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. ~ FOREWORD

This repert was prepared in conformance wlth the requirements of
NASA Specification S-460-ATS-19, which is GSFC's specification pertaining
to the ATS-F experiments, design study, and fabrication. Additional require-
ments are contained in GSFC specification S-52L-P-4g, "10.6 Micron Laser
Communications Systems Experiment for ATS-F." This is Part 1 of the three-
part Volume I Design Study Report pertaining to the LCE epacecraft ftransceiver.
It is a comprehensive, self-contained report of the transceiver design.

Part 2 contains the appendices, whlle Part 3 contalins the LCE design specifi-

cations,

Volume IT, which will be delivered in late fall.of 1970, will cover
the remaining elements of the LCE, irccliuding the Operaticnal Ground Equipment,

Data Acquisition Plan, and Data Processing, keducticn, and Analysis Plan.
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1,0  INTRODUCTION

The ATS-F Laser Compunications Ekperiment (ICE) is the Tirst significant
step in the appliication of laser systems to space communlcsations. The sgpace-
qualified laser communications system belng developed in this experiment, and
the data resulting from its successful deployment in space, will be appllcable
to the use of laser communlcatlons systems in a wide variety of manned as Well
as unmanned space missions, both near earth and in deep space. Partlcular future
NASA missions which can benefit from this effort are the Tracking and Dats

Relay Satellite System and the Earth Hesources Satellites.

The LOE had its origin in a report writtem in 1965 by McAvoy} who o
pioneered the application of carbon dioxide laser systems in space. This early
report showed the desirability of 1C.6-micrometer (28 THz) communications
systems for space communicatious, particularly for interplanetary
missions. A more recenl and direct precurscr of the LCE is a report by McAvoy,
et al.,” which describes in depth the feasibility of developing a 10.6-micrometer
laser communications system Tor use in performing satellite-to-ground and
satellite-to-satellite communications experiments. This report led tqlthe

decision to initiate the development of the LCH.

The LCE makes uszs of carbon dioxide lasers to establish simultaneous,
two-way communication between the ATS-F synchronous sateliite and a ground
station. In addition, the LCE is designed to permit communication with a
similar spacecraft transceiver proposed to be flown on ATS-G, nominally one
year after the launch of ATS-F. This would be the Tirst attempt to employ

lasers Tor sstellite-to-satellite communicatlions.

lMcAvoy, N., "10.6 Micron Communication System" NASA TM X-524-65- h6l
Goddard Space Flight Center, Greenbelt, Md., Nov. 1965

EMcAvoy; K., d3. ¥, Richards, J. H. McElroy, and W. E. Richards, "10.6-
Micron Laser Communicatione System Experiment for ATS-F and ATS-G,"
NASA T 5-524-68-206, Goadard Space Flight Center, Creenbelt, Md.,
May 1968
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_ This Design Study Report for the LCE was prepared by the Aerojet-General
Corporation under Contract NAS 5-21072. This prime contract for the LCE was
awarded to Aerojet on T Japuary 1970 Y the NASA Goddard Space Flight Center
(GSFC). Major subcontractors are Sylvania Electronic Systems for the laser
. rubsystem and Airborne Instruments Laboratory, a Division of Cutler-Hammer,

for the optical receiver subsystem.

The Aerojet prime contract covers the development and fabrication of the
LOE spacecraft equipment and the LCE ground equlpment necessary for the per-
formance of the experiment. The LCE Specification GSFC-S-524~P-L46, "10.6-
Micron Laser Communications System Experiment for ATS-F," is used ag a design
basis. The deliverable hardware end items (and approximate delivery dates)
consist of:

' (1) A protoLype model (fall of 1971 };

(2) 4 flight model (late in 197i);

(3} A flight spare model (early in 1972);

{&) Groomd equipment (late in 1971);

{5} Two spacecraft integration test consoles (fall and winter of

1971); and,
(6} A thermal/structural model of the spacecraft transceiver
(optical transmibter and receiver, fall of 1970).

In addition, a breadboard model is being fabricated and tested to verify
the concepts of the LCE design (summer of 1970), and a functional test model
{a non-deliverable pre-prototype model ) will be fabricated and testad to prove
the performence capability end environmental iutegrity of the LCE system and
to aid in identifying potential probtlems prior to Tabricating the prototype
model {winter of 1970-71}. It is presently plamned that (1) the breadboard
will be refurbished for use as a ground calibration unit, (2) the P will be
refurbished for use as the gromd equipment transceiver, and (3) the prototype

will be refurbished for use as a flight spare.
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Major software deliversble end items under Contract NAS 5-21072

inelude:
(1) This Design Study Report
(2} A Thermal Math Computer Model (fall of 197C)

(3) A Maintenance and Operations Mapual {(summer of 1971)

(4) An Experiment Handbook (spring of 1971)

(5} TFinal Report

Volume I of this report deals with the spacecraft transceiver, by far the
most critical design element for the experiment. Part 1 of this volume is
divided into three parts; Part 1 contains the baslc design study material;
Pért 2 contains the results cof detailed analyses and data in support of the
arguments presented in Part 1; and Part 3 is s compilation of LCE design
gpecifications prepared by Aerojet. The Operationzal Ground Eguipment (CGE),
Data Acquisition Plan, and Data Processing, Reduction, and Analysis Plan will
be discussed in a second volume (to be delivered in late fall of 1970). This
report complies with the Design Study Report requirements of the LCE Specifi-
cation.GSFC-S—52h—P-kC and of the ATS-F experiments Specification GSFC-LOEC-
ATS-19, %o which it refers.

At the time of the preparation of this report (Suly 1970) the LCE space -~
craft transceiver is undergoing detailed design of the deliverable units. 1In
addition, a nondeliverable breadboard is being constructed; fabrication of
subsystems has been completed with the completion of breadboérd system assembly
expected by the end of July 1970 and completicn of breadbcard system testing
during September 1970. With GSFC concurrence, & fewllong—lead components and
.parts have been ordered for a functicmnal test model, a nondeliverable pre-

prototype unit.
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2,0 SUMMARY

2.1 INTRODUCTION

The purpose of the ATS Laser Communications Expefiment as stated in

| the system specification is to ascertain the practicality of wideband ¢ ommand -
cations between the spacecraft and the ground statlon and between two orbiting
spacecraft using the 10.6-micrometer radiation from a carbon dioxide laser,
and to establish the resulting efficiency that can be effected in terms of
comtunication bandwidth per pound on the spacecraft, In order to meet this
objective, a number of experiments and measurements will be conducted ou &
two-way laser communication link between the ATS-F satellite and & ground
station, TIn addition, the LCE is designéd to permit communication with a
sim’lar spacecraft transceiver proposed to be flown on ATS-G, nominally one
year after the launch of ATS-F, These include measurement of signal—to-noisé
ratio as & function of system and envirommental parametérs and the measurement
of date quality compared to a reference microwave link, in various modes of
operation. o .
The design report describes in detail the systems analyées, system and
| subsystem specifications, hardware ae51gn, design analySE°-and determined

vvvvv

fabrication techniques that will result in the flight transceiver, In par—

ticulgr:

(1) Detailea aﬁalyses, in terms of the system requirements aﬁdi
required modes of operatioﬁé,\have been performed and have resulted in systéﬁf;;
and subsystem performance and design specificatlons for & transceiver which -
| will perform the experiments necessary to achieve the required objective. L

4\ -
.

(2) Detailed analyses and trade studles of the various technical

approaches for each subsystem designs have been performed.

(3) Designs of the subsystems have been made, In most cates, the
detailed design must still be completed, but it is considered that the desipac

are at an excellent point for a meaningful review.
. I
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(4) Detailed analyses of the designs have been performed to énsura
that they meet, or can be modified to meet, the determined‘specificaticns and
interface requirements and that the hardware can be fabricated. Where required,
the necessary fabrication techndques and eqpipmént are being assembled.

(5) Detailed investigations’of all critical technical areas have been
performed and have either (&) verified the analyses and assumptions in the
system/subsystem designs and design fabrication or (b) increased the under-
standing to the point where the velidity of the design and/or fabrication
technique is proven so that the ILCE requirements can be satisfied. For the _
latter areas, further developmentg&l, experimental and/pf analytical efforts,.ﬁrh
are continuing as described herein. Final results are expected in accordgnééifiV
with the program schedule, | ' ' B

(6) A test program, which lncludes inforﬁal eﬁgineering functional
and environmental tests and formal quelification and acceptance tests, has
been detailed with the intent to uncover problem areas and to prove outkthe ;
designs at the earliest possible date. !

(7) A1l breadboard subsystems have been fabricated. Testlng to datqp .

has not disclosed any major problems, Final assembly of the breadboard is i
being performed.

T et

Certain critical technical areas where identified early ih the''’ ‘
program and the goal has been to resolve these technical uncertainties‘aém
soon as possible through anslyses and testing. Both program planning and )
test plamning have been directed toward the early identification of additiqnal :
potential problem areas. . S

2.2 SYSTEM CONCEPT . o
A simplified block diagram 1llustrating the uystem concept in ahown f:

in Figure 2-1. The LCE transceiver, mounted on the AT3-F 5pacecraft operating

in a synchronous orblt, will maintain two-way comounication with a .lmilar ﬂ,

transcelver located at the ATS-F ground station. The spacecraft’ transmifter ’

et o
i
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will transmit FM signals on one line (P20) of the 10.6 micron 002 laser
spectrum with N-S polarization and will recelve simliar signals from the
ground station on another line (P16) with E-W polarizeticn. In the spacecraft,
the signal to be transmitted can be either teken from the LCE receiver output .
or from the spacecraft communication system. This permits operation iﬂlany

of the four modes shown in Figure 2-2, In the Atmospheric Propagation mode,
the unmoduleted carriers of both transmitters are received at the opposite
station and signal strengths can be measured., In the Two-way Laser Communi-
cation mode, the-siénal transmitted to the satellite will be re-transmitted -
back to the ground and compared with the same signalwtranSmittod vie a microiu
wave link. In the Down-Link Laser mode{ the one-way laser signal will be ‘
compared with the microwave link. In the Data Relay mode, signals received

at the satellite from a low-altitude satellite on an S-band link will be
relayed to the ground station via the laser link. o

2.3  SYSTEM DESCRIPTTON

A pergpective view of the LCE spacecraft transceiver is shown in
Figure 2.3 and a schematic of the spaGEﬂraft/ground station geometry 18"

£

shown in Figure 2-h, . . ' PR
The baseplate of the experiment will be mounted on the north face}f
of the ATS spacecraft with the beam-pointing mirror housing facing the earth,
A viewing port in this earth-facing side of the spacecraft will accomodate
the beam-pointing angles of -40° E/W and *8° N/S. This capability will permit
the LCE transceiver to communicate not only with & ground based station with T
allowence for spacecraft attitude variations, but will also allow communica--
tlon with another satellite-borne transceiver (e.g., on ATS-G). Below the
coarse beam-pointing mirror is the Cassegrain telescope which functions as }
the optical antenna of the system. Energy received from the remote stetion
is collected and relayed by means of the telescope and relaf lens to the
Imege Motion Compensator (IMC) as a .78 in collimated besm. From the IMe,

the received beam, is reflected from rather than transmitted through a

=3 REPRODUCIBILITY OF THE
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duplexer, due to its E-W polarizatlon, and is focused onto the deteetor or
opﬁical mixer of the receiver. The IMC performs the function of tracking the
remote station so that the image of the energy from this Bﬁation is always
meintained on the detectors. The signals for controlling the IMC are derived '
by nutating the image of the received beam in a very small clrcular pet;ern-*
on the detector., This nutation produces & small amount of amplitude meﬁulagign
on the récelved signel which 1s detected in the receiver subsystem and ulied

to generate the control signals for the IMC. The detector is aelso illumﬂpated;'»
by energy fram a LO laser operating on the same line as the remote tfansm?tte;;
but offset by 30 MHz. The beating of these two opticéi signals produces i1 “
30 MHz IF signal at the output of the detector. The detector depends ﬁog .
proper operation on being maintained at epproximately llOOK. This tempera\ure
is achieved by mounting the detector in such a way as to provide tnermal .m.;‘:
contact w1th e passive radistor which has a view to space. The radlator is‘}b
nounted facing north end is surrounded by a sunshield This will preveht

any direct or reflected solar radiation or infrared radiation frcm other
portions of the spacecraft from impinging on the radiator through any
combination of & sun angle and spacecraft attitude. The IF signal fram the' e
detector is amplified and detected in the optical receiver and appears at:

the receiver output as & video signal which can either be fed to g sPece—‘U‘
craft microwave link or used to modulate the laser transmitter,,

In sddition to providing lozal oscillator power for heterodyne
detection of the received signal, the laser subsystem contains the transmitéef'
and backup 1asers; The transmitter laser, operating on a frequency different
fram that of the remote transmitter, contains within its cavity a galliumn
arsenide crystal modulator which frequency modulates the transmitter with '
the video signal input. The transmitter output, which is polarized in the . ', .
N-S5 direction, is processed by beam sheping optics and transmitted thrcuﬁn,
the duplexer. From this point on, the transmitted and received beam share ;f.‘
the same optical path. The transmitted beam is reflected from the IMC "iuika

which, in the process of tracking the recelving ctation, serves to maintain
vk

2=l
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the transmitted beam also pointed at the remote station., From the IMC, the
transmitted beam goes through the relay lens and the telescope and is reflected
from the coarse beam pointing mirror. The backup laser can functipn either as
a replacement for the local oscillator or the transmitter except that, when
acting as a transmitter, the backup laser cannot be modulated. The laser
electronics performs the startup and frequency control functionsg for the lasers;
enother electronic assembly controls the function of searching, ascquiring, and
tracking the remote statiom. A power supply for the system is also located on

the baseplate near the lasers.

A sumary of the system specifications pertaining to the LCE trans-
ceiver described in this report is given in Table 2-1, which also lists the
relative values cited in specification Gswc-s-:seh-P-hc; The two areas of
present concern are power and weight. The values in the GSFC specification were
listed as Gesign goals and the values in parentheses represent adjustments - -
made after the program start, subsequent to discussions with GSFC personnel.
Both power and weight reductlion programs are presently under way. Several areas

of potential reduction are discussed in the report.

A summary of the major techﬁidal design and performance characteristics
of the LCE transceiver subsystems is given in Teble 2-2. ' .

2.4 SIGNIFICANT TECHNICAL ACHIEVEMENTS

Fabrication of all the breadboard subsystems has been completed and
breadboard systems assembly is being performed. Several critical design éoncaptsf
have already been verified and some of the subsystem performance'parameﬁers e

heve been demounstrated by breadboard testing.

During acceptance testing of the laser subsystem breadboard, the .
following critical performance features were demonstrated: - L

'(a&) Autamatic leser startup and laser line selection
{b) Frequency stabilization by line center dither technique

(¢} Modulator deviation sensitivity and bandwidth requirements

2-5
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(d) Local oscillator line shape and & 30-Miz offset capability

{e) Heterodyne detection of transmitted beam

(f) Ability of a backup laser to operate on either transmitter

or local oscillator lines

Fabrication of the breadboard optical path elements, including telescope,
(similar in design to the flight model and made of sluminum rather than
berylliium) indicates its performance is well within specification. Preliminary
testing of the breadboard acquiaition and tracking subsystem hes shown expected

R

performance,

Preliminary testing of the breadboard receiver has demonstrated

(1) thé abillty to generate the necessary tracking error signals
by nutating the received beam; )

(2) adequate performance of tﬁe recelver communication functions

for the LCE requirements.

Many analyses have been completed in order to define the detailed
specifications for the subsystems of the LCE. Some of the more important of
these are:

(a) the optical train analysis which has specified the key performance
parameters and tolerances for each optical component in the LCE;

(b) the thermal analysis which has optimized the design of the thermal
radiator and sun shield;

(¢) the acquisition arelysis which has established the essential

acquisition technique and determined the acquisition parameters;

{d) the tracking analysis which has optimized the performance of the
tracking loop;

(e) the communications analysis which has optimized the transmitter
and receiver communication parameters;

(£} the link enalyeis which has determined and allocated gains and
losses in the system such that the signal-to-noise ratio requirements of this

system are satisfied,

REPRODUCIB]L 171y
OF Ty
ORIGINAL PAGE 15 Poog :



Report No. 4033, Vol. I, Part 1

Each of these accamplishments has increased our confidence in the
ability of the LCE to meet its objJectives. Of course, there are additional
milestones which must be achieved before complete confidence is established.

A list of the key technical milestones and the %tests at which the designs will
be completely verified is given in Table 2-3. As the table indicates, the
testing plan is intended to uncover problem areas and prove out designs at the
eariiest possible date., Of particular importance, is the use of the functicnal
test model as a pre-prototype unit in order to minimize the possibility of the
prototype failing to pass the qualification test. '

Certain areas stlll require final resolution, although the results of
analytical, experimental, and design efforts to date have created a high level
of confiaence that the present solutions will setisfy the LCE requirements.

In particular, these include (1) the laser tube 1ifetime charactefistics,

(2) fabrication of the duplexer, and (3) design and fabrication of the radiation
cooler. Final development programs, described in the réports, are continuing

on an intensive level and final resolution is expected in all these ereas before

FIM assembly.
2.5 REPORT CONTENTS

The objectives of the experiment and the manner in which these are to
be met are discussed in Section 3. A statement of the syétem performance
requirements ag outlined in the system specification follows in Section 4. 1In
Bection 5, the proposed system design is desgeribed in detail. In particular,
this section includes the system description and a summary of the system
analyses in Section 5.1; detailed descriptions of the subsystem requirements,
design trades, designs and analyses in Sectioa 5.2; discussions of the technical
deslgn areas in which development is still required and a description of the
continuing development program in Section 5.3; detalled discussions snd
- descriptions of the interfaces between the spacecralft and the experiment in
Section 5.4; discussions relative to the feasibility of incorporating the

experiment in ATS-F spacecraft in Section 5.5; wnile Section 5.6 discueses the

REFRODUCIBILITY Of e
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experiment operation under non-standard conditions; and, quantitative dig-
tussions of the ability of the sxperiment to perfarm the required measurements
in Section 5.7, Section © is a reliaebility discussion wherein the reliability
requirements, criteria for success, and predictions relative to the probability
of meeting misslon requirements are discussed. The discussion shows that the

ICK spacecraft transceiver is capable of moeting the reliability requirements

allocated to it, Section T discusses the teet plane for the LCE program, and
includes flow diagrams and detailed tent outiimer or cach of the hardware

units. Further detalls of the deéigns and uann)yies arc included in the Appendices
(Part 2 of Volume I) and in the LCE design wprcificniions (Part 3 of Volume I).

As stated in the introduction, this report was propares 4n conformance
with the requirements of NASA Specification S-460-ATS-19, GIFC's pracification
for ATS-F experiments, design study, and fabrication; and additicna. require-
ments contained in GSFC specification S-52L-P-UC "10.6 Micron Lazer Lommirica-
tions Systems Experiment for ATS-F." These specifications emphesized the
fact that contents rather than format 1s the main concern. However, in order
to assure that all of the requirements are covered, Table 2-4 supplies a
cross-reference between the reQuirements of the two specifications and the
sections in this report. It should be noted that all of the requirements listeid
have an accompanying reference to & section of this report except for thoaze
dealing with the Operational Ground Equipment (OGE), Data Acquisition Plan,
and e Data Processing and Reduction Analysis plan. These requirements will be

discussed in Volume II of this report.
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Geetion 2.0, i Modifications/Comments

2.0 SIMMARY

There are no major modifications to this section. The status of the
program at the time of termination is descrited in the modifications summary to
Bection l,Oa. The systems concept is bhé same, Modifications to the system
description, where appropriate, are presented in the modifications summary of the
sections; the only items of note are the LCE power and welght, which increaczed to
about 70 watts and 80 lbs, respectively. Additional technical achievements include:
near-completion of the duplexer developmen., including satisfactory test data on
. preliminary hardware; design of a radiastion cooler which appeared to meet the LCE
requirements (hardware development testing was in progress); and satisfactory
operation of the image motion compensator had been demonstrated. The major remaining
uncertainty at the time of termination appeared to be the laser tube design and
its associated 1ifetime;‘in addition, & few design concepts still required
manifestation in hardware fabrication and test. On the other hand, a great increase
in the understanding of laser tube design characteristics and lifetime parémeters

had been achieved.

In order to present an up-to-date picture of the design and analysis
ctatus at the time of termination, this report contains either (1) an additional
sunmmary at the end of esch section or (2) hendwritten corrections in the text of
the major modifications of the data presented in those sections that were incorporate:
since the initial writing of this repo}fﬁ .No attempt is made to deﬁail.phe modi—
fications nor the analysis that went into the changes, but in some cases ﬁigureé
are included for illustratiom. PFurther understanding and detail of the design gaﬁ
be obtained by reveiw of the viewgraphs for the second LCE Design Review of,k>_. .;
9 apd 10 September 1970. In addition, a copy of the action items generated &ﬁfing
the 5-6 August 1970 Design Review with NASA/GSFC personnel, along .with the’Aé

N ]
]

rojet.
responses, 15 included at the end:of Part 2. _ *43.‘7s<-
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TABLE 2-1

ICE TRANSCEIVER SYSTEM SPECIFICATIONS

Parameter

lransmitter Peameldth

i % Cperational
() Acquisltion

Recciver Beemwldth
Pre-Detectlon Cerrier-to-Nolse Ratio (CHR)

Post=Detection Peak Signal-to-Noise hatio
(»/m)

Modulation
Paak Freguency Devisation
Recejver [F Pandwidth
Rascband Reaponsc
{1) sSpaceborne rranacelver
{2} Grounl iransceiver
Flux Density at Hecelver Aperture

Joarse Mirror-Pointing

Acguisition

Acquisition Tracking

nparational lracking

Prime Power
Wright

Slze
Lifetine
Eovironment

{1} Temperature

(2} vibration

*Detalls of thesz veluws are given 1in Sections 5.4.L and 5.4.3.

*stated me deelgn goals in epecificdtion,

Bxpected Performance

QP = - 524~ P-4C

1o omre serond:
0.LTT seconde

40 arc geconds
Nat. less than =3 4t
Mol less thap 331 b

M
b oo
30 16 Mz

31z to 4.6 M

L. w0 6.0 Mz

1ot ho 0.0 MHZ

107" wattsfmecer”

Hanae: *ugo E=W 7 goo
Pointing 1n £.2° incrementsa
A h oaxie

Targat Location Coverage: 10,2°
cac s aris

Acquisition Prabability: O.9
Fu u--Alarm Time: 3110J seconcs
Acquisition Mme: 220 acconds

irucking Kenge. f0,2089 cach axis
Nutation Radius: 8 arc ecconds
Tracsing Range: 20.206° cach exis
Kutmtion Rediue: 1.5 arc sae
iracking Aéeuracy: I3 arc sec
iracking bandwicth: 5.1 (=
Responme 1ime:  §.11 seconds

5T. wattus®
9.6 L+

90 in % 24 1n x 1€ in plus radistion
ceoler shlell, satieifies ATS '
{interface requirements

20 hr in 7 years at 904 probabllity
of success

qualificetion ~59C to ks
¥ominal 5/C ILE (nterface Temparature
ot 21000

To «ithstand Al'S enviromment apccified
An SUPC 8-320-A13-24

wot rpecified
Hot epecified

Not sr=clfied
Cemme:

23 adb

Heurs:
ot arceifled
ot epecified

30 He to 5.0 HHz

30 i te 5.0 iz

1077 varesfovcert

Same

Meets lntent of specificaticn

Mz2ete intent of epecification

-Meets intent of sBpecification

30 watts {~42 watte)+
30 1b {53.T 1b)+

Meets intent of specification

Mests iptent of spacification

Maete intont of epecification

Reduction programs are upder way,

Rumbers in parenthesis are adjusted valucs gererated after
program atart after discussions with NASA peraonnal,

Table 2-1
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TABLE 2=2

SUMMARY OF SUBSYSTEM MAJOR TECHNICAL CHARACTERISTICS

Lager Subsystem

Transmitter Laser Power Output:
10 Laser Power Output:

Back-Up Laser Power Qutput:
Laser Output Beam Characteristic:

Laser Tube Type:
Transmitter Laser Length:
Back-Up Iaser length:

L0 laser Length:

Iager Tube Key Materiasl:
Operating Lines:
Modulsator:

Pesk Fregquency Deviation:

Opto~Mechanicel Subsystem

Telescope Type:

Telescope Power:

Telescope Primary:

Transmitter Beamwidth (Operate):
Transmitter Beamwidth (Acquisition):
Receiver Beamwidth:

Tuplexer:

MC:

Nutator:

Received Signel Airy Disk Diameter:
10 Airy Disk Diameter:

Optical Heterodyne Receiver Subsystem

NEP :

Mixer Dismeter:

IF Bandwidth:

Automstlie Gain Control Dynamic Range:
Output Video lLevel:

Table 2«2

650 mw at end of 2-year life

85 mw at end of 2-year life

650 ow at end of 2-yeur life 2
3.0 +0.12 mm beam diameter between (e)
relative power levels, diffraction
limited, collimated heam

3-electrode, coaxial, metal-ceramic tube
12.5 in.

10 in.

9 in. long

BeO, Kovar

P(20) and P{16)

In-cavity Galds electro-optic modulatnr

L MHz

Cassegrain concentric

10x

7.75 in.

12 Se’d between 3 db points

.17§_gegrees between 3 db points

30 gec¢ between 3 .db points

Wire grid polarizer on Ge substrate
Piezoelectrie driven mirrors in two
orthogonal axes, up to 2° off-axis motior
Piezoelectiric driven mirror in two ortho-
gonal axes, to circularly nutate the
received beam at 100 Hz rate

.17 mm

b4 m between (—) of power points

1 x 10777 watts/Hz (95-108°K); 1.5 x 10~ -1
watts/Hz (125°K with a design goal of 10-
0.2 mn

30 +6 MHz

12 b

1 volt peak=to=peak 0.5 db

(Sheet 1 of 2)
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TABLE 2-2 {cont.)

Acquisition and Tracking Subsystem

Target Location Coverage:
Acgquisition Probability:
False Alarm Time:
Acquisition Time:

Receiver Beam Scan Pattern
Consecutive Line Displacement:
Line Rate:

Acquisition Trecking
Tracking Range:
Nutation Radius:

Operational Tracking
Tracking Accuracy:
Tracking Bandwidth:
Response Time:

Nutation Redius:

High Voltage and Low Voltage Power Supply

Transmitter Laser Starting and Oper-
ating Power:

Back-Up Laser Starting and Operating
Power:

10 Laser Starting and Operating Power:

Nutator, IMC, and Cavity End-Mirror
Tuner Power Supply:
Low Voltage Power Supply:

Command and Telemeiry

Number of Commands:

Number of Analog Telemetry Channels:
Number of Digital Telemetry Channels:
Wideband Telemetry Channels:

+0.2" cach axis

0.9
1100 mec
220 gec

11.6 arc sec
1.72 sec/line

+208° each axis
B arc sec

13 arc sec
5.1 Hz
0.11 sec
1.5 arc sec

2000 V

2000 V
800 V

225 V
2V, + 5V

33 commands; 4 of these commands will
consist of a series of pulses

31 channels, max bandwidth 10 Hz

2 channels

1 channel, 10 KHz bandwidth

Thermal and Radiation Cooler Subsystem

sumer solstice 114°K,+10° un~

Il - !
Mixer Temperature Range: . s
winter solstice 98°K‘ecertaint)

110 115“1{{
Maximum Fleztronic Camponent
Temperature: 60°K at highest spacecraft ICE inter-
fece temperature

Tatle 2=
(Sheet 2 of 2)
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ITEM

DESCHRIFTION

Ereadbonrd Tasting Veriries the valldiiy of the desiun coneepts and delermines the parameters for use in further optinization of aystea dasign,
Eystem level testing 1 conjunction with approval of the desicr report, will serve s the banis for F¥ assecbir.

Ceveral funciional dedigr concepts will Ue verlried during sipeystem level Testing.

Punctichsl Teot Modsl Testing Seyves to prove the performance cepsbility, envirormental inteprity, and interface compstivility of the LTE traneselver
and o a1d in early identification of potentiml prohlems that may prevent the prototype from passing qualificetion tedts.
Tha PTM will be fabricated as close to the flight-medel desicn as 18 possible at vhet stage of development. Systes level

tut%ﬁ #ill he the badis for E“"“IE and nll?t wodel aspently, Several functlon ard ervirarmental design cozaephs
¢ verlfied duting mbuysten-ass wvel Teating.

Prototype Testing Qualifies the flight model design. Geversel of the subeystems will te qualified tefors system sdpexbly,

TNINCTIOR

TESTDNG: FPERIQD

Lasey Startup and Stabilisation
Temonbtrato ALEItup cparetiom aod astamatic lioe selsction

Pemanatrate Amplitule and frequency stabllity

Acquisition and Trecking
Demcnstoato IDEC apd mutater parfavence

Demaustrete coirss pointing mirror peTformance
Pnatynte soquisiticn sod tracking eubsyvtem parformazce

Comniostliony
Achisve required tranmuitter and local oscillator power curkput

Determine transmitted snd roceived antennn patterns
Demonntrote modulator parfoarsance

Droapgtroto recelver sensitivity
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Janer Pert e & Envir 1/1ife Effects

Achieve reguired Lransmitter, Jocal csclllstor, ond
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Achleve 2000 hours 1ife on cerexic lassr tube
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Flight configured Lasor tubes

Pemonotrate sbility of lassr tubas to withetond vibrption

Wxr Port and Envir 1l Effecte
Damonstynto sbility of mixor to withetend vibewtion

Achigve raguired NEP ovar operating temperature rungd

Agddtioral Enviraomomtal/Iife Rffects
Mermzstrate ability to seimtais aligrwemt

Degmmstrate soarse poisting mirror assmbly ability to
with 4 vibrwtion sxd life parfouance

Ereadboard Subgystem*/System Teste
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FIM Subsyetem/Systen Testn

Breadbourd Systenm Teste
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FIW Subsysten/Systen Tests : [

Breadboard Syntem Teate

Develomnent Tests on Structurel Model of Rodlation Cooler and during FTH Syeten Testo
Davalopnent Tegta on 3tructurwl Kodel {camparison to predicted vpluss for rough sunohield

surfate) and Suring PIM Subsystes Tests

FTH Subpyetem/3yston Teats

Bagic Laser Tube Lifa Toat Prograw parformed in confunchicn with FId¥ davelopeant

Extonded Laser Tube Life Tedt Frogren (proposed) parformed in conjunction with FIM
davaelopoent and canpleted priar to Protofyps 2ystem dallvery

Broadicerd development teste®, Bapic Loper Tube Lita Test Progrem end FTM System Teoto

Davelopment tests pexforsed in conjunciion with FTM development mnd during TN Subsyotem/
fysten Tegts

Development tegta parformed in conjunetion with FTM and prototype developmemt snd during
Prototye Bubsyeten/System Tents,

FIM Bubsystem/Syotem Tests

Aspenbly gualification level and 1ifs tests to be perfarmed in conjunction With PIH
davelopoent and cowupleted prior o Prototype Subsysiem dalivery
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TABLE 2~k

ICE DESIGN STUDY REPORT SPECIFIC-REQUIREMENTS SUMMARY

— Specific Requirements Results
- GFSC Detajled
Spee. /Sect., Description in Sec. |Comments
S-460-ATS=19/
3.1 _Define experiment objectives 3.0 Based on GFSC=S~24-P~LC
3.2 Discuss ability of experiment to 5.7
meet its objectives
3.3 Discuss feagibllity & practica= 5.5
bility of including experiment
into the ATS-F $/C
3.4 Describe operation of the experi- 5.1.2
ment
3.5 Describe portions of experiment re- |5,.3 Includes laser tube, dup
quiring significant development er and radiation cooler
3.6 Recormend arny special ground ——— In Vol. II
equipments
3.7 Describe interface between S/C and |[5.4
experiment
3.8 Stete expected lifetime of the 6.0
experiment
3.9 Outline the Test Plan for qualify- |[7.0
ing experiment for flight
3.10 Qutline a Data Acquisition Plan - In Vol. II
3.11 Outline a Data Processing, Reduc- - In Vol, II
tion & Analyasis Plan
3.12 Discuss expected achievements under [5.6
non-standard flight conditions
3.13 - Attach definitive specification of |Book II
e |_cxperimen
S=52h-p=lic/
6.l Optical design, with analysis of 5.2.1
tolerances, error budget & focus=
ing misadjustments
6.2 Thermal analysis of temp., gradients, 5.4.2
& delivered load at S/C interface
6.3 Detailed weight & power budget
6.4 Design drewings & specifications wit} Book IT|Specifications for OGs,
latter covering the system and sub- Integration, ete. in
systems \ Vol., II :

Table 2-L
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3.0 OBJECTIVES OF THE EXPERIMENT

The fundamental objective of the Laser Communications Experiment is

to ascertain the practicality of wideband optical communicatlions between &

spacecraft and a ground station, and between two orbliing spacecraft using the

10.6-micrometer radiation from & carbon-dioxide laser, and to establish the

resulting efficiency that can be effected in terms of communication bandwidth

ber pourd and per watt on the spacecraft.

The' objective will be achieved in two phases. These will entail:

(a) Designing, fabricating and ground testing of the space

and ground equipmens for spacecrafi-to~ground and

gpacecrafi-to-spacecraft comminication links; and,

(b) Performing experiments, tests, and measurements with the
deployed hardware.
" The design, fabrication and testing phase will lead to & greatly increased

understanding of the practicality of spacecraft wideband optical communications,

In particulsar, this phase wili:

(a)

(v)

(e)

(d)

(e)

Establish the anslytical trades between the required system/

subsystem characteristics and the system performance;

Establish the physical parameters; such as size, welght, and
power, as a function cf potential system performance and

the available trades between these parameters;

Establish equipment and procedures for "hands-off" startup,
acquisition, tracking and operation of spaceborne opticsal

communication system;

Establish design parameters Tor long life of components

required in a spaceborne optical communications system;

Establish design parameters for Lhe equipment to survive

launch; and,
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(f) Establish design data in relatively new developmental
-areas such as radiation cooling, laser tube character-

istiics, line selection mechanisms, and modulators.

