The up-range station (station A) has

a two-way l ock with the spacecraft
transponder.
2. The down-range station (station B)
acquires the down-link in both receiver channels (acquisition and main
receiver).

Typical Worst Case Time
After Spacecraft Illumination
Before Angle Data AV;libble. ·

Onc transmitter sweep period
Switch to auto-track
(decision timc inc luded)

3.0 sec

Antenna slew time

1.0 sec

Antennll sdtllng time

1.5 Se<!

Total

SWl'CP

period +5.5 sec

"Mu ]"pa,h dice' S nu' <"uns .de,ed.

3. Initiation of up-link transmission from station B at a predetermined time.
4. Transfer lock of spacecraft receiver to station B up-link transmisSion and terminate
transmission from station A.
The task required to achieve a down-link lock with stations A and B Simultaneously is
relatively Simple. The main problem is that of making the spacecraft transponder change
from one up-link to another without switching to the auxillary oscillator mode which is controlled by AGC. If the transponder did switch to the auxillary oscillator mode, both station A
and station B would lose down-link lock because of the sudden discrete frequency change caused
by the switchover. Therefore, station B must place its up-link in the transponder receiver pass
band before station A terminates transmission.
The step-by-st€'p procedures listed below will assume station A has a two-way RF lock and
station B must acquire without loss of down-data and with a minimum loss of up-data during
hand-over. Sufficient overlapping: RF coverage between stations to accommodate ha nd-over will
a.lso be assumed.
Step 1.

(al Antenna in the program track mode.
(1))

Exciter veo manually set to the spacecraft nominal frequency minus the sum
of stations A and B predicted one-way doppler.

(c) Receiver (acquisition and main), VCO set to spacecraft nominal frequency
minus station A's predi cted one-way doppler plus station D's predicted oneway doppler.
(d) Tr,\nstllissioll

thl'ou~h

the main antenna.

(e) Sweep characteristics set for a normal initial acquisition procedure.
Step 2.

(a) Lock the acquisition and main receiver. Lock should occur automatically
without sweep at the RF horizon.
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(b) If a down-link RF lock is not established within a predetermined time, initiate
a normal acquisition procedur e (push button operation).
Ste p 3.

(a) Observe the s ignal power in both receivers a nd ascertain that the main receiver
channel is not locked on a s idelobe.
(b) Asce rtain all de modulators locked.
(c) Switch antenna to the auto-track mode as soon as possible (when multipath
permits).

Step 4.

(a) At a predetermined time initiate the up-link without modulation and with the
transmitter set lor the maximum power out.
(b) An a udible beat should be observed at each station as soon as the up-link is
initiated. Station B changes the exciter veo frequency to obtain a zero beat.
Station A ceases transmission and station B initiates up-link moduLation as
soon as a zero beat is observed. (Beat is caused by the presence of two
carrie rs in the transponder pass band that modulates the down - link.)
(c) Initiat e an initial acquisition pr ocedure if an audible beat is not observed as
the up- link is ene rgized .

Step S.

(a) Offset exciter VCO to s pacecraft nominal freque ncy . Sw i.tch to synthesizer
control when the exciter veo s tatic phase e rror is approximately zero.
(b) Lock range cloc k receive r .

Step 6.

(a) In itiat e range code acquisition .
(b) Continue to monitor spacecraft and ground receive r static phase e rror and

AGe throughout pass .
The above s tep-by-step procedure for hand-over was presented in detail to demonstrate
the total tas k r equi red for a ground station. It should be noted that this procedure is applicable
to a normal horizon acquisition except for the bias level require ments a nd the fa ct that the
exciter veo would be utilized in a sweep mode.
The manual mode presented is recommended for hand-ove r because:
1. If the down- link is locked utilizing the ground receiver sweep mode, the possibility of

locking one of the turned around up-link s ubcar riers (3 0 and 70 kilocycles) is better
t"-an t hat of a cqui.:-i.:-;g tho cal' l'i ...'I' . This can be r ecogmzed but a limo-consuming procedure would be required to ascertain carrier loc k. The manual mode appears feasible
because the s pacec ra(t VCO is being controlled by station A's time standard. The refo re , tt\", dow!!-!!nk f!'cq:.:c;';cy ~ r.d ti:ar,5!J1llluO::I' n:\;~ivl!r pass band can be de termined
very accurately during this controlled period and the maximum e rror will be that contained in prior information given to each s tation whic h shouLd be within the s pacec raft and ground receiver pass bands.
2. The transfe r of up-link is presented as a manual ope ration because it appears t o be the
fa s test way to r eliably hand-over the up-links. utilizing a sweep mode at station B will
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cause transfer of lock when the signal at station B is s tronger than that of station A as
the sweep passes through the transponder receiver pass band. Howeve r, the question
is, when is the s ignal s tronger?

ESTIMATED ACQUISITION TIME CHART
Table 5 gives an estimation of the time required to accomplish Ule different tasks discussed.
The time shown for each fun ction represents the time required from the RF horizon considering
worst case conditions.
Tabl(' 5
ESlimatt' (\ Acquisi ti o n

Function

Tim~'

Chart. '

Comments

SIc illumination

Time after

sic

illuminatio n

At the RF horizon
wi th transmiSSion
through main antenn,l

0.0 sec

(2) TWo-way RF lock

Sweep exciter VCO
(:u::quis ilion and m:J.in
r e<:civcr lockl>d)

8.0 sec

(3 ) AU dcmorls locked

Automatic

9.0 sec

(1)

,

( 4)

Initiate up-link
modulatio:l

(5) Decay s Wl'e p
(Ii)

Offset exc ite r
veo to IlOmiMI
frequency

(7) Lock exciter

veo

2 sec l·ecognition
time :\tlowed aftel·
function (2)

10.0

Manual Op('ration

14.0 SI'C

Automatic (undion
after sweep de cay

16.0 sec

M:l.nu3.1 op('rMion

11.0 sec

Ava ll3.ble on ly when
th e excite r veo is
controlll'd by the
syntheSize r

11. 0 sec

:::IC<:

to synthesizer
(8)

Ra.nge rute

(9)

Range eodl'
acquiSition

( 10) Angle acquisition

.

20.0 sec

Auto tl·ac k mode and
antenna scuh.'<i.
Availab\{· as soon
as multi pat h problems
ccase

-

IMPACT OF APOLLO UNIFIED S-BAND SYSTEM
ON NASA COMMUNICATIONS NETWORK
by

w.

Dickinson

Goddard Space Flight Center

ABSTRACT
The engineering aspects of the data communications buildup rCq.llred of the
NASA Communications Network in order to support the Apollo Unified 8-Band
(USB) System are presented.

USB system needs for a worldwide high-speed

data transmission capabIlIty in terms of Sites, circuit facilities, data rates, and
transmission system reliability. flexibility, and restorability are outlined . The
sp~ific hardware being used to build the system Is described, including HF
radio and wireline data modems, data error-detection and correction equipment, data error-detection tennlnals, data quality monitors, audio (circuit) and
digital (data) switching systems and data technical control and test systems.

Performance design goals of the final network and the capability for cxpans"ion
of the pcrscnt network arc discussed.

INTRODUCTION
The NASA Communications Network (NASCOM) provides operational communication lines
and facilities carrying mission-related information for the conduct of NASA programs and
projects. These lines interconnect such facilities as NASA's foreign and domestic tracking,
telemetry, and command control sites; launch areas; test sites; and mission cOntrol centers.
The present NASCOM network conSists of approximately 600,000 route-miles of facilities including voice, teletype, and high-speed data circuits.
The Unified S-Band (USB) System which NASCOM will support requires transmission of
three basic data streams: telemetry and tracking information in an inward or site-to-mission
control center direction and command information in an outward or cOntrol center -to-site
direction. The quantity of data handled via the interconnecting communications network is such
that existing teletype facUities cannot handle the volume of data required as has been done
during support of the Mercury and Gemini projects. Therefore, it has been necessary to design
and engineer a world-wide network of high-speed data transmission facilities interconnecting
nearly 30 overseas locations and five locations in continental North America, including tracking
Sites, communications switching centers, prime communications carrier terminal locations,
and misslOn control centers.
These facilities consist of voice bandwidth channels derived from combinations of landline,
microwave radiO, submarine cable, and high frequency radio communications systems which in
269
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most cases are leased, but in some cases are government-owned. Most of these circuits have
required considerable special treatment in order to condition them properly for efficient digital
data service. In this connection, since a large portion of the overseas facilities are leased, it
has been necessary to maintain close coordination and free exchange of information with communications carriers.

