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UNIFIED S-BAND TELECOMMUNICATIONS TECHNIQUES FOR APOLLO
VOLUME T
FUNCTIONAL DESCRIPTION

By John H. Painter and George Hondros
Manned Spacecraft Center

SUMMARY

This document is a functional description of the intended configuration
and operation of the Apollo Unified S-band Telecommunications and Tracking
System. In particular, this description applies to the link between the
command-service module and the ground tracking station. The lunar excursion
module-to-ground link is similar, and an equivalent description applies.

The document begins with a short resume of the system's developmental
history. Then the basic spacecraft and ground system concept are simply
explained. Following are detailed descriptions of the communications signals,
modulation techniques, and subsystem configurations. The document concludes
with explanations of system operational techniques.



1.0 INTRODUCTION

1.1 Objectives of the Report

The Unified S-Band Telecommunications and Tracking System under develop-
ment for the Apollo lunar missions is not now well documented. Although some
documentation on the individual subsystems exists, there is no complete system
documentation which provides a reader with the basic system design, capabilities,
operation, and limitations. This report is intended to provide such system
documentation for the system in its current state of development and is divided
into three volumes because of the system complexity.

Detailed description of other elements that may feed into the present
system but are not directly developed by MSC is planned to appear in later
volumes of this report or in appropriate reference materials as they are
developed.

1.1.1 Volume T

Volume I provides a simplified functional description of the configuration
and operation of the communication and tracking system to be used in the lunar
Apollo missions. The spacecraft S-band subsystems for the cormmand-service
module (CSM) and lunar excursion module (LEM) are very similar in a system
sense. Both vehicles will, in fact, be supported by the same type of ground
station communication equipment. Therefore, the basic spacecraft description,
given here, is for the CSM, with the minor differences of the LEM subsystem
pointed out. The basic system modulation techniques and operational concepts

are described.

At the time Volume I was prepared, the CSM spacecraft S-band subsystem
was being redesigned to accommodate additional communication requirements,
insure equipment reliability, and insure compatibility with the ground sub-
system. The spacecraft subsystem configuration chosen to be described in this
volume is one which resulted from detailed technical discussions between Manned
Spacecraft Center, Jet Propulsion Laboratory, NASA Headquarters, Goddard Space
Flight Center, and associated contractors. Although the authors feel that this
configuration best meets the presently defined communication requirements and
provides more flexibility than other presently proposed configurations, it is
possible that the final spacecraft S-band equipment may differ slightly (at
the module level) from the one described. It is not expected that the basic
design philosophy or operation of the spacecraft S-band subsystem will depart
appreciably from that described.

At the time of preparation of Volume I, the ground subsystem demodulators
were functionally specified, but not designed. The authors have treated the
set of demodulators which, in their judgment, best satisfy the requirements.

1.1.2 Volume II
Volume IT is a detailed mathematical analysis of the communication and

tracking channels of the system. Equations in generalized parameters are
derived which may be used either to design the communication channels or to
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analyze existing designs. The equations are sufficiently general that changes
of the type referred to in section 1l.l.1l may be easily treated. Basic assump-
tions made in the derivations are plainly stated so that the validity of the
channel models may be easily inferred.

1.1.3 Volume IIT

Volume III is a tabulation of performance data or circuit margins for
each channel of the system. The calculation of these circuit margins is based
on the theoretical analysis presented in Volume IT. The circuit margins in
Volume IIT allow inference of the quality of the various system channels during
nominal as well as non-nominal modes of transmission of the spacecraft and
ground systems.

1.2 History of the System

The present configuration of the Unified S-Band has evolved from earlier
equipment. It is therefore important to acquaint the reader with the history
of the system. The Mercury spacecraft was provided with many electro-magnetic
transmitting and receiving systems. These systems operated at seven discrete
frequencies within five widely separated frequency bands. The systems used
on the Mercury spacecraft were:

1. HF voice transmitter and receiver

2. UHF voice transmitter and receiver

VHF telemetry transmitter no. 1

F W

VHF telemetry transmitter no. 2
5. C-band transponder

6. UHF command receiver

7. S-band transponder (pulse)

To complement the spacecraft systems, a number of ground stations, strate-
gically located about the globe, were provided with systems compatible to those
in the spacecraft to fulfill the communications and tracking requirements for
the Mercury missions. The spacecraft and ground systems used in the Mercury
Project performed satisfactorily. As a result, it was planned that the great
majority of these systems should be used in the Gemini Project, with, perhaps,
some systems modifications made to provide better performance or power and
weight savings in the Gemini spacecraft.