The second phase involving data gathering after deployment:of the eguip-
ment, will result in actual performance parameters for a spaceborne optical
communications system. In particular, after deployment of ATS-F, this phase
will:

(a) Verify the design and ground test data on all items in

the preceding paragraph;

(b) Measure the parameters required to determine the
practicality and potential quality of wideband opticsal
compupications between a spacecraft and ground sbation:

and, after the ATS-G is deployed, this phase wili:

(¢) Verify ability Ffor space-to-space acquisition and

: N operation of an optical communications system;

(a) Establish the link performance without atmospheric

attenuation; and,

(e) Provide datz on 8/N and other performance parameters as
a function of zenith angle over a wider rangs of zenlth
angles than is sttainable with only ATS-F deployed.

The data gathering, during the second phase, will include, as s minimums, the
following tests;:

1. §/ff ag’a functior of atmospheric parameters;

2. S/N as & function of receiver gperturs (Note: This
objective is being met by a separate ground station
which is not being developed by Asrojet):

3. 3/W az a Tuncition of zenith angle;

4.  Space background noise {sun, starts, ctc.);
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5 Laser power ocutput as a function of total elapsed time

and operating time in the space enviroument;

6. Teﬁperature and noise figure of the mixer/radiation
cooler as a function of satellite orientatiom and

time of yesr;

7. Round-trip and one-way data guality compared to a

reference microwave link;
8. Lager frequency stability in the space environment; and,
g, GSpacecraft attitude determination from laser data.

It should be noted that these are not the only measurements that sre expected
to be taken during the course of the experiment, Further discussions will be

-presented in Volume II of the Design Study Report.

The manner in which each of the experiments noted as numbers {1)
through (9} above will be performed with the LCE equipment described in the
present report, is discussed in Section 5.7, along with the expected gquantitative

results,

3-3
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4.0 SYSTEM REQUIREMENTS

The system requiremenis cited in GSFC-S~524-P-L46, "10.6 Micron Laser
Communicatilons Experiment for ATS-F" reguire that the ICE he: '

a. Compatible with the ATS-F spacecraft;
b. Able to operate in certain communication modes; and,
c. Able to meet functional and performesnce specifications.

The interface with the ATS-F gpacecraft is defined in GSFC-8-L60-
ATS-38 (ATS F & G 1900) "ATS-F Experiment Interface Specification." In éddition;
the design must be able Yo pass the tests defined in GEFC-8~320-ATS-2RB, "ATS-T
and G Environmental Test Specifiecations for Components and Experiments” and in

accordance with other applicable documents listed in GSFC-3-52h-p-Ué, -

The LCE must be able toc operate in: (1) Atmospheric Propagation
Experiment Mode, (2) Two-Way Laser Commurnications Mode, (3) Down-Link Laser Mode,

and (4) Data Relay Mode. Operations in these modes is illustrated in Figure 2-2.

The LCE must be able To meet funcitional and performance specifications
in accordance with GSFC-5-52h-P-46. A summsry of these specifications is given
in Table 2-1, along with the expected values for the LCE transceiver described

in this report.

The AGC systems specification for the LCE can be found in Part 3 of

this repori.
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5.0 PROPOSED SYSTEM DESIGN AND ANALYSIS

In order to meet the objectives of the expefimént and fulfill the
system performance requirements, a rigorous analysis and design effort was per-
formed. This resulted in a transceiver design which gatisfies the reguirements
as stated in GSFC-S-52L4-P-kC, "10.6-Micron Laser Communications System Experi-
ment for ATS-F," dated January 1969. The details of the design and analysis are
presented here. Specifically, Section 5.1 deals with the System description and
prov1des 8 summary of the system analysis; Section 5. 2 describes the design and
ana+y81s‘of the subsybtems technical areas wherein development is continuing
areg defined in Seection 5.3 which includes a description of the development pro-
grams; detalls relative to the spacecraft/experiment interface are given in
Section 5.4; the feasibility of including the experiment on the ATS—F'spaceEraft
is discussed in Secticn 5.5; LCE operation under non-standard conditions is
described in Section 5.6; and tﬁe ability of the LCE to meet the objectives of
the experiment noted in the GSFC specification is assessed in Section 5.7.
Details of the analysis and design are included in the appendices which comprise

Part 2 of this report volume.
5.1 SYSTEM DESIGN AND ANALYSIS

The system and subsystem,-alohg with their operation, are described,
‘as is the manner in which they combine to perform the required system functions.
Tn addition, the analyses performéd {(1ink, communications, acquisltion, and
traéking) &8s the basis for determining the required system and subsystem perfor-

mance characteristics are described and the results summarlzed.

5.1.1 System Description and Operation

The LCE transceiver (FMigure 5.1.1-1) is comprised of laser subsystem,
optical/mechanicél subsyséem, optical heterodyne receiver, acquisition and track-
ing subsystem, high- and low-voltage power supplies, command and telemetry sub-
system, and thermal and radiation cooler subsystems. In addition, associested with
the ground model is an up converter/down—converter subsystem (not shown on the
block diagram). A summary of the system spe01flcat10ns is given in Tabhle 5.1.1-1.

As 8 complete aystem the transceiver 1s designed to:

H.1-1
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a. Place itself on operational status upon command, within one-balf

hour;

b. Acguire and establish a two-way communicaﬁions link between a

ground station and a synchronous satellite under the following conditions:

1. Satellite attitude uncertainty cof ip.eo along each axis
2.  Satellite maximum roll rate of 0.001°/sec,
c. Provide a simultaneocus itwo-way communications link using an I'M

10.6-micron carrier having an information bandwidth capability of 5 MBz (low
distortion) and a pre-detection CNR and post-detection peak signal-to-noise ratio

of at least 23 db;
d. Track the received energy at angulsr rates up to O.OlO/Sec; and,

e. Provide the teiemetry data required for operating the trans-

ceiver and accomplishing the experimental objectives.

_ The features of the seven major LCE subsystems noted above are com-
bined to provide a itransceiver which performs these functions. The performance
functions of the subsystems summarized below are described in detail in Sections

5.1.2 and 5.2.

(2} Iaser Subsystem.- Three lasers with their associated

contrcl loops comprise the laser subsystem. The laser transmitter generates fre-
guency modulated carriers at 10.6 microns, The laser local oscillator gererates
the reference signzl to be heterodyned with the received signal to produce an
instaﬁtaneous IF signal at 30 i‘h MHz, In addition to being used zs a backup
transmitter (without FM modulafion) or backup local oscillator, the backup laser
jg used in conjunction with the transmitter or local oscillator to permit system

gelf-check.

(b) . Optical/Mechanical Subsystem,- In perquming the

regquired coupling and beam shaping functions the optical/mechanical subsystem:

(1) . Couples the transmitter cutput to the

telescope;
{2} Separates the transmitted and received beams

T

to permit operation with .one telescope;

‘)11,"2



Report No. 4033, Vol. I, Part 1

{(3) Provides a mesns for tracking the angle of the

Yeceived beam for pointing the transmitter beam;

(4) Couples the transmitter cutput 50 the coarse

mirror by hy-passing the telescope in order %o facilitate ascguisition;

(5) Performs functions {1} through (4) when the

backup laser is used;

(6} Couples the received energy (collected by

telescope aperture) and focuses it on the receiver mixer;

. (7) Couples the local oscillator power and com-
bires it withk the receiver signal to provide the required illumination of the

mixer;

{8) Performs function (5) when hackup laser is

used:

(9) Couples and combines the transmitter ang

backup laser power to the mixer for self-checking and FM noise measurement:

{10) Couples and combines the local oscillator
and backup laser power to the mixer for self-checking and M nolse measurement;:

and

(11} Extracts fraction (1 percent) of laser power

output for power measurement and identification of laser operating line.

(c) Optical Heterodyne Recelver Subsystem.--This sub-

system mixes the received FM carrier with the local oseillator signal using a
(Hg-Cd)Te photovoltaic mixer resulting in an instantaneous intermediate frequency
of 30 + 4 MHz. The receiver IF bandwidth is 30 + 6 MHz. Outputs of the receiver

include:
(1)  Vvideo Signals
(2)  Tracking Error Signals
(3) Automatic Freguency Céntrol Siénals
(4)  Acguisition Pulses

{5) Acquisition Confirm Pulses

5.1-3
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(d) Acquisition and Tracking.- The reguired control
signals generated by this subsystem ssquence the acquisitionz and provide the
acquisition receiver scan pattern and the scguisition operaticnzl rutation
driving voltages. The angle-of-arrival tracking servo loop performs the

acgquisition and operational tracking functiions.

’ (e} High Voltage and Low Voltage Power Supplies.- The

power reguired to operate the laser and the low voltages required to operate the
transceiver sre provided by this unit. Redundant high-voltage power supplies

are provided for greater reliability by the transmitter and local oscillator.

{(f} Command znd Telemetry Subsystem.- Commands from

the spacecraft are coupled and shaped as necessary by this subsystem for dis-
tributicn within the transceiver. The telemetry section couples various telemetry
Outputs and shapes them as necessary to be compatible with the LCE—S/C telemetry

interface.

(g} Thermal and Radiation Cooler Subsystem.- The radi-

ation cooler maintains the receiver mixer temperature at 110 + lSOK. The {thermal
subsysatem maintaing the reguired temperature gradients to meet the lager and
optical alignment requirements and maintains the electronic compenents at the

required temperatures.

A perspective view of the LCE transceiver péckage is shown in Section
2.0 and a schematic of the optical path in the transceiver is given in Figure
5.1.1-2., The baseplate of the experiment egquipment mounts on the north face of
the ATS spacecrzft with the beam pointing mirror housing facing the earth. A
viewing port in this eafth facing side of the spacecraft will accommodate the
beam pointing angles of +40° E/W and 180 N/S. This capability will permit the
ICE transcelver to ¢ommuniéate not only with a ground based station, with allowance
fér Sfacecraft attitudé variatioﬁs, but will also allow communication with ancther
satellite borne transceiver (e.g., another ATS satellite).l Below the coarse beam
pointing mirror is the Cassegrain telescope which functions as the optical
antenna of the system. Energy received from the remote station 1s cpllected and

relayed by means of the telescope and relay lens to the Image Motlon Compensator

(IMC) as a 0,78-in.-diz collimated beam. From the IMC, the received beam is

5.' 1-h
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‘focused onto the detector or optical mixer. The TMC performs the funection of
tracking the remote station so that therimage of the energy from this station is
always maintained on the detectors. The signals for controlling the IMC are
derived by nutating the image of the received beam in & very small c¢ircular
pattefn on the detecfor. This nutation produces a smell amount of amplitude
modulation on the received signal which is detected in the receiver subsystem and
used to generate the control signazls for the IMC. The detector is also illumi-
nated by energy from a local oscillator laser operating oﬁ the same line as the
remote transmitter but offset by 30 MHz. The beafing of these two optieal signsls
produces a 30 Miz intefmediate freguency (IF) signal at the output of fhe detector.
The deﬁector depends Tor proper operation on being meintsined at approximately
120%K. This temperature is achieved by mounting the detector in such a way as

t0o ensure good thermal contact with a passive radiator which has a view to space.
The radiator, which is mounted facing north, is surrounded by a sunshield. This
prevents any direct or reflected solar radiation or infrared radiation from

other portions of the spacecraft from impinging on the radiator through any com-
‘bihation of sun angle and spacecraflt attitude. The IF signal from the detector

is amplified and detected in the optiecal receiver and appears at the receiver |
output as a videc signal which can either be fed to a spacecraft microwave link

or used to modulate the laser transmitter,

. In addition to providing local oscillator power for hetercdyne
detection of the received signal, the laser subsystem contalns the transmitter
and backuﬁ lasers., The transmitter laser, operating on a freguency which is
different from that of the remdte transmitter, contains within its cavity a
gallium-arsenicde {Gahs) erystal modulator which freguency modulates the trans-
mitter with the videc signal input. The transmitter butput, after beihg processed
by beam-shaping optics, is transmitted through the duplexer. [Irom this point on,
the transmitted andlreceived beam share the game optical path. The transmitted
beam is reflected from the IMC which, in the procesé of tracking the receiving
station, serves to malntaln the transmitted beam also pointed at the remote
station. From the IMC, the transmitted beém goes through the relaj lens and the
telescope and is reflected from the coarse beam pointing mirror. The backup laser
can function either es & replacement foér the locsl oscillator 6r‘the transmitter

except that, when acting as a transmitter, the backup laser cannot be modulated.

5.1=5
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Before the communication functions can be accomplished, two other
operations must Be.performed. The first i1s the start-up and stabilization of the
transmitter and local oscillator (LC) laser, while the seccond 1s the search
acquisiﬁion and tracking of the remcte station. Start-up is initiated by apply-
ing the necessary high voltage to the laser tubes to start and maintaln the
digscharge. Approximetely 30 min. is required to attain thermal equilibrium, at
which time frequency.stabglization of the lasers can begin. This is accoﬁplished
by varying the effective length of the optical cavity by means of a piegoelectric
tuning device. This device, which iz capable of covering the complete free-
speciral range of the laser cavity, is scanned through this range until an cutput
is detectad on the 1ine-sélecting power meter. At that time, the frequency search
is stopped and the laser is stabilized on the center of the selected line. To
maintain the laser freguency on the center of the line, the piezoelectric funing
(PZT) deviee is "dithered” a small amount (corresponding to & change in laser
frequency of +300 KHz) and the resulting slight changes in laser power ouﬁput,
as indicated by the power meter, are fed back through a control loop. The IO
frequehcy is stabilized in the same manner as the transmitter frequency except
that, once stabilized, the LO frequency is offset (by offsetting the PZT) by

30 MHz from the iine center, ' At this time the search and acquisition functionas

can begin.

The fifst step in performing the search and acQuisition functions is
to commend the coarse beam pointing mirror to point at the remote station.
Although the resolution of the coarse beam pointing mirror is O.O2O, uncertainties
in spacecraft attitude determination may cause errors‘in'the direction of the beam
pointing mirror as great as 0.20.; Therefore a flip mirror is used to divert the
transmitted beam from its normal path and broaden it so as to 1lluminste, although
.at a lower intensity,.the entire uncertainty area of 0.2 x 0.2°%. The TMC is then
commanded to Scan the field of view of the receiver in a 0.2° x 0.2° 128-1ine
raster pattern. When the receiver détebts the signal from the remote staﬁion,
the scanning operation is stopped, acquisition is confirmed, and the system auto-
matically is placed in the tracking mode. The transmitted beém is then returned
to its normal diameter and the local oscillator is locked to a fixed offset from

the received frequency. The communication system is now ready for use.

5.1-6
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5.1.1.2 Systems Operations

The four LCE operating modes or phases are: {1) Start-up,
(2) Acquisition, (3) Operation, and (4) Backup Operations. These are summarized

as follows.

5.1.1.2.1 Start-Up Phase

The time allocated for the start-up phase is one-half hour. That
time is used to bring the transceiver to operstional status which is necessary
in order to initiate acquisition and subsequent operaticnal phases of the experi-

ment. The following specific actions will take place:
G. - Commands will be sent to turn on the low voltage power supplies.

- b. Commanda will be sent to turn on the transmitter and local
ocacillator laser high-voltage power supplies. The high veltage will be applied
to the laser tubes in two steps. First, from 3000 to 5000 volts (starting
‘voltage) will be applied to the tubes. As scon as the laser tubes start to
operate, this voltage willl drop automatically to‘the neamlnal operating level of
1500 to 2000 volts.

Ca Commands will be sent to set the acquisition pulse threshold

and acguisition confirm threshold levels.

d. At the same time, the transmitter éssembly and the local oscil-
lator assembly will auvtomatically initlate the search for the appropriate lager

operating line by:

1. Sweeping the laser cavities over a A/2 interval until
the eorrect operating lines are identified, at which time, the line search will

cease; and,

2. Locating the maximum power point on the power-Ifrequency
profile by dithering the cavity length and comparing the phaée of the resulting
lager power amplitude modulation with the dither driving voltage., At the peak

of the power-frequency profile, the error signal will be zero.

' po5.1-T
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e. The following telemetry data wiil ee reViewed:
1.. Power supply status
2. Iaser power
3. Mixer element and modulator ecrystal temperature

L., Receiver Automatic Gain Control (AQC) voitage

5. Mixer bigs current
6. Image Motion Compensator (IMC) and nutator position voltages.
f. The spacecraft ephemeris data will be obtzined and the posgition

of the coarse mirror at the time of the acquisition sequence will be determined.

At the completicn of these steps, the transcelver will be ready to

initiate the acgulsition phase.

5.1.1.2.2 Acquisition Phase

During acquisition, the transmitter beams of both stations will be
broadened and the receivers of both stations will be apatially scanned simul-
taneously. Both receivers will be scanned in 2 rectengular search pattern, with
scan retrace at the end of each horlzontal @;in line., The transmitter e?%go wiil
he expanded from the 3-db beamwidth of 0. 0033 for normal operation to O. lTTO flor
acquisition. Recelvers of botgrey ions will scan spatially to cover a horizontal
and vertical search angle of +O.266 . The values of the expanded transmitter
beamwidth and search angle are Selected to %gglmlze the acquisition probability
for a target uncertainty anglile of *O 2° MEthods used to select these values are
described in Appendix B. To compensate for the relative rolling motion of the
scanning beam with respect to the target (relative roliing rates up to 0.001%/scc),
gach scan line is overlapped about 60%. With a receiver beam, which has a 3-db
beamwidth of 30 are, 128 scanning lines are needed te cover the required search
angle. The fellowing specific steps will be performed during the acguisition

Pphase:

5.1-8
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a. The optimum coarse mirror pointing .position for scquisition

wWill be determined and commands to position the mirror will be transmitted.

b.  The telemetry data will be used to verify that Step (a) has
taken place.

C. The optimum values of the acquisition and acquisition-confirm
gignal threshold levels will be determined. Command signals necessary to set the

threshold detectors to the proper threshold levels will be transmitted.
d. Acguisition search will be initisted by:

1. Offsetting the IO freguency 30 + 1.1 MHz below the laser

line peak-power fregquency position;

2, .Causing the transmitter beam to expand and 1lluminate

the coarse pointing mirror directly (bypassing the telescope);

3. Inhibiting the nutator drive; and,
L. Starting the receiver-team search patitern.
e. When the receiver beam intersects the transmitter heam, an

acguisition signal will be generatzd to stop the scanning. To compensate for the
time delay between target detection and execution of the acquisition signal, a
fixed biased voltage is applied to the horizontal scan generator thereby properly

positioning the receiver bean.
. The acquisifion tracking operation will be initiated by:

1. .  Turning on the north-south and east-west axis nutating
driving voltages. Driving voltage amplitudes are set tq yroduce the proper

radius of nutation;

2. Turning bn a third nutating driving voltage to generate

an scquisition-confirm sigral; and,

3. Verifying the presence of the acquisition-confirm signai
to indicate that the transmitter beam has been acquired and that the fTracking.

subsystem is tracking the transmitter beam.

5.1-9
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g. In absence of the acguisition-confirm signal, the system will

be returned to the search mode to complete the scan frame.

‘h. Aftef a prescribed time sufficient for both receivers to acqguire

their respective transmitter beams, the following steps are to be performed:
1.  The trensmitter beam is narrowed to 0.00330.

2. Using the Image Motlon Compensatcr (DMC) driving voltages
as referenca, the coarse p01nt1ng mirreor is slowly driven in a direction to bring

the target position within 0.06° of the telescope axis.

5.1.1.2.3 Operation Phase

At the initisticon of the operation phase, the following actions will

take place:

A. The nutator driving voltages will be switched tc their normal
tracking amplitudes, permitting tighter angular tracking {within +4 arc sec).
The target will dlways be kept within iQ.OéO of the telescope axis, since the
coarse mirror position.will be stepped to keep the target within this angular

cone,

b. Communication and atmospheric experimentation involves seversl
operaticonal variations utilizing the basiec technigues already described are

available for use in the various ICE experiment meodes. These include:

1. ;  Laser up/laser down link

é. Laser up/microwave down link

3.  Microwave up/laser down link

4, Simultanecus laser up/microwave down and micraowave up/

laser down operation.

5.1.1.2.4 Beckup Operations

Several backup cperatlon modes are available:

5.1=10
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S Self-check mode. In this mode, the backup laser and the trans-
mitter laser or backup laser and the local oscillater laser will be mixed within
the transcelver. The receiver output signal telemetered to earth will be highly

disgnostic as to the operationzl status of the laser.

b, . Iffeither the transmitter laser or oscillator laser fail, the
backup lager can.be used in their place. However, the backup laser does not have
FM-capability. Acting as transmitter, it will permit establishment of the two-
way link, performence of the atmospheric experiment, and the laser up/microwave

down communications link.
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5.1.2 Subsystem'DescriptiOn

The functional operations and a brief description of the
seven subsystems that comprise the LCE transceiver are presented below.
Details relative to the subsystem designs and analyses are presented in
Section 5.2.

5.1.2.1 Laser Subsystem

The laser subsystem consists of the transmitter, local
oscillator and backup assemblies. The transmitter assembly generates the
frequency modulated, 10.6 micron carrier. The modulation is accomplished
by using an in-cavity GaAs crystal placed between two electrodes since the
index of refraction of the crystal is a function of the electric field in
the crystal. Therefore, by making the potential difference betweén the
electrodes & function of the baseband signal, the carrierlwill be -
frequency modulated. The modulator driver amplifies the baseband signal
to give the required amplitude for the peak frequency deviation of 4.0 MHz.
As designed, the modulator sensitivity is 1.86 x :I_O-2 MHz/volt.

The index of refraction of GaAs is also & function of
temperature. To reduce its sensitivity to temperapure variation, the
modulator will be mounted in an oven and kept at a temperature of 50 i;oc.

The output of the transmitter laser is a carrier signal
having an instantaneous frequency of 2.83 x 1073 + 4.0 x 106 Hz. Spatislly,
it is =& collimatéd, diffraction—limitsd beam having a 3-mm dia. Gaussian
intensity distribution between the(%) relative power levels.

* , The control electronics of the transmitter laser will:
a. Place thé transmitter laser into an operational
status by: '_
1. Searching for the correct operating line. (P-20
for flight transmitter snd P-16 for ground transmitter);
and, - |
2. Locating the peak of the laser power-frequency

profile.

5.1.2-1
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b. Treck £he laser power output and continuously
reposition its operating point'on the peak of the
powef-:f'requency profile.

This function is performed by mounting one cavity end
mirror on & plezo-electric mount énd subjecting the plezo-electric mount to
gn electric field which causes it to either expand or contract thefeby
varying the effective laser cavity length. The range of the plezo-slectric
tuner is at least 6 microns thereby permitting search over one complete
laser output profile. Over the operating temperature range, the laser
cavity length will change over several (A N = lg;é) micron increments. .
However, 1t has beeg experimentally proven that the laser output is
repeatable over several A A increments. Therefore, as the piezo-electric
drive reaches one extreme of 1ts tracking range, it will backstep one AN
increment and comtinue tracking the peak of the power-frequency profile of
the correct operating line. '

‘ The initial seé.rch for the proper operating line is
achieved by applying the output of the search ramp generator to drive the
plezo-electric tuner. At the same time, the output of the transmitter tube.
is sampled by the 99:1 beamsplitter. This fraction of the transmitter power
is then coupled by means of a grating to an infrared power meter. The
geometric arrangement between the power meter and the grating is such that
only the wavelength of the correct laser operating line will illuminate the
power meter (15:1 rejection of adjacent lines).

Once the ﬁroper line is identified, the search will cease
and line dither will be initiated at & rate of 75 Hz and an amplitude of
+ 300 KHz. At the peak of the power-frequency profile, this will superimpose
s power amplitude modulation of 0.0l percent. (This is the minimum slope
positidn.) As the dithering center slides along the power-frequency profile,
the dithering phase will be compared with the driving signal phase deriving
an error signal which will always seek the peak of the power-freguency

profile corresponding to the zero error position, within + 100 KHz.

5.1.2-2
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The function of the local oscillator assembly is to
generate the required power to illuminate the mixer of the optical heterodyne
receiver. BSufficient power must be generéted to cause the local oscillator
power to be the dominant noise source (shot noise). The local oscillator
will operate at a point of its power-freguency profile 30 MHz below the peak
such that when this ﬁoﬁer is mixed with the received signal, the output of
the mixer will have an instentaneous frequency in the range of 30 + L4 MHz.
The control leops of the local oscillator are essentially the same as
discussed in the preceding paragraph; however, in addition, after the peak
of the power-frequency is selected, it is offset 30 MHz below the peak aund,
kept there within + 1.6 MHz until the gcquisition of the far-distant trans-
céiver is completed. At that time, a frequency error signal is received
from the optlcal heterodyne receiver which is proportional to the frequency
difference between the received and local oscillator frequency, zero error
corresponding to 30 MHz. The local oscillator then tracks the error signal
" with an accuracy of + 50 KHz. ‘

! The lazst assembly of the laser subsystem is the back-up
laser which:

a. Operates on the transmitter laser line which it serves

as & back-up transmitter; however, not having the

frequency modulation capability, it serves as a beacon

which mekes possible two-gtation tracking and is used to

perform atmospheric transmission experiments.

‘b. Operates on the local oscillator line at 30 MHz below
the peak, serving as a back-up for the local oscillator.

c. Is used to perform self-checking tasks while operating
at the transmitter line less 30 MHz. Combining the
transmitter and the back-up lasers in this mode, the
receiver mixer will produce & signal which will be a
good measure of the operational status of the trans-
mitter and of the space FM noise spectrum (of course,
i1t will require telemetering this data to eérth).

5.1.2-3



Report No. 4033, Vol. I, Part 1

d. Can be operated at the peak of the local oscillator
line glsc for self-checking purpbses. Combining the
two beams (IO and back-up in thls mode) will produce
the same data as discussed under Item c.

The technical characteristics of the laser subsysten are
summarized in Tables 5.1.2-1 and -2. | |
5.1.2.2 Optical/Mechanical Subsystem

The Optical/Mechanical Subsystem must:

L. Accept the outputs of the lasers and couple these
outputs, after suitable shaping and processing as
required by various modes of operamtion, either to
the telescope, coarse mirror, or the receiver mixer
element;

2. Couplé the télescope colle cted energy to the receiver
mixer after properly focusing this energy;

3. Provide means to include in the optical train an Image
Motion Compensetion (IMC) Assenbly and a nutator
assembly in order to accomplish energy angular tracking;

L. Extract a small portion of each laser beam energy and
via a grating (which selects only the energy when the
laser is operating on the proper line) focus it‘on a
power meter to measure the laser poﬁer output; and,

5. Hold the optical path and laser subsyétem}bﬁmponent
alignment to within the tolerances listed in Table
5.1.2-3.

The layout of thé optical subsystem&is designed to

minimize the number of optical conponents and their complexity while

accommodating the above mentioned requirements.

5.1.2-%
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The components of the opto-mechanical subsystem include
the telescope, telescope output collimating lens, duplexer, beam expander,

" lmage motion compehéator, and nuiator assemblies, received signal and local
oscillaetor combining'and focusing optics, beamsplitters, flip mirrors, mirrors,
gratings, filter, window, and lens required to focus laser power on the
infrared thermistor detectors for measuring power output. In particular, the
duplexer separates the transmitted and recelved beams by reflecting the
received signal of spatial polarization, 0, and passing the trensmitted beam
of siatial polarizatidn (e +'%§)« The Image Motion Compensstor (IMC) provides
the means to steer the transmitter and receiver optical axes using two
orthogonally placed mirrors whose angular position is controlled by the
tracking subsystem. Thé nutator being identiecal to the IMC rotates the
recelver optical axes causing the received carrier, whose phase and

amplitude -are functions of the received energy angﬁlar poesltion with respect
to the ICE reference axes, to be amplitude modulated. The received signal
and local oscillator combining and focusing optice combine beams such that

the two phase fronts are parallel and are properly focused on the mixer
element.

The key structural components required for proper alignment
are the CERVIT baseplate, the beryllium baseplate, on which the telescope is
mounted, and various mounts supporting the optical componenta. The mounts
are deslgned to permit adjustment of the optical component positicns, but
include locking provisions to assure that the settings Survive launch

environments.
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The four optical subsystem configurations or'modes (normal,
backup, acquisition, and self-check) are summarized as follows:
- {The optical layout schematic of the optical subsysztem is
shown in Figure 5.1.1-2).
Normal Operating Mode.- In this mode, the laser transmitter

output is coupled to the telescope and the received energy is combined with
the local oacillator power.

Acquisition Mode.- In this mode, the transmitter laser
output bypasses the telescope illuminating directly the coarse mirror and
its output beam is éxpanded to cover the target location angle of uncertainty.
The receiver field of view of scamned until the target is acquired.

Backup Cperating Mode.- If either transmitter or local
oscillator lasers fail, the backup lemer can be used to operate in the normal
and acquisition modes.

Self-Check Mode.- In this mode, the backup laser power is
comblned with transmitter on local oscillator power to be heterodyned in the
optical receiver. The output of the receiver will be telemetered to earth

to provide good dats or operational status of the transceiver.

5.1.2.3 “Optical Heterodyne Receiver Subsystem

; The optical heterodyne receiver subsystem consists of the
mixer assembly, preamplifier, and processiné electronics assembiy. Function-
ally, 1t accepts the combined recelved/local oscillator power, mixer it in
the mixer element (photovoltaic, back-biased, (Hg,Cd) Te diode) with the
resulting signal output at an intermediste instanteanous frequency of 30 MHz
+.4 MHz.
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The output of the mixer is amplified in a preamplifier to
prov1de a nominal 26-db gain. The nominally 107 19 watts/Hz noise equivalent
power (NEP) measured at the output of the preamplifier will vary as a function
of mixer élement temperature as shown in Figure 5.1.2-1. The output of the
preamplifier will be processed in several chammels to produce the transmitted
baseband signal, the AFC error signal, the quadrature tracking error signals
both for acquisition and normal operational modes, the acqu151t10n pulse, and
the acquisition confirm pulse. :

The FM receiver channel consists of the pést-amplifier,
automatic gain control (AGC), equalizer, limiter, channel filter, wideband
discriminator, video filter, video and buffer amplifier stages. The
functional hlghllghts of the FM receiver channel are summarized in Table
5.1.2-k. ,

The eutomstic frequency control (AFC) error-slignal channel
consists of a lowpass filter and a d-c amplification stage. Its output will
have the following characteristics:

a. Zéro error voltage at 30.0 + 0.1 Mz

b. Bandwidth of 0.1 Hz to 10.0 KHz and 3 db with fall-off

of 6 db/active. |

c. Blope of:

1) At least -5 to + 5 volts from 29.5 o 30.5 Miz
2) Between -5 to -13 volts from 29.5 to 27.5 MHz
3) ' Between +5 to +13 volts from 30.5 o 32.5 Miz

Sffictly for automatic frequency control purposes, this
chennel has a wider bandwidth than required. However, the output of this
channel also constitutes an importént telemetry point and will provide data
relative t0 the spaceborne laser FM nolse spectral distribution.
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The tracking channel consists of the bandpass filter, audio
amplifier and two phase-detectors generating the east-west and north-south
tracking error signals.

The acquisition pulse channel consists of the matched filter,
threshold detector and a monostable circuit which will shape the acquisition
pulse. During acquisition, the two stations (ground and spacecraft) will
go fhrough a programméd-search sequence to find each other.

The uncertainty in the attitude of the apacecraft, which
will cause the flight transceiver transmitter and receiver opticel axes to
be at-any angle within an aperture 0.4° x 0.ho makes this necessary. The
problem iz further complicated by the spacecraft rolling rate of up to
0.001 /sec. This iz & very dynamlc situation con51der1ng that the operating
transmitter beam width is O. 0039 between the 3-db points and received beam
width is 0.0038 between the 3-db points. The details of the ascquisition
phase are given in Section 5.1.2. However, as far as the receiver subsystem
is concerned, &t the time the receiver beam is sweeping past the angular
position coincident with the ground - spacecraft line-of-sight (within +
5.8 are sec.)ﬂ;’ a signai will be received having a signal-to-noise ratio
at the output of the preamplifier az low as -19 db peak. The function of
thé acqulaition channel is to extract this signal with a probability of
detection of 90% and avérage*time between false alarms of 1100 zeconds.

The acquisition pulse will cause the acquisition nutstion
to be initiated to starf trécking the received energy. Presence of the
tracking error signal will indicate that indeed the acquisition pulse was
cegused by the received énergy. Such conformation 1s required since thére.
is a finite probability for noize to trigger the acquisition pulse. However,
there 1s also & finite probability that at the beginning of the acquisition
tracking, the tafget is at zero Sracking error position. Therefore, to
ensure the preéence of an acquisition, a confirmisignsl wlll be superimposed

on one of the nutetion driving voltages of double the Nutation Fregquency.

5,1.2-8 | o
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The resultant 2 f, amplitude modulation will always be on the carrier if the
target is within field of view of the receiver beam and its preserce will
confirm bona fide acquisition.
The acquisition-confiimm channel differs from the tracking
channel only in thatrit 1s centered at double the nutation frequency, fn.
A monostable circult at the output shapes the acquisition confirm channel.
Table 5.1.2-5 summarizes the operating requirements of the
tracking, acquisition pulse, and acquisition confirm chennels.

5.1.2.4 Acquisition and Tracking Subsystem

The acquisition and tracking subsysteﬁ must perfor@‘several
key functions in order to acquire the far distant station and then track in
angle the incoming energy. The major functions entail:

8. Providing the required electronics to position the
coarse mirror such that the optlcal axis of the
telescbpe intersectslthe nominal position of the
far-distant station within + 0.02° over an angular
aperture of 30° x 16°;

b. Providing the required recelver beam sweep such that
the angle of uncertainty (0.1%O X O.ho) of the far-
distant station is covered during aéqpisition;

¢. Tracking the received energy and pééitioning coarse
mirror upon acquiring the far-distant station, such
that the optical axis of the telescope intersects

- (within + 0.05°) the far distance station;

d. Switching to operational tracking, at the completion

of acquisition phase, to track within + U4 arc sec at

tracking rates up to 0.0lo/sec.