The resulting data transmission network provides a minimum of two full-duplex data ci r cuits to every USB site. Operation at 600 or 1200 bit s per second is possible to all sites and
operation at 2400 bits per second can be achieved to some. By means of diverse circuit routing, full-p eriod channel performance monitoring, end-to-end error detection, and a concept of
center-to-center and center-to-subcenter circuit trunking with subcenter-to-site tributaries,
a highly reliable, rapidly restorable, and extremely fl e xible data communications network has
been deSigned. This is absolutely essential in order to support a concept of fully remoted site
operations to sites where no on-site flight controllers are employed.

IMPLEMENTATION

Communication Subcenters
The first step in the expansion of the NASCOM network was to consider communications
subcenters in areas of the world which would provide convenient and efficient concentration. of
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a number of data c ircuits. Foor such subcenters were establi shed, located in Canberra .
Australia: Honolulu, Hawaii: London, England: and Madrid, Spain. Th ese exel·cise contrul over
facilities in the Australian/ Indian Ocean, the Pacific, the English/ African, and the European/
Atlantic areas respectively.
In Honolulu and London it was only necessary to expand existing subcenters: while in
Canberra and Madrid complete ly new facilities were designed and are being installed. All are
ope rated by the foreign national licensed communications carr iers having jurisdiction in these
respective areas. The prime communications center located at the Goddard Space Flight Center
controls all trunks to the LondOn and Honolulu subcenters: trunks to other centers located at
Cape Kennedy, Florida and at Houston, Texas: and tributaries to sites in the continental North
American area. The normal configuration for suc h ci r cu its is to route through the Goddard
Space Flight Center for facilities control purposes and then to terminate at the appr op riate
mission control cent e r (MCC), suc h as the MeC at Houst on for USB system support.
In addition to providing more effec tive cont rol, the communication subcenters a lso provide
a location for reconstruction of data as nec essary by means of regenerative repeating equip·
ment on circuits which pass through the subcenter. This permitted a solution to a technical
and operational problem encountered during the design phase of this system - that of nlain·
taining adequate control of the end·to-end equalization characteristics of the circuits in order
that reliable operation at rates up to 2400 bits per second might be achieved.
In the initial investigation of this problem, it was discovered that because of t he variety
of fac ilities employed and th e multipliCity of controlling agencies involved, no s tngle li censed
carrier, domestic or foreign, would assume r esponsibility for the end-to-end char acteristics
of a ci rcuit - from Carnarvon, Australia to the Goddard Space Flight Center, for example . Also.
if each carrier is responsible for only a segment of the total circuit, the equali zation specifications for each segment would be so sever ely stringent that it would be doubtful they cou ld be met
initially and nearly impossible to maintain them under operational conditions. Consequently, the'
approach of data r egeneration at all subcentc r s was adopted, with the result that the longest ci rcuits or circuit legs which must meet end-to-end equalization s pecifications are between sites
and subcenters, between subcenters, or between subcente r s and the Goddard Space Flight C('nter.
In nearly all cases, this segmentation places the entire trunk. or tributary circuit within
the jurisdiction of a Single leaSing agency and maintenance of high-quality service Is more
readily assured . Another very important advantage is that any combination of trunks, tributaries, or alternate routes can be interconnected to provide service between any two points in
the network, thp. only 1imlllTl~ 'a~·tl)r bl?ing th l? ar-lrtilivl? accumulation of bit error s f!"om each ! ~g:
of the composite circuit. This flexibility obviously would not. be available if regeneration were
not. employed during an attempt to maintain a quite stringent end-to-end c irc uit equalization
c haracteristic .

Equipment Employed in Implementation
There are three principal classes of equipment employed in the implementation of thi s
syst em: data modems (modulator/ demodulators), which serve to condition the data suitably for
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transmission via the communications channel: error control equipment, which in some cases
only detects, but in other cases also correets, bit errOrS; and technical facilities control
equipment which provides appropriate test gear and patching access to the circuits to permit
proper maintenance.
Data I'JiIQdc 1U1>

There are two types of data modems used for USB System support - a wire line modem
designated the 205A built by the Western Electric Company and a high-frequency radio modem
built to NASA Communications Division specifications by Stelma, Jnc. These were chosen
specifically to solve the problems of implementing the USB support effort and are becoming
standards for the rest of NASCOM data network obligations.
The 205A is a synchronous, phase-modulated, single-channel or single-carrier modem
basically capable of 1200- or 2400-bit per second operation and, with a manufacturer's modification, also capable of 600-bit per second operation. It is designed to perform with a biterror rate of 1 in lO s or better at 2400 bits per second on channels which have a signal-to-noise
ratio as low as l2db and which meet American Telephone and Telegraph (AT&T) sched.ule 4B
equalization specifications. Because of the phase-modulation scheme employed, the modem is
relatively inmlune to typical levels of impulse-type nOise. The high-stability timin~ system
(±0.0005 percent) used by the modem permits back-to-back regenerative operation without
excessive accumulation of phase jitter and will allow a complete line dropout of from one to
five minutes or more before system synchronization is lost. The modem is fully transistorized,
takes about 24 vertical inches of 19-inch wide cabinet space and is capable of being fully remote
controlled. In the COntinental United States and Hawaii, this equipment is leased from and
maintained by Bell System-affiliated companies. In all other locations, the modems are procured. and maintained by NASA.
The Stelma HF radio data modem is also synchronous and uses a phase-modulation technique but employs 12 tone channels spaced throughout the audio spectrum, each operating at
200 bits per second. This modem is capable of 600-, 1200-, or 2400 -bit per second operation
with a bit-error rate performance of 1 in lOS at 2400 bits per second with a signal-to-noise
ratio of 17db. A high-stability clocking system is also used to permit back-to-back regenerative
operation and allow maintenance of system synchronization through long fades or dropouts.
The modem is fully transistorized, takes about 38 vertical inches of 19-inch wide cabinet
space, and is capable of being fully remote controlled. Other features include internal or
external system self·check, full·diversity receiver operation l and Doppler shift or spectrum
translation correction resulting from a moving source (an aircraft for example), multipath
ionospheric propagation, or a mistuned radiO receiver. The HF and 205A modems are tully
compatible on the DC side and consequently may be placed. back-to-back for interconnection of
wireline and HF radio services. The HF modem will be used primarily to support the USB
tracking ships in the Atlantic, PaCifiC, and Indian Ocean areas.
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Error Control Equipment
The re are three types of e rror-control equipment being implemented. One of th ese, a
forward-acting error detectiOn and correction syste m, will be used only on the HF radio c ircuits and will improve the quality of digital data being sent over this media by det ecting and
correcting bit errors which originate in the data transmission path. Thi s is accomplished
us ing algebraic, parity - like, digital encoding and decoding techniques. Characteristics of this
s ystem are that one-half of the bits being transmitted through the tra nsmission media are
e rror- control bits and that the decode r has two to three seconds of serial data storage in order
to permit calculation , location. and correction of bit e rror s which have occurred. The r esu lting bit- e rror rate, however, which may have been as bad as 1 in 10 2 or 1 in 10 l on the r adio
path, will be between two and three orders of magnitude better after correction, or nearly
equivalent to the performance expected of a wireline ci r cuit. Particularly s ignHicant is the
fact that long burst s of bit e rror s caused by typical HF path-fade durations of one second or
less can be completeI)' corrected. This feature is expected to materially improve the reliability
of the HF radio portions of th e cO nlmuni cations system.
In addition to the error control scheme just described, a powe rful e rror detection a rrange-