When the Apollo Project was initiated, it was stipulated that as much as
possible of the existing Mercury ground network and spacecraft systems be used.
In addition to these systems, it was conceived that a transponder should be
included in the spacecraft to perform the ranging operation at lunar distances.
The transponder was also to be used for transmission of voice and telemetry at
lunar distances. Since the transponder design chosen was compatible with the



Deep Space Instrumentation Facility (DSIF), established by the Jet Propulsion
laboratory (JPL), the JPL technique (pseudo-random code ranging) was chosen by
NASA to perform ranging. Thus, for the deep space phase of communications for
the lunar mission, the JPL transponder was to perform the communication and
tracking functions using three deep space stations, closely resembling the JPL
design. For the near-earth phase, however, the VHF, UHF, and C-band Gemini-
type equipments were to be used to perform the communications and tracking

functions. A studyl conducted by JPL, however, indicated that "under worst
conditions" the deep space stations might not acquire the spacecraft at alti-

tudes lower than 10,000 nautical milesg. In addition, computations made by
the contractor and MSC indicated that the VHF and UHF systems range capability

would be less than 10,000 nautical miles.

., During the early phases of spacecraft subsystems design, performed by the
contractor, it was realized that a problem with the spacecraft weight would
arise, since the near-earth phases of the mission required a number of different
spacecraft transmitters and receivers, as well as their back-ups. Because of
this realization, the contractor suggested to NASA that additional considera-
tion should be given to the spacecraft weight problem, and that perhaps some
other communications and tracking system could be used during the various near-
earth phases of the Apollo lunar missions.

As a result of the foregoing considerations, a meeting was held at the
Office of Tracking and Data Acquisition Systems (OTDA) in Washington, D.C. in
Decenber 1962. At this meeting OTDA presented plans for a ground network using
a unified S-band carrier system to representatives of various NASA centers,
including JPL and MSC. The ground portion of the system was to consist of
three stations having 85-foot Cassegrain feed antennas for deep space commni-
cations and tracking (separate from those of JPL), and a number of stations
with 30-foot Cassegrain feed antennas to perform communications and tracking
during the near-earth phases of the Apollo lunar missions. This proposed
ground network not only would increase the range capabilities for near-earth
commnications and tracking, but would also allow transmission from the space-
craft during both near-earth and deep-space phases to be performed by one
transmitter, thus eliminating all the VHF, C-band and UHF systems and their
back-ups, and consequently reducing the spacecraft weight.

The philosophy of using the unified S-band system for communications and
tracking at near-earth and in deep space has been accepted. As a result,
the ground network required for the support of lunar missions is presently
being implemented under a contract from the Goddard Space Flight Center.

lEPD—29 - Estimated 1963-1970, Capability of the Deep Space Instrumentation
Facility for Apollo Project, JPL, Pasadena, California, 2-1-62.

2The altitude of 10,000 nautical miles was calculated on the basis of the
three JPL DSIF stations located at Goldstone, California, Johannesburg, Union
of South Africa, and Woomera, Australia.



The Apollo unified S-band system has not yet been evaluated in the
laboratory, since the hardware design and fabrication has not been completed.
Plans have been prepared, however, by the Manned Spacecraft Center for early
and continuing laboratory testing as well as flight qualification of the
system.



2.0 THE BASIC SYSTEM

2.1 System Concept

The primary concept underlying the Apollo S-band telecommunications system
was originally that all communications and data transfer between spacecraft and
ground should be made using one common set of equipment and one radio frequency
carrier for transmission. Because of various historical and mechanical reasons,
this concept has not Been fully implemented in the Apollo system. The historical
reasons have been mentioned in the previous section. Because of the ground
requirement that the spacecraft transmit a stable carrier spectral line,
phase-coherent with the up-link carrier, to enable two-way Doppler tracking,
ranging, and ground antenna pointing, narrow deviation phase modulation has
been implemented for most of the spacecraft transmission. Those information
functions requiring a large modulated bandwidth are modulated directly on the
carrier while other, less wide, functions are first modulated onto subcarriers.
Since the range code and television signals transmitted by the Apollo spacecraft
both require large modulated bandwidths, and, in some instances, will be
transmitted simultaneously, it was necessary to place them on separate carriers,
using phase modulation for the first and frequency modulation for the second.
Aside from this exception, however, the basic concept of one carrier and one
set of equipment has been closely approached in the Apollo system. Failure and
redundancy considerations have, of course, required duplicate standby equip-
ments, both in the spacecraft and on the ground. The system described in this
report will be used in the translunar and lunar phases of the Apollo mission
and during the injection phase from earth orbit to lunar transfer trajectory.