5.1.2-9
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The coarse mirror is positioned by comparing digitally

(for two axes) its. position with the required position. As long as there

1s a difference, appropriate driving voltages will be generated to reduce

the posibion error to zero. Following two sources generate the required

mirror position information:

=N

Transmit commands designate the position of the

coarse pointing mirror. This position will be entered

~in the elevation and azimuth "Required Position"

reglsters. This mode of positioning will be used at
the beginning of acquisition phase to position coarse
mirror such that the optical axis of the flight
telescope intersects (within + 0.020) the ground stetion
nominal position {(or vice versa) which is the center of
the 0.40 x 0.4° angular undertainty aperture.

During acquisition and normal tracking, the average
anguler position of the IMC will indicate whether the
target is close to (in angle) or is off from the
telescope opticel axis. COptimum operstion is
obtained when the target is within en angle + 0.06°
of the telescope axis. Therefofe, the IMC mirror
position voltages will serve as error voltages (after

analog to digitel conversion) to position the coarae

- mirror for centering the target.

5.1.2-10
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The tracking function encompagses elements of the optical,
receiver, and.acquisition and tracking subsystem. Figure 5.1.1-2 shows
the simplified block dlagram ¢f the tracking system (one-axis tracking).

Briefly, 1t operates as follows. If the nutator and IMC
mirrors are positioned at their nominal positions, the principél'ray
emanating from the center of the detector will emerge paréllel and
concentric with the optical axis of the telescope. The nutating
(oseillating) is now initiasted at + z:eq degrees at freguency fn. Thiz
will cause the principal ray to scan up end down + A eq/x degrees with
respect to the telescope axis where X is the power of the telescope.

Since there are two such systems, szimuth and elevation, and the nutation
drives are displaced 90o in phase, the resulting motion of the prinecipsl
ray is circular around the axis of nutation (which ié concentric with the
telescope axis, so far). Now, 1f the IMC mirror moves from its nominal
angular position by.A Or degrees, it will cause thg axis of rotation to
be displaced A Qr/X Trom the optical axie of the telescope. IT tlere is

g target, P, as shown in Figure 5.1.2~2, the nutetion of the receiving
beam will cause corresponding amplitude modulation of the received carrier.

The mare'exact target, axls of nutation, and received
optical beam relstive orientation are shown in Figure 5.1.2-3 and 5.1}.2-k,

The tracking servo subagsembly demodﬂlateé this éﬁplitude
modulatidn envelope, compares it with the two quadrature nutator driving
voltages in the phase detectors generating the target poasition error _
voltages. The servo subsystem alweys tries to pesition the IMC mirror
such that the error voltages are zero which corresponds to the axis of

rotation intersecting the target (within + 4 arc sec.).

5.1.2-11
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5.1.2.5 Power Supply Subsystem

The High Voltage and Low Voltage Power Supply Subsystem
generates the power and voltages (Table 5.1.2-6) required to operate the
transceiver. '

5.1.2.6 . Command and Telemetry Subsystem
4

The Command and Telemetry Subsystem céuples and shapea the
spacecraft commands as required by specific transceiver cilrcuits. Also,
it conditions as necessary the telemetry data generasted at various
functional points of the tranasceiver to be compatible with'the spacecraft
requirements. Tables 5.1.2-T7 and -8 list the commands and telemetry points.
5.1.2.7 Thermal and Radiation Cooler Subsystem
‘ | The thermal and radiation cooler subsystem provides the

required thermal control and structural support required to survive launch,
transit, and injection environment. In synchronous orbit it provides:

8. Radiative cooling of the mixer at 110 + 15°K;

b. FElectronic component temperatures not to exceed &0°C
gt the highest trgnsceiver/spacecfaft interface
temperature (+ 35 C); and, '

¢, Thermal gradients in the telescope splder not to.
gxceed lOOC between the threeKlégs. |

In sddition to the above gubsystem, an up-translator and

dowm=-translator subsyatem is used only with the ground station., TIf
translates the baseband zignal to be transmitted from 30 Hz - 4.6 MHz

band to 1.4 -'6.0 MAz plus & vestige of lower sideband from 1.0 to 1.k MHz.
A corresponding down-translation is performed on the recelved signsl. The
primary reason for the baseband frequency shift is the heed to bypass the .

. GeAs in-cavity modulator resonances which occur in the frequency reglon

from 100 KHz to 1.0 MHz, depending on the crystal dimensions. Therefore,
‘§pectral components of the baseband signal in.the vicinity of the crystal

5.1.2-12
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resonant frequencies will produce carrier frequency deviations out of
.proportion with the response to all other baseband spectrel compcaents,
resulting in a distortgd slgnal.

| The up-translation and down-translation sﬁages each consist
of couble conversion, thereby retaining low spectral'COmponent to high

spectral component amplitude relationship.

5.1.2-13
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(1)
(2)
(3}
(4)

(5)
(6)

(n
(8)

(9)

{10)

(21}

(22)

{13}

(14}

(15}
16)

TABIE 5.1.2-1

i Characteristie
Pgwer Cutput, winimum (At the output of the laser cavity)
Yoge.

FPolarization

Output power bemm width (at output of cavity end -mirror)

Operating lines
Flight Model

Ground Model

Operating line width

Poayr Frequency profile

02erating fr: . .ency

Frequency stability
- Q0.1 Bz to 5 Hz

5 Hz to 800 KHz
800 XHz o 6,0 Mz -

Amplitude stability

Medulation characteristics (Fw)
Deviation capability
Modulation sense L
Input frequency bandwidth -
Basevend amplitude - Frequency characteristics

Modulator/Driver Sensitivity N
Modulator/Driver Sensitivity Stability  (Miz deviation/volt input)

Modulator/Driver grour delay cver 6.0 Miz bandwidih output, maximm

Modulator linearity Teriative rethod ), maximum

Azplitude of the symchranizing simmal

Noise
Periodle nolse (retio of P-P picture sfgpal amplitude to the P-
noise amplitude)

Power SUPPLY HuMesrsssessessrnsssannn

{meluding the fupdamental frequency

ang low harmonics) .

Single frequency noise hetween .

1 KHz and 2 MH2 s aasatsucnsstnnnsaas

Single-frequency nolse between 2
and 6

Zetreeuannansaranntacocnnnas

* To be added at a later date,

TRANSMITTER ASSEMBLY PERFORMANCE REQUIREMENTS

P

Tré.nsmitter Assembly Performance
650 mv £t 1ine center at as°g

e

Linear with electric fielg perpendieular to the baseplate t 2°

3.0 #0212 ntiitmeters (mm) beam diameter between (0.367)2‘.&1&1‘,1\":

“pOVer lavels, diffraction limited, eollimated beam

F 20

P16

Compatible with the wvideo transmissicn requlrements .
Compatible with stabilization requirements of the agsemb ly

Line center frequency + 100 KBz over & tige period of 10 to 100

seconds at a dither frequency of T5 * 5 Hz with peak-to-pemk frequency
deviation not to exceed * 300 xHz.

100 ¥Hr rma
50 FHz rms deviation

2.7 Kz rms  deviation (exclusive of dither rodulation),
2¢ rms &t lipe center over g bandwidth of 5 to 45 Bz

Provide Zeviatior of up to & 4,0 MHz '
Increase in carrisr frequenc; deviation for increase in positive potential,
1 MHz to £.0 MHz ) )

Referenca Frequancy Design Soa) Minimgg Acceptable
a

1,025 ¥Hz 0 db 0 db
1.0 te 1.8L0 MHz t 0.1 dn 0,25 db
1.850 40 E,0 MHz £ 0,2 db * 0,b @b

8,0 MHz/volt input

Within + 0.1 dw during environmemtal stresses for one operating pericd,
(24 nours or 1less}) ' :

+ 0.2 0=z slope
0.0k ng/tHz2 marabolic
0.6 ns peak~torpeak’ ripple

2% for center GO percent -of * MHz band
1% over 75 percent of benduwidth

Synehronizing pulses shall be between C.2T and 0,31 volts

318 db min,

62 v min,

4% @ pin,

T 2484 ‘I *Top “€€ok "oN 2a0dey



=214 °Tqel

TABILE 501.2-2

LOCAL OSCILLATOR AND BACK-UP [ASER PERFORMANCE REQUIREMENTS

Iocal Useillator

{1) Fower Output, Minimm 85 mv at line center minus 30 MHz at 25°C

{At the output of the laser
cavity}
(2} Mode ™,
(2) Polarization Linear with electric fleld perpendicular
to the baseplate x 2°
(4) OCutput Power Beam Width X)) miilimeters (=) bean dianmeter
(& output of the cavity between {0.367)° reletivs sawer levels,
end mirror) . aiffraction limited, ccllimated beam
(5) Opsrating Lires
Flight Model Operating P16
Ground Model Operating P 20
Flight Model Test P 16
{Ground Model Test ¥ 20
(6} Qscillator Fower/frequency Compatible with stabllization require-
profile ments of the assembly
(T) Operating Frequency 301 0.05 MBz below recefved signal
Trequency
(83 uency uncertaint: 30 1.1 MHz below 1llne center with
during acquisition additfonal drift not to exceed 0.5 Miz

over a 5 minute period

(9‘) Frequency Stability

0.1 Bz to S Hz 100 Kz ™s deviation
5 Hz to 8O0 iz 50 KHz rms deviation
" 800 KHz to 6.0 MRx 2.7 BX= mms feviation
(10) Amplitude Stability 0.3 % rme over band width from 5 to 45 He

Design goal 13 0.1% ms

(11) AFC Cavity/Mirror Yerlation, 6 microns
minimm, {(plezo eleciric tunmer)

deXed millineters (mm% bean

Line Center Qperaticn

650 v ut ilne center st 25°C

TMW

Linear with electrie £leld
ndicylar $o the base-
3 F

diameter between (g, 367)
relative power levels, diffrac-
tion limited collimated beanm

LR )
ERES

Compatible with stabilization
requirements of the assembly

Line center frequency * 100 KHz
over & timwe perisd 22 10 to 100
goconds at & dither =syuency

of 75 + 5 He with peax-to-pesk
frequercy devirtion zo: to exceed
+ 300 KHz

Iine center Frequency : 100 KHz
over a bandwidth of Q.1 to 1.0
MHz

100 ¥Hz 19 deviation
50 KHz s deviation
(Exclusive of Dither-
Modulstion)

2.7 BHz rms deviation

2% rma at the line center over
a bandwidth of 5 to L5 Hz,

6 mierans

Back up Laser :

Line Center -30 MKz Qperation

500 mv at line center minus 30 Mz at 25°C

.

Linear with electric field perpendicular
to the baseplate ¢ 2°

'5.&."::.:;51111”&31-5 (om) beam dismeter betwesn

(G.357)° relativ: pover levels, diffraction
limited, collizated besm,

LR
R88&

Compatible with stabilization
requirements of the asse=:-ly

30 ¥ 0.05 MHEz below received signal Trequancy

302 1.1 MH: below 1ipe center with
additional drift not to exceed t 0,5 MAZ

. Over a 5 minute period

100 KEz rms deviation
50 KHz rms deviation

2.7 Kz rms deviation

0.3% rms over band width frcm 5 to &5 He
Design goal 18 0,1% rma. :

5 microns

T 3I8d ‘I *Top ‘SEon “ON 3aodey
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TABIE 5.1.2-3

OPTICAL COMPONENTS MISALIGNMENT TOLERANCES

nggonent
Flat Iasger End Mirror

Modulator

. Laser Tube

Curfed End Mirror
Reflecting Mirrorg
Beam Expander
Duplexer

mic

Reflecting Mirrors
Filter Relay lens
Nutator

Imeging Lens

Random Misalignment
Tolerance (§ed)

Temperature Misaligmment

15
50
50
15
15
15
100
370
370
370
370
370

Table 5.1.2-3

Tolerance (§ed)

L

N N N

20

20

20

20

- 20

20
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(1) Eeceiver ¥ideo Output: (2 required)

TABIE 5.1.2-k

{a) Ievel over 1 MHz to 6 Miz
(b) Tmpedance over 1 MHz to 6 MHz

Freamplifier
{a) Bandwidth
(b} Input seturatien

Demcdulation Characteristics

{a) Demoduletion sense {st video output)

{b) Instantaneous bandwidth

(c} Center frequency

(@} Output sensitivity over -T2 dbm to -56 dbm carrier input power levels at
mixer window at any frequency from 2A.0 to 34.0 MHz .

(e} Pasevand amplitude - frequency characteristice

(f) Group delay over 12 MHz bandwidth
{g) Demoduletion Amplitude

Video Disteortion and Noise

(2) Amplitude of the :ynchronizing - ignal

(b) Periodic noise (ratio of P-P picture signel amplitude L& the
P-P nolse amplitude) :

L. POWEE SUPPLY HuMe . st erreessiouneeennnonnrnsesrnnaesnas

(Including the fundamental frequency ard low barmonics )
2. Single frequency_ncise between | KHz and 2 MHZ.........
3. Single-frequency ncise betwean 2 and 6 MHZ. o .u.yeeens..

{5) Automatic Gain Control

(o} Becovery time (for instantanecus carrier power level changes up to 41 db
with respeet to Carrier to Noise Fatic (C/N) of -18 db <o -6 du)

(k) Telemetry output of the AT

M VIDEC CHANNEL PERFORMANCE REQUIREMENTS

1 volt peak-to-peak * Q.5 4b
75 ohms, unbalenced, with minimum return loss of 20 db

30 £ & MHz, consistent with video distortion and npoise requirements
-40 dbm or greater at the input to the mixer assemtly

Increase in pogitive potentlal for incresss in carrier Preguency deviation
Consistent with the video distortion and noise reguirements specified herein
30 MHz

Constant within % 0.3 db

Reference Min{mum
Frequency Design Goal Acceptable
1.029 Miz . 9 db Q db

L0 to 1.840 MHz t 0,1 db + .25 db
1,840 to 6.0 Mz + 0.2 ab + 0.k db

t 0.7 o sec/MHz slope

0.5 n sec/MHzZ parabolic

6.0 n sec pesk-to-peak risple :

A carrler deviation of * 4,0 MEz shall produce a 1 volt * 0,5 gh peak-to-peak
output signal

Synclirorizing pulses shall be 0,29 £ 0,02 volts

38 4b min,

62 db min,
L& db min.

Recelver automatic gain contrel shall set the output pover to its nominal
level = 1 db within 0.2 seconds and pass amplitude modulaticn

0 to 5 volts correspanding to & carrier dyramic range of =72 dbm to5 -5£ dbm

with an output impedance of 1000 orm or less. The bandwidtk of the telemetry

chenpel shall be 10 Ez at the 3 db points.

T 3aBd ‘I "Toa ‘€€on "oN guodsy



G=2°T°¢ 9198l

(1)

(2)

(3)

(4)

TABIE 5.1.2-5

ACQUISITION AND TRACKING CHANNEL PERFORMANCE REQUIREMENTS

Acguisition

(a) Input: . _ -18 @b minimmy

(b) Output: o
1. Amplltude‘ ' 3.8 * 1,4 volts
-2. Pulse Width: 50 * 10 milliseconds
3. Rise and Fall Time: 1 millisecond, maximum

Acquisition Tracking

{a) Input: o o -15 db to -7db and 1.5% amplitude modulatedzf
-23 db to ~11db and 40% amplitude modulatedZ/
(b) Output: t 0.1 volt correspending to -19 db to -7db 1.5% modulated imput,

mlnlmum, beak-to-peak with & linear signal of * 5 volts
corresponding to -23dd 40% modulated input.

2 f,, (Acquisition) Signal.

(a) Tnput: , -19 db to ~7db and 15% amplitude modulated=/
_ , -23 db to -11db and 70% amplitude modulate'é/
() Output: : 3.8 £ 1.4 volts

" Operational Tracking

(a) Input Signal: 23 db and 1,0% amplitude modulate%;/
' ' 19 db and 15% smplitude modulated
() Output Signal: * 0.1 volt corresponding o 23 db, 1.0% modulated input,

mnnlmum, peak-to-peak with a linear signal of * 5 volts
corresponding to 19 db, 15% modulated input

;/ Peak carrier power/rms noise ratio with Gussian shaped signal

2/ Minimm average carrier power /rms noise ratio.

T 31Bd ‘I *ToA ‘€€on *oN jaodsy
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POWER SUPTLY POWER OUTPUT

g=2°T"& 9198l

[ax}
» g
| % & &
3 ‘2%’ .
= 6 =5 | gE e
= O s § 0w B2
] S Tk @
é oS R -l & @ } LOW VOLTAGE POWER SUPPLY
578 | g 2.2 | g | S
& 58 %) SEST B = l2v + 5V
SaR 595 & = |
1.) OFERATING CURRENT 3/ _
, (Milliamperes, DC) 4+ 0,28 5+ 0,255 |4+ 0.2Y 25 100 to 23591500 to 2500
' 2.) OPERATING VOITAGE &/ ‘ ' |
(Volts, DC) 2000 + 100 1800 * 50 L/ |2000 + 100%/ eos + 3,4/ 112¢0,225y 5 +.0,25L/
3.) STARTING VOLTAGE .
(Volts) ' 5000 = * & |2600 ¢ * 1/ 5000 + % L - - -
4.) RIPPLE CURRENT (Max,)
(6.5 Hz to 50 Hz) 0,5% rms 0.08% rms  }0.00% rms: - _ _
(50 Hz to 1 KHz) 1% rms 1% rms 1% rms - - -
(1 KHz to 10 XKHz) 3% rms 3% rms 3% rms - - -
5.) RIPPLE VOITAGE (Max.) :
(Millivolts P-P) - - - 150 15 30
- (Millivolts RMS) - - - 50 2. 100
6.} LOAD/LINE REGULATION 3/ _
- (Milliamperes, DC) 0.2 3/ 0,0625 i/ 0.2 2/_ 6/ &/ '12/
(Millivolts, DC) ‘ 3400 225 250
{5 Hz to 50 KHz)
.) EFFICIENCY 1/
.) TEMPERATURE COEFFICIENT o ) o o o
{(0° to 1LO°F) .5%/°¢ .5%/°C .5%/°C .1%/% .19/ |%/°c

HEBratersomswime

Initial Tolerance
Line Chenge t 7%.

* To be added later

Load change resulting in a 400-volt change in output voltage,
Load change resulting in a 100-volt change in output voltage,

Load change resulting in a 150

Ioad AT of 50%.

-volt change in output voltage,

Overall efficiency skall be greater than 709 from 50% of full load to maximum rated load.
To each of the tubes two anocdes,

Load impedance variation of * 204,
Current required from each 12V source

Load AT of 30%

To be added at a later date

NOTE :

Cathodes of the Laser tubes
shall be operated near ground

rotential,

T 318d ‘I *ToA ‘€Eon *ON jaodsy
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TABIE 5.1.2-7

TRANSCEIVER COMMANDS

{a) Power Supply Subsystem.-

Command Function

(1) Transmitter Laser High voltage No. 1 On

(2) Transmitter Laser High voltage No. L OFF

(3) Transmitter Laser High voltage No. 2 - On

(4) Transmitter laser High voltage No. 2 OFF

(5) Transmitter laser High voltage Nos. 1 & 2 Ad just current
{6) Local oscillator Leser High voltage No. 1 * on

(7) Local oscillator Laser High voltage No. 1 orf \
(8) Local oscillator Laser High voltage No. 2 On

(9) Local oscillator Laser High voltage No. 2 Off

(10) Local oscillator Laser High voltage Nos., 1 & 2 Adjust current
(11) Backup laser Figh voltage No. 1 On

(12) Backup Laser High voltage No. 1 orf
(13) Backup Laser High voltage No. 2 On

(1%) Backup laser High voltage No. 2 ” off

{(15) Backup laser High voltage Nos. 1 & 2 Adjust current

(16} Low voltage converter . On
(17) Low voltage converter . off
(b) laser Subsystem.-

(1) Beckup Laser line {P-16) select ‘Select

(2) Backup Laser line center offset (P-16) Offset

(3) Backup Laser line (P-20) select " Select

(4) Backup Laser line center offset (P-20) - Offset

(5) Select

Modulator, video input Nos. 1& 2

Table 5.1.2=7.

{Sheet

1 of 2)
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L TABLE 5.1.2-7
TRANSCEIVER COMMANDS

(e) Acquisition and Tracking Subsystem.-

(1) Nutator Bims Adjust (Beam Alignment )

Function
a. Command, North-South axis (one pulse) Counter reset
b. Command, North-South axis (series of pulses) Counter input
c. Command, North-South axis (one pulse) : Execute |
. d. Command, East-West axis (one pulse) Counter reset
e. Compand, Fast-West axis (series of pulses ) Counter input
f. Command, East-West axis (one pulse) ‘Execute
(2) Acquisition threshold
a. Command (one pulse) _ | . Counter reset
b. Command (series of pulses) , Counter input
c. Command (ore pulse) - ' - Execute
{3) Acguisition Confirm Threshold
a. Command (one pulse) = Counter reset
b. Command (series of pulses) Counter input
c. Command {one pulse) Execute
{4) Acquisition Control
a. Initiate search : ' Initiate
. Inhibit search ‘ Inhibit
.Center IMC : Initiate
d. Initiate normal tracking Initiate

{5) Spare discrete commands

* To be added at a later date

~ Table 5.1.2-7
" (Sheet 2 of 2)
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TABLE 5.1.2-8

TELEMETRY DATA

‘Power Supply Subsystem.-

Funetion Level Accuré.cyl. Bandwidth
(a) Transmitter laser current 0to 5V T o4 1 Hz
{b ) Transmitter Laser voltage 0Oto5vV Ay 5% "
(¢) Local oscillator laser current Oto 5v 2 2% "
(d) Local oscillator lLaser voltage O to 5V iy 54 "
(e) Backup Laser current Oto 5V I 29 "
(£) Backup Laser voltage Oto 57V ¥ 59 "
Optical/Mechanica.l Subsystem. -

() "Trensmitter Laser power output O to 5 V- :Ll% 0.1 Hz
(b} Local oscillator laser power . ,

cutput 0to 5V > 29 n
(c) Back-up Laser power output(A )2 Oto 5V Zog- "
(d} Back-up Iaser power output(B)3 Oto 5V 3 2% "
() ICE vaseplate temperature 0toe 5V z 2% "
(f) PRadiation cooler temperature 0to5V gt "
(g) Sun shield tempersture 0to 5V : 2% "

3.1.4.1.3

(a) Local oscillator laser tuner : .

voltage: - OCto 5V - 2% 10 Hz
(b) Transmitter Laser tuner voltage C to 5 V ¥ og 10 Hz
(c) Backup Laser tuner voitage 0to'5 Vv by 2% 10 Hz
(@) Modulator current 0 to 5V i 2% 0.1 Hz
(e) Medulator oven temperatures Oto5 7V 2 2% 0.1 Hz

3.1.4.1.4 Receiver Subsystem.-

() Receiver AGC voltage Oto 5V iy % 10 Hz
(b) Mixer bias current 0Oto 5V : 24, 0.1 Hz
(c¢) AFC Error output 0 to 5V 2 o4 10 K He

o =

Back-up Laser in L.0. mode (P 16 line)
Back-up Laser in XMIR mode (P 20 line)
Accuracy applies from 10% of full scale to 50% of full scale.

Table 5.1.2-8
(Sheet 1 of 2)

" Accuracy applies from 25% of full scale to 75% of full seale.
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TABIE 5.1.2-8

TELEMETRY DATA

Acquisition and Tracking Subsystem.-

Function . Level  Accuracy’  Bandwidth
(a) Coarse pointing mirror- -
position (North-South) : 0to5V 14 2 Hz
. (b} Coarse pointing mirror- : _ t
‘position (East-West) : Oto 5V J 2 Hz
(¢) Image motion compensation ‘
position (North-South) Oto5V 5 Hz
{d) Image motion compensator -
position (East-West) Dto 5V 5 Hz
{e) Acquisition threslhiold voltage Oto 5V 0.1 Hz
{f) Acquisition confirm threshold.
voltage Cto 5%V 0.1 Hz
(g) Nutator bias voltage, (North-South)  0to 5V 0.1 Hz
{h) Mutation bias voltage, (East-West) . Oto 5V v 0.1 Hz
Function Bits Bit Rate
(1) Coarse pointing mirror position .
(East-West ) ' 12 o 128 bps
(3) Coarse pointing mirror position '
(North-South ) 10 128 bps

- Table 5.1.2-8
(Sheet 2 of 2)
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5.1.3% Link Analysis

This analysis sums and explains all of the powér gains and losses
from transmitter laser to the receiver heterodyne signal-output from the pre-
amplifier. The expressions for each gain or loss are stated in dbm, which al-
lows total carrier-to-noise output from the link to be computed by adding up

the positive and negative described terme.
The link analysis will consider the following cases:

a. At the beginning of the experiment, at maximum operating-
temperature and minimum operating-temperature laser output, and mirror re-
flectivities of 99% and other nominsgl losses as described, both for operate

and for acquisition cases.

b. At the end of the experiment, at maximum and minimum oper -

ating temperature laser output and all other losses as described abave,

Results of this analysis are listed in Table 5.1.3-1, which in-
cludes the gains or losses associated with each contributing item in the LCE
link. These items are discussed individually in the following subsections,

arranged in the same order as listed in the table.
5.1.3.1 Transmitter Output (Item 1)

The value of transmitter iaser output power varies according to
operating temperature and age. These values are given by the laser subcon-

tractor and are included in the laser specifications.

The range of operating temperatures of the LCE is specified as
252i;OOC. Accordingly, the following values of lager output .power have been
given:

Beginning of experiment
Minimum temperature (15°C) 790 mw  (29.0 dbm)
Maximum temperature (35°C) 650 mw  (28.1 dbm)

End of experiment (2 years)
Minimum temperature (15°C) 710 mw  (28.5 dbm)
Moximum temperature (35°C) 550 mw  {27.5 dbm)

5.1.35-1
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5.1.3,2 Transmitter Optical Coupling Losses (Item 2)

The transmitter optical coupling losses consist of the losses re-
sulting from the mirror and lens surfaces, the beam splitter, the duplexer,
and the filter, but exclude blockage loss. These losses are summarized below.
The total transmitter optical coupling lossecs are found by adding the losses
of all the components. Thus, the total loss is -1.8 db.

7 mirror surfaces at .99 ea = -.29 db
T beam splitter (.97)(.99) = -.18 db
'}y lens surfaces .99 ea = -.17 db
Duplexer .85 = -.71 db
Filter .90 = -.46 db
Total loss -1.8 db
5.1.5.3 Blockage Losses (Items 3 and 10)

Because of the structure of the telescope, there will be signal
losses due to the shadow of the frame, the secondary mirrof, end the acguisi-
tilon beam mirror.r The blockage area is ghown in Figure 5.1.3-1, where the
central blocking radius (due to the secondary mirror) is 0.73 in. and the pri-
mary radius is 3.875 in. Since the received signal will be a uniform beamn,
the blockage loss is proportional to the shadowed arca. The transmitted beam
will have a Gaussian distribution, and so the blockage loss must be found by

in%egratihg the powér distribution over the shadowed area.

The receiver blockage calculation can be separated into three
ecalculations: fTor the central blockage area, the splder blockage arca, and
the acquisition beam mirror area. The ceniral blockage arca is only the area
of the circular-type region in the center with the rectangular region attached
to it.

The c¢ircular-type areca is the secondary wmirror retaliner as viewed
by a beam traveling to the primary mirror and the rectangular reglon 1is the
petainer as viewed by the beam incident on the coarse mirror from an ocutside
gource. This arca is 2.24 in.e. An effective radius is found from this area
by. computing the radius of the ecircle which has an area of 2.2k in.=. The

‘effective radius iz .845 in. or 21.45 mm.

5,1.%-9
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The spider blockage ar=a is computed by adding the areas of the
sik legs. A5 and AH are due to the blockasge by the legsKafter the signal is
reflected from the ceoarse wirror and is transmitted to the primary mirror.
The width of the shadow is 1/4 in., the width of the legs. AE is due to
blockage by the legs when the beam is incident on the coarse mirror. In this
case, the signal is at an angle of 45° to both the 1/4-in. and the 3/8-in.
sides of the legs. This gives an effective width of (3/8 + 1/4) cos 45° =
.4h2 in, When the width times the length of each of the legs is multiplied
and the results are added together, the spider blockage area is calculated to

be 5,51 in.g. I . ¢

Thefacqﬁisition beam wmirror blockage area is the area of the
shadow of the mirror. The ghadow is a circle of radius 0.197 in., which

gives an area of .12 in.2.

To find the total power loss in db, the blockage area divided by
the total signal area is subtracted from 1. This gives an effective power

ratio of 0.833 which is -.T79 db blockage loss.

The transmitter blockage calculation can be ahaljzed in the same
manner that the receiver blockage calculation was analyzed. The central
blockage area was assumed to be a circle with a radius equal to the effective
radius. The blockage loss was pomputed with a computer program using the
equaﬁion given in the Optical frain Analysis secfion. This central blocking
loss was found to be -1.00 db.

- The calculation of the spider blockage loss was calculated by as-
suming the configuretion in Figure 5.1.3-2. The combined spider blockage
area is equal to the sum of the widths of the legs, which is 1.88L in., times

the distance between the effective radius and the primary radius, which is

- 2
3.0% in. The amplitude distribution is E(r) = & e 155 where E_ is 5.58 and
: ; ' =le
o is 1.82 in., The power is equal to the integral of the intensity distribu-
tion over the area. This is approximated by summing the intensity times the
area of bands which are separated by .50% in, The blocked power is Tound to

be 47.6 mw, which is -.33 db.

5.1.3-3
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The acquisition beam mirror loss is approximated by using a point
at the center of the cirecle and by multiplying the power at that point by the
area. This value turng ocut to be negligible when compared with the other
losses. 7

The total transmitter power loss 1s computed by adding the losses

from each area., The total loss is equal to -1.33 db.
‘Calculations of blockage losses:
Telescope blockags

‘Blockage area for Rp = %.875"

- n
| Rb = T3
A, Central Blockage Area = 2.2k in.2
o A

R, = effective circle radius =v—%1= B45 in. (21.45 mm)

Spider blockage ares
L6 in. 2
= Lo = i
AE '—"-l-g‘— X .')-1-12 in. 1.270 in.
- ks .2
A5 = 1g X i/4 = .719 in.
A =¥ g1k o 766 1n.2
TT ; :
i .2
=2 = . . -
Atotal LAE + 2A2 + EAM 2.540 + 1.438 + 1.5%2 in
= 54-51 ino

Acquisition beam mirror blockage area

Ares = rr(.lQ'T)2 - .12 in.”
Receiver blockage loss

L 2.24 + 5,51 + .12

5 =1 - - : 5 - =1 - .167 = .83% or -.79 db

o 1(35.875) :

Transmitter blockage loss

Central blockage loss = -1.0C db

5.1.3-0
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Spider loss (Pe)

Let P = 650 mw (reference)

The amplitude distribution is:

)
X
>
E(r} = E e 24
[P
1 o)
where EO = g E‘E‘
o= 46,13/25.% = 1.82 in.
2
. -
2
_10.15 2(1.82)
E(r) =T33 ©
o
_ I
_5.58 ¢ 0°00
3.875
P, = f E2(r) da= D, 52(x,) aa(x,)
o i=.845
with dr = .505 in.
= L7.6 mw
T T2 h7.6 B
Then i—l-Po—l-gga—ml— 075 = .927 or -.33 db

Acquisition beam mirror loss

P - f E2(r) da=E2 (3.678) x n(.197)%
A
= 063 mw
F
t 063
i_ld 50 =1.00 or O db

Total transmitter blockage loss = -1.00 - .33 = -1.35 db

Dedle3=5
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5.1.3.4 Transmitter Telescope Gain (Ttem 4)

Telescope gain in defined by

_ 1(0)(unR®) _ 1(6) (k%)

Crp i N
where .
GT = transmitter telescope gain
R = distance to receiver (refer to next paragraph for
this calculation)
TI(6) = far field off-axis intensity

PT = transmitted power 4

Ty = ratio of tramnsmitted power to telescope input power

PO = input power to telescope

From section 5.2.1.10 of the Optical Train Analysis, the far field on-axis

calculation of I(O)/PO is derived as

o) o K R ﬁ i
Fa i 2 x R [exg 4o ® -exp<h02)
I I
where
Rp = primary mirror radius = 3.875 in.
R, = secondary mirror blockage radius = .B845 in.
o = transmitter beam sigma = 1.81 in.
K = 2x/A A
Thus Gy is found to be 2.9579 x 107, or 9L.T1 ab.
5.1.3.5 Free Space Loss, Zenith Angle = 30° (Item 5)

The free space loss was cowputed for a distance R between a 8yT-
chronous satellite and a point on earth having a 300 zenith angle. The formu-
la‘for free space loss is derived in paragraph 5.1.3.9, where the relationship
between transmitper and receiver telescope gains and isotroplc free space loss
is shown. The calculated value of free space loss is converted into db using

the equation below.

5.1.%-6
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kE

F-—t
I o R2

R is derived from the equation

R = VD® ein® a + h° + 2hD

whete

w}
1

radius of the earth (6.37 x 106 meters)

elevation angle (60%)
h = synchronous altitude (3.8 x lOLiL km )

5.1.3.6 " Atmospheric Attenuation Loss (Ttem 6)

Figure 5.1.%-% gives. the atmospheric attcnuation loss as a func-
tign of the zenith angle, defined as the angle between the slant range and

the line connecting the center of the earth and the ground station.