ment will be used to determine data quality and overall ci r cuit performance on an end -to- end
basis . The number of additiona l bit s required fo r this function i s in the orde r of 10 percent ,
much lower than for the HF radiO e rror control scheme . Howeve r , the r eliability of oper ation
is s uch that the undetected bit e rror rate is never worse than 1 i n 10' and is usually in the
nei ghborhood of 1 in 10 11 to 1 in IO n . Present plan s call for implementation of this feature on
all data channels handling tracking data.
Another device to assist in the real time assessment of ci r c uit performance is the high
speed data quality monitor (DQM). This is a r elatively inexpensive piece of equipment that
can be used for continuous monitoring of ope rational data traffic at many points throughout the
network. The DQM is program med to r ecognize the format of the data being tra ns milted and
to measu re bit e rrors that occur in known sequences of bits within the data block. The measured bit-error rate is then displayed on the front panel and updated at appropriate Intervals .
The DQM can also generate its own test pattern which can then be sent through a c hannel and
measured by other DQM' s along the length of the ci rcuit. Thi s equipment is compl et ely tran·
sist orized and occupies seven ve rtical inches in a 19-inch wide rack.
An e xample of the use of this equipment can be pr ovided by considering a data circuit which
origi nates at Carnarvon on the west coast of Australia, r outt',s through Canbe rra, Honolulu , and
the Goddard Spa<:e Flight Ce!:te r for r cge .. eratioTo and eli'c uit I;vlliroi puriX>ses, ilnally terminating at the mission control cent e r in Hous ton. DQM'S would be placed on-line at all locations,
including the originating stati on. in orde r to det e rmine whether or not the data was of good
qualitv at that !Jnint If !he error r:!.te '.~':!.~ ! o~~' llt Car;;:,r·,o.. ar,d C.... 'ut!na iJul high ai Honoiuiu ,
the faulty portion of the ci r cuit would then be isolated to a trunk between Canbe rra and Honolulu,
and be replaced by a spa re . Continuous monitoring will, in most cases, permit replacement of
a poor quality segment of the circ uit before that particular segment has completely failed.
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Tech/tical Facilities COil/rot S,vstem
The tec hnical facilities control system is designed t o permit conlplete circuit and equipment monitoring and/ or testing. This function is fully implemented at the Goddard Space Flight
Center and at all of the 5ubcenters and partially implemented at each of the sites. Test equipment
in this fac ility include an audio signal generator, vacuum tube voltmeter. oscilloscope, digital pattern generator, equalization-measuring equipment, and a digital COunter. The DQM's and appropriate patching arrangements for the required monitoring functions are located in this facility also.

PERFORMANCE
In terms of system performance the following goals have been set:
1. Wireline c ircuit bit -e rror rate of 1 in lO s or better.

2. Basic HF circuit bit-error rate of better than 1 in 10l, 50 percent of the time, and
better than 1 in 10 1 , 90 percent of the time.

3. HF Circuit bit-error rate with error correction of 1 in 10' or better 90 percent of the
time.
4. End- to- end undetected bit-error rate of 1 in 10 9 or better.

CONCLUSION
From the foregOing, it can be seen that the impact of USB system support requirements
on the NASCOM network is indeed quite large. Many new problems have been encountered and
have been solved either by new approaches to data communications network desi gn or by application of new techniques in specific pieces of equipment. Because of the concept of a segmented netwo rk and adherence to standard equipment and techniques at all locations that are
supported by the NASCOM network, a very flexible and easily expandable data communications
network has been created.

ROLE OF APOLLO SHIPS
by
M. D. Greene
Goddard Space Flight Center

ABSTRACT

ThiS presentation describes the Apollo ships program planned to provide
support {or the insertion/injection and reentry phases of the ApoUo space nights
to the moon. Discussion covers characteristics of the ships and an outline of
their instrume ntation systems, their coverage areas , and time schedules for
completion, operational readiness, and integration into the Manned Space Flight
Network (MSFN). OrganizaUonal responsibility for the Apollo ships program
is also treated.

INTRODUCTION
Under the Apollo ships program, five ship s are now undergoing conversion to provide
support for the insertion, injection, and reentry phases of the Apollo moon flights. These ships
will be operated by the U.S. Navy and will fill critical gaps in support requirements which can not be met by land stations. The first ship is scheduled to be operational by mid-1 966 and all
a re scheduled to provide full mission support by early 1967. The three ships which will support
the insertion!injection phase are converted T-2 tankers (Figures 1 and 2). The two reentry
support s hips were Victory ships used lor tracking at the Pacific Missile Range and are being
modified lor the Apollo program (Figure 3).

Figure l-T-2 lonker being c onverted
for Apollo progrom coveroge.

Figure 2-Drowing of completed Apollo program ship
providing in~rliorlinieclion coveroge.
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Figure J - Drawing o f comple ted Apollo program ree ntry shi p .

NEED FOR SHIPS COVERAGE
The requirement fOr ships to provide cove rage during the inserti on portion of the Apollo
flight siem s from the need to trac k the spacec r aft continuous ly until a fte r the C-5 booste r cut s off
and the spac ecraft i s inserted into an e arth Orbit . As will be s een fro m Figu r e 4, la nd stations
do not provide c ove r age fo r the fin a l portion of the insert ion phase. This require ment is al so
s ho wn in Figu r e 5, which depict s cover age on the vertical plane during launch and var iOUS
r ecovery m odes. The need fo r ships c ove rage of inj ection into luna r traj ecto ries will be r eadily
appa r ent from Figur e 6. The basic cove r age at the start of injection is indic ated by the c ircles
within the da r k lines . The lines de fin e the limits of the area fro m whic h injection can be ma de
int o a lunar t r aj ector y. It may be noted th at a la r ge portion of this i s ove r the open sea. Ship
cove r age is indicated by the da rke r cir c les . Figure 7 illustrat es cove rage seve n m inutes afte r
the start of injection.
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Figure 7- 7 minute inieel ion coveroge.

IMPLEMENTATION OF APOLLO SHIPS PROGRAM

O"anizatlon Responsibility
The organization responsible for the conversion of the Apollo ships is the Instrumentation
Ships Project Office of the Office of Naval Material. This organization, which was establish.ed
by a joint Department of Defense-NASA agreement, is headed by a Navy captain, who Is
assisted by two deputies, one from the U.S . Air Force and the other from NASA. The

prime s hips contractor for the three insertion/ injection ships, which are being converted

at Quincy, Massachusetts, Is the General Dynamics Corporation Electronic Division.
The subcontractor is General Dynamics Electric Boat Division . Ling-Temco- Vought
Company has the contract for the two r eentry ships, which are being converted at Avondale,
Louisiana.

Schedule la, Implementation
Figure 8 gives the conve rsion and operational schedule for the ApollO ships. It is hoped to
have the inse r tion ship o n station by about July 1966, but at that time they will have
only a rathe r limited support capability. It is expected that the ships wi ll be capable of fully
supporting the Apollo mission by ear ly 1967.
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Figure B- Apollo ships conversion ond operotionol schedule.