It is planned that the system will be used in the earth orbital mission phases

also.

The heart of the unified Apollo system is the pseudo-random code ranging
subsystem developed by Jet Propulsion Laboratory. This system uses a ground-
based transmitting and receiving station working in conjunction with a space-
craft transponder. A pseudo-random code is phase modulated on an S-band
carrier at the ground and transmitted to the spacecraft. The code modulation
is recovered in the transponder and retransmitted to the ground station on a
different S-band carrier which is phase coherently generated from the up
carrier. At the ground station the time difference between the transmitted and
received code gives a measure of the spacecraft range.

2.1.1 The Basic Spacecraft System

Neglecting redundancy, the basic spacecraft system is shown, highly
simplified, in figure 1. The system is composed of a premodulation processor,
transponder, final amplifier and associated microwave circuitry, high-gain
antenna and omnidirectional antenna. This system diagram is later expanded
(section 3.3) to show the means for obtaining switchable redundancy and
simultaneous PM-FM operation.

The premodulation processor accepts voice, PCM telemetry, biomedical data,
television, and emergency key signals from the spacecraft for transmission to
the ground. It also recovers the voice and up-data signals received from the

ground.
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The CSM transponder is basically a narrow band PM receiver, narrow band
PM transmitter exciter, and wide band FM transmitter exciter. The LEM trans-
ponder, however, does not contain an FM exciter since it is not required for
the LEM to transmit FM and PM information, simultaneously. The transponder
feeds and is fed by a package containing final amplifiers and microwave
switching and diplexing circuitry. The microwave circultry feeds the two
spacecraft antennas which are manually selectable. The PM receiver has a local
oscillator, phase locked to the received carrier, which provides the frequency
and phase reference for the PM transmitter exciter. The FM transmitter exciter
has its own separate oscillator. The PM receiver is used at all times to
receive from the ground. The PM exciter is used at all times to transmit to
the ground. The FM exciter is used only when transmission of FM data is
required.

2.1.2 The Basic Ground System

Again neglecting redundancy, the basic ground system is shown, highly
simplified, in figure 2. The system is composed of a high-gain main antenna,
wide-beam acquisition antenna, microwave circuitry, a main reference channel
receiver, acquisition reference channel receiver, two main angle channel
receilvers, two acquisition angle channel receivers, a transmitter, data demodu-
lation circuitry, ranging circuitry, premodulation circuitry, acquisition and
programing circuitry, data handling equipment, and peripheral equipment.

The acquisition channels, transmitter, and acquisition antenna are used
initially to acquire the spacecraft signal. This operation consists of a
search in angle with the acquisition antenna and a search in frequency with
the acquisition reference channel receiver for the central PM carrier component
of the spacecraft signal. The ground receiver local oscillator phase locks
to the received carrier, thus activating the angle channels. When the acqui-
sition antenna is sufficiently well aligned, the main antenna, which is
physically tied to the acquisition antenna, acquires the spacecraft carrier.
The main reference channel receiver is then phase-locked and the main angle
channels become effective. The drive for the antenna servos is then switched
from the acquisition to the mailn angle channels.

The ranging circuitry contains digital equipment for generating the
various range codes and range measurements, Doppler measuring circuitry, and
a range code receiver which is fed by the reference channel 10-megacycle
IF outputs. The ranging circuitry feeds the range code to the transmitter
phase modulator, where it i1s effectively summed with other up-going data from
the premodulation circuitry.

The data demodulator, as shown in figure 2, accepts PM data from the main
reference channel receiver and FM data from the acquisition reference channel.
Since the two reference channel receivers are identical, the acquisition
reference channel is available, after completion of acquisition, for the
reception of other data, namely FM. The data demodulation and ranging equip-
ment both feed the data handling equipment. The data handling equipment also
feeds the premodulation equipment.



The acquisition and programing circuitry plays an essential role with the
rest of the equipment. The ranging processes are automated, and are digitally
programed in response to analog measurements on various parts of the equipment.
The programing circuitry contains special purpose digital computing equipment
and analog-to-digital converters. Additional peripheral equipment, not shown
in figure 2, forms another part of the basic ground system. This equipment is
treated in section 3..4.