The atmosphere's attenuation loss computation 1s based on the
Aerojet-Anding Atmospheric Transmission Program (ATMO) .for 10.6 microns using
the Air Force Cambridge Research Laboratory mid-latitude atmospheric model
(AFCRL). ATMO is based on a 45-km atmospheric layer and calculates atmos-
ph?ric attenuation in the slant-range due to molecular abéorption by COE’ H20,
and O, and due to absorption and scattering by aeroscls.

> ‘
ATMO is based on D. A. Anding's work Band-Model Methods for Cow-

puting Atmospheric Slant-Path Molecular Absorption (1967). The pressure,

temperature, and water-vapor ¢ ontent as a function of altitude are based on

Humidity Up to the Mesopause (1968) by Sissenwine, Grantham and Salmela,

ﬁhile the 002 content is based on the Lockheed‘value, 300 parts per million.

An approximatidn to mie scattering is based on Btterman's A Model of a Clear.

gtandard Atmosphere for Attenustion in the Visible Region and Infrared Windows

(1963). The AFCRL model atmosphere is derived from measurements taken at 57

north latitude and an average of all longitudes.

5.1.3.7 Receiver Nutation Axis Transmitter Optical Axis Misalign-
ment Loss (Item T)

The optical axis misalignment covers a decrease in received pover

in proportion to the angle from the transmitter optical axis. The power

2+1.3-T
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decrease versus angle is shown in the transmitter field-of-view intensity
curve in section 5.2.1.10. From gpecifications, the transmitier and receiver
optical axes will be within 3 géc. The intensity loss from the given figure
shows -.70 db.

5.1.3.8 Tracking Error Loss {Item 8)

The sensitivity of the nutator/IMC servo loop in tracking the re-
ceived beam determines the ability of the system to aim the telescope optical
axis at the center of the transmitted power envelope. The transmitter field
of view is illustrated in section 5.2.1.10, The nutator external telescope
hoise half angle is specified as 1.5 sec. Then from the given figure, the

intensity loss from peak-on-axis intensity is -0.3 db.

5.1.3.9 Receiver Gain (Item 9)

The receiver telescope gain differs from the transmitter tele-
scopé gain since the intensity distribution of the beam on the receiver pri-
mary is uniform instead of Gaussian. The total attenuation of the path from
transmitter to receiver can then be expressed as the ratio of received power

to transmitter power.

EB - COT = I(G)hnr%
PT - TRTT PT
where
GR = receiver gain
Gp = transmitter gain (from para. 5.1.3.4) :
F = free space loss (from para. 5.1.3.4)
r = receiver radius (3.875 in.)

As defined in paragraphs 5.1.3.% and 5.1.3.5

. 1(8) (kxR®)
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Substituting these into the first equation gives the formularfor receiver

gain.
o = 2nr 2
R~ A
Substituting the values into these gives

G = 3.0k x 107 or 95.31 db

5.1.3.10  Receiver Blockage Losses (Item 10)

Refer to paragraph 5.1.3.% for the analysis of receiver and trans-

mitter telescope blockage losses.

5.1.3.11  Rcceiver Optical Coupling Losses (Item 11)

The coupling losses consist of the losses due to the mirror and
lens surfaces, the duplexer, and the filter, but excluding blockage loss.

These losses are listed in the following table.

8 mirror surfaces at .99 ea. = -.3% db

6 lens surfaces at .99 ea. = -.27 db
Duplexer .85 = -.T1 db

Filter .90 = -4 av
Total Loss -1.8 ab

h.1.3.12 Phage Migallignment Loss (Ttem 12)

The misalignment of the phase planes of the received signal and
the local oscillator beams focused on the mixer is a result of any angular
tilt between the optical axes of the two beams at the mixer and of the total
effect of all plane wavefront distortions caused by aberrations in the flat-
ness or the designed curvature of optical components in the optiecal train.

To discuss the effect of these separately - first, the angular tilt between
axes has been reduced to the angular compensation by the nutator to correct
for lateral movement of the wmixer from its aligned position. For an align-
ment tolerance of 0.0l5 in., the ©til%t angle is found by taking the  arctangent
of the displacement to imaging lens focal léngth.

6 = tan T (0.005/5.0) =1 arad

5.1.3-9
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The corregponding loss ils less than 0.1 db, based on the phase tilt loss

analysis.

The second loss contribution frowm distortion of the recelver beam
and local oscillator beam plane wavefronts is found from thz desig: tolerance
specifications. The following tolerances are listed as the limiting produc-

tion:

Receiver path

Telescope optics A/lO
Receiver path to mixer A/lO
Local oscillator path A/10

- The maximum distortion between the two wavefront planeé iz the
root-mean-sguare of the three independerit variances. Assuming also a worst-
case estimate that the distortion is a plane tilt of this Value, 1.73 A/lO;

the ldss is computed as follows:

Priig _ 511 %F Ry sin [éan-l (léTgA)]’ )
o ' %g'Rd (;é¥%i)
= .905

In db loss, this is -~0.43 db, as shown also in Figure 5.1.3-4 for signal loss

due to phase tilt versus mixer displacement.

5.1.3.1% Power Lose ab Mixer Imaging Lens/Airy Disk Mismateh (Ttem 13)

The Airy disk loss is expressed as a function of the ratio of
mixer radius to focal length of the received signal imaging lens. The opti-

mum foeal length for r, = 0.1 mm is shown in Figure 5.1.%-5 to be at the maxi-

d
mum value of the ratio of power in the focused signal Airy disk to total
imaged signai power., This max?mum pover ratlio of .72 is for a focal length

of 160 mm.

Since the receilver field of wview iz too narroﬁ {23 gee) for the
tracking electronics, the focal length was chosen at the sub-optimal wvalue of

130 mm, which results in'an increased field of view (30 s€c) and a slight

! 5.1.%-10
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decrease in signal power on the mixer to .70. This mismatch loss in db is
increased from an optimal value of -1.13 db to -1.55 db. Refer to paragraph
5.2,1.2 of the Optical Train Analysis for a discussion of this tradeoff loss.

5.1.3,1k Mixer /Local Oscillator Airy Disk Miswmatch Loss (Ttem 14)

The amount of mismatch between the mixer and center of the local
ogeillator power Airy disk that is focused on the mixer focal plane is de-
pendent on the lateral tolerance designed into the mixer radiator mounts,
The thermal and mechanical design of the radiator requires that the mixer and
its radiator mount be supported on the LCE baseplate by thermal resistive
pads., As a'result; some lateral shift of the mixer is cxpected after pre-
launch alignment,-caused by the shock and vibration of the launch and the
change to space environment, The limiting constraint in the design toler-
ance is the permissible mismatch between local oscillator Alry disk and the
mixer. The discussion of the alignment tolerances is in para. 6.4.5.4.8.
~ Based on a maximum movement of 0.015 in., the resulting increase in wixer

noise is shown to be -0.1 db.

5.1.3.15 Noise Power (Item 15)

The noise power is the product of Noise Equivalent Power in watts/
fz and the receiver bandwidth (lé MHz). The Noise Equivalent Power is de-
fined as the sigpnal-to-ncise ratio of unity at the output of the OHRS pre-
amplifier. Therefore, it includes the mixer shot noise, background noise,
mixer intrinsic noise, bias current noise, and preamplifier front-end noise
contributions. The NEP:is a function of the mixer temperature. The varia- -
tion of expected NEP as a Tunction of expected mixer temperature is shown on
Figure 5.1.2-1. Mixer boules grown specifically for the LCE program may re-
suit in improved NEP in the expected mixer temperature range. The resulting

CNR is also shown on this figure.

5.1.3.16 Carrier-to-Noise Ratio

The carrier-to-noise ratio for each case considercd is the suwmma-
tion of ail the gains and losses of the link. The heterodyned mixer output,
when the units are locked on and tracking, will have the given carrier-to-

noise ratio signal input to the IF applifier,.

5.1.3-11



Report No. 4033, Vol. I, Part 1

5.1.5.17 Acquisition Carrier-to-Noise Ratio

The on-axis signal-to-noise ratio for the acquisition mode is
computed by subtracting from the carrier-to-noise ratio the difference between
antenna galins and transmitter blockage losses through the telescope normal
operating mode and the direct path to the coarse pointing mirror in the acqui-
sition mode. This difference in gains and losses is given in para. 6.4.5.5,
Acquisition Signal Path Optimization, where an analysis 1s made of the acqul-
sition Pield of view and on-axis intensity. A single difference wvalue is sub-
tratted in all four cases, since the change in transmitter laser power is al-

ready included in the C/N ratilo values.

As shown in the analysis, the drop in on-axis intensity is the
result of spreading the half angle to the 3-db power point to 0.178 degrees.
Two small additions are gained, however, by the loss of central biockage.
First, the power blocked by the éecondary mirrer in the center of the Gaussian
distributed beam is now tranesmitted. Second, the additional dispersion of the
beam by the central blockage is removed so that the beam diameter from the
accuisition beam expander becomes the diffraction limiting aperture. Hence,
the total difference between the on-axis intensities is the sum of these gain
and loss changes in the acqﬁisition beam path. The receiver of course still
uses the telescope for recelving the transmitted acquisition beam. For in-
stance, at the beginning of the experiment at miﬂimum operating temperabure,
the acquisition carrier-to-noise fahio is -h.1 db, after subtracting 29.6 db

from the carrier-to-noise ratio.

5.1.3-12



TABLE 5.1.3-1
LCE LINK ARALYSTS, OPERATING MODE
Beginning of Experiment ¥nd of Experiment (2 Years)

Min. Opcraging Max. Operaging Min. Operaging Mex. Cperafing
Temp. (15°C) Temp. (35°C) Temp. (15°C) Temp. (35°C)

T-¢*T*G OT4EL

1.
2.

1c,
11,
1z,
13.

1k,
15.

16,
1T7.

Trensmitter OQutput

C/N ratio)

29.0 dbm 28.1 dum 28.5 dbm 27.5 dhm
Transmitter Optical Coupling Loss -1.8 -1.8 -1.5 -1.8
Blockage & Truncetion Loss at XMIR (Radius -1.3 -1.3% 1.3 -1.%.
Primary = 98.42, X 10-Power Telescope)
Transmitter Telescope Gain (Opbimum Gaussian 94T +Ol., 7 +Qh, T ol T
Intensity Distribution on the Primary)
Free-Space Loss (Synch, 4lt., 30% venith Angle) -7 -T2 -272.7 2727
Atmospheric Attenuation Loss -L.2 -1.2 -L.2 -1.2
Receiver Hutation Axis/Transmitter Optical Axis -7 - -.7 -
Misalignment Loss
Tracking Error Loss -3 -, -3 ~.
Receiver Gain {(Uniform Intensity Dist. on the +95.3% +25.5 +95.3 +95.3
Primary )
Receiver Blockage Loss -8 -.8 - B -.8
Receiver Optical Coupling Losses -1.8 -1.8 -1.8 ‘-1.8
Phese Misalignment Loss -.h - b - i -
Power Lose at Mixer Imaging Lens/Alry Disk -1.6 -1.6 -1.6 -1.%
Mismatch
Mixer Local Oscillmstor Alyy Disk Mismateh Loss -.1 ~ L1 =.1 -.1
Noise Power (NEP = 1070 w/Hz, Nolse Bandwidtly +89.2 +89,2 +89.2 +89.2
=12 MHz) (with mixer temperature = 96 to 106 K) :
Carrier/Noise Ratio (db) 25.5 2h.6 25.2 24,2
Acquisition Carrier/Noive Ratio (29.6 db below k.1 1,9 mlyl -5k

T 38d ‘T oA ‘¢Cof *oN juaodey
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TELESCOPE BLOCKAGE

Figure 5.1.3-1
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TRANSMITTER BLOCKAGE CONFIGURATION

Figure 5.1,3%=2
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5.1.0 Commmications Analysis

An in-depth analysis of the ICE communications link has been
performed in order to determine the appropria@e system requirements. A
summary of the results is presented below. Deteils of the analysis are

given in Appendix A.
\

‘Thé communications block diagram is shdwn‘in Figure 5.1.4=1.
- The vestigial sideband up-translator shifts the baseband spectrum from the
30-Hz-bo-4.6-Miz range:fo 1.4 to 6.0 MHz, with an added "vestige" of the
lower sideband of‘O.h MHi. The frequency up-conversion is used in order
to bypass the GaAs modulator piezoelectric resonances, which fall in the
frequency region from 100 to 900 kHz and whibh produce signal distortion

(for details, see Appendix A).

The FM modulator is designed  to produce a peak frequency
deviation of U4 MHz. . The resulting spectral distribution of the FM
carrier, assuming the basehand of uniform spectral distribution and ran-
dom phase, is shown in Figurq 5.1.4=2, The ratio of second-order spectrum
to first-ordeér peak 1s given in Figure 5.;.&—2. It can be seen that the
ratio at fc + 6 MHz is ~26 db. The carriexr spectral distribution for
2 black-and-whité television basebsnd is shown in Figure 5.1.4-4. Asg
shown, the spectral components are down - 20db at fc * ‘ﬁ MHz . DBased on
thege spectral analyses it is evlident that the low index freguency modu-
lation is ‘taking place at peak frequency deviations up to 4 MHz. Further,
computation:of the effective moduiatidn index for a'TV baseband signal
at peak frequency deviation of L Mz results in a B = 0.465 which substan-
tiates the above conclusion. Therefore, the receiver IF bandwidth of 12
MHz has been specified centered at 30 Miz (see 5.2.4-1 for IF center-

J frequency selection, and Appendix A for other detailed computations).

The receiver IF filter characlteristics arc chosen to give a
signal-to-distortion ratio of +33 db, or larger (for details, see Appendix
A). The limiter has a flat frequency characteristic between 24 and 36
Miz, a pdwer compression ratio of 10, and an AM to PM conversion factor
of 1.5 D/?b. The discriminator linearity is within 3% at fc + 6 MHz .

5.1.4—1
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The characteristic of the vestigial filter is shown in Figure
5.1.4-5. o met the signal-to-distortion ratio of 27 db, the odd symmetry
of the filter within the T, +# 0.2 MHz is specified at + 0.1 db. (For
other details, see‘Appendix AL) N

The output video ampllfler has essentlally a flat regsponse
between 1 0 and 6. O MHz and a linesr phase characteristic =s shown in
Figure 5.1.4-6.

For the ILCE Comrunications System described in preceding

paragraphs the post defection peak signal-to-rms noise is given by

- 6 e

s (B @), (o

1+ fo> B N /pr B,

| B | o
v

when P = Peak signal power

N = Rms noise power

T = 1.4 MHz

o

BV: Video bandwidth = 4.5 Miz

FD: Pesk frequency deviation

(%) = Predetection carrier-to-noise ratid of 23 db

RF .

Brp = Bandwidth of the IF of 12 MHz

The peak signal-to-rms noise is computed to be 32.7 db. (For
detailed derivation of P/N equation, see Appendix A).

In‘summary, the following error budget results for the

commmications link (See Appendix A):

5,142
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Error Source Sighal toc Distortion
Random noise 32.7 db (fD = b vHz)
Transmission deviations 33.0 db

Phase effects, 36 db

Amplitude effect, 33.6 db
ModulatorMemodulator linearity 36.0 db
Vestigial filters : 27.0 db
Vestigial phase tracking error  36..0 db

Total 26.7 db

5.1.4-%
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5.1.5 Acquisition Analysis

A ‘two-station spatial scan techalque is incorporatedlin the
acquisition of the traensmitter beam of one station byrthé receiver of the
nther station. The transmitter beams of both stations are broadened and
the receivers of both stations are spatially scanned simultaneously.

Both receivers are scanned in a rectangular search pattern, with the scan
retrace at the end of each horizontal scan line. Acquisition is con-
gsidered completed when both receivers have acquired their respective
transmitter besms, and the acquisition and tracking sdbsysfems are track-

ing the transmitter beams.

System design analyses have been made to establish the various
system design paraméters. With the design parameters established, system
performances were analyzed by taking into consideration ©he following
major paramefers:

-Target-location uncertainty
Spacecreft drift rate

Iocal oscillator stability
Background ncise

Aequisition probability
False-alarm probability
Carrier-to-noise ratio
Signal-to-noisze ratio

IF filter bandwidth
Post-detection filter bandwidth
Transmitter beamwidth expansion
Search angle

Acquisition time

Design margin

5.1.5-1
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5.1.5.1 System Performance Summary

A functional block diagram of the acquisition subsystem is
shown in Figure 5.1.5-1. The values of the various system parameters
were selected to optimize the ascquisition probability and signal-to-
noise of the adéuisition signal. The methods used in the evaluation of
system performance and in selecting the wvalues of the various system
parameters are summarized in the subsequent sections. Fprther details

of the method and ﬁnalyses are preéented in Appendix B.

Figure 5.1.5-2 shows the performance of the system in terms
of acquisition time as a function of the spacecraft roll rate, with the
local oscillator stability as a parameter. (onditions under which the
curves are generated are specified in the same figure. Since the amplitude
stability of the_local oscillator is a critical parameter in determining
zcquisition time, this parameter is used in generating the curves.
The curves indicated for a given value of local oseillator stability,
acquisition time decreases ag the spacecraft roll rate decreasses. By
specifying the local oscillator stability of 0.3 percent (the present
design goal), and 2 maximum spacecraft roll rate of 0.0bl_degree/second,—

the acquisition time is determined to be 220 seconds.
The system performance is summarized as follows:

Target location uncertainty + 0.2 degrees

Acquisition prcbability 0.9
Falge elarm time 1100 sec (one/five-scan frame)
Acquigition time 220 gec

Design S§/N margin 5.6 db (4.9 ab, including
o filter losses)

To accomplish the performance objectives, the following operat-

ion conditions and system design parameters are specified:

5,1.5-2
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Maximm spacecraft drift rate 0.001 deg/sec
Local oseillator amplitude stability 0.3% (5-L45 Hz)
Carrier-to-noise ratio at IF filter output ~15.4 db

IF filter noise equivalent bandwidth ‘ 8.5 MHz
Post-detection filter bandwidth \ 2 to 14 Hz
Fxpanded transmitter beamvidth | | 0.177 degree
Receiver beamwidth : 30 arc-sec
Search angle ib.208 degree
Search ftime . 220 seconds per

scan frame

5.1.5.2 Received Signal—ﬁo—moise Ratio at Time of Acquisition

During acquisition; the transmitters of both stations are
broadened and the receivers of both stations are spatially scanned
similtaneously. The transmitter and receiver beamwidths and the search
scanning rate are such that the energy received at the time of acquisition

has & carrier-to-nolse ratio of € -at the IF filter output. The dwell
N
time for a pesition in the scan is tp. Analysis in Appendix B indicated

the post-detection signal-to-noise ratio of the acquisition signal is

given as: .
5 _rC 1 (5.1.5-1)
N _(N) ) 1/2 -
ﬁJ_',E—-+'o:2 +(:E§)
Ip N/
“where ‘ _ - -
% = Bignal-to-noise ratio of the acquisition signal
C _ Carrier-to-noise ratio at the IF filter output
= =
'BIm Equivalent noise bandwidth of the IF filter
B = Post-detection or acquisition signal bandwidth
& = Ioecal oscillator power output fluctuatbion
.cb o
T = Received background noise
tp: Sean dwell time, or 1/2 B,

5.1.5-3
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The scan dwell tiwme, tp, as & function of the various system
ﬁarameters has derived in the Appendix B as:
A 2
‘2ﬁ pr 8 Bo

t, = - - (5.1.5.2)
29-7 (297 + etf)

where
p = Active fraction of the search scan line

T_. = Acquisition time or frame time

= Sean line overlap

BO = Angle defining the receiver beamwidth
97 = BSearch angle
6 = Spacecraft roll rate

It a is the percent of local oscillator output power fluctuation in the
bandw:l_dth of A;f' the local osc1llator oubput power variation falling in the
acquisition smgnal bandwidth, B s 1is:
QEBa
(5.1.5-3)

Substituting Equation (-3) into Equation (-1):

=]l o]

i l . :
= = VES (5.1.5-4)

2 .2
+ %% + EE
AT N

==110)]
I

5.1.5-h
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5.1.5.3 Selection of IF filter Bandwidth | .
Equation (5.1.5-4) indicated that to optimize‘the signal-to-

noise ratio of the acquisition signal, the ITF bandwidth BI should be made
as small as allowable by the freguency uncertainty between the transmitter
of one station.and‘the local oscillator of the other staticn. To determine
worst=case frequency uncertainty, the four following factors have been
taken into consideration: '

Transmitter frequency uncertainty

Iocal oscilletor frequency uncertainty

Iocal oscillator dithering frequency deviation

Doppler shirft

During the acquisition period, commmnication between the two
stations has not yet established. Therefore, the Ltransmitter frequency
of one station and the local oscilliator frequency of the obther station are
controlled independently. The local oscillator performs a frequency
dithering to locate its center-line frequency. The dithering amplitude -
produces a frequency deviation sbout its center line. An additional
- frequency uncertainty is produced when the local oscillaﬁof frequency ié
offset from its center line. Analysis in Appendix B indicated tlmt with
the various factors taken into consideration, an IF bandwidth of + 2.0
Mz is required. The IF transfer characteristic H(W) is

() - AT
' (8- )" (s-w,)

K = DTilter constant
= =2
Wi = Eﬂfl, WB = nfg
fl = Filter lower cubtoff frequency
f2 = Filter upper cutoff freguency
n = Number of filter poles

The characteristics of a filter with n=I are shown on Figure
5.1.5=5. This filter provides an attenuation of not more than 0.5 db

at the frequency of + 2.0 Miz.

2.1.575
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The equivalent noise bandwidth of the filter, BI’ is

) J:: |ﬁ(w)|2 aw

o !H(w)]2

A value of B = 8.5 MHz is obtained by numerical integration of the

filter characteristics shown in Figure 5.1.5-3,

5.1.5.1 Optimization of Received Power

Equa%ioﬁ (5.1.5-4) indicated that to optimize the signal-to-noise
ratio of the acquisition signal, the carrier-to-noise ratio of the received
energy %-at the time of acquisition must be optimized. To maximize %, the.
three following design paremeters have been taken into consideration:

Expansion of transmitter beamwidth
Search angle |

Secan line overlap

Detailed analysis in Appendix B indicates that the optimum width
of the expanded transmitter beam for meximum received energy is obtained by
setting the target uncertainty zngle, Gl, equal to the angle 90. The angle
@O must satisfy thg following relationship:

p(0)
p(o,)= 20 - (5.1.5-5)
8 =6, (5.1.5-6)
where .
P(QO) - Expanded transmitter power density at the angle e,
P(0) - On-axis power density (peak power density) of the

expanded beam
in = Target uncertainty angle

Equation(5.l.5—5)'shows that power density at 90 is down é, or
~4.36 db from the on-axis peak.

During acguisition, the receiver beams of both stations are scamning
in a rectangulser pattern with scan retrace at the end of each horizontal scan

line. To compensate for the motion of the tafget, a certain amcunt of ovexlapping

5.1.5.6
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of the scan line is required. Detailed analysis in Appendix B indicated that
the optimum amount of overlapping is achieved when the overlapping angle, Y

satisfies the following relationship:

6y, ) = Lol (5.1.5-T)

B 0.2
()
T = 8B, ' (5.1.5-8)
where
G(ym) = Receiver gain at the angle of ym
G{0) = Receiver on-axis power gain (peak power gain)
Ym = Overlapping angle
5 = Overlap
Bo = Angle defines the receiver beamwidth

Fquation (5.1.5-7) shows at the point of optimum overiapping that
=0.2
the receiver gain is down (e) ° or 1.0 db from the peak., Equations (5.1.5-5)

1
— .25 or ~5.36 db down
e.e

from the on-axis power density of the expanded transmitter peak. If Pt 1s the

and (5.1.5~7) show that the maximum received energy is

carrier power on the peak of the narrow transmitter beam which hes a beamwidth

of Gt’ the carrier power B for the expanded transmitter beam_e is
KP, (at)2
Ps—5m— (5.1.5-9)
e.e 77 (@)
, 2
0.285 Ky (ot)
P = >
e

K as a constant accounts for difference in transmission efficiency
of the narrow and. expandéd beam optiecal paths. Since P is related to % by

the relationship:
| - (§) =) 2y

5.1.5-T
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Equation (5.1.5-9) becomes

0.285 K(g) (e, )°
C Nig '
X = 5 (5.1.5-10)
‘ Q
5.1.5.5 Further Considerations of Expanded Transmltter Beamwidth Search

Angle and Target Uncertainty Angle

Results of the analysis in section 5.1.5.4 indicated that the rec-
‘eived carrier energy, % » and the signal-to-nolse of the acquisition signal,
5 , are optimized when the target uncertainty angle,'el, is made equal to
R _
the search scanning angle, 6 . The transmitter beam is expanded to an

‘ 7
amount equal to search angle.

During acquisition, transmitter beams of both stabtions are
expanded and receiver beams of both stations sean. Since acquigition
depends on having both receivers cover the transmitter of other statiors,
advantage is achieved by meking the transmitter beam smaller than the

scan angle. Iet the transmitter beam, QO, decrease by a factor .
o =8 a | ' - (5.1.5-11)

©,= Target uncertainty angle (3 o) associated with a
standard deviation of Qp

To obtain an optimum value for a s analysis has been made in Appendix B
in determing the effects of o, on the acquisition probability under the
three following mutually exclu51ve conditions for acqulsltlon

Both transmitters are pointing within 90

Transmitter 1 is p01nted with 9 and Transmitter 2 is poin-
ted between 9 and 97 '

Transmltter 2 is pointed within 9 and Trensmitter 1
is pointed between G and 97

5.1.5-8 -
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The acquisi tlon probability, P s WaB determlned to bpe:

e, o
P, = -exp( 12'°>1+exp<125>
20
P - p
°
- 2exp |- —— : : (5.1.5-12)
Egpué

in Byuation (5.1.5-12) is maximized if ds = 0.8, as shown

Theé value of PA

in Appendix B. Eguation (5.1.5-11) becomes:

9O =0 = 0.8 8 (5.1.5-13)
The opbimum valueé of the search angle, Gy’ for optimizing PA was found to be:
Ql :
6, =— =1.56 9 (5.1.5~1L%)
¥ o 2 1

s

Acquisition probability is optimized when the expanded transmitter beam is
0.8 times the target uncertainty angle, and the search angle is 1.56 times
the target uncertainty angle.

5.1.5.6 Background Noise

From Bquation (5.1.5-4), the signal-to-noise retio of the acquisi-
tion signal is optimized when the background noise %Q is made as small as

'%E are:

5.1.5.6.1 Self-emitted Energy Fluctuation From Eaxth

possible. Major factors in determining the value of

Earth background energy is received by the detéctor,as the receiver
beam is scanned across the earth. The amount of energy received, according to

analysis made in Appendix B, is:

o EC, & ar ,
= z (5.1.5-15)
N 2% c(NEP) p?

5.1.5-9
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where
b ‘= Background energy from Earth
N
E - Radiant emittance of Earth,.watt/m”
C, = 1.1k x th micron °K
d = Radiation wavelength, meters
¢ = BSpeed of light, meters/sec
NEP =  Recelver NEP, watt/HZ
A = Radiation wavelength, microns
T = Average temperature of Earth, %k
df = Variation in temperature, %k
5.1.5.6.2 Direct Solar Energy

_ Solar energy is received by the detector when the sun
is in the scan angle. The recelved energy fluctuates from zero to E
as the receiver beam scans from the dark background to the bright solar disk.

The received energy fluctuation, according to the amnalysis in Appendix

o >
ja- b = E d
B, is: | 7 ST (5.1.5-16)
o - }
i ‘
N = Background energy from the sun 5
E = RBRadiant emittance of the sun, watts/m
d = Radlation wavelength, meters
c = Speed of light, meters/sec
NEP = Receiver NEF, watt/Hz

.o
Numerical evaluation of Equation (5.1.5-16) indicated that -% = G.218.

Acguisition in the presence of such high background energy reduces the
aequisition probability to a low value. Therefore, it 1s not considered
%o be jractical to acquire a target in presence of direct sunlight.
Once ‘the target is acquired elsewhere, the tracking subsystem is capable
of tracking the target in presence of the sun.
5.1.5.7 Acquisition Probabllity, I'alge Alarm Probability and
Threshold Ievel
Acquisifiion is baséd on establishing a threshold level st

the output of the subsystem. If either the noise alone or the acquisition

signal plus noise exceeds the threshold level, the transmitter beam is

5.1.5-10
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said to have acquired. Therefore, the threshold-to-noise ratic determines
the falge-alarm probability and the required signal-to-noise ratlo on the
acquisition signal determines the acquisition probability at a given false
alarm probability. The following relationships were established, based on an

analysis which is presented in Appendix B:

v

T 1/2 o (5.1.5-17)
T = (2 1n 5TfBa)
where
VT = threshold level
I = BMS noise
T, = Acquisition time
Ba = Acquisition signal bandwldth
(v - S)1/2
exp} ~ ——m—— 2 N2
Vi - 8 2 ] Vo, -8 X+ (V,S)7/
1 T 2N T pe
P. == \l-erf + 1 - + -
d 2 N 3 45 2
. 2 Az (5) - 8(5)
' )
(5.1.5-18)
where ‘
S = Acquisition signal amplitude
% = Required signal-to-ndisa ratic of the acguisition signal
-to produce an acquisition probability Pd with the threshold
set at VT volts ‘
P, =P, + Py ' | ' (5.1.5-19}
vhere
PS = Acquisition probability of the subsystem
PA = Ac@uisition probabllity given by Bquation (5.1.5-12)
P(1 = Acquisition prbbability given by Equation (5.1.5-18)

5.1.5-11
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5.1.5.8 Acquisition Subsystem Design

The results of the design analysis are used to deéign the
subsystem. The following repregents a summary of the detailed design
described in Appendix BE.

5.1.5.8.1 Expanded Transmitter Beamwidth

. For a target uncertainty angle of + 0.2 degree (3 o number),
the standard deviation &p is 5%53 = 0.066T7 degree (1 - o n%yber).

Bquation (5.1.5-12) indicated that fox'EA = 0.91, a ratio off-ﬁi =2 is
required i
Therefore:

N :.2ep = 2(0.066T)

91 = 0.133 degree

From Equation 5.1.5(13)

Gb = Qg e, = O.8Gl

1
0.8(0.133)

0.106 degree

The half-power beamwldth of the expanded transmitter beam,
+ 8, is related to GO by:

It

o 0.855‘90

0.833 a8,

- 0.833(0.8) (0.133)
= 0885 degree

The half-power beamwidth of the expanded transmitter beam
is 20 = 0,177 degree.

5.1.5=-12
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5.1.5.8.2  Search Angle

From Equation (5.1.5-14)

S .
(1.56)(0.133)
C.208 degree
Total search augle is 897 = 0.416 degree

5.1.5.8.3 Signal-to-noise Ratio of Acquisition Signal
From Equations (5.1.5-2),(k), (10) ana (15)

-%==(%) 1 aB o o 1/7 (ilﬁém)
B o o ) ()]

. 0.285 K ( )t o1t
N~ ‘ 92 5.1.5
/\}zrr pT, 8B
b = (5.1.5-22)
eey (297 +8 T, )
1
B, = 5% | (5.1.5-23)
P
)
lar EC. d-a&T
ﬁh = 2 - (5.1.5-21)
2x c(NE) T

5.1.5-1%
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The prober nunerical values for various parameters are estab-
lished in Appendix B. With these values substituted, Equations (5.1.4-20)
(21), (22}, (23), and (24) become : | |

S .
£ = 13.1 _ (5.1.5-25)
% - 2.87x 107° (5.1.5-26)
-2 ‘
ﬁp: %.,29 x 10 © s=cond (5.1.5-27)
B = 15.2 Hz ' (5.1.5-28)
a _ :
ob = 2.7 x 10 (5.1.5-29)
W . _
5.1.5.8.4 Acquisition Probability, Threshold Ievel and Design %
Mergin
From Equation (5.1.5-1T}
Vv
T N 1/2
== (2 1n5 T3
Iet
Tf = 220 sec, acguisition time

B, = 15.2 Hz, equivalent acquisition bandwidth

V

ﬁg become s
v
R
5 = b,

To produce an average time between false alarms of one per.
- five scan frames or 1100 seconds, the thresheld required is 4.4 times the

rms noise volitage of the subsystem.

5.1.5-14
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For
P, =0.99 -~ 99°/0 probability of
‘ acquiring the signal
P, = u_%f-— -6 x 1077 False-slarm probability for
a ] fBa 5 Tf = 1100 sec and Ba = 15.2 H=

The signal~to-noise rabio required to satisfy the established

velues of P, and Pfa according to Equation 5.1.5(18) is

- _
§ = 69 (5.1.5.30)

Compzring Equation (5.1.5-25)and (5.1.5-30), . the acquisition
subsystem has a design margin of 5.6 db. With the acquisition signal filter
attenuation taken into consideration, the design margin reduced to 4.9 db.

From Eguation (5 -105'19)1

PS:PA'Pd

(.91)(.99)
"= 0.9

The subsystem has an overall acguisition probability of 0.9.

5.1.5-15
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5.1.6 Tracking Analysis

To.compensate Tor spacecraft,motion and to maintain the proyer
optieal alignment between the transmitter of one station and the receiver of
another, target tracking is to be performed by both stations. A functional
olock diagram of the tracking subsystem is shown in Flgure 5.1.6~1. The sub-
systen pefforms a-positiﬁn sampling by rotatihg the‘féceived beam over the de-
tector. When the received beam is not centered on the detector, the IF car-
rier sigﬁal ig amplitude-modulated, and the phase and depth of the moduiation
Indicate the direction and magnitude of misalignment. North—soutb and east-

‘West‘axis error signals are generated by detecting the AM signal from the IF
carrier,.and by phase-detecting the AM signal using the two nutation-drive
sigﬁais as reference.’ The two error signals are then utilized to actuate and

control the servo system to center the received beam on the detector.
The tracking subsystem has two modes of operation:

‘® Acquisition tracking

] Operational tracking

To maintain pointing during acquisition after only one station has
acquired the other station, acquisition tracking is performed. Since the trans-
aitter beam is expanded, the beam's power density is low. The radius of nuts-
tion for acguisition tracking must bé large enough to produce = tracking error
signal of sufficientiy high signal-to—noise.ratio to control the servo system.
An acquisition-confirm signal is produced during acquisition tracking; this
signal is usea to verify that the transmitter beam has been acguired and that
the éubsystem is'tracking the beam. In the absence of the acquisition-confirm
signal, the subsystem reverts to the search mode of operation. The acquisition—
confirm signal l1s geherated by driving the nutator with an additional signal
which has a fréqﬁency approximately twice the tracking nutating frequency.