SHIPS INSTRUMENTATION SYSTEMS
Instrumentation systems for the Apollo ships include:
1. Communications
2. C-Band Radar Tracking
3. Unified S- Band
4. Navigation and Stable Reference
5. Meteorological
6. Frequency Monitoring

7. Acquisition

8. Command
9. Telemetry

10. Timing
11. Data Handling
12. Di splay and Control Center

Figure 9 is a hlock diagram of the various systems and Figure 10 indicates their location
on an insertion/ injection ship.
The v"ir i ~u 5-Banri S)'srem is the key system on all five ships . The prime telemetry
antenna, shOwn in Figure 10, is a wideband antenna ranging from 200 to 2300 megacycles . There
is also a backup antenna for the telemetry system . The S-band equipment is located belowdecks on the third deck, which is almost completely taken up by instrumentation systems. Thedata
processing rOOm is located a deck lower, on the first platform. Also located below-decks are
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the command c ontrol sy ste m, C-band radar, and the navigation and stabl e r efe r e nce system,
whic h includes the ships inertial navigation sys tem (SINS), star tracker, and flexur e monitor

system.
The two reentry ships do not have a command s ystem and their telemetry s ystems are
cons iderably reduced from those on the insertion/ injec tion ships . There is a timing
s yst e m on both types 'of ships . Data handling and th e di s play and control center on the reentry
s hips are also considerably reduced.
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APOLLO/ RANGE INSTRUMENTED AIRCRAFT
by
L. C. Shelton

Goddard Space Flight Center

ABSTRACT
The functions of aircroft in providing communicat ions coverage in support
of the Apollo mission, the rea sons fOf using aircraft to supp\emenl \and and ship
s lation c overage and factors dct~ rmin i ng the number of airernft required are
discussed. A sample operational aircraft deployment pian for lunar miss ion is
presented. A fWlctionai description of the onboard instrume nta tion by major
subsystems and operator positions is gillcn. Technical problem areas inc luding
anlc fUla p", I:o: t: limit.alivntl, mulUpath inwden-nct! anu ,·..dio frequency

lnte l~

ference and proposed solulions to these problems are treated.

INTROOUCTION
The objective of the Apollo instrumented aircraft project is to provide a fleet of eight air·
craft specially instrumented to maintain inflight voice and telemetry communications with the
Apollo spacecraft during the injection and reentry phases of the Apollo mission.
The U.S. Air Force Electronic Systems Division at Hanscom Field, Massachusetts has
procurement responsibility lor the aircraft. The Air Force National Range Division at Patrie:
Air Force Base will operate the aircraft. Two contractors, Collins Radio Company and Doug!;
Aircraft Company, are now conducting competing program studies.
These aircraft are i ntended to supplement, not replace, ships and land stations. DUring
certain phases of the Apollo mission they will serve as links in the communications chain
between the spacecraft and the Mission Control Center at Houston, Texas. They will be specil
ically used during the fo llowing mission phases:
1. One minute before injection burn, during the injection burn period, and continuing for
thrpp minutes aiter the end of injection burn.
2. Those portions of the reentry during which S-band communications are possible.
Z. n..jJiu ut::Viuymt!nt to anycntical area which may require voice and telemetry coverage
WithOut aircraft, 20 to 30 additional surface stations, ship and shore combined, would be
required to maintain communications cove rage of all possible injection areas for a particular
mission. The number of these areas is considerable because of the variable launch azimuth
and parking orbit injection options for the Apollo lunar mission.
263
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SUPPORT REQUIREMENTS FOR INJECTION
The support requirements for injection consist only of voice relay and telemetry recording.
The vo!_ce relay is required for real·time misSion control and the telemetry data is required
for postflight data analysis. There are no plans for obtaining tracking data o r real-time
telemetry data processing on board the aircraft.
The aircraft is required to provide two-way voice communications with the spacecraft by
the Unified S-Band (USB) System and a VHF/ AM voice link. Communications with the ground
are by conventional HF radio. The aircraft acts as an automatic VOice relay station. When a
transmission is made from the Mission Control Center to the spacecraft, the aircraft receives
the transmission from the ground by HF radio and automatically retransmits the voice to the
spacecraft via the USB system or VHF. Vice versa, the aircraft automatically relays voice to
a gr ound station and to the Mission Control Center. Facilities are provided on board the aircraft to permit an aircraft operator to communicate directly with the spacecraft or ground,
should the normal automatic relay not function.
The aircraft will be required to record telemetry transmitted from the Apollo spacecraft
and the S-IV-B booster. The telemetry to be recorded consists of the USB and VHF from the
command module and S-band (PCM/ FM) and VHF from the S-IV-B booster.
The c urrent planning for an Apollo lunar mission is such that injection can occur over any
part of a large area of the earth's surface. The exact point at which the injection will occur
may not be decided until a short time prior to the injection, thereby requiring either a great
quantity of stations to cover a large area, or a small fleet of highly mobile stations. The area
of injection is narrowed considerably as a sp~ific launch day and launch time is chosen. Still
further narrowing occurs after launch when a particular orbit is chos en from which injection
takes place. The following discussion will emphasize the need for the highly mobtle airborne
stations in order to give the needed mission fl exibility .
Figure 1 shows the entire range of parking Orbits and launch azimuths for the earth orbit
phase prior to injection. The label s on the orbits indicate the launch azimuth and the orbit
number. The launc h azimuths s hown (72" to 108,,) are the apprOximate Cape Kennedy range
safety limitations. A variable launch azimuth is required in order to offset the earth's rotation
and eliminate the need for plane changes. For a particular launch, the variable azimuth is
actually r educed to a maximum of 26 u , Which is the limit of coverage provided by the
insertion ship. The 26 0 corresponds to apprOXimately three hours of hold time.
The mission rules furth er state the injection can occur On the second or third orbit for an
Atlantic planned injectiOn; or the first, second, or third orbit for a Pacific inj ection. Also, the
decision to delay injection from One orbit to another can be made just prior to the scheduled
burn time.
Figure 2 shows a typical Atlantic injection area, bounded on the east by orbit 2, 72 0 launch
azimuth, and on the west by orbU 3, 98" launch azimuth. The north-south limits of this area
correspond to One minut e prior to injection burn and thre e minutes after injection burn. The
Pacific injection area is somewhat larger since there is also a posSibility of injecting from the
first orbit.
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The original planning for aircraft l':tI!,!,ort for in; cct:.cn CO'iel' agt' inducted the assumption
that the aircraft would be able to establish communications with the spacecraft at or very near
Hne-Of-sight distances_ Figure 3 illustrates the method used to locate the aircraft for coverage
of the ten-minute injection burn data interval. Th"" r2.ti!i o! the th.ce .; i.,> dt'~ are equal to the
line-of-sight distances between the aircraft and spacecraft at the beginning, middle, and end of
the data interval. Spacecraft altitudes of 100 nautical miles prior to injection and 200 nautical
miles three minutes after injection were used. Using an aircraft altitude of 35,000 feet, the
1ine-of~sight . coverage is approximately 900 nautical miles one minute prior to injection burn
and 1400 nautical miles three minutes after burn. The area of overlap of these circles defines
the location or the aircraft. Two aircraft located in the shaded overlap areas can the refore
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provide the required line-of-sight coverage. The "notches" in the circles represent approximations for the expected antenna nulls at the front of the spacecraft and rear of the S-IV-B
booster.

FACTORS DETERMINING THE NUMBER OF AIRCRAFT REQUIRED
In order to provide coverage of all possible launch azimuths and orbits within the data
area, the aircraft must perform a complicated deployment pattern. The aircraft flight patterns
have been devised so that maximum use i s
----made of the aircraft's mObility, thus de40 " I
3/72" '1'"
creasing the number of aircraft required.

>/',. "",.
,.

".

G.

"

o'
".

.,.
100-

...

W

~.

,,.

,-

"' ' -~~J
WRNOUI

a'

". ,.'-c.J".

~"'~o~' I
• 3 MIN.

•

1

w

W'

OO '

The following discussion will illustrate
how the aircraft arc deployed in a typical
situation. Figure 4 shows some of the key
aircraft locations for four possible injection

ground tracks.

Points A and A' correspond to the shaded
portion of Figure 3 and are the aircraft locations for a 72 0 orbit 2 injection. Let us
assume that the injection is actually planned for orbit 2 and the launch is planned for 72 ". The
aircraft would loiter along the curved lines B and B' until the launch takes place. The reason
for initially locating the aircraft to the west of the planned injection will be shown later in this
illustration_ If the launch did occur On sc hedule and at the 72 0 launch azimuth, the aircraft
would fly eastward to pOints A and A', taking their onstation positions just before the spacecraft
pass. The distance to be flown is apprOximately 700 nautical miles, and therc is adequate time
to cover this distance, since the spacecraft will have traveled over one orbit prior to thc pass.
U a decision were made at the last moment to postpone the injection to orbit 3, the aircraft
would have to assume pOsitions D and D' or C and C' on Figure 4. Actually, only the aircraft
at A could reach C' or D' in the one and one-half hours required for another orbit, and a third
aircraft would be required at either C or D.
Figure 4-lliustrotion of key o;rcrafllocalions for
coverage of atlanl ic. injection dala area.