2.2 Extension of the Basic System Required to Support the
Command/Service Module and Lunar Excursion Module

The Apollo lunar mission uses two spacecraft, the command/service module
(CSM) and lunar excursion module (LEM). The CSM communications system is
active throughout the mission, from prelaunch through reentry and landing.

The LEM communications system is active mainly in the region of the moon. The
mission communication requirements for the two spacecraft are treated in detail
in section k.2.

The fact that there are two spacecraft, each having its own S-band system,
complicates the ground station. Figure 3 shows a configuration for a ground
station having a full duplicate ability to range simultaneously and communicate
simultaneously with both spacecraft. This configuration implies that both
spacecraft remain within the beamwidth of the high-gain ground antenna and that
antenna pointing is performed on only one of the spacecraft. It is seen that
to the basic ground station have been added two reference channel receivers,
one data demodulator, one set of ranging circuitry, one transmitter and one set
of premodulation circuitry. It should be understood that the capability of the
data handling and acquisition and programing eircuitry is also expanded over
the basic system. Figure 3 still ignores redundancy, although the ability to
switch data demodulators and ranging circuitry from one reference channel to
another implies redundancy of a sort.

Functionally, the two spacecraft S-band systems are alike, although there
may be differences in physical packaging and avallable output power levels.
These differences are discussed further in the detailed system description,
section 3.3.

2.3 The Ground Network

There are three types of S-band ground stations; the deep-space statioms,
injection and transposition gap-filler stations, and earth-orbital stations.
The types of stations differ in the sizes of thelr antennas and whether they
have single or dual tracking capability.

The three deep-space stations have 85-foot diameter antennas and full dual
tracking and communication capability. These stations will be located at
Goldstone, California; Madrid, Spain; and Canberra, Australia. Following the
injection into lunar transfer trajectory and during the LEM transposition
phases of the Apollo lunar mission, 1t is possible that the spacecraft will not
have been acquired by a deep-space station. This possibility exists because the
spacecraft, at the beginning of injection, is at a relatively low altitude
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(100 nautical ﬁiles). Depending on the geographical relation of the injection
point to the nearest deep-space station, the spacecraft may have to climb
several thousand miles in altitude before becoming visible.

Because of this possible gap in coverage, several injection gap-filler
stations, number and location now unknown, will be used to supplement the
deep-space stations for those missions where deep-space station acquisition is
delayed. These stations will have 30-foot antennas and dual data communication
capabilities. The S-band ground stations to be used in the earth-orbital
mission phases will have 30-foot antennas and single ranging and communications
capabilities. The locations of the stations will be such as to provide good
coverage of Apollo earth orbits, in conjunction with the gap-filler stations.



3.0 DETAILED SYSTEM DESCRIPTION

3.1 The Communications Signals

The following section describes the various communication, data, and
ranging signals which serve as inputs to the system, either on the ground or
in the spacecraft. The signals are described as they exist in their unmodulated
or baseband form. The modulated signals are treated in section 3.2.

3.1.1 Up-link (Ground to Spacecraft)

3.1.1.1 Range code.- One of the most important signals generated by the
ground station is the range code, used to determine the radial range between
ground station and spacecraft. This code is a continuous running binary wave-
form which progresses at a nominal rate of a million bits per second, being
generated from a 496-kilocycle clock signal. Being one of a class of codes
known as pseudo-random, this code has a basic period of about 5.4 seconds.
This period insures that the code does not repeat for 5.4 million bit periods.
A period of this length is required so that the code will not recycle during
the time of propagation from earth to moon and back.

The transmitted code, which is generated by digital logic circuitry, is a
Boolean combination of four shorter codes and the digital clock signal (a
496-kc square wave). For general information the combining function is:

Code = {x. cl} v {E E(a.bvb.cva.c)@cl]}

Where the dot indicates the Boolean "and", the v indicates the Boolean "or",
the C) indicates the Boolean "exclusive or'", and the bar indicates the Boolean
"not". The lengths of the code components in bit periods are given in table I.
For detailed information on the generation of this code, see reference 1.

3.1.1.2 Up-Data.- It is required that a digital up-data link be avail-
able to transmit to the spacecraft (both CSM and LEM) either up-dating infor-
mation for the on-board computer or real-time or stored-program commands. The
signal brought in to the S-band equipment is derived from a Gemini-type Digital
Command System (DCS). This signal is a composite waveform consisting of a
l-kilocycle sinusoid summed with a 2-kilocycle sinusoid which has been phase-
shift keyed by a 1-kilobit digital signal. The digital signal is a basic
200-bit information signal, sub-bit encoded, 5 bits for 1.