This driving signal will apply to one axis of nutation.'iThe acgqguisition-con-
firm signal is synchronously detected from the IF carrief, using the new nuts-

tor drive signal as reference,

N 5.1.6-1
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A Electronics employed in the acquisition tracking is also utilized
for operational tracking. 'To compensate for the difference in&the reéeived
pover density'during acquisition and normal ope;ation, both the radiuvs nuta-
tion and the amplification of the error signal are decreased for uormal opera-
tion. J '

System design analyses havé been made to-establish the various sys- -
tem designlparametérs; With- -the design parameters established, system perform-

ances were analyzed with the following major parameters taken into considera-

tion:
® Spacecraft roll rate g
e Radius of nutation
e Nutaﬁing‘frequency
) Carrier-to-noise ratio
° Tracking-error signal-te-nolse ratio
® . Tracking subsystem bandwidth
® Tracking error
® Carrier attenuation at maximum traéking error
) Acquisition trackihg confirm capability
@ Acgquisition-confirm signal-tc-noise ratio
5.1.6.1 System Performance Summary

The values of the various system parameters were selected to
achieve good tracking accuracy, aﬁd to minimize the amount of hardware re-
quired to implement the system. The methods used in the evaluation of system
performance and in selectiﬁg the values of the various system parameters are

 summarized in the subsequent sections. Further details of the methods aﬁd

analyses are. in Appendix B. The system performance is summarized as follows:

Tracking + 3,0 arc-sec
Carrier attenuation at maximum

tracking error - 0.9 db .
Tracking‘rénge +0.208 degree

Acquigition-confirm signal
S/N margin - 6.1 db -

5.1.6-2 /
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To accomplish the performance objectives, the following operating

cohditions and system design parameters are specified:
,

Maximum spacecraft drift rate + 0.001 deg/sec

Acguisition tracking nutating

radius 8 arc-sec

Normal tracking nutating radius 1.5.arc-gec

Acquisifion confirm signal nu-

tating radius 8 arc-sec

Tracking subsystem bandwidth 5.12 Hz

Tracking subsystem response time 0.112 sec ‘

Acvquisition confirm signal band-

width 1.0 Hz
5.1.6.2 Tracking Signal-to-Noise Ratio

The 51gnal -to-neise ratio of the tracking error glgnal, as derived

in Appendlx B, is:

o () e e o]

T e/ PVSE
)]

= carrier to-noise ratio at the IF output

(5.1.6-1)

wherea

~— =2

= carrler attenuation as a function of target ofrl- ax1s
angle, 9

M(e) = percent of error signal modulation as a function of
target off-axis angle,

on=gxis carrier attenuation as =z functlon of radius
of nutation

W
—
2

il

BI = equivalent noise bandwidth of IF Tilter
= tracking subsystem bandwidth

a
ao = loeal oscillator output power fluctuations in band-
widtha of Af
ob2
— = rms fluctuation of background noise from earth
N

5,1.6-3
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The relative signal amplitude from the detector as a function of target off-
axis angle @ is shown in Figure 5.1;6-2. The curve is obtained by numerical
integration of the (Gaussian receiver beam on a 32-arc-gec round detector with
" & uniform local oscillator energy across the detector surface. For a given
,_radius of nutation, %, the error signal modulation M(8) at various off-axis
'angles, 8, can be determined from Figure 5.1.6-2. This is done by finding
the maximum sigpal amplitude, Emax’ the minimum sigﬁal amplitude, Emin’ and
the carrier level, E{®), at each of the various angles, 6. Then M(8) can be
caleulated by thelfollowing equation:

M(Q): & i 1 ‘ (5.1.6-2)

During acquisition, the transmitter beam is expanded from 12 arc-
sec, or .00333 degree, to 0.177 degree. If the on-axis power density of the
narrow transmitter beam is assumed to be 23.7 db and if scquisition occurs at
5.36 db below the on-axis power density of the expandéd transmitter beam (as

shown in Pigure 5.1.6-3%), the carrier-to-noise ratio is:

¢
N

23.7 - 10 log (_o%;%%') - 5.%6

-16.21 db or 2.39 x 1072 , (5.1.6-3) .

A beam expander 1s used to form the expanded beam, thus bypao51ng the primary
mirror and eliminating bean blockage by the secondary mirror. To account for
the difference in transmission efficiency of the two optical paths, a constant,

K = 1. 2, is introduced intc Equation (5.1.6-3):

(2.39 x 107%)(1.2)
-2

¢
N

i

2.87 x 10 (5.1.6-4)

The proper numerical values of the various design parameters inéi-
cated in Equation (5.1.6- 1) are established in Appendix B. With these values
substituted, Equation (5.1.6-1) becomes:

%: 2h [E(e)] [M(Q)] [K(?*)] o (5.1.6-5)

5.1.6-Y
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Equation (5.1.6-5) i% used to calculate the % of the error signal as & func-
tion of the target off-axig angle © at varicus values of nutation radius.
TFigure 5.1.6-k shows curves of % as & function of 6 for nutational radii of &
and 8 arc-sec. Acquisition tracking with a nutation radius of 8 arc-sec pro-
vidés a maximum signal-to-noise ratio of 6.8 when the target is displaced

14 arc-sec from the éenter of the detéctor.l At the displacementlof 1.5 arc-
~sec, the signal-to-noise ratioc is 1.0. This indicates the servo sysbem in-

active zone of 4+ 1.5 arc-sec, within which no correction is provided.,

For operational tracking, the radius of mitation is reduced to
1.5 arc-séc. The gignal-to-noise ratio as a function of the target off-axis
angle 6 can be calculated by Equation (5.1.6-1), with < representing the nar-

N :
row transmitter beam carrier-to-ncise ratio at the IF cutput. Figurs 5.1.6-5

shows curve of the normalized E ag a funetion of © for y = 1.5 arc-sec,
5.1.6.3  Acquisition-Confirm Signal

During acguisition, the scquisition-confirm signal is used to
verify that the transmitter beam is acqgulred and the subsystem isAtracking the
beam. The signal is generated by dfiving the nutator with a signal which has
a frequency which is twice the tracking-nutating frequency. This signal will
apply to one axis of nutator. The signal-to-noise ratio of the acqﬁisition-
confirm sigmal can be calculated, using Equation (5.1.6-1). For a radius of
nutation of & arc-sec, the various design parameters (28 calculated in Appen-

dix B) have the following numerical values:

K(») = 0.8 - - (5.1.6-6)
E(@) = 0.8 (5.1.6-7)
\M(G) By 0.3%62 {5.1.6-8)

With the proper'values substituted into Equation (5.1.6-1), the signal-to-noise

ratio of the acquisition-confirm signal was found to be:

g
5 = 1.8 (5.1.6-9)

5.1.6-5
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|
The signal-to-noise ratio required to achieve a detection probabil-
ity of Py = 0.98, and a false-alarm time of one per five search frames, or 1100

seconds, was calculated using Equation {5.1.5-18) and was found to have a value
of:

= 5.9 (5.1.6-10)

=W

Compéring Equations (5.1.6-9) and (5.1.6-10), the acguisition~-con-

firm signal has an % margin of 6.1 db.

5.1.6.L Tracking Servo System

The north-south and east-west axis error signals are used to acti-
vate and control the servo system to center the receiver beam on the detector.
The servo system is shown in Figure 5.1.646. Detailed analysis of the servo

'éystem-is pregented in Appendix B.  To provide the servo system with a suit-
able damping Tfactor for stabie overation, an inner-loop feedback assémbly is
incorporated. This feedback assembly is used to cowpensate for the relatively
low damping provided by the bimorph driving assembly. In the inner locop, |
GB(S) repregents the bimorph driver and Gh(s) is the transfer characteristic
of the bimorph assembly. A feedback bimorph acting as a transducer is repre-
sented as Hl(S); this,bimofph is attached to thé driving bimorph. The trans-
fer characteristics cof a feedback amplifier with frequency compensation filter
are represented by HQ(S). The design parameters were selected to provide the

inner loop with a 5-Hz filter breakpoint.

In the outer loop, Gl(S) repregents the ftransfer functions of the
AM detector and error signal phase detector; G2(S) represents the compensation
amplifier at the output of the phase detector. The design parameters were se-
lected to provide the servo system with system handwidth of 5.12 Hz and a &ys-
tem damping factor of 0.5. ' )

The performance of the tracking subsystem is summarized as follows.

5;1.6-6
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5.1.6.4.1 Tracking Error, Oe ' .

9 +6, +6,_

®e 1 2

l

€& = Tracking error resulting from target motion

- 8 = (.5 arc-aec S . o C

Ql = Tracking error due to noise, offget and drift
' of the subsystem's electronics

91 = 1.5 arc-sec

9, = Optical and mechanical misalignment

92 = 1.0 arc-sgec

S, = 0.5+ 1.5 + 1.0

- 3 arc-sec

5.1.6.4.2  Carrier Signal, E(©) at Maximum Tracking Error

Figure 5.1.6-2 indicates thal, wilh a radius of nutation, 7y, of
1.5 arc-sec and target displacement of 3 arc-sec from the center of the‘defec—
tor, the carrier signal is E(8) = 0.95, or-0.2 db. The attenuation due to 3-
arc-sec misalignment of the receiver and transmitter beams is 0.7 db, accord-’
ing to the optical-link analysis in section 5.1.3 cof Vol. I, Part 1. There-

fore, the carrier—sigﬁal attenuation at maximum tracking errcr is 0.9 db.

5.1.6.%.3  Subsysiem Tracking Bandwidth

1l
wn
]
no
=R
N

5,1.6-71
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5.1.6.4.4  Response Time

Rise time, tr, in response to a unit-step input is:

O
I

E + (1 - 52)"1/2 exp{-fwt) sin 5%]

6]

6= (1+1.16 108 Sin o8t)

e = E.+ 1.16 e_l6t_sin 2n (h.hS)'ﬂ
t, = 1/2 cycle of 4.L5 Hz

1 = 1/2 1

T L.Is

t. = 0.112 sec

T A

5.1.6-8
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5.2.2 Laser Subsystem

5.2.2.,1 General Discussion

This section describes in detail the funetional characteristics,
requirements, design trades; and analyses of the laser subsystem. The present
design was formulated from analyses generated early in the program and was
modified by results recently obtained from the testing of the breadboard laser
subsystem, Although the design concepts have now been finalized, and the bhaclc
approach toward achlieving the laser-subsystem requirements has been fixed,
some design details have not been frozen. These areas are discussed exten-

sively.

The design of laser subsystem components is discussed in detail
Tollowing several subsections that briefly describe the functional character-
istics of, and reguirements placed upon, the laser subsystem. Several of the
more critical technical aress of concern - e.g., laser life, line-signature
repeatability, laser frequency stabllization, and modulstion techniques, which
have required early evaluation in order to demonstrate system feagibility -

are discussed briefiy in 3ection 5.2.2.4,

In the ensuing discussions an attempt has been made to condense
the subject matter as much as possible by swmmarizing analytical results
rather than giving detsiled calculations. The more extensive formilations

and details of the experimentgl results are appended.

5.2.2.2 Functional Characteristics

Succeeding paragraphs describe in general terms the degign philoso-
phy and general tradeoff considerations and present the functional character-
istiecs of the laser portion of the optical communication system., They develop,
without going into specific detail, the approach required for the LCE and the

techniques to be used for the laser subsysten,

The function of the laser subsystem is to generate the required
optical beams for the communication system. The transmitter laser beam can be
modulated by one of several teéhniques and can then be passed through appro-

priate optics for transmission. TIn many types of systems, as in the ICE,

5.2.2-1
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heterodyne techniques are used in the recelver, requiring that a local oscilla-
tor (LO) laser be used that can operate at the appropriate optical freguency.
By heterodyne techniques, the signal-~to-noise ratio of the communication band
can be enhanced with increasing LC power to the point where the dominant noise
in the receiver system is generated from the LO beam (see Section 5.2.4).

Further inerease in LO power beyond this point will no longer be beneficial.

To achieve good heterodyne efficiencies, the LO beam must be
matched in its gpatial distribution and in its Trequency with the incoming
laser beam at the mixer, which is located in the receiver subsystem., The LO
frequency 1s adjusted relstive to the incoming transmitter frequency (which
contains information sidebands) so that the heterddyne beat frequency generated
at the square-law mixer falls Into a convenient region for amplification by
conventional electronic techniques. The heterodyne beat frequency [intermediate
frequency {IF)] must be chosen high enough to permit the information-sideband
éontent of the tranzmitted beam to be amplified without distortion but must be
low encugh so that available mixers can respond. In additibn, as will be seen
later, the 10 laser may limit the upper end of intermediste frequency, due to
its finlte frequency-tuning capabllity. BRarly laser designs demonstrated that
the local oscillator would not allow an IF greater than about 20 MHz, thus
creating major difficulties in receiwver-electyronics design. A new approach to
the LO laser design has shown that an TIF of more than 50 MHz can be easily
¢btained sllowing bandwidths of 10 MHz or greater, depending on the capabilities
of existing mixers. For the I.CE, an IF of 30 MHz has hbeen chosen that appears
to be near optimum for thé required bandwidths {12 MHz) and the presently

available components.

To achieve the 30-MHz I, the local oscillator must be opersted at
a frequency that is 30 MHz above or below the incoming transmitter-carrier
frequency (near 3 x lOT MHz ). Fertunately, this small relative difference can

be cbtained accurately by a simpie‘adjustment of the lasger.

The laser iregquency of a longitudinal mode is determined by

c
r=a5T

5.2.2-2
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where g is the number of half-wavelengths of light between the laser mirrors,

C 1s the velocity of light, and L. is the distance between mirrors. By adjust-
ing L by a small amount (usually by an electromechanical transducer), the laser
frequency can be controlled. For lasers.of the size needed on the LCE, the
tuning sensitivity is about 120 MHz/micron. A mirfor adjustment of about 2500

Anggtroms is therefore reguired to obtain the desired LO offset freguency.

Several modulation technigues are available for use with heterodyne
types of communication systems; for propagation through the atmosphere, however,
a definite advantage exists for s frequency-modulation (FM) scheme. The atmos-
Phere can cause large power fades and a low freguency modulation CSlKHz)‘in the
recelved beam, due to scintilation effects. By using an FM format, the power
fluctuations at the IF can be removed by conventional limiting circuits so that

the detected signal remsins at = constant amplitude.

To achleve a frequency-modulated beam from & laser, s technique
must be used that effectively causes a change in laser-cavity length (see above
formula). The movement of a laser cavity end mirror can achleve frequency
modulation but is limited in available bandwidth to less than 1 Miz, due to
mechanical resonances. By introducing in the laser an electro-optic modulstor
whose opltical length can be wvaried with the application of an external voltage,
the effective length of the laser cavity can be varied at high rates.. With the
moduiator placed inside the laser caviiy, the laser light passes through the
modulator material and experiences a very large change in effective optical
length, thus allowing large modulation depths to be obtained at relatively
low modulator power (for detailed analysis, see Section 5.2.2.4.4).

Thils technigue of in-cavity modulation is the most efficient aone
now known that ls capable of meeting LCE requirements. Unfortunately, the
introduction of a material_with finite oﬁtical absorption into the laser cavity
can cause a substantial drop in laser efficiency. The best material now avail-
able for thislpurpose (single-crystal gallium arsenide) exhibits & loss of about
0.7 to 1.2% per centimeter. Even though this loss is small compared with most

optical materials, it can still have a major effect on the power of a very short

5.2.2-3%
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laser.  For the crystal lengths required to achieve the modulation depths for
the LCE laser, power-output reductions of up to a factor of 2 are typical.
Detalled tradeoff analyses (not done prior to the LCE program) have been con-
ducted with regard to the required prime power For both the lasgser tube and
modulator as a function of tube dimensions and modulator dimensions. The

results are covered in later sections. ~

A Laser-frequency-stabllity degradation is always observed when
more optical méterials are introduced into the laser cavity. In this case
gallium arsenide exhibits a rather large change of index of yefraction with
temperature that directly relates to a change in laser freguency with tempera-
ture. In addition, the structure on which the laser mirrors are mounted can
expand or contract with temperature, creating slow frequency changes with

Lempersture. By diffefentiating the zbove expression it becomes clear that

Af Al

= e —

T L
where L i1s the optical distance between laser mirrors.

To determine the temperature stability of the laser, all the
materials used in the laser must be analyzed as to their thermal characteristics.
By far the major contributor to long-term drift (see Section 5.2.2.4.3) is the
gallium arsenide crystal. Over the expected operating-temperature range, the
change in laser optical length due to the modulator will be too large to allow
éontinuous lager operation within the required frequency range for a heterodyne
system. Frequency control of the laser is therefore reguired; analysis indicates
that it cannot be obtained by thermal-compensation technigues alone and some
sort of automatic electronic freguency control is required. Using an established
technique called "dither" stabilization (described in Section 5.2.2.4.3), the
desired degree of laser stability can be obtained. More defailed analysis
(sée Section 5.2.2.4.3) shows, however, that the range of control required by
the electromechanical transducer used in the laser is too larege to be practical
if ‘the drift due to the modulator is to be compensated over the full tempersture
range that is expected. The modulator will therefore be enclosed in an oven that
will be temperature-~controlled 40 an accuracy of ilOC, which is adequate to keep

the transducer within its operating range,

5.2,2=L
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The backup laser assembly is available in case of failure of the .
LO tube. Although it does not contain a modulator, it can provide limited
transmitter functions (if fequired) by operating on either the outgoing trans-
mittér wavelength or the incoming transmitter wavelength. Because of its
dval capacity, the backup laser will have capabilities for agsgisting in the
important experiment of determining the short-term stabllity of lasers in
space by hetercdyning with the IO laser. Tt c¢can also be heterodyned with the

transmitter laser to test the modulator and recelver prior to acquisition.

To achieve the 30-MHz offset in either the LO laser or the backup
laser, the piezoelectrié tuner can be moved a predetermined distance by the
addition of a fixed, calibrated voltage. Because the acquisition scheme re-
guires the detection of a heterodyne signal, the I0Q-laser Trequency stability
after offset must be very good during the acguisition period or the beat
signal will not fall into the IF of the receiver. Tt has been debtermined
that the frequency drift of the LO laser will be too large (due to thermal
effects } to ensure that the LO freguency will remain close enough to the
30-¥Hz offset until acquisition is achieved if the lager is allowed 10 run
open loop. A simple frequency coutrol scheme has therefore been designed and
tested (see Section 5.2.2.6) to stabilize the laser power at the 30-MHz offset
frequency. The scheme will allow adequate frequency control of the laser for
at least 5 minutes with the present circuitry. Longer periode can also be

easilj achieved.

After acgquisition, the LO frequency will be locked %o the incoming
frequency at the 30-MHz IF by means of an AFC loop that uses receiver-subsystem

electronies.  The LO-laser gubaystem electronics will then be disabled.

5.2.2.3 laser Subsystem Requirements

Table 5.2.2-1 gives the major laser subsystem specifications re-
guired to meet the oﬁerall ICE requirements. They summerize the results of
analyses applied to the LCE in various sections of this report, and are to be
met during the required life of the experiment (2000 operating hours )., Although
none of these specifications is individuslly difficult to meet, the major pro-

blem in laser subsystem design is to meet than all simultaneously in the operating

5.2.2-6
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environment with a minimum of weight and prime power. To engure that the
specifications can be met, several important areas related to the final design
had to be investigated in order to ensure compatibility and feasibility within

the LCE reguirements., These areas are as follows:

Laser tube life

Laser efficiency

Modulator losses and birefringence
Modulator-driver design and power required
Frequency stability during IQ acguisition

10 efficiency with internal grating

50-Mifz offset in both lines from backup laser

Optimum subsystem design compromises because of
‘unavailabllity of qualified parts

Transmitter-frequency stability during normsl operation
Mechanical stability of cavity

Line—cehter shift with tube 1ife

Modulstor operation inside laser cavity

Reprodueibility of line signatures.

All of these investigations involving demonstration of subsystem
and LCE feasibility have been complebed with positive results. They are dis-
cussed in Section 5.2.2.4. Sowme of the remsining areas (involving detailed
tradeoft studies to arrive at an optimum design in terms of minimum weight,
power, and availability of high-reliability components and described subse-

quently) are nearing completion,

5.2.2.4 Feagibility Studies

‘ Several basic considerations - tube life, laser signature, laser
frequency stabilization, and laser modulation techniques - are of significant
importance and to a large extent determine the success of the Laser Communi-
cation Experiment. Consequently, they have been treated theoretically and/or
experimentally. Pertinent information on these topies is introduced first,

to serve as a guldeline to the design of the laser subsystem.

5.2.2-7
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5.2.2.4.1 Laser Tube Life

Before the LCE program was initiated, and even inlthe early months
of the program, long tube life was considered to be one of the most critieal
problems. The combined effects of the development efforts in the LCE program
and a separate NASA program (NAS 12-2021) conducted in parallel by Sylvania
have relieved the criticality of this ares and have substantiated the egrly
confidence that this problem would be golved. Sylvania has demonstrated a
ceramic laser tube with aﬁ operating life in excess of 1000 hours. Technigues
involving ceramic-to-ceramic, ceramic-to-metal, and ceramic-to-GaAs seals have
been well establighed. In addition, mechanisms responsitle for the reduction
of laser tube life have already been extensively investigated. Assuming good
tube-fabrication and processing technigues, the life~limiting factors for the
CO, laser are (a) g=s removal by pumping effects, and (b) chemical changes in
gas constituents. These two basic factors are intimately related to the cathode
degign. Briefly, the 002 molecule in the plasma #ube discharge dissociates
into carbon monoxide and osygen, reaching an eguilibrium concentration suit-
able for laser operation. If the oxygeﬁ is slowly removed by chemical re-
actions with the laser tube materials (such as the cathode), or the CO2 and
other gases are slowly pumped from the system by sputtering from the cathode,

lager power will slowly drop because of a loss of 002 gas.

The three most impcrtant techniques that have permitted long life
in the CO2 laser were Tirst developed by Witteman,* who proposed the use of
nonreactive platinum cathodes and of water vapor in the gas mixture, and
Carbone,** who proposed the use of heated nickel cathodes. Although the platinum
cathode has a high spﬁttering rate, it is ehemicaily inert and does not chemiecally

remove oxygen from the discharge., The addition of water vapor te the gas mixture

W. J. Witteman, "High Power Outputs end Long Lifetimes of Sealed-Off €O

Lasers,” Apol. Phys. Letters, 11, 337 (1967). 2

R. J. Carbone, "Continuous Operstion of a Long-Lived CO
TEEE J. Quantum Electronics, Vol. QE-L, No. 102 (1968).

o Laser Tube, "
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reduced the 002 dissociation rate, thus providing less free oxygen to the
system. The nickel cathode has a comparatively low sputterihg rate and has
low chemical activity in the 002 discharge when heated to between 250 and 30000,

Experiments with small platinum-electrode laser tubes fabricated
at Bylvanla indicated that their 1life is limited to only about 500 hours, be-
cause of the high sputtering rate of platinum, which migrates onto the Brewster
window even at a lB-cﬁ,distance from the cathode. Sputtering also occurs with
the nickel cathode, but at a much slower rate. For this reason, the LCE laser
Tubes afe designed with the cathode located at tube center (three-electrode

configuration).

To reduce the sputtering rate, it was experimentally found in the
LCE cathode study program (see Section 5.3%.1) that (a) the cathode must be
operated at an elevated temperature {e.g., T >250°C), and (b) the cathode
surface must be made large enocugh to avold over-filling (i.e., the available

cathode area must be as large as, or larger than, the natural emission area).
"~ The current density for a normal glow gas discharge is given by*

s
J _1.8hB KPP

) VN

where B is the ratio of the electric field, B, to the gos pressure, P (E/Pf=
2 .

254 volts/cm-torr), KP = 20 cm /V-sec, P = 30 torr, and Vy = 365 volts. This

equation gives a current-density value of & ma/cmz, consistent with the

experimental measurements (see Section 5.3.1).

For an operating current of 10 ma, the surface area must be so
chosen that the emission corresponds to a current density of L ma/cm2 for the
ﬁube prressure that ylelds maximum tube efficlency. It was also found, however,
that the cathode area covered by a normal glow discharge increases with decreasing

gas pressure, This implies that a slightly larger cathode with a surface greater

¥ J. D. Cobine, Gaseous Conductors, Dover Publishing Company, 1941, p. 225.
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than 2.5 cm? must be used to aveld a higher sputtering rate near the end of
tube life, when the gas pressure will be somewhat lower. - These results con-

.tribute significant insight for the design of a long-life 002 laser tube;

A1l the design principles developed in the earlier tubes are
directly applicable fo the metal-ceramic space-gualified tube now being developed,
For example, an early prototype tube (which was sealed off over 3 years ago but
was not often operated) has shown no deterioration in its oubput -power capability.
The tube uges Kovar, stainless steel, nyex, epoxy, copper, and various other
materials of construction. FExcept for BeD, all the fabrication materials to

be used in the space-gualified laser have been proven with regard to shelf life.

In another experiment, a CO, laser tube {constructed with water-
cooled guartz tubing and an externally heated nickel cathode) hag recently
passes the 10,000-hour mark., Information particularly useful to the LCE Pro=
gram is the design of the cathode.. The ouber surface of the hollow nickel
cathode was not exposed to the laser mixture and is not in contact with the
002 gas. This has led to a conclusion that the outer cathode surface must be
of inert material, such as platinum, whereas the Inner emission surface should
st11ll be nickel,

Sylvania has had considerable experierice in the Ffabrication of
ceramic 002 laser tubes. In addition to the two metal-ceramic tubes used in
the breadboard, Sylvanis has built two metal-ceramic C02 tubes (similar to
the flight configuration) under Contract NAS 12-2021 for NASA-ERC. They use
self-heated nickel cathodes and the life of each tube has exceeded 1000 hours.

A tube such as that shown in Flgure 5.2.2-2 also pagsed & laboratory vibrational
test in April 1970 at the qualification test level for the LCE program.

Major significance must be attributed to that successful test.
it demonstrates that the fundamental design will be adequate for the LCE and
that the fabrication techniques (involving brazing of the ceramic, soldering
of the Brewster windows, and welding of the metal parts) are satisfactory,
With this successful environmental test, greater confidence can be placed in
the final tube design form, allowing more rapid design finalization for related

componente and interfaces.

5.2.2-10



Report No. 4033, Vol. I, Part 1

Although the LCE-laser-tube lifetime requirement has not yet been
demonstrated (this is the purpose of the expanded life test program novw walting for
NASA approval) considerations such as those described above indicate that the
basic design is sound and will provide lifetime exceeding 2000 hours. In addi-
tion, the mechanical design and fabricgtion approaches appear to be satisfactory,

to ensure operation at the specified level after the launch.

5.2.2.4.2  Laser Line Shape and Signature

In the design of the loeal oseillator and backup lagers, it is
Important to know the effects of various operating parameters (such as gas
Pressure, discharge current, and gas temperature) on laser line shape and laser
signature,* To obtaln this‘information, Aerojet established a task force team
in February 197C, consisting of technicsl personnel from MASA, Case-Western
Reserve University, RCA Canada, and Aerojet. This effort has generated con-
slderable theoretical and experimental data, {see Appendix ). The apparatus
required for these experiments typically consists of s stable and tunable 002
laser, whoge operating parameters {such as gas prespure, discharge current,
and cavity length) ecan be varied 6ver a wilde range. A spectrometer is also

needed to identify laser transitions.

Resul‘bs compiled by the task Torce indicated that the 002 lager
lines P(16) and P(20)of the 10.6-micron transition compete so effectively,
relative to all other transitions in the same band, that these two lines can
be relied on to cscillate over a very wide gain curve and under a wide range
of operating conditions. As an example, an identical laser signature has been
obtained by Claspy and Pao at Case-Western Reserve over a pressure/current
range varled from 10 to 26 torr and 5 to 11 ma (see Appendix E). Another
interesting observation is that the laser silgrature changes drastically, both

in line shape and Ildentification of transitions, as the laser cavity length

#*
Laser signature is defined as the sequence of COp laser lines as the cavity
length of a lager is varied over distance of A/2, where A is the Imser wave-
length,

5.2.,2-11



Report No. 4033, vol. I, Part 1

is varied over a wide range (LO + 200 microns )., However, P{16) and P(20) lines
survive reascnably well under these conditions. On the basis of these results
it was recommended that P(16) and P(20) lines of the 10.&-micron band be used

in the LCE laser subsystem.

The effects of partial gas pressure, particularly of CO2 and He,
on laser signature, were alsc brought into question. An investigation was
conducted by McElroy and Walker at NASA (see Appendix E). Their results indi-
cated that the laser signature remained the same as the rartial gas pressures
for CO, varied from 5 to 16.7% and for He varied from 66.6 to 80%. A similar
conclusion was reached on the effects of discharge current, consistent with
results mentioned previously. A change of cooling-water temperature from 500
to 2OOC produces only a shift of the signature but no gignificant change in
shape (see Appendix E). Tt was observed that higher transverse modes and in-
stabilities in the laser exert more influence on laser signature than do the
operating parameters of the laser. Similar measurements were made at ROA
Canada (see Appendix E) with a CO, laser consisting of one spherical (R = k2 cm)
and one flat mirror, separated at a distance of Ll cm, snd a water-cooled
quartz tube (8-mm ID), The gzases used were co, (13.7%), N, (21.9%), and He
(6k.4%) at a total pressure of 28 torr. The tube was operated at & discharge
current of & me. The results show that the P(18) line is the broadest, and
its shape remeins the same as the cavity length is varied over 302, which

appears Lo be in contradiction with the results of other experimenters.

Work on computer calculation of 4he CO2 lager signature was con-
ducted by Schiffner (see Appendix E). Tbs purpose was (a) to Tind cavity spacings
Tor which a certain transition i1s clearly separated from ad jacent ones, and
(b) to determine the total length of travel required in order to 2o from one
well defined transition to another - e.g. P(20) == P(16). His results indi-
cate that the signature repeats itself with minor changes over many half-
wavelength intervals, conforming reasonably well with the. observations. For
& cavity length near 50 cm, there exist zeveral good cavilty spacings for which
linewidths greater than 50 MHz can be obtained. The total length of travel
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from the P(20) transition to P(16) is approximately 1 micron, which is within

the capability of the piezoelectric transducer.

These data are extremely useful-for backup-laser design, because
this laser will be required %o operate on both P(16) and P(20). The present
design calls for a cavity length of approximately 25 cm, which is a good choice
in terms of being able to obtain both lines easily. It alsc appears that a
30-MHz offset may alsc be obtainéble for voth wavelengths without the use of
an in-cavity grating at this spacing. This capability is presently being ex-

plered experimentally.

5.2.2,4.3 Laser Frequency Stebilization

The frequency stability of the transmitter and IO lasers wiil be
of prime Ilmportance toc the success of the LCE. Refore the communiecstion
channel is aeguired, it is important that the transmitter and IO lasers be
capable of maintaining a precisely known difference frequency so that search-
ing operations are minimized. This requires that both oscillators be indepen-
dently stable in an sbsclute sense. ATfter the channel has been scquired, it
1s necessary to actively control the 10 laser frequency at 30 Mz from the
transmitted frequency so that the reguired IF remains ccnstant during any
communieabion peried. It is also necessary during this pericd to actively
control the transmitter laser frequency to prevent it from drifting off ite
operating line. When the channel is open, it will alsc be important to main-
taln reasonably good short-term frequency stability so that FM noise in the
channel is kept tc a minimum. As has been shown (see Appendix E), the use of
baseband conversion tremendously reduces the problems in this regard and, for

example, allows continuous use of M stabilization on the transmither laser.

Before the channel is acquired, the lasers will be operating in-
dependently and thelr frequency difference will not be measurable. Tt will
therefore, be wvery important during the acquisition period to maintain the
ground transmitter and spacecraft local oscillator at precisely sepsrated
freguencies so that it will not be necessary to search over = large fregquency

range during the acquisition phase.
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To achieve a high degree of frequeny stability during acquisition,
both the ground transmitter and the spacecraft local oscillator will be elec-
tronically calibrated Lo the center of the gain line on which they are ogcillat-
ing. This will be done by means of a dither-stabilization technique developed
specifically for application to the 002 laser (see Appendix F for a detailed
discussion). The technigue involves sinusoidal tuning of the lager cavity at
a low audio rate, thus producing an FM-to-AM conversion in the lager oubput.
The error signal is then used to indicate laser-frequency offset from the line
center to a feedback control loop for frequency stebilization. ILaser frequency
can be stabllized by this technique to within +100 kllz of the line center of
molecular resonance, provided that the center frequency of the line does not
vary in time. Early analysie indicates that s shift in center frequency will
not occur. Measurements have been ﬁa&e by Mocker,* whé obgerved no change in
the center frequency of the_CO2 laser gain curve as a function of pressure.
However, recent measuxememts by Freed and Javan™* indicate & possible change,
with time, in the ceniter freguency of the resorance line. Preliminary results
‘indicate that the change 1s not very iarge (~0.1 MHz torr). More accurate
- measurements will be made to determine the magniitude and cause of this effect.
Bazed on the 0.1 MHz torr value, the maximum change-of no more than 0.5 Mz
is expected during the lifetime of the laser. This amcunt of shift will not

degrade the performance of the acquisition cycle.

After the spacecraft local osciilator and ground transmitter have
heen Trequency-calibrated to line center by the FM technique, a commsnd is
given to the IO laser that causes an offset in its frequeney by 30 +1.1 Mz
from the line center. This is accomplished by moving the piezoelectric trans-

ducer to a new position that corresponds tec the 30-MHz offset.