Now, consider the case of a hold occurring near the scheduled launch time, and continuing
for the full three hours. In this case, the inj eCtion ground track would appear to sweep from
east to west across the data area at about 900 knots at the equator. This speed i s greater than
that of the C-135's, which is the reason for initially pOSitioning the aircraft to the west of the
planned injection. In order to reach positions lor coverage of 98", which in this example corresponds to maximum hold time, the aircraft must fly to points G and G' _ Although this distance is almost 2000 nautical miles , the aircraft can make it, taking advantage oC the three hour
maximum hold, plus timc Cor one orllit. Should a decision be made to delay injection until orbit 3,
the aircraft at G would fly to E', and an additional aircraft would be required at point E.
From the above discussiOn it is seen that threc operational aircraft are required to cover
the data area in the Atlantic. One backup is requil-cd Cor a total of four aircraft. In the Pacific,
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six operational aircraft plus two backups are required. The additional aircraft in the Pacific
are required be<:ause of the necessity to cover orbit 1 as well as orbits 2 and 3. A total of
eight aircraft are thus required to cover the "worst case" Apollo injection.

AIRCRAFT COMMUNICATIONS SYSTEM AND EQUIPMENT
The primary objective in determining performance requirements was that the aircraft must
be able to communicate on all links at the maximum line- of-sight limitation. As previously
indicated, this is 900 nautical miles at the beginning of the data interval and 1400 nautical miles
at the end of the data interval. Normal signal margin calculations yielded the foll owing air craft antenna gain requirements: 30db for S-band and 12db for VHF. These antenna gains would
theoretically yield good quality communications at 900 nautical miles and somewhat marginal
communications at 1400 nautical mile range, providing the S-band transponder in the spacecraft
is operating in the high power mode. Higher 3Jltenna gains are not specified because of the
limited available antenna aperture on the C-135 aircraft.
Figure 5 shows the apprOximate location
I . ANTE N NA CONTROL
2. SPACfCRAFT COMM
of the equipment inside the plane. There are
J. tLM aECORD ING
about 20 racks of equipment, with five pri(. SYSTEMS MONITOR
S. GROUND COMM
HF PIlON:
mary operator positiOns. The spacecraft
6. TIMING_"" ,o c ./\
7. r OWER \.'
communications anteIUla will be located in
the nose of the airplane as shown, and it will
be an S-band and a VHF antenna mounted on
a common axis. PolarizatiOn diversity will
be .included on both frequency bands. The
fact that both frequencies are mounted on
WIRE
one axis will enhance acquisition procedures.
During injection, it is plaIUled to initially
acquire the spacecraft on VHF, probably using the S-IV-B booster telemetry. This will
automatically point the narrow beam S-band
V>UTHER
antenna on target, permitting acquisition of
RAOAR
the spacecraft S-band transponder. A complicating factor in installing the spacecraft
figure 5-Aircraft equipment arrongement.
communications antenna is that it is necessary to include the existing C-13S wt:alher radar. The antenna will have the capability of
tracking in azimuth plus or minus 80 degrees, and in elevation, up 80 degrees and down
30 degrees.
Figure 5 also illustrates the five operator positions presently envisioned. The function of
the Systems Monitor is to direct the activities of the aircraft instrumentation operators, and to
directly converse with the spacec raft or Mission Control Center as necessary.
Figures 6 through 9 illustrate the aircraft communications system. Figures 6 and 7 illustrate the polarization diversity technique which will be used in receiving S-band and VHF
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data . It is expected that the use of polarization diversity will somewhat reduce the signal
muihpath problem t he aircraft wUl enCOUnter. The capability will be provided to select
either vertical/horizontal linear on left/ right circula r polarization prior to the mission.
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The aircraft S-band system is similar to the ground unified S-band system, with the exception that no ranging data is transmitted to or received from the spacecraft. As shown in
Figure 6, the unified S-band telemetry d3t~ is de!!lro"!!;l.tcd and :rout~ to lhe recording system
and the demodulated voice is routed to the HF transmitters for automatic relay to ground. The
VOice received from ground is transmitted to the spacecraft via a IOO-watt S~band transmitter
with the same S-band antenna used for receiving.
The VHF telemetry receiving system, shown in Figure 7, accounts for a large portion of
the aircraft instrumentation, since up to ten VHF data links may be received from the S-IV-B
and Apollo spacecraft. Two receivers will be used for each data link, as shown.
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Figure 8 illustrat es the types of data which will be recorded on board the aircraft. It is
t entatively planned to use three 14-track wideband tape recorders. Data outputs of individual
receivers and diversity combiners will be recorded in order t o enhance reliability.

The HF ground communications system is shown in Figure 9. The capability to use both
frequency diversity and sideband diversity will be provided. The HF teletype equipment will
be used to provide the aircraft with. updated deployment and antenna pOinting data.
A trailing wire antenna will be used to increase HF transmission efficiency. A combination
of wing tip probes and fus elage-long wire antennas will also be used.

PROBLEMS IN USE OF AIRCRAFT AS COMMU~ICATION STATIONS
There are several rather seriOUS technical problem areas inherent in the use of aircraft
as communication stations. Mainly, these problems are: antenna size limitation, multipath
interference at low antenna elevation angles, and radiO frequency interference.
The antenna size limitation is mainly a function of how much aircraft performance degradation can be permitted. The seven-foot diameter aperture in the nose of the C-135 aircraft
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causes two to four percent decrease in the aircraft's maximum range. When thi s is added to
the drag caus ed by the HF antennas (probes and trailing wires) the range of the aircraft may
be reduced e nough to prevent deploy ment for Apollo injection coverage. Other aerodynamic
factors suc h as stability, weight and balance, and pilot vi s ion are also involved.
The se r iousness of the multipath interference problem in aircraft telemetry r eception has
been obse r ved by NASA and 000 in previous aircraft telemetry recei ving missions . The re are
three primary reasons why airplanes have a se riOUS multipath problem: (I) the high refl ection
coeffi Cient of sea water, (2) the Increased height of the ai rcraft , which causes greate r frequency
of multipath nulls , and (3) the broader beam width of relatively low - gain airCraft antennas.
SOme measures which are being considered for r educing the mu ltipath problem include the use
of high - capture ratio data r eceiver s and antenna b eam tilting. Multipath interferen ce at
S-band is elCPected t o occur at frequ encies from 10 to 250 cycles per second. These nulls
would make phase-lock capture of the spacecraft transponder by the aircraft very difficult.
A well-recognized problem in aircraft communications is radio frequency interferenc e.
RFI problems are most prevalent when attempting to transmit high power HF while Simultaneously
r eceiving weak Signals. This is jus t the case in the Apollo aircraft when relaying voice fr om
the spacec raft to grGund. It is felt that the RFI problem, through careful deSign, can be minimize if not e liminated.
Othe r operational problem a r eas which will requl re work include: increasing the r eliability
of ground -to -airc raft com munications, optimizing the aircraft deployment flight patterns, and
ove rall maint enance of the aircraft and elect r onic systems on a near world-wide basis.
It is elCPected that the fir st Apollo aircraft will be fully operational in early 1967 . A suffi cient amount of operational elCPerience should be gained with the aircraft on later 200 se ri es
miss ion s and early 500 series miSSions, before actually providing support for the lunar mi ssion.
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STATUS OF THE APOllO PROGRAM
by