35.1.1.3 Voice.- Voice transmission is also required to the spacecraft.
The baseband voice signal is simply an analog waveform with most of its energy
lying between 300 and 2,300 cycles per second. This signal originates from
the various channels in the ground station.

3.1.2 Down-link (Spacecraft to Ground)

3.1.2.1 Range code.- The range code signal, recovered in the spacecraft
for retransmission to the ground, is approximately the same as that generated
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on the ground, except that it is contaminated with noise and two up-1link
subcarriers (section 3.2). The code is running at a slightly different rate
due to Doppler effects.

3.1.2.2 Pulse-code-modulated telemetry.-~ The primary spacecraft telemetry
signal is binary PCM (non-return to zero) having either a 51.2-kilobit or
1.6-kilobit information transmission rate. The basic onboard generated tele-
metry clock frequency is 512 kilocycles.

3.1.2.3 Voice.- The baseband voice signal is much like the ground station
volce signal. Clipping and filtering is employed to keep the average voice
level high and most of the power between 300 and 2,300 cycles. The voice
signal originates from the astronaut's microphone or the AM relay receiver used
during extrasehicular astronaut activities.

3.1.2.4 Biomedical telemetry.- Biomedical data from the astronauts is
routed through the PCM telemetry when the astronauts are in the spacecraft.
When an astronaut i1s outside the spacecraft, either in space or on the surface
of the moon, a special set of biomedical telemetry channels is provided.
Seven low frequency subcarriers in the astronaut's suit communications package
are frequency modulated with the biomedical measurements. The modulated sub-
carriers are summed and amplitude modulated on a VHF carrier for relay back to
the parent spacecraft. At the spacecraft the AM signal is demodulated and the
summed frequency-modulated subcarriers are recovered. This recovered signal
forms the baseband input to the S-band system. The center frequencies and
channel information of the wvarious biomedical subcarrier channels are given in
table II.

3.1.2.5 Television.- During certain mission phases the spacecraft will
transmit television to the ground. Because of spacecraft power limitations
the television picture will not be of the usual broadcast quality. The tele-
vision signal i1s analog, having a basic picture format of 10 frames per second,
320 lines per frame, with an aspect ratio of 4:3. The resolution is further
limited by 500-kilocycle baseband low pass filtering. Amplitude synchronization
will be used with the synchronizing level 30 percent above the black level.

3.1.2.6 HEmergency voice.- A capability is required for successful voice
communication with the ground in the event of failure of the spacecraft high-
gain antenna or final amplifier, but not both. The emergency volce baseband
signal is the normal voice, routed through a different channel.

5.1.2.7 Emergency key.- For a last-resort communication capability the
astronauts may use hand-keyed Morse code. The baseband key signal is an on-off
d-c voltage obtained by keying the spacecraft 28-volt battery.

3.1.2.8 Recorded PCM telemetry.- PCM telemetry at either a 1.6 kbs rate
or 51.2 kbs rate may be recorded when necessary. When the recorded telemetry
is played back into the transmission channel the playback signal has a nominal
51.2 kbs rate with, perhaps, some "wow" and "flutter" due to the tape recorder.
The playback signal is routed through a different channel than the real-time
teleme try.
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3.1.2.9 Recorded voice.- The normal clipped voice may be recorded at any
time. The recorded voice is played back at a higher rate than the recording
rate (greater than 4:1). The playback signal occupys a greater base bandwidth
than the normal voice signal (greater than 9 kc) due to the high playback rate.
The playback signal is routed through a different channel than the real-time

voice.

3.2 ©Signal Transmission Modulation Techniques

3.2.1 Up=-link

The up-link modulation techniques are simpler, conceptually, than the
down-link and so are treated first. The final modulation process on the
outgoing carrier is phase modulation using relatively narrow deviation. Narrow
phase modulation is required to insure that a phase stable carrier component
arrives at the spacecraft. Since the spacecraft transmission carrier is
derived phase coherently from the received carrier, it is important that the
carrier received at the spacecraft not be allowed to reverse phase for any
appreciable length of time due to modulation, since this rewversal would cause
an error in two-way Doppler tracking between the ground transmitted and received
carriers. Narrow phase deviation also assures that the modulation is concentra-
ted in the first order side products of the modulated signal. This concentra-
tion optimizes the particular reception technique employed in the spacecraft.