¥ M. W. Mocker, "Pressure and Current Dependence Shifts in Frequency of Ogeil-
lation of the €O, Laser," Appl. Phys. Letters, 12, 20 (1968).

3
C. Freed and A. Javan, "Standing Wave Saturation Regonance Stabilization of

' COp Lasers," paper presented at 1970 Device Research Conference, 29 June -
2 July 1970, Seattle, Washington.
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Several factors can, however, affect the'ability of the local
oscillator to remain at the ZO-MHZ offset during acquisition. Changes in the
oscillation frequency of laser sburces can be attributed in part to changes in
the optiecal length of the oscillator cavity and to changes in refractive index

in the medium as given by

av
v

51%
EWB.

In addition, as pointed cut by Mocker, a freguency shift (of the
order of 0.5 to L MHz/ma} is expected as a result of the change in refractive
index. A well regulated power supply is therefore required to eliminate this
fiuctuation. On the cther hand, by using materials having a very low thermal-
expansioﬁ coefflcient (such as Invar or Cervit), long-term stabilities {of the
order of minutes) of 10 kHz have been demonstrated at a number of laboratories
{Lincoln Leboratory, Honeywell, Sylvania, etc.) Very good temperature stability
is reguired however, to achieve these stabilities. Other contributors to laser
thermal drifts are windown, mirrors, PZT, etc. Calculations {see Appendix ¥)
show that laser-component temperature variations must be kept to i}.h x 1073 OC/
minute in order to meet LCE stability requirements. This value is =0 low that
it appears impossible Tor the local ocscillator to remain within the 1.1-MHz
band around 30 MH%z during acquisition without an electionic control loop sssist.
To compensate for this small temperature varizbtion, an active elechronic con-
trol is provided by comparing thg IO power at the 30-MHz offset with a reference
voltage (see paragraph 5.2.2.6.1). A piezoelectric transducer capable of one

free spectral-range movement is adequate for this purpose.

As soon as tﬁe 50-MHz TF signal is present in the receiver, the
local oscillator will be auvtomatically switehed to the AFC mode to maintain
éhe.BO-MHz IF, This is accomplished by producing a d-c¢ signal in the IF band-
width which will be used to switeh the local oscillator from the "offset" wode

into the AFC mode (see discussion of receiver subsysten).
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Local-oscillator AFC is implemented as follows: The output beam
from the LO laser is combined with the incoming signal at a beam splitter. The
beam is then directed to a high-speed photodetector to produce a heterodyne

beat signal; this signal, in turn, is fed to the Trequency discriminator with
- its center frequency at 30 Miz. The output of the discriminator is a d-c
signal proportional to the difference bebween the beat-signai frequency and
30 MHz., IT thls d-c¢ output ig suitably amplified and fed back with proper
phase to the cavity tuner of the IO laser, this laser may then be frequency -
locked to a constent 30-MHz offset from the incoming transmitter-laser frequency.
Filgure 5.2.2-3 illustrafes this technique, which is often referred to as the

AFC (automatic-freguency-control) technique.

- Sylvania bhas recently used the AFC technigue to stabilize the out-
put of a TOwwatt 002 laser by APC~locking it to a sm@ll, stable, l-watt oscil-
lator. Results from this experiment show that this is indeed a very powerful
technigue. Figure 5.2.2-4 plots the frequency fluctuations of the 70-wait
laser before AFC stabilization, and Figure 5.2.2 5 shows frequency fiuctuations
with respect to the reference laser after AFC stabilization. The resulis
irndicate that long-term stabilities of at least 1 part in 109 {30 kHz) with

respect to the reference laser are highly feasible.

5.2.2.4.4  Modulator Technigue

5.2.2.54.4.1 Power Considerations

Frequency modulation of the 10. 6—m10r0n transmitter, veing an
electro—optlc moduiator, has been chosen Tor the LCE. For this application,
GaAs Is considered to be the most practical msterisl in terms of low optiesl
loss, frequency response, and availability of good optical-guality single
crystals. Other Infrared electro-optical materials (e.g., CdTe) have been
demonstrated*_to yield a factor-of-l improvement in performance as ccmpared
with the Gals ﬁodulator, but techniques of producing a good-optical-guality

CdTe single crystal in a size useful for %this experiment remain £o be developed.

*J. B. Kiefer and A. Yariv, Appl. Phys. Letters, 15 (1969).
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Gafs is bhard and nonhygroscoplc and has reasonable thermsl conductivity, It
can be grown into a falrly large single-crystal boule size (7 cm in length)
with little or no strain. - The boule can easily be cut and polished flat to

1/10 wave of visible light, for good performance in modulation applications.

The power Pﬁ/E requifed 1o drive a linear E-C modulator, in order
to produce a change of phase by ﬂ/? for a given modulation bandwidth B, is
given by**

2 2

where EO and € are respectively free—spage permitiivity and dielectrie constant,
-t and f are the width and length of a rectangular vod, A is the laser wsvelength,
n is the refractive index, and r is the electro-optical coefficient. TFor a
typical~crystal-size {3 by 5 by 50-mm) Gals modulator, the foregoing equation
yields a wvalue greater thaﬂ 100 watts/MHz for a change of phase by n/E External

modulation 1s therefore impracticsl for the LCE.

Tntractivity modulation of a CO2 laser using & Gafs crystal can
greatly reduce the bower consutption by as much as 2 orders of magnitude.
Whern the modulator is placed inside the laser cavity, the change in index n

of the GaAs crystal, upon application of an applied voltage V, is given by

3

no rv

an = 5%

where t ig the thickness of the crystal between electrodes, and other symbols
have thelr usual mesning. When laser radiation passes through this crystal,
the change of index corresponds to a change in optical cavity length, AL, asg
given by

AL = An Lc

where LC 1s the length of the crystal. The change in length produces a devia-

tion in ‘the laser'output frequency, f, given by

*
T. P, Keminow and . H. Turner, Proc. I.E.E.E., 54, 137h {1966).
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R
a1

. .where T 1s the optical frequency of the laser znd L ig the cavity length. Upon

combining these equations, the expression for the frequency deviation as a
function of the applied voltage and geometric dimensions of the modulator is

given by

£ n3 rvV L
c

T 2% [L + (n-1) LC]

AT

¥or a laser-cavity length of 30 cm, a2 maximum drive voltage of + 210 volts,
and a modulator thickness of 3 mm, this equation shows that a frequency devia-
tion of Af = +4.0 MEz can be obiained with a modulator length slightly in

excess of 2 cm.

Laboratory experience at Sylvania with = COE communication link
uging an internal modulstor has demongtrated that the specified frequency
deviation can be obtained with & modulator % cm long at a drive voltage of
approximately +230 volts. It is most desirable to keep the modulator below
4200 volts so thét réadily avallable high-frequency transistors can be used

in the modulator driver,

5.2.2.5.4.2 Optical Losses

Two kinds of optical losses are introduced when a Gahs modulator
is placed inside the modulator laser cavity: Fresnel reflections at the
crystals faces and absorption lesses in the bulk crystal. The high index of
refraction of GalAs will cause substantial reflections from its faces unless
corrective measures are taken. TFor light normally incident on the uncoated
¢rystal face, the reflectivity is R = (n-l)g/‘(n+l)2 = 0.29. Reduction of
this reflectivity requires either antireflection coatings or faces cubt at the
Brewster angle. Antireflection coatings have recently btecome commercially
available for GaAs and can reduce the reflection st one face to & level of
about 1%. To date, however, the repeatability from coating to coasting has not
been good and several attempts are usually required to obtain the 1% value. A

carefully cut Brewster angle will reduce the reflection loss well below 1%.
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Optical absorption losses in the crystal are also important, and
should be minimal in order to maintain the maximum laser power cutput. Several
meagurements of the opticai~absorption coefficient of semi-insulating GaAs have
been reported. Comly, EE.EL'* obtained an absorption of 0.006 +0.002/cm using
o calorimetric measurement. However, most other published results indicate
that a more usual value of 0,011 should be expected. Efforts must be made to

obtaln a crystal with the best material quality for the transmitter lager,

5.2.2.4,4.,3 Brewster Angle Design

_ Measures must be taken to reduce reflection at‘the GalAs surface
when the meodulator crystal is inserted in the cavity. Antireflection coatings
are avallable for use with the linear configuration that reduce the reflectivity
per surface to 1% or less. While losses of this magnitude can be tolerated,
the still lower reflectivities obtainsble through the Brewéter—angle configura-
tion are highly desirable for maximum laser efficiency. .In addition, Sylvania
nas found that coating manufacturers often must try several times before ob-
talning a coating with less than l%'reflectivity, thus sharply incressging the

coating cost.

Yor these reasons, the Brewster-angle cbnfiguration is proposed
here. The modulator will be placed inside the cavity at the angle shown in
Figure 5.2.2-5. When the modulstor is placed inside the cavity, the beam
becones eniarged in one direction inside the modulator crystal and will be
elliptical, with cne major axis a Tactor of 3.4%4 longer than the other.

Clearly, the modulatér crystal must also be larger in order 4o accomnodate

the enlarged beam, and will now be 3 mm by 10.5 mm by 3 cm.

The electrical properties of two ‘possible Brewster-angle configura-
tions are compared with the linear configuration in Figure 5.2.2-7, If the
electrodes are applied to the narrow sides of the modulstor, the capzcitance

is decreased by a factor of 3.4k, and the resistance, drive voltage, and drive

7. Comly, E. Garmire, and A. Yariv, "Infrared Absorption &t 10.6 Microns in
GoAs," J. Applied Phys., Vol, 38, pp. 4O9L to Loge (1967).
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pover are increased by a factor of 3.44. If the electrodes are applied to
the broad sides of the modulator, the drive voltage remains fixed, the re-
sistance decreases by a factor of‘B.hh, and the capacitance and drive power
are increased by a factor of 3.44. Because the critical parameter in the
modulator drive is the required voltage, application of the electrodes to
the broad faces of the modulator is clearly the most desirable approach and
1s being used. In practice, the modulator-driver power will not have to be
increased by the full factor of 3.44. because half of the capacitance (3pf)
associated wifh the modulator was expected to be stray capacitance. Although
the modulator capacitance increases from 3 pf to 10.5 pf, the total capaci-
tance is thus expected to increase only from 6 pf to 13.5 pf; the critical

drive voltage therefore remains the same.

The use of a Brewster-angle modulator also requires an sltered
crystal configuration. The light incident on the modulator must be polarized
- along one of the induced electro-optic axes to obtain the desired optieal-
path-lengih change, and it must be polarized in the plane of incidence (the
. plane of the paper in Figure 5.2.2-6) in order that there be no reflection,
To.accomplish this arrangement, the broad faces of the modulator will be
(001} planes. Light will be incident on a (110} plane. Tt will travel in
the (110) direction snd will be polarized in the (110) direction. The narrow
faces of the modulator will be (0C1) planes. With this srrangement, all

conditions are satisfied, and the induced index change is that previocusly used.

5.2.2.4.5 Laser Subsystem Breadboard

The breadboard model of the laser subsystem was recently com-
pleted and delivered 1o Aerojef. Figures 5;2.2—8 through 5.2.2-13 provide
views of the transmitter laser assembly, LO laser assembly, and electroniecs

‘assembly. o backup laser assembly was required for the breadboard model.

The purpose of the breadboard model is to demonsirate the functional charac-
teristics of the laser subsystem and to check the feasibility of the various
approaches taken in the design. It has indeed Tulfilled its purpose. Present
efforts on this model involve detailed studies of operatiocnal characteristics

in an attempt to determine where improvements could be made for the next unit.
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In particular, the breadboard model demonstrated the following:

a. In-cavity modulation using a GaAs modulator is possible.
The modulation index and Trequency response are as ex-
pected from theoretical congiderations.

b. Closed-loop operation of the lasers (4o obtain good
frequency stability) is indeed possible for all the
lagers during any operational periocd of the communi-
cation link. Line-center dither stabilization and
stabilization at the 30-MHz offset in the loeal
oscillator were demonstrated,

c. Operation on the required laser wavelengths was
demonstrated.
a. Operation of the local oscillator with an internal

grating was demonstrated.

e. TEMy,mode operation was demonstrated in both the
LO and transmitter lasers.

T. The required amplitude stsbility was demonstrated for
the local oscillator and the transmitter, even for
the case when the former is operating at the offset
frequency of 30 Miz.

2, The Brewster-angle-modulator configuration removed:
problems of modulstor etalon effect. Thisz has -
now eliminated difficulties of wavelength hopping
in the transmitter.

h. . The thermsl characteristics of the modulator and
lager tubes were as expected on the basis of
earlier calculations.

i. Effects of medulator losses on the laser output
pover were greater than originally expected, but
appear to correspond well to a new model of the
transmitter laser recently developed (see Section
5.2.2.5). Greater power input to the transmitter
laser will be needed in order to meet the power-
output reguirements in future units. This same
theoretical model now predicts that an increase in
LO prime power will also be required. The backup
lager will not need an increase in power, because
it will contain no loss elements. The desirability
of lower-loss modulator crystale is apparent from
these results.
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Je Actual measurements of the variations in laser-
cutput-power to cavity-component misslignment
are close to the amount expected from theoretical
considerations. ' The cavity components must remain
aligned to angular tolerances of a fraction of a
milliradian (see paregraph 5.2.2.5.4} in order tc
result in negligible power loss.

k. Thermal-lensing effects in the modulator do not
appear to be a problem in the present modulator
design.

It should be emphasized that no major attempt was made to develop
an optimum system for the breadboard. Experimentsal data (variation of tuve
gain and saturation parameter as a funetion of current, bore diameter, pres-
sure, tube length, ete.) are regulred for such an optimization. Many of the
measurements have now been made although a few remain incomplete. Analytical
formulations are nearing completion (see Appendix G) that will =llow computer
optimization of the laser-mcdulator dimensions as well as the IO and backup
laser dimensions. UnfTortunately,.not all the formulations were completed in

time to include in this report.

The treadboard system is now serving an important role in evalust-

ing the design parameters to he implemented in future models.

5.2.2.5 Transmitter Laser

The transmitter laser assembly consists of g metgl-ceramic laser
tube, a Brewster-angle GaAs modulator, cavify mirrors, and a piezoelectric
transducer. The design is based on tradeoff 'studies involving laser gain,
beam size and mode volume, and diffraction and absorption losses in various
in-cavity components, and has been modified by results recently obtained

from the testing of the breadboard laser subsystem. Detailed analyses and

descriptions are presented helow for each component.

5.2.2.5.1 Trensmitter Laser Design Analyeis

5.2.2.5.1.1 General Considerations

The design of an optimized transmitter laser involves a number
of considerations that are not required in the design of the IO and backup

lasers used in the LCE system. Specifically, the transmitter laser makes use

5.2.2-22




Report No. %033, Vol. I, Part 1

of two active components: ({a) the plasma tube, and (b) an intracavity electro-
optical phase modulator that produces TM on the transmitter output. The trans-
mitter laser tube and the amplifier that drives the modulator crystal will
consume more prime power than any other elements in the LCE system. Thié,
together with the fact that the power requirements Ffor the tube and medulator
are strongly intergelated, mokes it essential that the transmitter design be
optimized on the basis of the minimum prime power required for the two elements

combined.

The relastionship between tube and modulator power is readily
observed by noting that increased modulstor-crystal length reduces the
voltage required by the modulator (for a given modulation depth) and hence
reduces its power requirements. However, increased optical absorption in
the cavity dictates that the laser must supply higher gain and will therefore
need higher excitation power. A best configurstion that minimizes the total
power required by the transmitter-modulator subsystem 1s the subject of the

ensuing design analysis.

5.2.2.5.1.2 Input-Power Minimization

The bazic elements of the transmitter-modulator subsystem that
must be considered in minimizing the tctal power requirement are shown
schematically in Figure 5.2.2-14. The total power input required is the

sum of the tube and modulator powers:

P = PT + PM 7 (5.2.2-1)

This quantity mﬁst be minimized, gubject to the constraint that
the lager power output, P_, be 700 mw {to ensure that the specified £5C-mw
output will be met over the tube lifetime). Design parameters and variables

veed in this section are sumarized for convenlence in Table 5.2.2-2.

5.2.2.5.1.3 Lager Tube Power

The power input required by the laser-tube power supply is

given by

B.=K V. I (5.2.2-2)
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whers Kl is the efficiency of the power supply that provides a tﬁbe voltage

of VT and & current IT' Empiriecal data obtained for a large number of 002

laser tubes indicates the following relationships to be valid over the fairlj

small range of bore dlameters considered here:

106 1,
Vp =~ volts (5.2.2~3a)
T, = 31 x 1072 o amp (5.2.2~3b)

vwhere D is the tube diameter mezsured in cm and ﬁT is the tube length in ecm.

Thus, the power required for the laser plasma tube ig

Bp = 3.3 Ly D K, watts (5.2.2-4)

5.2.2.5.1.4 Modulator Power

Quagi-static analysis ghows that the peak frequency deviation

when the optical length, Lc’ of a laser cavity is modulated is given by

¥ 'c, peak
e e Gy Peax -
&fpeak = T - (5.2.2 5)

c

where f is the laser oscillation freguency. TFor the present case, in which

this length modulation is produced by modulation of the crystal index of

-refraction, n,

where the electrical field is expresgsed as the modulator voltage, V

AL, = Ly, &n (5.2.2-8)
where LM is the crystal length. For the modulator crientstion chosen, An is
given by*

V.
L 3 M :
tno= S5m0t opy, S {(5.2.2-7)

W divided
by the distance between electrodes. In this particular case, the distavice s
gls0 corresponds to the dimension, a, of the square optical aperaturs formed
by the modulator. Combining Equations (5.2.2-5), (-6), and (-7) and solving

for the peak modulation voltage regquired,

*S. Namba, "Blectro-Optical Lffect of Zincblende,™ J. Optical Soec. Am., 51,

p. 76 (1961).
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) 2anf (T |
v = ——REBE (. (5.2.2-8)
M, peak P n5 r LM

The power requlred for the modulator, PM’ will be

Fy=Fg+rk et cvﬁ, peak (5.2.2-9)

whers PQ is the gquiescent power require§ by the medulator and K2 is the slope
efficiency of the driver. Both these factors will depend greatly on the type
of driver used {(i.e., Class A or Class B) snd the type of coupling to the
load., The particuler value of fm is chogen so0 as to ;orrespond approximately
te a welghted center of the information-powsr-density spectrum. It remains
to write BEguation (5.2.2-9} in geometric terme (i.e., modulator length and
aperture) wherever possible. The modulator cepacitance may be showa to be

. o fr'LM x 10 2
s tan (90 - 65)

€

(5.2.2-10)

where fo is the permitﬁivity of free space, €. is the dielectric constant of

Gats (= ll),'GB is Brewster's angle in GaAs, and C, 1s the stray capacitance.

The expression for the total power input to the transmitter laser

may now be written as the sum of PT and PM:

- 2 -
P=3.3L,D Ky + Py + Ky 2af, CVY (5.2.2-11)

with C and V, given by Equations (5.2.2-9) and (=10).

5.2.2.5.1.5 Qptical Cavity

In order to determine an opbtimum configuration, wvalues for the

geometric terms L, L., and [ may be chosen from the set of LT’ LM’ and D

»
that yields & lang p%wer output of O.7 watt. These values are obtained by

an analysis, using the equafion for laser power cutput developed in Appendix
G. The present design uses é tube bore diameter of 0.4 cm. This walue was

chosen because the opitical mode diawmeter must be kept reasonably constant

along the length of the laser tube in order to mske efficient use of the
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discharge volume. This dictates that the radius of curvature of the spherical
cubtput mirror must te significantly larger than the separation between mirrors,
and the mode size that results from this curvature dictates that the bore
diameter must be 0.4 cm. An analysis by Li* that was used in computing dif-
fraction losses for the IO and backup lasers cannot be used directly for the
tranemitter laser, because the modulator makes the limiting aperture different
at each end of the cavity. The radius of curvature of the mirror is therefore
chosen so that a modulator of 3-mm cross section and & tube of O.h-cm diameter
will Intercept the mode at the same intensity point of the cavity mode. This
will be true if the radius of curvaiure is 50 cm. Estimsbing the diffraction
losg by the amount of energy vignetted by the tube and modulator, a 1 to 2%
lose is caléulatéd Tor the TEMOO mode. Work is currently underway to accur-
ately determine this loss. The mirror radius used in the breadboard trans-
mitter laser is 50 cm, giving a beam diameter st the output mirror of 2.8 cm,

1/e2 power points. (Section 5.2.2.6.2.% gives besm-diameter equations. )

Because the beam inside the optical cavity enters and exits from
the modulator crystal at Brewster's angle, some astigmatism occurs that makes
the mode shape slightly elliptical.%* The ellipticity, however, is vefy small;
the difference in the beam diameters in the sagittal and tangential planes at

the output mirror is 2% of the diameter.

olgnificant departures from the breadboard cavity and tube di-
menslons are not expected in the final design, except for tube length., Bxtra
space presently in the cavity will allow an iﬁcrease in tube length to aschieve
full rated ocutput power without a significant increase in cgvity length.

Other slight changes may be made as indicated by refinements in the design
analysié (sée Appendix &) indicating that the laser tube length must increase
with inereasing modulator length as shown in Figure 5.2.2-15. Using Equation
(5.2.2-11), the input power, P, is computed and plotbed in Figure 5.2.2-15

as & Function of modulator length based on the GaAs material on hand having an
abgsorption loss of l.2%/cm. Values used in this computation are given in Table

L_) - 2- 2"1-
* 7. Li, BT, Vol. b5, p. 917 (1965).

" . A. Massey and A. F. Siegmen, Applied Optics, Vol. T, p. 975 (1969);
and D. C. Hanna, IEEE J. Quantum Electronics, Vol. QE-5, p. 483 (1969).
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To obtain a 4.0-MHz peak freguency deviatién requires 180 volts
(peak) across the 3-cm-long modulator in the breadboard transmitter laser.
The data in Flgure 5.2.2-15 indicate that the modulator length should be
reduced from the present 3 em to 1.4 em, to minimize the total transmitter-
power input. However, this requires an increasé in modulstor~drive voltage
to 386 volts peak. Currently available space-qualified transistors do not
- allow the design of a 1 to 6-Miz, low—distoftion, modulator driver capsble
of supplying this voltage; therefore, the use of such a ghort modulator

crystal cannot be considered.

Fortunately, total-power-input dependence on modulator length in
the region of the minimum is reasonably flat toward the longer modulsator
lengths, Tor this reason a modulator length of 2.0 c¢m and a tube length of
20 cm have been chosen, This results in a l-watt power penalty above the
minimum cbtainsble bub ailows a convenienily short tube (20 cm between anodes).
The - modulator voltage is now reduced to 270 volts peak. It should be emphasiied
that the results of Figure 5.2.2-15 represent the worst pessible case as far as
input power consumpﬁion is concerned. Both theoretical and experimental investi-
gations are in progress to minimize the power fequirement. Tt is expected that
‘by-using an absorption-loss value of 0,007 cm'l, the transmitter power requirement

for the LCE program can be satisfied.

The capabilities of the modulator driver have 8 very large im-
vact on transmitter-laser-moduvlator design. Much emphssis is being placed
on development of the modulator driver, and significant Improvements iIn this
area in subsequent weeks are expected to allow fﬁrthef improvement as regards
transmitter power regquirements. Some smell variations in transmitter-modulator
geometyy may occur as a result, but Table 5.2.2-4 summarizes essentially the

. final design.

“In suwmmary, 1t is imperative that modulator material with an
extrenely low absorption coefficient be used in order to reduce transmitter
pover toc a value that will allow the overall power budget to be met. Cadmium
telluride. or low-loss Gafis are the two candidates that appear to offer s
solution. These possibilities are being investigated. Optical absorption meas-
urenents are being made on both CATe (supplied by NASA) and Fe-doped CaAs ma-
terials (supplied by Mr. D. High, Research Department, Monsanto Company).
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5.2.2.5.2 Laser Tube

5.2.2.5.2,1 Tube Design and Processing

"Although & Tew deslign parameters [e.g., cathode surface gag -
reservelir velume, fractional increase in COP content (see Section 5.3.1)]
are still being determined, the basic, ceramic, laser tube design is well
defined. The design is based on the following set of major parameters:
a. The tube must be sufficiently long to provide encugh

gain for f25-mw minimum output power at the end of
2000 accumulated hours of operation.

b. The tube must operate with conduction cooling.

c. Tt must operate with a heated cathode.

a. It must provide TEMOD pover only.

e. The output beam must be polarized.

f. The tube must have a long operasting life.

2. It must be bakeable.

h. Tt must be rugged enough to withstand liftoff
conditicns.

i. Tt must be capable of operating in a vacuum
environment.

g, Tt should have as high an operating efficiency

" ms poesible.

Figure 5.2.2-16 presents o detailed assembly drawing for the
tube configuration that appears to most closely satisfy the foregoing rew
guirements. The tube iz of metal-ceramic construction, to achieve the
“desired -degree of ruggedness. It has circular geometry with a 4.0-mm
dismeter bore made from beryllium oxide. Four 1/h~in.—thick BeO fins are
located along the tube bore, approximately equally spaced. Fed ceramic was
chosen becauge of its very high coefficient of thermal conductivity and 1light
weight. The outside shell, made from n;ckel-plated, thin-walled Kovar, serves

ag a rigidizing structure as well as the vacuum envelope. The spaces between
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the BeO I'ins are uged as gas ballast, necessary for increased life, and have

a volume of about 150 cc, which is approximately 80 times the active volume.

The heat-transfer characteristics of this design are highly
satisfactory: Thermal calculations indicate that the temperature rise from
the outside surface of the tube to the hottest spot in the bore (outside the
cathode area) would be less than MOC, even for tube dissipations as high as
15 watts. OSubseguent tests on mockup structures ha#e verified this wvalue.
The bore temperature will therefore never exceed about 44°¢ during operation

when the baseplate temperature is at its maximum specified value of 40,

For meximum tube efficiency, the laser employs a coaxial electrode
structure rather than electrodes in side arms. The Kovar pieces zat each end
of the laser tube will serve as anodes, while the cathode will be the platinum-
clad nickel cylinder in the center of the tube. For long life the cathode
must be heated to at least ESOOC during operation (see Sechion 5.5.1 on laser
tube life tests). To achieve this without requiring additional external
heat, the cathode has been isolated from the Bel bore by insulating sections

of alumina ceramic.

The cathode surface area is also an important tube-design parameter.
For an optimum gas mixture In the tube and for a given cathode material, an
optimum cathode surface area can be determined (see Section 5.%.1), An op-
timum current density of about 4.0 ma/cm2 has been experimentally determined
for the transmitter laser. This corresponds to a cathode surface ares of
shout 2.5 cm2 if a 10-ma disdharge current is used. To provide the electriesl
connection to the cathode, as well as additional support, four thin wires of
stainless steel run between the cathode and the outside surface of tﬁe tuke.
The wires are terminated on insulating ceramic tubing so that the rcathode
may be operated somewhat avove ground potential if required. Measurements
show that this structure will be sufficiently self-heating to allow cathode

temperatures somewhat higher than 2)0 C.

The advantages of a two-anode, single-cathode approach over s

single-cathode, single-anode approach are that (a) sputtered material from
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the cathode is kept farther from the laser windows, (b) the total tube voltage
is approximately halved, and (c) greater power is dissipated at the cathode,
because twice the current is being drawn, enabling the cathode to be self-
heated.

The Cals Brewster windows will be atiached to the end Kovar
assemblies by metal-soldering techniques, allowing rugged ultra—high-vacuﬁm
seals. The window assemblies (which will be prepared independent of the
tﬁbe) will then be oriented ‘and heliarc-welded to the tube at the appropriate

point in the fabrication cycle.

The total length of the tube (11.3 in. from window to window)
has been chogen to give enough gain to provide T25 milliwatts of initial
output power {with modulator) at the high heat-sink temperature of MOOC.

At the low heait-sink temperature of 1500, the power output will be approxi-
mately TOO mw. The inpgt power vs tube length calculations are made in

Section 5.2.2.5.1, in conjunction with optical design.

The tube iz approximately l-E/h in. in diameter and will weigh
avout 3/4 1b. '

Bazed on lifle test data, it appears that the tube ghould employ
a gas mixture of HE’ Xe, Né, COE’ and He. The exact partisl pressure for
each gas mixture will be determined at the end of the life test program.
The Né and He are used with 002 to obtain high gain and power output. The
¥e 1s added to reduce the starting and coperating voliage, and the H2 ta
increase tube lif'e by reducing the 002 disscoeciation rate, No automatic
pumpout and refill procedures in space are planned for this laser. The tube
will be permanently sealed during the processing cycle and will not require

- further attention.

Tests of gimilar small lasers have shown that the lifetime goals

will be met with this approach. FPartial pressures of T torr for CC T tarr

2}
for N,, 15 torr for He, 1 torr for Xe,and 0.1 torr for H2 are used for the
L-mm-dismeter ceramic tube in the breadboard model. In addition to cathode
material, emissive surface area, gas mixtures, and gas-reservolr volume,

tube processing is an ilmportant consideration for long life. Before filling
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with gas mixtures, each Tube assembly is pumped down to = pressure between
1% 10 and 1 x 1077 mm He and a leakage rate not greater than 1 x 107

atm-cc/sec.

5.2.2.5.2.2 Fabrication Plan for LCE Laser Tubes

A preliminary but detailed fabrication plan has been completed
for the laser tubes to be constructed for the LCE (see Figures 5.2.2-17, -18,
and -19). After receipt and inspection, parts for the laser tubes are filed
In a high-relative~humidity storage area. The parts are pulled from storage
as reguired for processing and fabrication of the tube. The finighed assem-
blies are returned to storage until they are required for assembly into the

lager subsysten.
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5.2.2.5.3 Modulator

The c0nfiguratioh chosen for the ILCE employs.a GalAs electro-
cptical rhase modulator inside the transmitter laser cavity., In this con-
figuration, the modulator produces changes in Optical—cavity'phaSQ length
in proportion to some applied electrical signal, which then produces cor-
responding changes in the oscillation freguency of the laser (i.én, freguency-~
modulated output). This format provides several important advantages in the
Present application as compared with other types of modulation, Table 5.2.2-5

summarizes the relative merits of several of the other possible methods,

_ 4 suitable intracavity mcdulator should be designed to minirize
the losses presented to the transmitter laser, because very small amounts of
logs produce large changes in power cutput. In addition, the modulator must
proeduce minimum perturbation in such areas as transmitter-laser-cavity align-
ment and cavity-length stability even with large changes in ambient tempera-
ture, The modulator must be designed to minimize the power required to produce
the required electro-optical phase modulation. The modulator crystal alone
is essentially a passive element, and the choice of optimum crystal design
depends heavily on interactions with the laser and the modulator-driver
electronics. Section 5.2.2.5.3.1 presents an analysis that yvields a more

5r less optimum crystal gecmetry based on the properties of faAs material
(see Table 5.2.2-6). These properties are discussed in grester detail in
succeeding raragraphs, and details on modulator design, construction, and

testing are presented.

5.2.2.5.3.,1 Modulator Design Considerations

Most publicaticns on electro-optlcal modulators have dealt with
anplitude meodulation ocutside the laser cavity;% For this applicaticn, the
electro-optical crystal is normaliy placed between crossed polarizers, and
for optimum performence the largest poselble roiation of the plane of polar-

izaticn is sought. It has been shown that the maximm amplitude modulation

¥ ¥, Sterzer, D, Blattrer, and . Miniter, J. Optical Soe. Am,, 5k, 62,
(1964); end S. Wemba, J. Optical Soc. Am,, 51, 76 (1961).
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is obtained from a cubic crystal with Iizm gymmetry when the crystal 1s cut azo
that the light is propogated in = (ilO) direction and the electric field is ap-
plied in the (I10) direction. In this case, the direction of polarization of

the incident 1light bisects the angle between two induced crystal axes.

This design is well knowm as is the proof that it provides optimum
amplitude modulation, The proof ig not directly applicable to a modulator that
ie to be used inside the laser cavity. In this case, the interest ig not in
the maximum angular rotation of the plane of polarization of the incident light,
but in the maximum obtainable change in the optical length of the erystal, .In-
deed, there can be no rotation if the laser is to operate properly. Hence,
the direction of polarization inside the laser cavity must be paralliel to the
direction of one of the induced axes in the crystal, In order to cobtain
-Optimum,performanee of an intracavity modulator, it is therefore necessary
to consider only the guestion of what configuration will yield the maximum

index change along any of the induced rrincipal axes in the materisl.

The question of the maximum change of index is treated in rassing

by Sterzer, et al.* The induced principal indices are given by

rhl[E'no5
n , 6 =n +

ot o E cos (%)

11lI-l|E an3

x! o AJ?;

o :
fEéjElEE—-cos (9-+ QQQ)

AJ?; 3

cos (%-+ 126\

* Op. cit.
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where the angle 6 is related to the applied field E, by

(27)1/2 B, B, F

Bk

3

cos @ =

The only assumption is that the crystal is cubic, with L3m
symmetry, It is clear from these expressions that the mascimum change of index
1s obtained when the electric field is chosen so that © = O, Tt is also
clear that, to obtain this result, the.field mist be applied in a (111)

direction. The fieid vector is then

1

e B -, =, —
B ERE

For this field direction, the changes of index and the directions of the in-

duced axes are

3
n g ¥
o 41 To PR
i, = . %' = {113)
3
n r B
0 L1 -
M, = —— y' = (110)
¥ 2!\' 5 ?
3
n . B
PRI 2t = (111)

o]
7 1 - ’“'—' 2
>
Thus %0 obtain a modulator with the maximum possible index change, the incident

light must be polariﬁed in the direction of the applied field, A suitsble con-
figuration is sketched at the top of the next page,
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Light Propagation Throuvgh a ILinear Galds Modulator

The light propagates in the (I10) direction, and the field is applied in the
(111) direction.