Ozro M. Covington
Deputy Assistant Director

Office of Tracking and Data Systems
Goddard Space Flight Center

From the beginning of tillS program we have attempted t o move fro m tried and true sys·
terns and fac Uities only when we could prOve new developments and integrate them into the
existing system. We started out by expanding as much as possible the existing facilities and
equipment capabilities used for Mercury, to meet the requirements of the Gemini support program. Similarly. we are going to start the Apollo program with primary support from the
Gemini systems, and move to the Unified S-Band (USB) commitment only alter we have had a
c hance to chec k the system thoroughly, integrate it, and qualify it for manned flight support.
I would like to point out the very obviOUS by saying that the Mercury program was, by comparison with Gemini, and certainly with Apollo, a relatively smaller s upport task than we now
have with Apollo. With Mercury we had a s ingle vehlcle, and our specUic planning was for a
three orbit mission. We were able to accomplish the s upport test, to a great extent, by using
existing low-speed da ta and analogue techniques . W e registe r ed our first major departure
from this course in Gemini, when we moved t o a capability to support at least two vehicles
simultaneously.
Added to this was a complete order of magnitude require ment increase, in terms of data
to be trans mitted, processed, and displayed in real-time . The r esult is, to my mind, that except for the additional fa cilities which we have added, the main change made in Gemini was in
the move toward digital tec hniques. To that end we installed PCM telemetry, digital up-data
links, and on-site digital data processors.
We have moved from Mercury to Gemini, and as we look forw a rd to Apollo, we have established a goal for ourselves of transmitting essentially all the data from the station back to
the control center, so that truly centralized night control can be accomplished. You have
heard some talk about the data communications network here toda y. I think that the words
which strike hardest are " HF c:ommn_nit:~tiO!ls a.. ·!d data error correction," when Wi: Uliui<. <1boui
the Job of commun ications a nd the goal we have set of sending large quantities of data back to
the control center. Quite frankly , and t hope I am not saying anything 1 shouldn't a t this point,
we don't see any answer to really centralized r.ontrnl nntil w€ car. deper:d or: ~tc !!l.t", c"mmunicaUons {or all the stations which are not now tied to main trunk circuits on cables and
hardwlre lines .
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Looking at Mercury and Gemini and moving on to Apollo, I think the major aspects of the
change affecting our planning and our work to date nave been the requirements for an addition
in the number of network stations.
Table 1 lists those stations which were identified as Mercury support stations and those
we are including in the Gemini network. We could talk to some extent about the changes here,
but I think it is quite clear that the Apollo requirement does call [or many new facilities.
Table 1
Network evoiulion.

Gemini

M ercury

Station

Station

Me rcury

Apollo

Gemini

X

Bermuda

X

X

X

CNV (MCC)

X

X

Canary Is land

X

X

X

SAL

X

R

Kano

X

L'

L

GBI

X

X

Zanzibar

X

GTK

X

X

L

X

X

X

I

L

L

ANT

X

X

ASC

Merritl 1. (CNV)

X

Canton

X

L

Guam

X

Hawaii

X

X

X

Golds lone

X

Pt. Aq,'uello

X

R

R

Goldf'tone - JPL

BU'

Whi te Sandt;

R

R

R

Madrid

X

Corp.ls Christi

X

X

X

Madrid - JPL

BU

Eglin

0

0

R

Cnnbcrra

X

Ro se Knot

X

X

L

Canbe rra - JPL

BU

Constal Sentry

X

X

L

Tananarive

Guaymas

X

Muchea

X

Woom c ra

X

Carna. rvon

..
I.

Apollo

I.,.. ,,~J

.

.

I

X
L

Apollo Ship 1

X

O'

R

Apollo Ship :l

X

X

X

Apollo Ship :J

X

Apollo Ship 4

X

Apollo
-_ .. Ship 5

_-

----- -,.

X

The change is also in support of three Apollo modules, whereas Gemini nas only two which
have called lor additional equipment at each site, and in many cases the capability of handling
simultaneously two equally complex problems, as well as additional capability within elements
of station eqUipment. For example, we must move to a considerably larger on-site computing
complex than was used to support Gemini. In addition, there is the requirement for a capability
to provide tracking and data acquisition at lunar distance. I believe the USB discussions pretty
well cover what we plan to do.
With that, then, as a little of the backgrOWld and our early thoughts on the subject, let us
quickly get to the status of implementation of the network. We have based all of our schedule

STAT US

or
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planning on three or Cour dH!erent time parameters . In the beginning, we decided that the most
difficult job we asked the contractors of the support team to do was that which went to Collins.
We Celt that the most complex task and the one that would take the longest, in te rms of design
and manufacture, was the manufacture of the USB equipme nt. and we geared our equipment
availability to that contract schedule.
In each case, we add one month to the schedule completion date for s hipment, if the s tation
is a continental U. S. slation, and based on past experience, we have added two months to overseas s ites. We have allowed seven months for the installation and check- out o( the electr onic
eqUipment, after the facilities a r e available, a nd we a r e s till able to get away with ins is ting on
s ix months network simula tion befor e we are ready to co mm it these s tations as prime s upport
capabilit y for a manned flight mission.

Another factor whic h turns out to be a key determining factor in scheduling availability of
operating stations Is the construction of fa cilities prog ram . Our jOb in scheduling. then, has
been to consider all of these fa ctors toge the r and to kee p optimizing the poss Ible s tation sequence availability against the mission requi r ements, as best we can.
In Table 2, we s how two on-site dates . The [irst Is the time when we expect all these sites

to have the equipment insta llation and c heck-out complete. The final completion data is the
point a t which we say that the stations will be ready for a ny and all prime support miss ions.
We are not ins is ting that aU of this work be finIs hed before we are willing to co mmit these
stations to t est and qualification runs. We would like, however, to insist that the bloc k of stations which is required for any mission have six months for network s imulation and mi ssion
t raining of the people before we commit it as the source of prime data on which the success of
the mission will depend.
The status, a s you have heard, is that a 30-foot USB station is ope rating a t Collins now.
It is being used to check- out the integration and interface problems which we will have to face
a t the land sites. A second USB s tation in combination with ships' antennas is being set up
right now. This will be dedicated primarily to finding the interface problems that we will encounter on board ship. Tw o of the 30- foot antenna s tructure s are actually in s hipment, one to
Guam and one to Carnarvon . The firs t USB electronic equipment to go to the Guam site will be
delivered this month. We expect that the USB will be c hecked out for missions support during
1966. There is some indication we will have an Apollo miss ion flight earlier than that. However, we ~\' m be able to do \o'el'Y l iUit:, if iUlyihing, on that mISSIOn . We hope to complet e the
c hec k-out by ea rly 1967 at all the prime sites, and begin to commit these as prime facilit ies
from early to mid-1967.
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Table 2

Apollo MSFN schedule .
Station

Equipment Installation"
On-Site Check-Out Complete

Ne two rk Simulation
Complete

Gu=

1 May '66

1 Noy '66

Carnarvon

1 Jun '66

1 Dec '66

Bermuda

15 Jun '66

15 Dec '66

Hawa II

1 Aug '66

1 Feb ' 67

Mila

1 Aug '66

1 Feb ' 67

Texas

1 Oct '66

1 Apr ' 67

Guaymas

15 Oct '66

15 Apr '67

Ascension

15 Dec '66

15 Jun '67

Grand Bahama

1 Jan '67

1 Jut ' 67

AnUgua

1 Apr ' 67

I Oc t '67

Grand Canary

I Apr '67

1 Oc t '67

Golds tone

15 Oct '66

15 Apr ' 67

Canberra

15 Jan ' 67

15 Jut ' 67

Madrid

15 Mar ' 67

15 Sep ' 67

Shlp ' 1

1 Apr '66

1 Jul ' 66

Sh ip '2

1 Jui ' 66

1 Oc t ' 66

Ship '3

1 Oc t '66

1 Jan '67

15 Oct ' 66

1 Feb ' 67

Ship '5

15 Dec '66

1 Apr ' 67

1 Air c raft

15 Dec '66

15 Ma r '67

8 Aircraft

1 Oct '67

1 Jun ' 68

Ship

'4
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A

Glossary of Abbreviations
AMC

- aeromedical monitor console

Modem - modulator/ demodulator

APP

- antenna position programmer

MPAD - mission planning and analysis division

CAM

- computer address matrix

MSCC

CCC

- command computer console

MSFN - manned space flight network

CCS

- command control system

COP

- command data processor

CRT

- cathode ray tube

CSM

- command and servIce module

O/A

- digital/ analog

OCS

- digital command system

DQM

- data quality monltor

ORK

- data request keyboard

OTU

- data transmission unit

I/O

- tnput/ output

IR

- infrared

LEM

- lunar excursion module

LES

- launch escape system

LOR

- lunar orbit rendezvous

MeG

- memory character generator

MCVG - memory character vector
generator
MM
- maintenance monitor

- manned space control center
(Mercury or Apollo)