The total rms phase deviation on the up-link carrier is kept at about

one radian. For a classical treatment of signal design, see reference 2.

5.2.1.1 Range code.- The range code, which is a binary analog waveform,
is effectively summed with the other up-going information and phase modulated

onto the carrier.

3.2.1.2 Up-data.- The baseband up-data signal is first frequency modulated
on a T0-kc subcarrier, then summed with the other up-going information and
phase modulated on the carrier.

3.2.1.3 Voice.=- The baseband voice signal is first frequency modulated on
a 30-kc subcarrier, then summed with the other up-going information and phase
modulated on the carrier.

3.2.2 Down=-link

The down-link modulation techniques for CSM and LEM are practically
identical. The C3M may transmit on two S-band carriers simultaneously. The
LEM, however, may time share one carrier for transmission of FM or PM modula-
tion. Considering both spacecraft, three separate carrier frequenciles may be
received at the ground, simultaneously. The various modulation parameters will

be treated in the section on signal design.

NOTE: 1. The only difference between the up-links for C3IM and LEM is the
carrier frequency. The modulation techniques are identical. The various
modulation parameters are treated in section 3.2.3%, Signal Design.
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There are two final modulation processes in the spacecraft. These
processes are phase modulation and frequency modulation. Similar to the up-link,
a phase-stable carrier component must arrive at the ground station for use in
Doppler tracking and for use by the narrow angle channels which point the
ground antenna. This carrier requirement implies narrow phase modulation for
some of the information links. In addition, the carrier requirement implies
that the LEM can not transmit FM modulation when tracking and ranging is
required by the ground. As explained in section 2.1, a separate frequency-
modulated carrier was chosen for the transmission of television and certain
other data. Certain of the information signals can be transmitted only in the
PM channel, and certain other signals can be transmitted only in the FM channel.
Some of the information signals can be transmitted in either channel. The
combination modes are spelled out explicitly in the signal design section 3.2. 3.

3.2.2.1 Range code.- The range code, having been recovered in the space-
craft, is effectively summed with the other PM channel information and phase
modulated onto the down carrier. The range code is restricted to the PM channel
only.

coded, is first phase modulated on a 1.02k-mc subcarrier. The modulated sub-
carrier may then be either summed with PM channel information and phase modu-
lated on the down PM carrier or summed with FM channel information and
frequency modulated on the down FM carrier.

3.2.2.3 Voice.- The baseband voice signal is first frequency modulated on
a 1l.25-mc subcarrier. As with the PCM telemetry subcarrier, the voice sub-
carrier may be summed with other information and be transmitted through either
the PM or FM channel.

3.2.2.4 Biomedical telemetry.- When employed, the biomedical telemetry
baseband signal will first be summed with the baseband voice signal. Then both
signals will be frequency modulated on a 1.25-mc subcarrier (the voice sub-
carrier). This modulated subcarrier may then be transmitted through either the
PM or FM channel.

3.2.2.5 Television.- The baseband television signal is summed with other
FM channel information and frequency modulated on the down carrier. Television
is restricted to the FM channel only.

3.2.2.6 FEmergency voice.- The baseband voice signal is phase modulated
directly on the carrier using a sufficiently narrow deviation to insure the
retention of a phase-stable carrier-spectral component for ground Doppler track.

3.2.2.7T Emergency key.- The keyed d-c signal is applied to a digital
"and" circuit, to which is also applied the 512-kc square wave from the space-
craft central timing equipment. The output of the "and" circuit, a keyed
512-kc square wave, is then band-pass filtered to give a keyed 512-kc subcarrier.
The keyed subcarrier is phase modulated on the carrier using a narrow enough
phase deviation to maximize the first order side product and to insure retention
of a phase-stable carrier-spectral component for ground Doppler track.
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3.2.2.8 BRecorded PCM telemetry.- The recorded PCM telemetry signal is
bi-phase modulated on a 1.024 mc subcarrier. This is not the same subcarrier
used for real-time telemetry. The modulated subcarrier may then be summed with
other information and transmitted through either the FM or PM channel. The
subcarrier for recorded telemetry cannot be transmitted through the same
carrier channel as that carrying the real-time telemetry subcarrier.