In order to use this modulator inside the laser cavity, Fresnel re-
flecticns at the crystal faces must be avoided. This may be done either by
antireflection coating of the two surfaces or Ty tilting the crystal so that
the light is incident at Brewster's angle. Tilting has been chosen? tc avold
optical losses and possible life problems with antireflection coatings. When
the Brewster-angle technique is employed, the direction of polarization of the
‘incident light must unfortunately remain in the plane of incidence, and the
crystal must be made wider in one direction in order to accommodate the re-
fracted beam. Thus, the Brewster-angle configuration for maximum index change

is as sketched bvelow.

[111]

idght Provpagation
Through a Hrewster-
Anglie GalAs Modulator
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In this case the modulstor crystal is in the directiorn in which the field is
to be applied., Obtaining the required field willl therefore require that the
frive voltage be increased by a factor of 3.

The increase in drive voltage needed Tor the Brewster-angle. con-
‘figuration_can be avoided 1f the field can be applied at right angles to the
direction of pelarization of the incident light. This cannot be done if the
. maximam index change 1g required. However, a cut is avallable that allows
the fiéld and pdlarization directions to be at right angles, and produces an

index change only 5% less than the maximum obtainable in a I3m crystal.

IT the field is applied in the (001) dlrection, the following

index changes oceur for corresponding induced axeg:

n - r., B
o == S 241 °  x' = (110)
P
n-r. E
o Th1 Yo -
&ny, = ) y ¥t o= (llO)
An, = O, z' = (001)

To cbtain a moduletor with this index change, the light mey be
polarized in the (110) direction, with the direction of propagetion in the
(I10) dlrection, The configuration is as follows:

[110]

T e e Y

A A e et

[001]

Light Propagstion Through & Linear GeAs Modulator
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The modification of this structure into the Brewster-angle configuration does

not require an Increase in the applied drive voltage.

In summary, an intracavity modulator requires the maximum index
change rather than the maximm rotation of the incident plane of bolarization
ag in an amplitude modulator. For crystals with 13m gyrmetry, the maximum index

change is

e ( 7i%i)r”l ndB ‘EI = 0’578-rh1 n05 ‘E]

wheré IEI is the magnitude of the applied field, n, iz the zero field index,
and ) is the eleciro-optical coefficient. This index change is obtained when
the field is applied in the (111) direction and when the incident light is
polerized in the direction of the field and is rropagating along the (110)
directicn, In the Brewster-angle configuration, this crysial cut unfortunately
reguires an increase in the applied voltage by a factor of 3 over the voitage
required Tty the in-line configuration., To avoid this potentlal disadventage,
the directions of the polarizaticn and the applied field must be at right angles,
Such & cut Is available with an index change of only 15% less than the maximum
obtaineble. The fileld i1s in the (001} direction; the light is polarized in the
{110} direction \and propagates in the {110) direction. The obteinable index

change is

. M o= % rkl no3 IEI

Several of the move important material properties for GehAs are shown in Table
5-212"60

5,2.8,5,%.2 Crystal Geontry

Becéuse of the large index of refraction of GaAs (n = 3.30 at 10.6
microns and BOOOK), the refracted beam inside the Brewster-angle modulator is
very slight elliptical. In order to vpresent a 0.3 by O,3-cm optical aperature
to the laser cavity,/the width of the crystal must be equal to ¥ (see Figure

5.2,2=-2C, which summarizes the geometric properties of the modulator crystal),
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The optimum modulator length has been chosen at 2 cm, baged on a tradeoff

analyais for the transmitter lager.

5.2.2.5.5%.35 Crystal Fabrication

The techniques involved in trystal fabrication include semiconductor-
material preparation and cutting, high-quality optical~-surface finishing, metal-
semiconductor cleaning, and soldering. A significant development during the
breadboard phase of the program has been the demcnstration of & reliable tech-
nigque for rugged attachment of the electrodes. A nickel film iz deposited
on the Gals crystal blank and is diffused into the swrface. Molyhdenum elec-
trgdes are then soldered to the nickel layer with an indium-base solder.

Fiéure 5.2.2-21 shows the results of the intentional destruction of = sample
soldered by this technigue; the contact held and material was pulled from
the bulk crystal. '

o

5.2.2,5.3.4 Modulator Characteristics and Assembly

Table 5.2.2-7 gsumarizes important modulstor characteristics,
Figures 5.2.2-22, =23, and -24 present photographs of the breadboard modulator
cryetal, the modulator assembly, and the complete modulator unit installed in

the transmitter laser.

5.2.2.5.3.5 Modulator Driver and Modulator-@veﬁ Temperature Control

In order to provide the required index of modulaticn, the 2-cm
modulator must be driven with a peak emf of 270 volts. The modulation fre-
guencies are in the band between 1 and 6 MHz, and the gain must be flat
within +0.1 db between 1.0 and 1.84% MHz, and within +0.2 db to 6 MHz. Other

specifications are given in Table 5.2.2-8,

Because of the gain, the flatness is required to be less than
2% over the bandwidth. Because of the linearity requirements, it becomes
necessary to use negative Teedback to stabllize the gain and Llinearity to
accommodate tolerances in component parameters and changes in component
values over the frequency range that are due to agin, envirommental conditions,

etec.
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Tt is also important to use the minimun power from the prime
povwer sowrce consistent with fulfilling the operating specifications. This
suggests Class B operaticn on the output stage, so that the efficiency is
maximized and that the power drawn is proportional to the power reguired.

The modulator-driver-circuit output stage shown in Figure 5.2.2-25 ig opera-
ted Class B. FEach high-voltage string i1s biased near cutoff, so that a drive
on the baseg of Q1 and Q2 will change the capacitance of the modulstor al-
ternately positive and negative. The Teedback can be genérated by taking
the difference between the currents sampled in the emitters of the driving

transistors.

The advantage of this circuit is that the supply voltage need
be only slightly larger than the required peak voltage and, hence, the

quiescent power may be minimized.

The oven-temperature éontroller is shown schematically in Figure
5.2.2-26, The thermistor is placed in s bridge cireuit formed by the R1, R2,
R%, and Bh resistors, which drive the Inputs to the operational amplifier
operated as & comparator. The operational-zmplifier output switches Rl and
Q2 on or off, dependihg on whether the tempersture is below or above the set
temperature. The oven heater iz connected heitween the collector of G2 and

the 28-volt supply.

The modulator will be clamped by boron nitride and shielded -
with aluminum'housing, Boron nitride was selected because it has a low
dielectric éonstaﬁt, low density, and good thermal conductivity. The
temperature of the modulator will be maintained to i;oc in order to limit

cavity-length tuning tc less than one free spectral range.

The oven controller has been designed and successfully tested.
When the modulator is cperated at a controlled temperature of TOOC, the
total input power to the contrcoller will be a maximum of about 2 watts st

the lovest neat-sink temperature of 10°C.
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5.2.2,5.4  Optical Design

5.2.2.5.%.1 Alignmuent Tolerance Requirements

Experiments have been pgrrormed in order to determine the align-
ment tolerances of the various laser components. Both the flat and spherical
transmitter mirrors were tilted by & known amount about their horizontal and
vertical axes. TFigures 5.2.2-27 and -28 plot the resulting decrease in laser
output power as s Tunction of angular tilt for the flat and spherical mirrors.
The angular misalignmentrof the spherical mirror at a 3-db power loss is
+1.16 mrad for movement about the vertical axis and +1.05 mrad for movement
about the horizontal. The corresponding angles for the flat mirror are +1.50
and +1.38 mrad.

The tolerance on the lateral displacement of the tube and modu-~
lator can be inferred from the angular misalignment, es, of a spherical nmirror
having radius of curvature R. When the spherical mirror is tilted, the beam
is laterally displaced ra?her than being tilted, as is the ease for angular
movement of the flat mirror. The lateral beam displacement, d, is given by
d =R GS.' A lateral displacement of the beam is identical to & lateral dis-
placement of the tube and modulator, assuming that the power drop is due to
vignetting by the tube and modulator. The lateral-displacemeﬁt correaponding
to a 50-cm radlus-cf-curvature mirror being tilted i}.16 mrad is ip.58 ™,
while that corresponding to +1.05 mrad is +C.525 mm. These displacements

correspond to a 3-db loss of power.

The angular tolerance of the tube can be estimated by noting
that the worslt case occurs when the tube is pivoted sbout its end near the
flat mirror. This angular displacement produces a maximum laser-tube effect
“on the laser beam. If the tube is 10.3 in. long, as 1s the case expscied for

the final lasers, the angular displacement producing the same effect as a

(0.55)
(10.5) (25.&) = 2.1 mrad.

lateral displacenent of 0.55 mm is
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5.2.2.5.4.2 Mirror Mount and Transducer Considerations

The type of mirror mount that would satisfy the requirements of
the LCE program should be capable of being adjusted in the field, should be

lightweight, and should be very rigid against vibrational effects.

To achieve the required mechanical isolation against vibration,
the individuval elements of the structure must be designed with gecmetries
and methods of support that do not have low-frequency transverse resonances.
The basic design approach is to eliminate all thin-plate and weak-cantilever
structures that have low-freguency transverse resonances. The joints between
the various components of the structure, especially in the area of the mirror
mounts, have been designed to have large-area contacte in order to keep the

gpring constant of the joint at a high level.

It is expected that the vibrational environment aroﬁnd the laser
after it is in the spacecraft envircmment may be improved sufficiently to
increase the short-term stability of the laser by orders of magnitude. To
test thé laser satisfactorily, however, it will be necessary to obtain a

high degree of stability in the laboratory.

Figure 5.2.2-29 shows the mirror holder. In this case, the non-
output mirror is attached to a piezoelectric bimorph transducer, which in
turn is rigidly held to a rotatable "ball."” When the ball clamp is loosened,
the ball can be rotated with an external adjustment jig, and caﬁ then be
tightly clamped to the frame. The malin advantage is the large ares contact
on the ball with positive clamping. The output mirror will be mounted on a
thermally compensating standoff in order to reduce the effects of temperature

changes.

With the removal of all etalon-type components from the laser
cavity, the limits on the allowable temperature wvaristions in the modulator
are determined only by the extent to which they can be tracked out by the
piezoelectric transducer; i.e., the maximum-attainable transducer movement

will eventually set the level of temperature control required.
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Analysis subsequently verified by experimental tests shows that
8 bimorph-configuration piezoelectric transducer will provide movement of
more than 15 microns (three free spectral ranges) while still exhibiting a
high fundamental resonant frequency. This movement is sbout a factor of 3

larger than for the conventional stack-of-plates type of transducer.

A "bimorph” or "bender" transducer is a piezoelectric device
made from two, thin, plate—shaped, transducer elements bonded together in
such a manner that one expands when the obher contracts in length. This
provides a bending motion when one end of the transducer is allowed to rémain
unconstrained, as is the case for the image-motion compensators to be used

in the ILCE optical system,

If the bender is clamﬁed 2t both ends, with a mirror mounted in
the center of the bender (as shown in Figure 5.2,2-30), the mirror can be
translated without tilting., Either a linear bimorph clamped at both ends or
& circular bimorph clamped around its periphery can be used for this applica-
tion. Clamping a circular bimorph entirely around its edge, however, will
reduce its travei by a Tactor of about 3.5 as compared with the travel that
can be obtained from a linear bimorph with a length equal o the circular-

bimorph diameter.

Filgure 5.2.2-30 shows a doubly eclasmped bimorph with laser mirror

mounted.

Tradeoff analysis involving size limitations. in the laser package,
maximum voltages, mounting-configurationé, and environmentalfstress levels
indicates that a circular bimorph with the following characteristics will be

most sultable:
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Diameter 1.0 in,

Thickness _ 0.020 in.

Meximum safe voltage 200 volts

Normal voliage range - 0 to 150 volts (below arc-over

point at critical pressure)
Normal displacement . 0 to 15 microns
Unloaded resonant frequency 3.6 xHz

Resonant frequency with 2.5 kHz (above environmental- "

mirror test spectra)

A stress/deflection analysis has been conducted to determine the
structural behavior of piezoceramic bimorph conflgurations under the qualifi-
cation, vibration test, aﬁd operationai environments. It was found that all
the stress levels were very low and the unit will operate with a margin of
safety of 1.8. Such bimorph structures have been tested at Sylvania and

. found to operate according to the foregoing analysis.

The linearity of the circular Pbimorphs has been measured (see
Figures 5.2.2-31 and -32). As expected, they show excellent linearity
caround the static position. At higher voltages, when the device has moved
over & lO-micron distance, the devistion from linearity is about 13%. This
nonlinearity will not be a problem, because the laser will be operating in
the closed-loop mode at all times. The sensitivity ofrthe transducer (microns/

volt) is wvery close to that expected.

i

Short-term aging effects were studied by neaguring the sengitivity
and total movement of a transducer after it had set for 2 weeks with 15C volts

- applied., No noticeable change in either quantity was obtserved.

5.2.2.6 Local Oscillator and Backup Lasers

5.2.2.6.1 Laser Cavity

The design of the local oscillator and the backup laser tubes is
similar to that of the transmitter laser tube. In both cases, a three-electrode,

BeO, ceramic-metal tube is employed (see Figure 5.2.2-16). Because these tubes

5.2,2-43



" Report No. L4033, Vol. T, Part 1

are required to operate at somewhat lower output power than the transmitter
laser, the input power will be proportionally less. To reduce the taotal
power input, the cathode-to-anode electrode distance is reduced, thus lowér-
ing the operating voltage while keeping the discharge current at the same
level as that of the transmitter laser. In thie way the cathode temperature
will be maintalned at the required level (2250°C) in order to obtain long
life. The basic ceramic-metal tube structure has been discussed earlier in

this section and is therefore omitted here.

The primery differences in the optical eavities of the +three
lasers are that the LO and backup lasers do not contain s modulator and that
one mirror of the 1O laser is replaced by a grating, as discussed in Section
5.2.2.6.2.3,

5.2.2.6.2 Local Oscillator Laser

5.2.2.6.2.1 Cavity Losses

The total cavity loss is the sum of the diffraction losgs occurring
at the ends of the tube and the logses at the end mirror and grating. The
coupling ‘loss, caused by removing scme of the intercavity power as useful

power out, is considered separstely.

The diffraction loss ig a function of the mirror separation,
mirror radius of curvsture, and tube bore. These parameters are chosen go
that the loss for the TEM_ mode is kept low, whili the loss for the TEMlb
mode is high enough to prevent it from lasing. Li has generated plots for
diffraction loss vs Frespel number and g factor. The Fresnel number is de-
fined ag N = aeﬂ&L, where a iz the limiting apefture at each mirror, A is the
mirror separation. The g factor is defined as g = 1 - (L/R), where E is the
“padius of curvature of the spherical mirror. A further constraint on the
radius of curvature and mirror separation is the requirement. on cutput-beam
size, w, where w is defined as the radius of the Gaussian beam at which the
intensity has fallen to l/e2 of its peak wvalue. The dependence of w on R
and L is discussed inKSection 5.2.2.6.2.4.

"o, Li, B.S.T.J., b 017 (1965).
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The following geometrieal parameters were gselected by an iterative
brocess to yield a diffraction loss of 0.5% for the TEMbo mode while that for
the TEM, o mode is 6%:

a = 2 mm
R = 50 cm
’ L= 9 in.

As will be shown, these values yield the proper beam diameter whiie providing

Llow TEN%O mode loss and high énough TEMiO loss.

The loss due to scattefing and absorption at the end mirror is
taken to be 0.8%. The loss at the grating is L.

5.2.2.6.2.2 Tube Length

The required length of the discharge tube cepends on the avail-
able gain in the tube, theisaturation intensity, the cavity losses, and the
required power output. The‘tube.diameter 1s taken as 4 mm for resson dis~
cussed in the preceding section. Tor this tube diameter, thé saturation
intensity, Is’ as deduced from experimental cbservations on small-bore tubes,
is 250 watts/cme. The required power out is 30 mw at 30 MHz from line center,
and the beam radius, w, ig 1,24 ﬁm (as shown in Section 5.2.2.6.2.4) for the

radius of curvature and cavity length discuseed above,

The average output intensity, IO, defined as Po/nwg,’is therefore
2.07 watts/cmg. From Rigrod's analysis,* discussed in Appendix G, the value
of the product of small signal gain, & and active discharge length, LA’
corresponding to IO/IS = 0.0083 ig gOLA = 0.09 for a total cavity loss of-
0.053. Rigrod's analysis shows a corresponding optimum mirror transmission
"of 4%, This transmission can be ‘achieved from either of two coupling schemes.
One involves the usual output coupling ghrough the paxrtiglly transmitting
spherical mirror; the other involves the coupling from the grating at the
zero-th order. Preliﬁinary laboratory tests show that the latter approach

1s not only feasible but will improve lager efficienéy.

*w.'Rigrod,rJ. Applied Phys., 3£, 2487 (1965).
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Because gOL is 0,09, the active discharge length is about 7 cm
for a small signal gain, o of 0.012 cm-l, a value obtained from measure-

ments performed on U-mm-bore-diameter tubes.

5.2.2.6.2.% 30-Mz Offset

A diffraetion grating i1s used in the LO laser to maintain a
greater oscillation line width on a single laser line so that a 30-MEz offsetb
from the oscillaticon-line center can be reliably achieved. Wiﬁhout g dif-
fraction grating, a large frequency off'set from the oscillation-line center
can cauge the laser oscillation to switeh from one vibration-rotation transi-
tion to another. This is possible because there is extremely high competition

among various vibration-rotation trarsitions in a CO. gag digcharge via colli-

2
siong so that the gain of some other lines can easily exceed the operating

line at the offset position.

The line shape and line width have been meagured for the hread-
board IO laser. The results are shown in Figure 5.2.2-33. The full width
at half maximum power point is approximately 90 MHz., From thet figure it is
evident that a 30-MHz offget can eésily be achieved at a small increase 1in

the prime pover needed to overcome the grating loss.

5,2.2.6.2.4% Beam Properties

According to Kogelnik and Li,* a beam of radial intensity I =
IO exp(—Ere/we) will have a w parameter at a distance 2z from the beam waist, W of
w2 = W 2 1+ Az)
o ( 2.2

)

and a radius of curvature, R, as given by

O

If z = L, the cavity length, R,is the radius of curvature of the
cavity mirror when the opposite mirror is a flat. Thus, the radius of curva-
ture of the cavity mirror determines L wiich in turn determines w at any

distance from the beam waist (located at the flat cavity mirror).

*
I. Kogelnik and T. Li, Proc. IEER, 54, 1312 (1966).
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With the outpuit-mirror radius of curvature and the cavity'length
given previously, w = 1.24h mm for the 1O laser. Heré, w is the radius of the
oubput beam To the l/e? intensity point. The output beam, faken from the
spherical mirror, will be recolliméted by shaping the outer surface of this
mirror. This technique haé been verified in the laboratory on the breadboard

lagser system.
5.2.2.6,2.5 Beam Shift . '

It is important to note that if the Brewster windows are anti-
parallel, the laser-mirror aligmment wust be changed for operation in a
vacuum as opposed to operation in air. If the windows are parallel, the
beam is translated laterally within the cavity. In this case, no realign-
ment is required, but allowance must be made In tube and modulator dimensions
to assure that no vignetting ceccurs. The beam displacement in either case
is due to index-of-refraction varistion between alr and & vacuum, IT the
windows are parallel and at a Brewster angle set for sir, the iateral dla-
placement of the beam at the curved mirror is zero. With reference to

Figure 5.2.2-3h4h for geometrical deflinitions,

. _tlcos 2 QB
1 sin GB
n 7 .
1 - . L Ap
Ko = X, ~|—-1]n L + ————=
2 1 T, g 1+ ng FALY]
x3 = X, + Xl
AB = n An
g.

where An is the difference in index of air and vacuum. If L = 18.5 cm and

t = 0.05 in., ng = 3.3, then x = 1.10, Xy = 0.94, and x5 = 2,04 tm if the

system is in alr. If the system ig in a vacuum, X, and x_ are increased by

3
0.165 mm. Because this variation occurs at the flat mirror end of the cavity,
where thé beam is much smaller than the tube dismeter, little or no signifi-

cant effect is expected to be cobserved in the LO and backup lasers. In the
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transmitter laser, however, the modulator will cause some vignetting of the
beam unless its cross section is sufficiently large. In one direction the
modulator will be made approximately 0.2 mm larger than required in order to

operate satisfactorily in both azir and a vacuum.
5.2.2.6.2.6 Input Power

Experimental results in 1life testing of laser tubes indicate
that aﬁout 5 ma of current is redqulired in each leg of the dischargé-tube to
provide encugh cathode heating to maintain tube life. Figure 5.2.2-35 plots
tube voltage ag a function of tube current for wvarious anode«éathode dis-
placements. It corresponds to one-half of the discharge tube and indicates
that the required power for a 3.5-cm discharge (the length reguired for:the
L0 tube) is épproximately 5 watts, or 10 watis for the entire diséharge tube.
An analysislcurrently in progress indicates That the total input pover may
be reduced by decreasing the tube current and uging an external cathode

heater.

5.2.2.6.3  Backup Laser

5.2.2.6.%.1 Cavity Desizn | -

The backup and LO lasers are vefy similar in consbtruction, except
that the backup laser lacks fhe internal grating of the LO laser. The analysis
leading to the backup design is identical td that of the L0 laser, and only
the results will be presented hefe. A T-cm active discharge in a UY-mm
diameter tube will preduce the required 650 mw of output power. The spherical-
mirror radius of curvature is 107 cm, and there is a 1C-in. separation between
the spherical oubput mirror and the totally refelcting flat mirror. The

pover reguired by such a tube is 10 watts. The collimated-output-hbeam radius
‘ is 1.42 mm to the l/e2 intensity point. This has been demonstrated in an

experiment with the breadboard IO laser.

5.2.2.6.3.2 Wavelength Selection

. The backup laser must operate on two P-transitions upon command,
in order to facilitate its use as a transmitter or a local oscillator. To

accomplish this, the flat mirror will hbe mounted on 2 piezoelectric transducer
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that will translate the mirror. The resulting change in cavity length will

allow the required wavelength +0 be selected.

A further reguirement is that a 30-MEz offgel from line center be
obtained at each of the two P-transition wavelengths., The problem encountered
here is that the laser may shift to angther wavelength when the cavity length
is tuned from line-center operation. Gerhard Schiffner haskshown that the
Proper choice of total cavity length will elimirmate this problem. Therefofe,
the total cavity length may change by 1 orl2 mm, with wavelength selection

being accomplished by additional fine length tuning of about 1 micron.

5.2.2;7 Laser Subsystem BElectronics

The frequency of the three lasers in the modes required for laser
functions is controlled by the AFC electronics for the laser subsystem The
transmitter laser ugses the AFC electronice to search far ‘the proper wave-

length and, upon acquisition, to lock to the line center and remsin locked.

The local oscillator uses the electronics to search for the propear
wavelength and, upon acquisition, to lock offset from line center by 30 Miz
and to remaln locked there until commanded to lock to the dlscriminator oub-
put of the receiver subsystem. In this mode, the local oscillastor will track

the transmitted signal with the specific 30-MHz offget.

The baékup laser uses the electronics to provide either of the
two funétions - the transmitter AFC and the local cscillator AFC - upon.
receipt of the proper command. in additicon, the backup laser electronics
must be capable of selecting elther wavelength, which is accomplished by
selecting the oubtput beam from fhe appropriate power detector illuﬁinated from
the proper diffraction grating.

Sueéeeding peragraphs discuss the block diagrams of the AFC

electronics and explain the operation of the unit.

Figure 5.2.2-36 presents = block diagram for the transmitter ATC
system. Operation'is initiated by the appiicatidn of low-voltage power.
With no power returning from the. power detecﬁor, the output from the threshold
circuit is a NOT THRESHOLD, which throﬁs the FET switch {shown schematically
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28 a single+pole, two-throw switch) to connect the search oscillator into the
integrator. The search oscillator has a square-wave output that becomes a
triangular wave when passed through the integrator. The triangular wave is
amplified in the tuner driver and is applied to the bender bimorph, which
tunes the laser eav}ty. The entire range of the bender bimorph is swept

out once per second, searching for power returning from the power detector.
When the cavity is the proper‘lengﬁh to produce power at the seiected wave -
length, the power detector wili deliver a wvoltage that will trigger-the
threshold circuit. This action will throw the FFT switches into position

Tor dither stabilization.

A dither ogcillator is operating at abou% TS Hz and is fed to
the input to the tuner driver; the laser is frequency-modulated at this
dither rate. The output of the power detector will be amplitude-modulated
at the gither rate by slope-detection on the power-profile curve of the
lager operating line. By debecting the amplitude modulation in synchronism
with the dither Trequency, a discriminator-like curve is generated that has
& zero at the line center. Thus, an error signal is generated that will

drive the tuner so that the laser is operating on line center.

The transmitter will continue to operate on line center, pro-
vided power 1s sensed on the power detector. Any interruption of power
will cause the system to revert to the search mode until power is again

gsensed.

_ - A level-sensing and inhibit circuit is shOWnl Its purpose is
to inhibit locking to a power profile that is onlj partially present within
the range of the tuner driver. TFor instance, if the first power sensed is

from a profile that centered at a voltage beyond the capability of the‘tuner
.driver,'the dither-stabilization error will require the voltage to be in-
creaged up to the limit of the driver. At that point the system will be
locked without having found line centér. With the level sensing and inhibit
circult, the thresheld is inhibited from locking at the power profile on the
extreme limits of the tuner driver range, and, when a lock is accomplished,

a lock on line center is assured.
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Figure 5.2.2-37 presents the local oscillator block diagram.
Operation is again initiated by the application of low—voltage power to the
circuits and the initial operation is iderntical to that of +he transmitter.
However, after the laser has been dither-stabilized to the line center and
a preset time delay has expired, the system is locked to make +he pover but—
put equal to a reference value that has just previously heen determined. The
reference power is determined by measuring the poOWer qt line center ﬁt the
time the system is dither-stabilized and by reducing the voliage anzlog of
the peak power by an offset voltage. The voltage différence is then held
in a digital sample-and-hold circuit and provides the analog of the reference
power to which the system will be locked. The output power is then held to
this value until an OPERATE'ON" level command is received. This command
'_sﬁitches the integrator input to the output.of the recéiver-subsystem dis-
crimingtor, mad the local oscillator will be slaved to the freguency of the

received transmititer with the desired 30-MEz oflfset.

An analysis of the errors introduced by drifts and offsets in

the LO offset method is presented below.

The power-frequency profile is assumed to have s characteristic

shape defined by

1 - b

2
(&fosc)

VvV =V
m

where Afosc =90 Miz., Tt is also assumed that the shape of the profile is
preserved under aging effects, loss of gas pressure, ete., The slope at the
IF offset frequency will thus remain essentially constant. The slope at the

offset frequency is given by

3

av l
— =V :
osc
Using Vm = 2.5 wvolts, fIF,: 30 MHZ? and Afosc = 90 Mgz,
Q% = Th mv/MHz
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Analysis of a measured power profile indicates the glope to be
slightly less than this walue. To be conservative, the measurement value

(approximately 50 mv/MHz ) will be used.

As an arbitrary breakdown, assume two-thirds of the budget for

the laser and one-third for electronics.
The- allowable [ixed- frequency error is

1.7 Miz x 50 mv/MAz = 55 mv; electronics 18 mv |
The allowable drift is

0.5 Mz x 50 mv/MHz = 25 mv; electronics 9 mv
The identified sources for the Tixed-frequency error are as follows:
Meésurement of vin
Value of offset voltage, Vd
Quantizing error in sample-and-hold circuit
Offset wvoltage in integrator
Finite loop gain.
The open-lcop galn will be designed to be nearly th so that the

error caused by finite locp gain will be negligible.

The offget voltage in the integrator will have a maximum of 5 nv,

with a typical value of 1 mv.

The seven-bit sample-and-held circuit will have a maximum guantiz-
ing error of about 6 mv, considering that the voltage to be sampled is about
1.5 volts. In addition to the quantizing error of the'sample—énd—hold
- gircuit, the comparator will have an offsel error that may be as high as
5 mv. However, it is iImportant to note that the offset errors in the com-
parator and in the integrator are not random errors but ere attributed to
the tolerance of components. Once the components are selected, these errors

may be compensated by adjusting the value of Vd.

The offsgset voltage, Vd, may be held ta 0.5% or about 3 mv.
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Time will be required to permit the accurate measurement of Vm‘

To hold te & mv, at least 17 millisec is reguired.

The total initial offset budget, considering offset errors in

the operaticnal amplifier than can be compengated, is thus

Budget, mv |
Quantizing error 6
v 3
Measurement of V h
13

which is well within the reguirement.

The sources of drift during the 300-second period one identified
in the electronics are (a) offset voltage drift in the integrator, (b) power
detector/amplifier drif%, and (c) samplefand—hold drift,

Again as an arbitrary breakdown, each of the three sources of
S drift Iis budgeted at one-third. of the allowable drift of 9 mv., ¥ach of these-

items is therefore assigned a 3-mv drift wifhin 8 300-second period.

The backup laser must be capable of assuming either the role of
the trensmitter or that of the local ocsciliator. To do this, the functions
shovn in Figure 5.2.2-38 are added to the locsl osecillator - e,2., selection
- of the proper power-detector output to allow locking on either line and algo
to be able to lock on line center or offset. This is'accomplished by in-~
hibiting the time delaj following the threshold in the transmit mode. With
the delayed threshold inhibited, the 10 offset seguence is interrupted and

the system will remain locked in the dither-stabilized mode.