PAM

- pulse-amplitude modulation

PCM

- pulse-code modulation

PDM

- pulse-duration modulation

PMP

- pre modulation processor

PPM

- pulse-position modulation

PRN

- pseudo- random noise

SCO

- subcarrier oscillator subsystem

SOC

shipboard Doppler counter

sms

ships inertial navigation system

SPE

static phase error

SPS

service propulsion system

sse

spacecraft system console

TOP

- tracking data processor

USB

- unified S- band

veo

- voltage controlled osc Ulator

VSWR - voltage standing wave ratio
VTVM - vacuum tube volt meter

297

298

Appendix B

List of Attendees
Abernethy, F. G.
Adis, George
Albanes, N. J.
Albin, Frank
Allen, K. J .
Allen, J oseph J .
Allinder, Dick
Allison, James E .
Allred, Val W.
Alvey, John D.
Ander son, D. W.
Arndt, E. A.
Arslanian, John G.
As hcroft , R. T.
Augenstein, R. J.
Bacque, Cramer
Bahan, C. W.
Barr, Thomas A.
Barnes, Robert T.
Bartel, Donald R.
Bannerman, James
Basson, David
Baumiller, William
Bauer, Harry
Beall, George
Beagan, Charles V.
Begenwald, A. J.
Dehuncik, John
Bell , Holland
Behonick, John
BeUcomm, H. stanly
Benjamin, Vernon E.
Benzel , Cliff R.
Best, Al
Bickford, Fred H., Jr.
Bienko, Mitchell
Billig, Lewis S.
Bilyk, Zenon
Bi rks, William E. Lt. Col.
Bi s liip, Robert P.
Blanchard, Roger L.
Blenis, Ronald D.
Bl(lC'.k; Arthur
Boden, W.
Bond, A. C., Jr.
Bonnell, Dean W.
Bonney , Lylf' O.
Banton, Richard
Bosmajian, C. p.
Boulander, J. L.
Boykin, F. M.

Brooks, David R.
Brown, B, Porter
Brown, Carl W.
Brown, Dwight
Brown, Robert H.
Brown, Robert M .
Brown, W.
Brown, Wilfred ill
Broughton, Thomas G.
Brumber, P .
Brunker, Lester A.
Bryant, Fred B.
Bryant, William C., Jr.
Buckley, Edward
Buehler , Richard K.
Bugg, William M.
Bunce, Robert C.
Bunda, Frank E.
Burke, M. L.
Burke, P . G.
Burkepile, James M.
Burnham, R. E.
Burton, Walter G. , Jr.
Burnham, R. E. Lt. Col.
Burns, Richard W.
Burrows, Lloyd
Busche, H. C.
Butle r, David
Dyer , David L .
Dyrd, S. S.
Byrne, Frank
Campbell, Willis S.
Call, D. W .
Campenni, Robert D.
Camgel, Joe
Canqel, J.
Carlson, Arthur Willi am, Jr.
Carlton, A. George
Carey, Charles W.
Carney, Wayne K .
Carr, Ronald
Carson, Thomas M.
C!:~lk,

Ch;u-lcs F .

Chandler, George P .
Charpentier, George Henry
Chase, William
Chc:-:,c'.~·ith , H. D.
Chi, Andrew
Chicoine, E. L .
Clark, Howard E.
Clark, Melvin C.

299

Clal'k, Orval
Coates, Robert J,
Cochran, Earl
Conner, James
Connolly, G. E.
Connors, William E.
Corwin, Stanley
Courtright, Morris, Jr .
COVington, Ozro M .
Cox, H. R.
Cox, R. T.
Cox, R. T.
Crump, Arnold W.
Curkendall, D. W.
Dantzig, Henr y P.
Dauphin, V. M .
D' AusUio, Robe rt F.
Davis, Char les
Debri s, R., Dr.
Dentel , Wnl, A.
DiLosa, Vincent J .
Dinwoodie, Jack
Donahoo, M. L.
Dorman, Donald K.
Downs, J ames E,
Drechsler , William G.
Dudney , Richard K .
Dungan, Larry J .
Dunn, Johnny
Ealick, Perry L.
Eastman, S. R.
Eaves, Robert
Egger s, Arthur L .
Emmons, Paul
Engels, P.
Es tridge, Philip D.
Eurmrous, Paul
Fadden, B. J.
FaloticO, Anthony
Fariss, George W.
Farkas, Leonard
FedericO, Paul R.
Ft:illtm, R. L .
Fellerman, K. D.
Ferrick, Eugene, Jr.
Findell, Max (Lt. Col.)
.... , ,.., ,
I · UIII.,

... t IiU · I~:;

Fi sher , J. Prestley, Jr.
fit z Patr ick, Joseph F.
Flahe rty, John B.
Flowers, J ohn

300
Folsom, W. L.

Fosque, Hugh S.
Fratkin, Sidney J.
Friedman, R. F.
Friel, Fred J.
Gantt, Alphonso M.

Garabedian, A
Gaston, George
Gardner, VirgU F.
Garrison, Charles

Gatto, Philip R.
Georgeadis, George N.
Gibbons, Thomas J.
Godfrey, Robert D.
Golden, David E.
Goldberg, Vernon
Goodwin, Paul S,
Goolsby. Lee
Gordon, Millard F.
Granata, R. L.
Grandinetti, Anthony F.
Greene, Edward
Greene, E. P.
Gregg, James C.
Griffin, Thomas M.

Griffin, Tom
Grisham, William

Grossman, Bernard
Guthrie, Jon
Guthrie, John
Guy. Thomas

Guy,J.
Habib, Edmund J.

Haggerty. W. H.
Halcomb, J. K.
Hancock, A.
Hass, Donald

Hafer, Lt.-Col. Frederick L.
Hahn, William E.

Halpeny, Owen S., 1st Lt, USAF
Hancock, A. F .• Capt.
Harner, Walter S.
Haugen, Glerm

Hayes, Robert D.
Heller, N. R.
Hepler, David S.

Heyroth, J.
Hightower. Lloyd E.
Healy, J. J.
Helm, Ted
Herrburger, E. C.
Hibbert, John J.
Hildebrand, Carl E.
Heitzman, D. E.
Hill, J. D.
Hogg, David N.

Hood, Ben H.
Horton, Jack A.
Hughes, Aeft
Hocking, William M.
Holt, Richard L.
Hoover, Alvie
Horton, William P.
Hulce, Richard L.
Humprey, E.
Hunter, Dan
Hunt, ValeriO R.
Jackson, James C.
Johnson, Joseph E.
Jondahl, Lee
Joyce, F.J.
Kadar, Ivan
Jacobs, James
Johnson, PhHip S.
Jones, O. L.
Jumper, Fred
Kaerner, Murray
Kalil, Ford
Keesey, Walter T.
Keith, Ernest L.
Kerstetter, Don
Kessinger, H. E.
Kay, Robert
Kehl, Robert p.
Kirshur, Carl
Kessinger, H.
IGebler, J.
IGndgr, W1lliam J.
Kirby, Lt.-Col. Julian
Knox, Carl B.
Koerner, Murray A.
Kramer, Robert
King, Leonard
Kirwan, Emil R.
Koeritz, Kenneth W.
Koos, Raymond K., Jr.
Kramer, O.
Krasnecan, J.
Krumpelman, J. L.
Kruger, Bodo
Kuykendall, W. E.
Kyle, Howard C.
Lane, J. H.
LaFleur, Walter
Laios, S.
Lamb, Wilson G.
Lampl, S.
Lanzkron, Dr. R. W.
Lantz, Paul A.
La Rosa, Roy
Laudermilch, Ray
La Vance, Cecil