3.2.2.9 Recorded voice.- The recorded voice signal i1s frequency modulated
on a 1.25 mec subcarrier. This is nct the same subcarrier used for real-time
voice. Because of base-bandwidth considerations, the relayed EVA biomedical
data cannot be summed with recorded voice. The modulated subcarrier may be
summed with other information and transmitted through either the PM or FM
channel. As with recorded telemetry, recorded voice and real-time voice cannot
be transmitted through the same carrier channel.

3.2.3 ©Signal Design

It has been stated previously (sec. 3.2.2) that for the down link certain
information functions are restricted to PM only or FM only, while some functions
can be transmitted either way. There are many possible combinations of trans-
missions. The choice of the various modulation parameters for these combina-
tions is referred to, here, as signal design. At this time, first cut signal
design and optimization for both the up and the down links have been performed
by the prime contractors for CSM and LEM, respectively.

%3.2.3.1 Combination modes.- It is necessary to designate all the possible
transmission modes, both for the up- and the down-links. This is done in
table ITII for the up-link. Table IV does not list all the possible combinations
for the down-link, but lists most of those of interest. Table IV, also indicates
which modes use the spacecraft high power final amplifiers (PA) and which modes
result for use of the PM exciter only.

3.2.3.2 Modulation parameters.- For the purposes of Volume I, the
modulation parameters to be treated are subcarrier frequencies and various
modulation indices. There are several separate sets of modulation indices for
this system; those of the information on the subcarriers, and those of the sub-
carriers on the carriers. At this time contractors have derived sets of modu-
lation indices. It is intended that Volume III will present a third set of
indices, derived and optimized by NASA-MSC. Table V presents only the sub-
carrier frequencies, leaving the indices for Volume III.

3.2.3.3%3 Modulated spectra.- The modulation modes described in
section 3.2.% are best illustrated through plots of energy density against
frequency. The spectra of interest are those for the individual up-links,
individual down-links, and the dual up-links and down-links where all channels
are active. The dual link plots show how the spectra for both spacecraft fit
together.

It should be noted that these spectral plots have not been mathematically
computed. The plots are approximations and are used here as illustration.
Figure L4 depicts the energy spectrum of an individual up-link; that is, a
carrier of frequency fo phase-modulated by a pseudo-random ranging code plus
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a voice and an up-data subcarrier. It can be seen that the first order products
for the voice and up-data subcarriers appear 30 and 70 kilocycles away from the
central carrier spike, respectively. The range code spectral envelope has the
sin squared of X over X squared shape with nulls every megacycle. The envelope
is actually filled with fine structure defined by the lengths of the wvarious
sub-codes making up the range code. This fine structure is neglected for
clarity. Figure 5 represents a dual up-link, with two of the individual up-
link spectra separated in frequency. The frequency separation is determined

by the separation of the two spacecraft phase-modulated carriers and the

240/221 frequency turnaround ratio of the spacecraft transponder. The spectra
are of identical form, although the information content of each may be different.

Figure 6 shows the CSM down-link having a phase-modulated carrier at

frequency fo and a frequency-modulated carrier at frequency fo . The
1 2

frequency separation between the two carriers is kept to 15 megacycles, minimum,
due to spacecraft circulator design. The television envelope 1s always asso-
clated with the FM carrier. The range code envelope 1s always associated with
the PM carrier. The two subcarriers bearing real-time voice and telemetry
information may be associated with the PM carrier and the two subcarriers
bearing recorded voice and telemetry information may be associated with the
FM carrier, or vice versa.

Figure 6 shows the LEM down-link spectra. Since no requirement dictates
that the LEM transmit simultaneous FM and PM modulation, time sharing of the
carrier by the ranging code and television is used. It should be noted,
however, that television is transmitted only when convenient and never at the
expense of ranging.

Since the LEM carries no tape recorder only one set of subcarriers for
voice and telemetry is used. As figure 6 shows, the subcarriers may be
transmitted simultaneously with either the ranging code or the television.

Figure 7 shows the dual down-link spectra. The upper spectrum in the
figure shows the LEM transmitting a coherent carrier with PM modulation, and
the CSM transmitting both the coherent and non-coherent carriers with PM and
FM modulation, respectively. The lower spectrum of figure 7 shows the LEM
transmitting a non-coherent carrier with frequency modulation, and the CSM
transmitting both carriers as in the upper spectrum. The CSM spectra of
figure 7 indicate simultaneous transmission of four subcarriers. When this
mode of transmission is used, two of the subcarriers are modulated by real-time
voice and telemetry information and the remaining two are modulated by recorded
voice and telemetry information. However, when recorded information is not
transmitted, the real-time voice and telemetry subcarriers may be associated
with either the coherent or non-coherent carrier of the CSM spectra.

A merit of the four subcarrier configuration is that for the majority of
time when recorded data is not transmitted, the two subcarriers associated
with recorded data are available to satisfy any future additional data communi-
cation requirements.
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Figure 8 shows an individual down-emergency voice link, with base band
voice narrow-phase modulated onto the carrier.

Figure 9 shows an individual down-emergency key link, with the keyed
subcarrier narrow-phase modulated onto the carrier.

3.3 Spacecraft Subsystem Configuration

The previous sections of this report outlined the basic ground and
spacecraft systems configurations as well as the type of signals and information
to be transmitted to and from the spacecraft. This section will be concerned
with the detailed description of the spacecraft equipment used for the perfor-
mance of the'telecommunication and tracking functions.

The LEM S-band subsystem 1s very similar to that of the CSM in a systems
sense. However, as previously pointed out, the LEM does not transmit recorded
voice or recorded telemetry. Also, the LEM uses one carrier frequency for
transmission to the ground, time sharing FM and PM modulation. The CSM,
however, uses two independent carriers, one for FM and the other for PM modu-
lation. Since these carriers may be transmitted simultaneously, recorded
voice and telemetry may be transmitted to the ground along with real-time voice
and telemetry, and the other functions described in section 3.2.2. The
following description is for the CSM; however, a similar description holds for

the LEM.

The spacecraft subsystems used for S-band telecommunications and tracking
are divided functionally as follows:

1. Premodulation processor
2. Transponder

3. Power amplifier

4. Antennas

These subsystems are discussed individually in some detail. In addition, block
diagrams are given to aid the reader in understanding the operation of these
subsystem elements. Figure 10 shows the complete spacecraft S-band subsystem.

3.3.1 Premodulation Processor

The premodulation processor is a signal processor which functions to
accomplish the following: (1) signal modulation and signal mixing of the
information to be transmitted from the spacecraft-to-ground, with the exception
of the ranging code, and (2) demodulation of the up-link voice and up-data.
This subsystem element consists of a number of filters, subcarrier oscillators,
mixing networks, and a number of switches used for selection of the proper
modulation technique for any given mode. The block diagram shown in figure 11
outlines the structure of this subsystem. As shown, the premodulation processor
has two outputs. These outputs are for frequency and phase modulation, respec-
tively, and are routed to the spacecraft transponder. The PM output can be
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broken down into four different signals. These signals which can only be trans-
mitted individually, are 51.2 kilobits. per second (kbs) or 1.6 kbs real-time
telemetry plus normal voice and biomedical data; or recorded PCM telemetry

(at 51.2 or 1.6 kbs) plus recorded voice; or emergency voilce, or emergency key.
The FM output can be broken down into two different signals which can only be
transmitted individuvally, and are television plus real-time telemetry (51.2 or
1.6 kbs) plus normal voice and biomedical data; or television plus recorded
telemetry (51.2 or 1.6 kbs) plus recorded voice.

The various types of information which are combined in the mixing networks
to produce the various premodulation processor outputs are derived from various
sources which are indicated on the left hand side of figure 11. The processing
of each of these different types of information is discussed individually.

3.3.1.1 Telemetry (PCM).- Pulse code modulation (non-return to zero) data,
having either 51.2 kbs or 1.6 kbs rate, is derived from the spacecraft PCM
equipment and may either be recorded or transmitted in real time. Whether
played back from the recorder or transmitted in real time, the telemetry
information is processed by one of the following methods.

3.3.1.1.1 PM. The PCM data is routed to the bi-phase modulator where the
bi-phase modulation is accomplished. That is, the ones and zeros of the PCM
data are digitally combined with a 1.024-mc square wave subcarrier. The output
of the bi-phase modulator goes through a bandpass filter and is routed to the
PM mixing network where it may be summed with other data for modulation on the
main carrier and transmission to earth. In this case the summation of the PCM
subcarrier and the other data is transmitted to earth via a PM modulated
carrier.

3.3.1.1.2 FM. The PCM data is again routed to the bi-phase modulator
where modulation is accomplished. Then, the 1.02L4-mc subcarrier is routed to
the FM mixing network where it may be summed with one or with a combination of
other signals (such as voice, TV, et cetera). The composite waveform is