Lauder milch, R. H.
Lawman, W.
Lauman, B.
Lawhead, N. L.
Leidy, Kenneth
Leigh, Robert T.
Levine. A.
Levy, Harold H.
Liebermann, Ralph W.
Lindley, P. L.
Logan, F.
Looney, C. H.
Mackey, Robert J., Jr.
Maehr, E.
Maehr, T. E.
Mahoney, Michael
Mallory, Gene H.
Malnati, Robert J.
Maness, Clyde T.
Mansur, Dr. G. F.
Markham, Allan
Markham, A. S.
Martin. John B.
Martin. William P., Lt.
Col.
Martin, Wm.
Matlick, Thomas L.
Mayfield, Samuel O.
McCaul, P.
McClannahan, Jack T.
McCaffery, R. J.
McCaffery, Robert
McCombe, David H.
McDaniel, Wes
McDonald, T.
McDonald, T.
McElroy, James B.
Mcintyre, Paul, Capt.
McKenZie, Joe
McKiernan, John W.
McMillian, M. W.
McNealus, A.
McNealus, A., Mr.
McNealus, Arthur L.
McNealus, L. A.
Meszaros, John P.
Miller, Ralph
Miller. Robert D.
Miller. M. C. Col. Lt.
Miller, C. M. Lt.
Miller, R. D.
Miller. W.
Miller, Wm. E., Jr.
Miller, Warner H.
Mitnick, Herbert
Moore, Carl Mr.

301
Morlan, John A.
Morrison, C. R.
Morrison, Louis H.
Morton, F .
Muller, V.
Nail, R. D .
Naylor, D. A.
Nelson, Donald A.
Nebb, Warren
Nelson, Robert M.
Newman, R. H., Jr.
Nlzko, Henry S.
Niner, Edgar P .
Nuttall, Robert R.
Okada, Koyo
Olden, Wm.
Ottinger, George W.
O'Keefe, John J .
O'Shaughnessy, S. J.
Owen, D. H.
Packham, L . E.
Packham, Leonard E.
Painter, Parker
Paris, Paris B .
Parker, Charles D., Capt.
Paddack, S. J .
Page, Robert K.
Paradiso, A. M.
Parker, James E.
Parry, William R.
Parsons, W.
Pashby, Paul J.
Pauley, Willis J.
Payne, Mary H.
Peake, Gerald M.
Pendley, David B.
Perry, Robert A.
Peavey, Ross D.
Peters, K.
PfeiHer, W. A.
Piccoli, P. E .
Pixley, P. T .
POlitzer, Lt. - Col.
Pope, Robert H.
Potter, Philip D.
Pinckernell, H.
Poland, William B .• Jr.
POlki.ng, Urban H. .
Potter, Lee
Pu, Robert T .
Quinn, M. J.
Raleigh, James T .
Rand, Robert L .
Randolph, R. Z.
Reed, B. R.
Reich, Bruno W.
Rand, Robert

Robert, Randolph C.
Reed, R. B.
Regusters, Herman.
Reisch, F. E .
Reisch, F. E .
Rende, J .
Roberts, Carl
Roper, J . C.
Rosenthal, Henry
Reising, Paul E.
Richard, Herbert L .
Roberts, T.
Rosenberg, Harold R.
Ross, Edward
Roy, Mrs. Melba L.
Rush, Martin
Russell, Walter C., Jr.
Ryan, James
Runge, George
Russell, H. K.
Rutledge, C. K.
Rycr oft , Michael J. Dr.
Safman, L. W.
Salmon, R. F .
Salzberg, I. M.
Sanderson, Kenneth C.
Sapper, Larry W.
Scanlon, Robert T .
Schachne, H. S.
Sanborn, S.
Santos, Severino Z.
Saunders, Mark C.
Scharf, Allen R.
Schauer, Karl
Schempp, Len
Schiesser, Emil R.
Schroeder, C.
Schwartz, John J.
Scott, Richard M.
Schruder, K.
Schmid, Paul E.
Schroth, R.
Schwartz, Robert F.
Schwartz, Victor A
Sebastia, Miss
Shaw, ~rt
Shawha..'1, John J .
Sheboya, B.
Simas, Victor R.
Selden, R. L.
~h;:l;w, R'lllo H.
Shaughnessy, Jalll~1i P.
Siller, Joe
Slick, E. P .
Smith, Jahn A.
Smor, Paul

Soar, W. S.
Sos, John Y.
Spintman, Daniel A.
Staggs, Fred
Smith, Philip T .
Snow, R.
Sohner J Harold
Spafford, M .
Satterfield, Jim
Staniloff, A. S.
Stevens, James M.
Stilmar, Robert L.
Stock, Richard L.
Stodola, E . King
Stanley, Robert R.
Stevenson, R. H.
Stiver, Willard Carl, Jr.
Stockwell, E. J.
Strum, Louie W., Jr.
Stuart, Thomas A.
Suleater, James
Sullivan, Cornelius J.
Suomala, John B
Susman, Dr. S. M .
Swan, Col. Harry C.
Swee, Conley
Taggler , R.
Talbott, J OM W.
Tanner, Walter E.
Taylor, Robert C .
Temkin, Aaron
Thompson, Henry F .
Toler, James C.
TraViS, A. D.
Tell, J. D.
Thomas, Edgar F. (Capt.)
Tho mpson, J. T .
Toukdarian, Richard
Trinter, V. E.
Tucker, Allen G.
TurnbuU, T . D.
Underwood, C. H.
Uvaas, Charles M.
Vavra, Paul H.
Vesper, Ralph D.
Wachsman, R. H.
W:::.lker, C. B.
Walch, Rudy
Wallston, Don
Waraneh, M.

..

Ul ....,.. o ~

~-.~ .,

,

~.

While, P . David
Wigand, R. C.
Williams, A. D.
Ward, Robert J.
White, J.

302
Whitson, Roy
Wilkes, Morgan E.
Willis, Don
Wilson, C. P.
Wttson, R.

Wlttgartner, Dan
Woolston, D.
Wright, Eugene L.
Yageldwich, J.

York. W1ll
Zimmerman, Elliott
Zink, Eugene
Zugler. T.

Intentionally Blank Page

" Th~ atrOllaul;{(// and IP::U ,uli/·itin of th r UII;ttd Sfattl IhtJU b~
rOllduettd 10 al fO eOI//,;bufr . . . 10 flu t'xpallJ;o/J of 11II1IIall knowl·
rdg~ of pbm olllma i l/ I h .. almolplu , r alld Jpacr.
Thr Adm;lIhtrat;OIl
Jhal/ prol1id .. /0' thr u·idr/I pr,:ct;c,lblr alld appr oprialr di JJrmi,l11f;Oll
of ill/ormal;on cOl/cl! millg ;11 IlrJi//jfir$ al/d Ih e f n llils IhUt'0f."
-NATlO:-:A L A U O:-:A UTI CS .0.:-:0 S PAC! ACT Of 19)8

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS
TECHNICAL REPORTS: Scientific and technical inform:nion considered
important, complete, and a bsting contribu tion to exist~ng knowledge.
TECHNICAL NOTES: Information less beoad in scope but nevertheless of
importance as a contribution to existing knowledge.
TECHNICAL MEMORANDUMS: Information receiving ' limi ted dimibu·
tion because of preliminary data, ucurity classification, or other reasons.
CONTRAqOR REPORTS: Technical In'formation generated in conneciion
with a NASA Contract or grant and rel~ased under NASA auspices.
TECHNICAL TRANSLATIONS. information published
language considered to merit NASA distribution in English.

in a foreign

SpECIAL PUBLICATIONS: In formation derived from or of value to NASA
activIties. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebooks, and specia l bibliographies.
TECHNOLOGY UTILI ZATION PUBLlCA'rIONS; Information on tech·
nology used by NASA dlat may be of pa rticular interest in commercial and other
nonaerospace applications. Publications i nclude Tech Driefs; Technology
Utilization Repons and Notes; and Technology Sun·eys.

Ddai/J an the a~ailabifjfy 01 the Je publications may be obtainecllrom:

SCIENTIFIC AN D TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washinston, D.C.

20546