Figures 5.2.2-3G, -L0, and -4 provide block diagrams for the

Teedback loops and show the particular transfer functions.
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Povwer output
Mode
Polarigzation

Transition

Operating frequency

Offset gccuracy
Frequency stability

0.1 to 5 Hz

5 to BOO kHz

800 kHz to 6 MHz
Amplitude stability
FiT travel

Frequéncy modulstion
bandwidth

Modulator~driver in-
put stabiiity
{24 hours)

Linearity
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TABLE 5.2.2-1

LASER SUBSYSTEM REQUIREMENTS

_ Backup Las=r
Transmitter - 1O Transmitter LO
650 mw 80 mw 650 mw 500 ww
TEM TEM TEM TEM

48] W 0 w
Linear Linear Linear ‘Linear
P(20), - P(16), P(20) P(16)
10.6 microns 10 microns ,
+100 XHz 30 4 0.05 MAz 4100 kHz from 30 +0.05 Mz
from line from line line center from line
center center ~ center

~- +1.1 Milz - +1.1 MHz

100 Kz, rms 10C kHz, rms 100 kHz, rms 100 kHz, rms
50 kHz, rms 50 kHz, rms 50 kHz, rms 50 kHz, rms
2.7 kHz, rms 2.7 Kz, rms 2.7 ¥z, rms 2.7 kKHz, rms
2, rme 0.3%, rms 2%, rms . C.3%, rms

15 microns

1 to & MHz

+0.1 db

1% aver 75%
of bandwidth

& microns

Table 5.2.2-1

6 microns

& microns
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TABLE 5.2.2-2

TRANSMITYRR-MODULATOR DESIGN PARAMETERS‘

Definiticn

Modulatér—apcrture size

Total modulator capacitance
Modulator-crystal capacitance

Stray wodulator capacitance

Bore diameter of tube -

Laser oscillation frequency = 2.8 x 100 Hy
Modulation freguency

Peak-frequency deviation at FM on transmitter output (4.0 MHz
maximum )}

Tube current

Efficiency factor for tube power supply

Efficiency factor for modulator driver

Laser-cavity length

Modulator-crystal length

Active length of tube

Refractive index of modulator crystal = 3.3 for GaAs
Modulator voltage

Tube voltage

Electro-optic coefficient = 1.6 x 10710 em/volt for GaAs

Table 5.2.2-2



Report No. 40%%, Vol. I, Part 1

TABLE 5.2,2-3%

VALUES USED IN POWER CALCULATION

Tube diameter o 0.L em X
Modulator aperture 0.3 cm
Modulator less 0.012 per cm
Modulation freguency _ 1.5 MHz
Modulator quiescent pOWer, 1.5 watts

Stray modulator capacitance T pf
Modulator-driver efficiency LA

Tube -power-supply efficlency 100%

TARIE 5.2.2-4

TRANSMITTER LASER DESIGN SUMMARY

Power output (TEMG) mode ) 0.70 watt (max)

Active length of tube 20 cm

Bore diameter of tube 0.4 em

Modulator-crystal length 2.0 cm

Modulator absorpiion loss 1.4%

Modulator aperture 0.3 cm (square)

Tube, power input | 26 watfs,.2.6 kv, 10 ma

Modulator, power input 6.5 watts

Ballasti volume 150 cc

Polarization Linearly polarized with Gals
Brewster~angie windows

OQutput-beam shape Round, 2.0 mn in diameter

Electrode configuration Heated nickel cathode, two anqdés

Tables 5.2.2-3 and -4
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TABLE 5.2.2-5

COMPARISON OF MODULATION TECHNIGQUES

Technigue

Amplitude modulation

Phase modulation
(external electro-optic
phase modulator)

Freguency modulation.
(internal electro-optic
phase modulator)

Notes

‘Sacrifices available carrier power whether in-
.ternal or external '

Large signal-level changes because of power fades
in atmospheric path '

Requireé that receiver local oscillator be phase -
coherent with carrier oscillator, which is diffi-
cuzlt at optical freguencies

Very large modulator fields required to producs
significant phase-modulation depth

Makes use of heterodyne detection with easgily
achieved AFC of iocal oscillators

Moderate electrical fields produce large modulsa-
tion depth

SBacrifice in available carrier power easily made
up in reduced modulator-drive power raguired

Table 5.2.2-5
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TARLE 5.2.2-6

Gafs MATERIAT PROPERTIES

Property Value
Mechanical
Density 5.3 g/cm5
Young's modulus 12.% x 106 psl
Etch-pit density 8.3 x 10" en™?
Thermal
Melting temperature 1240°C
Thermal conductivity 0.0885 cal/sec-em—oc at BOOOK
Linear expansion coefiicient 6x1ﬂ6fT
Specific heat 0.064 cal/en-°C
Electrical
Resistivity 7.9 - 7.6 x 107 chm-cm
Optical
Refractive index %.30 at 10.6 microns at %00°K
Electro-optical coefficient (yhl) 1.6 x 10710 cm/volt

TABIE 5.2.2-T

MODULATOR CEARACTERISTICS

Modulation depth 4,0 MHz for 270-volt peak

Temperature tuning effect 300 Miz/°C
Modulator-crystal capacitance 6.5 pf

Tables 5.2.9-6 and -7
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TABLE 5.2.2-8

MODULATOR/MODULATOR DRIVER SPECIFICATIONS

Output voltage
Load impedance
Input vdlbage
Power input
Quiescent
Maximum
Input impedance
Cain stability
Return loss

Overall modulator/driver response

" Freguency response

Group delay

Modulator linearity

Nenlinearity distortion of
synchronizing signal

270 volts peak
10 MQ.and 20 pf
1 volt +0.5 db

2.75 watts

.15 watts

T5 chms

+0.1 db for 24 hours
>30 adb

Y-MHz /volt input

1to 5.3 MHz
Reference Freguency Desipgn Goal Mimimum

1.025 MHz . 0db 0 @b
1.0 to 1.840 Miz +0.1db +0.25 db
1.8%0 to 3.3 MHz +0.2 db +0.4 ab

+0.2 ns/MHz slope
0.04 us/MEz® parabolic
0.6 naz peak-to-peak ripple

2% for center 90% of bandwidth
1% over 75%% of bandwidth

Synchropnizing pulses between .25 and
0.30 volt (measured at a point of O-db
ingertion gain)

Table 5.2,2-8, Sheet 1 of 2
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TABLE 5.2.2-8 {cont.,)

Toise

Periodic noise (ratio of peak-to-

peak picture signal ampliitude to

peak-to-peak noise amplitude)
Power-supply hum (including 38 db
Tundamental frequency and
low harmonics)

Singie-freguency noise be- 62 db
tween 1 kHz and 2 MHz

Single-freguency nolse he- he dp
tween 2 and 5 MHz

Input command . Gate on/off (0 40.5 volt to 5 +0.5 volt)
Size '. 5 x 35 x 2 in.
Weight 10 o=z

Table 5.2.2-8, Sheet 2 of 2
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l_LDI:AL OS5CHLATOR ASSEMBLY

LASER SUBSYSTEM

PROPOSED LASER SUBSYSTEM BLOCK DIAGRAM

Migure 5.2.2-1
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Metal=-Ceramic 002 Laser Tube which Passed LCE

Qualified Level Vibration Tests

T axed ‘I °*ToA ‘¢ofy *oN 3xodsy



Report No. 4033, vol. I, Part 1

CAvITY LOCAL OSC. -—
TUNER LASER
INCOMING 10. -
S1GNAL
e FREQUENCY
t—{  DISCRIMINATOR DETECTOR

AMPLIFIER ‘

(f, = 30 MHz) ﬂ

AFC Stabilization by Heterodyne 'I'echnique'

Figure 5.2.2-3
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Heterodyne Frequency Versus Time for TO-Watt Laser

Beating with Stable Reference Oscillator

Figure 5.2.2-4

C3
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Beating with Stable Reference Oscillator with ARC

Figure 5.2.2-5
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"GALLIUM ARSENIDE MODULATOR
OPERATING AT BREWSTER'S ANGLE

FiguI'e 5 L] 2 . 2"6
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CASE | STRAIGHT-THROUGH MODULATOR WITH
ANTIREFLECTION COATED ENDS

L / o
o ——
——S e — Tt :
4 <, S CAPACITANCE =C
AN Ly DRIVE VOLTAGE =V

DRIVE POWER =P

CASE 2 BREWSTER ANGLE MODULATOR {HIGH VOLTAGE)

CAPACITANCE = C/ 3.44
DRIVE VOLTAGE = 344 V
DRIVE POWER=344 P

CASE 3 BREWSTER.ANGLE MODULATOR (HIGH CAPACITANCE)

CAPACITANCE = 3.44C
ORIVE VOLTAGE =V
DRIVE POWER = 3.44p

Electrical Characteristics of the Straight-Through and
Brewster Angle Geometrics for Gallium Arsenide

Figure 5.2.2-T
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Laser Subsystem Breadboard Electronics Package
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Figure 5.2.2-9

Laser Subsystem Breadboard Electronics (Cover Removed)



0T=2*2c*S LaIn3Td

Breadboard Transmitter Laser
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Output

End of Transmitter Laser Showing Expansion Optics and Wavelength Selection Optics
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Breadboard

Local Oscillator Laser Showing Removeable Mirror Adjustment Jig
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Tocal Oscillator Grating Mount Showing Internal Grating
Mounted on Circular Bimorph Transducer
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POWER FLOW IN THE TRANSMITTER
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Figure 5.2.2-1h4
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Gallium Arsenide Modulator Crystal

Flgure 5.2.2-20
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Figure 5.2.2-34

OPTICAL PATH WITHIN CAVITY
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5.2.3 Radistion Cooler

The discussion of the radiation cooler that follows: (a) provides
a general description of the cooler; (b) discusses the requirements imposed
on this assembly; (c) highlights all the trade studies that led to the

proposed design; and (d) presents a detailed discussion of that design in terms

of -meeting the requirements.

J The mixer detector of the ICE must be cooled to approximately
100°K to ensure proper and reliable performance of the experiment. This
low temperature must be maintalned in a geosynchronous satellite space
environment for a period.of at least 2 years. This length of time, coupléd
with power, vibration, reliability, and weight considerations associated
witn the ICE, precludes the use of closedwcycle, open-cycle, or mechanical
coolers and leaves only a passive cooler as the possible mechanism for

cooling the mixer.

In designing a passive radiator, the attempt is made to minimize
heat inputs to the radiator, and to maximize heat transfer from the radiator

to space. Sources of heat that must be considered include:

® Direct and reflected solar energy
. Barthshine and albedo
. Heat conducted through

- Insulation barriers
- FElectrical wires
- Supports

® Infrared radiation from

- Protective sunshade
- ICE
- ATS

The pfoposed radiation cooler design meets all the reguirements
outlined in Paragraph 5.3.2.1. The predicted temperature cycle of the .
radiation cooler during the year is presénted in Figure 5.2.3-1, the extremes
sre 98°K guring winter solstice and 116°K during summer solstice. The

uncertainties associated with these temperature predictions are i}OOK. These

5.2:5=1
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uncertainties account for inaccuracies in the analytic techniques, inaccuracies
ﬁn available information on thermophysical properties used to construct the
radiation cooler, a lack of precision in the environment's definition, etec.
Detailed trade studies were conducted prior to the selection of the proposed
design. These trade studies have indicated that this design is an optimum for
the ICE. Although the cooler did not meet the initial design goal of 100 iﬁoK,
it comes closest to fulfilling this requirement. Because the design goal was
not reached, the specification %o SAT on the flight mixer assembly units had
to be changed. The implications. of this change for the system are described
in other sections of the report. If the volume constraints placed upon the
radiation cooler were lessened, then it would be possible to lower the tempera-
ture and more clogely approach the original desipgn goal. UNo other passive
radiation cooler type can come as close to meeting the design goal. A4An
additional advantage of this cooler is‘that the sunshade can be removed

without altering the alignment of the detector and radiator. This facilitates
integration of the LCE into the ATS spacecraft. Many of the design features
associated with the radiator cooler are essentially state of the srt. An
extensive development program is underway to ensure that the proposed design

is suceessfully transformed into successful hardware. Work to date indicates
that this transformation can be successfully completed at Aerocjet within the
schedule constraints of the program. The details of this program are presented

in Section 5.3.3.

The cooling system proposed for use on the LCE is presented in
Figure 5.2.%-2. Before going into the details of the requirements, analysis,

and design, a brief description of the radiator cooler is given below.

The radiator and sunshade are dindividually attached to the LCE by
low=conductance ball/spring mechanisms. The radiator, sunshade, and sunshade
radiator flange, or lip, are all symmetric about one axis and are all backed

by super-insulation:

5.2.3-2
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SUNSHADE

DETECTOR

RADIATOR

8" 54'

+Z
( EARTH)

-Y
( NORTH)

LCE
STRUCTURE

LiP

The detector ias attached to the back of the radiator. The
radiator's front face has a view to space and the sunshade. The radiator is
a flat disc, the radiating diameter of which is 6.4 in. and the axis of which
pointe 8 degrees 5k minutes of arc dan, toward the +7 axis (earthward) from
the -Y axis (north). The sunshade is an ogival surface of revolution with a
constant redius of curvature of £3.384 in. in any plane of the axis. The
sunshade's diameter, vhere it meets the 1ip, is 9.56 in. The axial length
of the sunshade is 7.362 in. The sunshade radi;tor flangs or lip is a flat
surface of revolution, the inner diameter of which is the game as tLhe outer

diameter of the sunshade, and the outer diameter of which is 15.56 in.

Figure 5.2.3-3% presents the maxirum and minimum temperatures of the
radiater as a function of the width of fthe sunshade lip for the two orbital
extremes, the summer and winter solstices. Volume limitation imposed by the
ATS spacecraft design constraints brecludes having a lip the width of which

is much in excess of 3 in.

The exposed surfaces of the radiator and 1lip are covered with
second-surface mirrors. The sunshade's exposed surface is vacuum-deposited
gluminum over electroless nickel which is applied to an aluminum structure

0,060 in. thick.

5-2.3=3
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A description of the mounting system follows:

SPRINGS

ARD STEEL
BALLS

ALUMINUM
SUNSHADE
* MAGNESIUM | e
RADIATOR R

45° CONTACTING
FACES - HARD
STEEL

DETECTOR

SUPERINSULATION

BERYLLIUM
BASE

A3511:70-1815

The radiator and sunshade are each attached separately to an outer
ring. At the temperature associated with vehicle launch, 5OOOK, the radiator
cand sunshade are each in tight mechanical contact with the mating ring along
their hSO glopes. This provides mechanical support to withstand the loads
associated with launch. Once in orbii, the sunghade and radiator cool down
considerably and contract inwardly, away from the support ring. They are
each then held accurately in place by three hard-steel ball/épring sets that
provide sufficient load carrying éapability to handle orbital maneuvefs, yet
allow only a small heat flow. They are designed to maintain detector alignment

within the required tolerances for efficient cperation.
5.2.3.1 Requirements

The following is a listing of requirements for the radiation
-cooler:

1. ~ The LCE passive radiation cooler will be designed to keep
the temperaturs of the recelver detector within the
temperature range of 110 + 15 °K throughout the entire first
2-year period of on-station operation

2. The passive radiator will be designed such that sunlight

can impinge normally on the radiator for a sufficient period
of time such that steady~-state temperatures are achieved.

5.205-]"'
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During this time, the maximum temperature of the radiator
shall not be sufficient to cause damage to the receiver
detector

3. The radiation cooler must not exceed the volume envelope
presented in Figure 5.2.3-4

L. The radiation cooler will be designed to have minimal
weight. As a design goal, the weight will be less than
5.5 1bm

5. The design will facilitate integration of the ICE with the
ATS spacecraft. In particular, it must be possible to
install the ICE without disturbing the alignment of the
mixer detector

6. The radiation cooler and sunshade will be designed to
survive the radiation and accelerate environments presented
in NASBA Specification S320-ATS-2B. Both sinusoidal and
random vibration mist be considered.

7. The radiator will provide & mounting surface for the ATL
mixer assembly

8.  The alignment requirements for the detector and imaging
optics are presented below

L.0. BEAM

A

g -

RECEIVED BEAM - |

Assume the Local Oscillator and recelved 51gnal beams are
_combined as shown above

Detector-Mixer

ox +0.005 inch
Y +0.005 inch
Az, +0.010 inch
00 +2°

AL (Distance between optics and detector) - +0.010

ﬁ&é of the imaging optics is dependent on the length L and
&z of the detector-mixer.
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To meet these requirements, a detailed analyfical design, and
development program wad initisted. Details of that program are summarized

in the following pages.

5.2.3.2 Trade Studies

5.2.%3.2.1 Cooler Types

At the beginning of the ICE Program, Aerojet initiated a detailed
investigation of all passive radiation coolers which might be used to cool
the mixer/detector. Work performed during the proposal and on other Aerojet
contracts had irndicated that power and reliability considerations precluded
the use of active refrigerators to obtain the required temperature of approxi-
mately 100%K. To begin the investigation, the Asrojet technical library
conducted a detailed survey to gather all literafure, both classified and
unclassified, that had been written on the subject of radiation coolers (see
references 5.2.%-1 through -12). This survey indicated that most of the work
on radiation coolers had been done by the following four companies:

8. Arthur D. Little {ADL), Cambridge, Massachusetts

b. Philco-Ford, Palo Alto, California

Cs Hugﬁes; Santa;Barbara Research Center fSBRC), California

e ITT Industrial Ieboratories, Fort Weyne, Indiana.

After scrutinizing the literature, members of the Aerojel technieal
staff contacted the above mentioned companies to solicit their advice and
opinions. In all instances, the assistance that these companies provided was
beyond that initially anticipated. Aerojet wishes to acknowledge this help
and to ocpenly thank all the contributors.

This background, coupled with Aerojet's own extensive experience
in the analysis of radiation coolers, provided the bases from which the

candidates fTor the trade study were selected. These candidates were:

® Statked radiatcr - single sunshade (Figure 5.2.3-5)
. Single radiator stage - multiple sunshades (Figure %.2.3-6)
® ' Single radiator, single sunshade (Figure 5.2.3-7)

5.2.5-6
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Parameters that could be varied in each of the above designs were the size of
the radiator, the shape and size of the sunshades, the tilt angle with respect

Lo the spacecraft, the sunshade cone angle, and the thermal control coatings.

The first configuration that was examined in detail after the
contract award date was a stacked radiator with a single sunshade. This was
egsentially the concept presented in the Aerojet proposal. As stated in the
proposal, Aerojet had analyzed and tested a portion of this design and the
results appeared to be quite favorable. During the testing, the effect of
the sun on the cooler's performance was not emprically determined because
faecilities which are adequate for this type of testing are not available
anywhere in the United States. The fact that the values for solar input were
not checked again during the proposal, either by analysis or test, proved to
be quite critical, since a calculation error was made. Appendix I presents
an internal Aerdjet menmorandum that discusses the analysis of the proposal
design subsequerit to the program start date. As indicated in the analysis,
the performance of the proposed design was quite sensitive to changes in the
specularity of the sunshade's inner coating. However, to a lerge degree, the
preblem of sPeculafity_could be alleviated by using second-surface mirrors on
the outside surftace of-the radiator. The proposed design, as modified by
subsequent design analysis (Figure 5.2.5-5), still had problems that nade
further investigation of alternate designe attractive. Some of these provlems
are itemized below:

d. Mpunting second surface mirrors on a radiator stack would
be exceedingly difficult

be. Alignmeﬁt of the detector would be gquite difficult

Ca IR input from the sunshade was significant enough to
negate the advantages of a radiator stack. There was
essentially only a 1 K or 2°K temperature difference
between each radiator stage

d. The volume required by this system was larger than that
allotted by NASA ai interface meetings held in February 1970

Qe The maximum radiator temperature for a design which had
(i) second-surface mirrors on the radiator, {ii) 98%
specularity for the sunshade coating, (iii) a second
surface mirror cooled sunshade, and (iv) two radiator
stages were 112°K. This was far in excess of the Asrojet
design goal of 90°%K. Aerojet hoped o obtain this design
goal so that there would be a good margin of safety in the
design and so that heaters could be incorporated to control
the temperature of the mixer detector to a value of 100 iﬁoK

D+2:3=7
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n On 22 January 1970, a member of the Aercjet Thermal Design Group
viéited Phileco-Ford, Palo Alto to discuss in detail their work on a TTOK passive
radiator. A summary of this meeting is presented in App%ndix J. BSubseguently,
Aerojet began a detailed analysis of a radiation cooler with one radiator stage
and two sunshades. This configuration is presented in Figure 5.2.3.6. The

advantages of the two sunshade configurations are:

a. . The inner sunshade blocks a large portion of the solar energy
which is diffusely reflected from the outer sunshade. The system is designed
s0 that direct solar irradiation of the inner sunshade is impossible. There-
fore, the need for a high degree of specularity on the inner surface of the
sunshades is reduced. A coating the specularity of which is as low as 90% would

be quite acceptédble with the double sunshade design.

b. A major source of heat input to a radiétor which has a single
sunshade ig direct infrared radliation from the sunshadefl Because the inner
surface of the sunshade ig a polished metal which acts as a solar absorber
(O:S/e: > j), the sunshade's temperature can get as high as 261°K. At this
temperature, approximately ho% of the total heat input to the radiator arrives
via direect radiation from the sunshade. With a double-sunshade design, this
heat input can be reduced signhificantly. The inner sunshade can have its own
radiator to coollit. The inner sunshade is designed to block IR radiation from
the warm‘outer sunshade. Therefore, the total heat input to the radiator is
reduced significantly. With thﬁs design, a maxi&um radiator temperature as
low as 100K can be achieved. However, there was a volume design constraint
imposed by the ATS Program Office that precluded use of this design. This
constraint stated that the portion of the radiation cooler assembly that extended
outside of the package must entirely it within the envelope presented in
Figure 5.2.3-L. When this constraint was placed on the double sunshade configura-
tion all of its advantages disappeared. The height of the inner sunshade
beéame so small that its benefﬁ%s were hegligible. This design when placed in
the allowable volume had a maximun detectar temperaturé of 114%K. This led +o
the investigation of a radiator design that was based on the concept of 4

gingle-radiator stage and a single sunshade.

Figure 5.2.3-7 presents a schematic of the final confipuration
analyzed - the single-stage radistor with one sunshade. A detailed drawing of

!
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7

this design is.shbwn in Seetion 5.2.3.4.1.3-3. There are many design variables

which can be altered to achieve an optimum design. Bome of these variables

include:
® Sunshades size and shape
o  Type and location of thermal control ccatings
. . Position of tie LO optics '
® Type of supports for the radiator and sunshade

The results of the analyses performed in each of the above-mentioned areas

will be discussed briefly below:

h.2.3.2.2 Sunshade Geometry

The purpose of the sunshade is to prevent solar energy from
impinging on the surface of the radiator. It is algo to prevent thermal energy
(either reflected solar or emitted infrared) coming from the ATS solar panels
and antenna from impinging on the radiator. It was determined quite early in
this effort‘that the optimum shape for the radiator would be a surface of
revolution. It was believed that this design could be more readily fabricated
than one that employed flat plates, or that had corners, which could possibly
act as radiastion traps. In addition, an ansziysis of the orbit plane, altitude,
znd satellite dynamics indicated that a surface of revolution would be pre-
ferred due to symmetry. The first shape considered was a conical sunshade.
Figure 5.2.3-8 presents the two limiting design approaches for a sunshade of
this type. In Bhade A, the meridional solar ray is reflected back on itself.
In Shade B, this ray 1s reflected horizontally. This latter design will have

a smaller envelope than the one presented as Shade A.

A detailed heat balance of the radiation cooler with the two-
bounce sunshade presented in Figure 5.2.3-8 indicated that 49% of the total
energy transferred to the radiator arrived via infrared radiation from the

sunshade. It was obvious that there were three ways to reduce this heat input:

° Lower the emittance of the sunshade codting
. Lower the temperature of the sunshade
L) Reduce the emitting area of the sunshade

5.2.5-9
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The-first two items will be discussed in a later section of this
report; the third item, reducing the emitting area, which bears directly on
the sunshade's size, shape, and contour will be dealt with here. When con-
sidering the requirements for the sunshade, it 1g obviocus from a thermal design
standpoint. that the full frustul of a right ciroular cone is not needed. As a
minimum, the cone could be scarfed, as shown in Figure 5.2.3-9a, to reduce the
radiation area.-'Hoﬁever, even this design can be improved upon, since there
remains a significant amount of area that can be removed and still meet the
requirements impoged on the sunshade. Aerojet thermal design perscnnel wrote a
computer program to determine the ghape of a conical sunshade which had minimal
surface area. That design is presented in Figure 5.2.3-9b. Analytically, this
degsign was far superior to the full-cone design, since its radiator temperature
remained within the range of 959K to lOBOK, while the full cone had a radia-
tor the temperature of waich was in the range of 989K to 114%K. Because of the
aforementioned volumme constraints placed on the radiaftor assembly by the ATS
Cantractor, the conical sunshade coculd not be designed to meet the requirement
of succegsful performance when the spacecraft was slewed i}OO. The previously
discussed conical sunshades were designed to function when the slew angle of
the ATS was i}o. This was a serious disadvantage with the conical design. TIts
principal advéntage was that manufacturing facilities are more familiar with
constructing conical surfaces of revolution than other surfaces. One exception
“to this rule was the shaped conical sunshade. The polishing of such a sunshade
would have been extremely difficult. Further analysis of the sunéhade, aimed
at finding the shape that would provide optimum performance, led to the pro-
posed design. A detalled discussion of the wineglass sunshade is presented in

a subsequent section of this report.

5.2.%.2.3% Thermal Control Coatings

A detailed coating investigation was conducted to determine the
optimum coating for the inside surface of the sunshade. The reguirements for
the coating were that it be highly specular (y > 98%), have a low total
hemispherical emittance (e < 0.05) and a low solar absorptance (as < 0.16).
The coatings investipated include gold, silver, enhanced silver, and aluminum.
Of these coatings, alumiﬁum was selected because it met all of the above

criteria and test and flight data on this coating's behavior in the natural

5.2.3-10 \
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environment of a synchronous satellite far exceeded the data available for the
oﬁher coafings.‘-Dbcuments referred to in this literature search included
References 5.2.3-13 through -24. Table 5.2.3%-1 presents values of sclar
absorptance and emittance for the candidates. The discussion below summarizes

advantages and disadvantages associated with each candidate:

Gold

7 Gold coatings have been used extensively on spéce vehicles. The
coétiﬂg is extremely stable and, when placed on a properly prepared substrate,
will provide the required specularity. However, a review of Table 5.2.3-1 will
indicate that the solar absorptance of this coating exceeds that_of any of the
remaining candidates and, indeed, is out of the specified range. Therefore,

gold was dropped as a candidate.

Silver

From a review of Table 5.2.3-1, it is evident that, next to
enhanced silver, pure silver is the second choice for the sunshade coating.

However, silver quickly tarnishes, and the values of as and e¢ for the degraded

coating are unaccepitsable.

Enhanced Silver

The most attractive coating from the standpoint of us and € is
enhanced silver. However, there is no data on how this coating will perform
in the spéce environment of a geosynchronous satellite. Because the radiator
must maintain the te@perature of the mixer detector at, or near, 100% for a
minimum of 2 years, the stabllity and reliability of the thermﬁl control
coating must be nbt only well understood but also high. There is insufficient
data on enhanced silver to allow one to select 1t as the prime candidate
coating for use on the LCE. An extensive combined-effects test ﬁrogram would
have to be conducted before this coating could be recommended for use in the
design of the ICE. This test program would require at least 4 monthsz of
actual test time_aﬁd at least $100,000. If this coating were used instead of
alumihum.(the prime candidate) in the proposed design, then the radiator's
temperature would be in the range of 96°to 110K rather than 98%to 116%K.

3
3
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Aluminum

The prime candidate for the coating on the inside of the sunshade is
aluminum. Details on the application procedure are cutlined in a subsequent
section of this report. The aluminum cannot be covered with either a MgF or
an 810 protective coating, since these coatings will increase the emittance
(¢ ) beyond acceptable limits. Therefore, the sunshade cannot be readily cleaned
if water or volatiles condense on the coating. The only cleaning that can be
done is to remove particulate contamination by blowing dry alr or nitrogen gas

acrogs the surface.

To lower the temperature of the sunshade, 2 decigion had to be
made on what thermal coatings should be used and where they should be applied.
It was obvious that the temperature control coatings would consist of a combina-
tion of mplti-layer or superinsulaticn, and second-surface mirrors. For the
fifst iteratiocn, seéond-surface mirrors were placed over the entire outside
gsurface of the sunshade. This proved unattractive for at least the following
two reasons: |

® The sunshade's external surface would have to be multi-

faceted, since second-surface mirrors can only be mounted

on a flat surface. This would increase the weight, manu--
facturing complexity, and cost of the sunshade

® The IR exchange between the north wall of the ATS and the
sunshade was excessive when this design was considered.
Because of this high heat input to the sunshade, its
Temperature was excessively high
The second arnd final design for the thermal contrel coating scheme
for the exterior of the sunchade uses superinsulation to isolate the sunshade
from the ATS and the LCE. A radiator flange or 1ip is placed at the outer
edge of the sunshade. This flange is covered with second-surface mirrors.
Thése mirrors are extremely stable in space and they have the required thermo-
physical properties: low solar absorptance (as-i 0.06) and high infrared
emittance (e > 0.77).

Further details on the thermal control system of the proposed

design are presented in a subsegquent section of this report.

o {52312
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5.2.3.2.4  Position of ILocal-Oscillator Imaging Optics

Of critical concern early in the design of the radiator was the
quEstlon of whether ‘or not to support the local-oscillator (I0) 1mag1ng optics
on the radiator. The answer to this question was, of course, tied gquite closely
to the problem of detector alignment and radiator supporf. There were obvious
advantages to mounting the imaging optics on the radiator; including:

® The requirements for alignment of the detector relative to

the LO beam would be alleviated. With this design, the

optics would be fixed relative to the detector and any move-
ment of the radiator would move the detector/optics combina-
tion through a collimated beam from the I0. This beam would

e of sufficient diameter so that it filled the optics
aperture at all times

. Because the optics and detector were mounted closely together
the ability to position these elements relative to one
another would be facilitated

However, there were important disadvantages which moré than

counterbalanced the above advantages. Two principal disadvantages of mounting
the imagipg optics on the radiator are increased heat load and th¢ impact on
support design. The heat load cannot be held té managegble levels with warm
imaging optics. Even with a cold leﬁs, an additional 10 mw of radiant input
to the leng from the sﬁrrounding warm surfaces can be expected. This is a
substantial fraction of the 13%0-mw total being dissipated by the radiator and

would result in a 29K increase in radiator temperature.

To mount the imaging lens from the radiator requires it to be
cantilevered off of the detector/mixer mount. This increases the moments at
the radiator supports during launch, and reguires a more massive support
mechanism, resulting in higher heat loads to the radiator during initial

cooldown.

To make a final decision on whether or not to éhpport the optics
from the radiator, a detailed rgview Was made‘of the alignment requirements.
A description of the-positionalatolerances to e emplcyed during the design of
the detector-mixer and its imaging opticg &re given in the requirements, in

Section 5.2.3%.1.
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With this information, the decision was made to mount the imaging
optics separately from the radiator. This decision was based on calculations
of expected movements of detector/mixer and imaging opties, and of allowable

positiconal tcelerances to ensure acceptable focus.

5.2.3.2.5 Radiator and Sunshade Supports

The trade study to cetermine the optimum gupport scheme for the
radiator and sunshade is still in progress. A discusslon of thig effort is
provided in Seetion 5.3%.3.1 of this report. Of primary concern with this
design is the fact that it is highly desirable to mount the sunshade and
radiator separately. All-of the systems presently under consideration at
Aerojet allow the removal and installation of the sunshade without disturbing
the radiator's alignment. Becaase of the size of the ICE transceiver, and the
gize of the installation port of the ATS Spacecraft, it would be impossible.to
install the ICE while the sunshade was mounted. If the radiator was attaéhed
to the sunshade, then the entire agsenmbly would have to be removed prior to
mating the LOE with the ATS. The radiator/sunshade would then have to he
accurately aligned with the LCE on the spacecraft. This would be extrenely
difficult, if not impossible, since it would regquire that the detector be
cooled to operating temperature and that the signal cutput level from the
detector be used as a measure of alignment. It is much more attractive to
glign the detector tc the optical aystem at Aerojet and not alter it subse-
guently.

An additional advantage of a design which allows mounting the
sunshade and radiator separately is that, once the electrical connections
between the preamplifier and detector, temperature sensor, and its electronics,
ete., have been made and cheéked‘out, they need never be broken. Mounting the
radiator to the sunshade would force the disconnection of the electrical

connections each time the radiator assembly was removed.

5.2.3.3 Computer Programs Utilized in the Analysis

Two computer programs are available at Aerojet to perform the
thermal analysis of the LCE radiator/sunshade: the Monte Carlo program, and

the steady-state program.
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2.2.3.53.1 Monte Carlg Progras

Monte Carlo is a technique by which radiant shape factors from one
surface to another can be determined and interreflections between a group of
surfaces can be calculated. It is the most powerful toél available for
accurately simulating a problem involving radiant. exchange between several

surfaces and space.

The technigue consists of choosing cne surface as an emitter.
From points on this surface, rays are emitted. Fach ray is followed through
the gystem to determine which surface it sgtrikes first. The ray is then either
reflected back into the systen br abgorbed, depending upon the reflectance of
the surface. Continuing in this way, each ray is followed through the system
until it is finally absorbed. BSpecific points and directions of emigsion or
reflection, and the absorption or reflection of a ray are determined by the

selection of random numbers weighted by the properties of the surface involved.

A computer program exists at Aercjet to accomplish this calculation,
and the final cutput of the program is a list of blackbody shape factors from
the emitter to every other surface, as well as absorption factors for each
surface. Options to the program allow both specular and diffuse surfaces to
be used, provide biasing advantages to speed the computations, and give the

capability of incorporating rotating surfaces.

Another impcrtant option provides a means of determining solar
shape Tactors to each surface by introducing an artificial sun. The 1/20
divergence angle for the sun's rays can be included, sc that it is noit necessary

to assume that the sun is a polint sourcé.

This program is used as a preliminary step to calculatiéns‘in orbit.
It is an important first step in the analysis because with it, an accurate
representation of reflected and interreflected external, as well as self-
emitted energy, is pbssible. The effects of spectral surfaces can be included,
as well as partial diffuseness of primarily specular surfaces. With the small
loads and low temperature involved in the proposed passive radiastor, small
increases in energy flow can result in large errors in predicted radiator
temperature, thus making the Monte Carlo determination of radiant interchange

factors egsential.
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The Monte Carlo program was developed in-hougse with Aerojet funds

and iz considered to be a unique proprietary tool.

5.2.3.3.2 Steady-State Program (5058)

This program evaluates the steady-state temperature and heat fluxes
for a thermal nétwork.consisting of 1lsothermal nodes. The Gaussian reduction
solution technique (ﬁatrix triangulation) is employed for the simultaneous
eQﬁation solution. " This prograﬁ handles heat flow via conduction, radiation,
convection, and mass transfer, along with external and internal heat genera-

ticon.

5.2.3.0" Proposed Design

5.2.3.4.1  Preliminary Mechanical Design

5.2.3.4.1.1 Radiator Design

The radiator is a 6.4-in.-dia circular plate covered with back-
surface mirrors. This 1s the largest size radiator which, when combined with

the required sunshade, fits within the available envelope.

Back?surface mirrors cover the radiator surface 4o provide a low-
solar-absorphance (QE < .06), high-infrared-emittance (e > 0.8) surface. This
minimizes the amount of solar energy which is diffusely reflected from the
sunshade and absorbed on the radiator, while still maintaining the high heat-

radiating properties needed for an efficient'radiator.

The detector/mixer subassembly is mounted at the center of the

radiator.

5.2.3.4.1.2 ATL Interface

A boss at the center of the radiator provides the mounting surface
for the detector/mixer subassembly. OSurface finish and flatness of the mating

surfaces are important to minimize the temperature differerice across the Joint .

Iwo major sources of heat input to the subassembly are conduction
éiong the coaxial lead and radiation from the local-oscillator beam. Iead
coﬁﬁuctibn is minimized by proper selection of lead material and length. Beam
radiation is minimized by coating the germanium window to admit energy only in
a narrow bandpass centered at i0.6 microns and by reflecting a major part of

the energy that enters the detector housing back out the window.
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i

5.2.5.&.1.5 Sunshade Design i

A sunshade is reguired around the radiator because the radisator is
on the north face of a satellite in a geo-synchronous equatorial orbit (Figure
5.2.%-10). Its position on the spacecrafi ig shown in‘Figure 5.2.%-11 (this
is a copy of G.E. Dwg. SK-56177-102). Sunlight directly iiluminates the north
face from the vernal to the autumnal equinox. Even though the solar absorptance
of the radiastor is low, radiator temperatures in the 100 to 1250K region are

impossible without shading.

The shade also protects the radiatof_from a direct wiew of the
satellite antenna and solar panel, since these are warm surfaces and diffuse

reflectors of solar energy.

A truncated ogive, or "wineglass," shape was chosen for the sun-
shade. It provides maximum shading for minimum size and weight. The internal
surface is highly specular to minimize diffuse golar refleciion toward the
radiator. The shield is thermally isolated from other satellite structures
to enable it to be as cold as possible, thus minimizing infrared radiant-heat
input to the radiator, which is the largest single source. of heat to that

component .

Sunshade temperature is controlied by a circumferential radiator
flange or llp cn the outer edge of the sunshade. This lip is also covered with

back- surface mlrrors 1dentlcal to those used on the radiator.

The sunshade 1s shown in Figure 5.2.3-12.
i

i

5.2.3.4.1.% Supporf Design

The support mechanisms for both the radiatér and sunshade are
designed to provide good thermal isclation in orbit when these components have
cooled, vwhile providing good mechanical support during launch when they are

tlll warm. The same type of support is used for both components. They are

shown in Figure 5.2.3-2,

Basically, the orbit support consists of three spring-loaded balls
resting in bardened steel sockets. This provides a minimum number of support

points and minimum contact area at each point.
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: The launch support consists of circumferential contact -arcund the
outer edges of the radiator ant. sunshade. In orbit, the radiator and sunshade

cool and contract away from the supporting members, bresking their contact.

5.2.3.4.2 Assembly

A principal advantage of the Aerojet radiator/sunshade design is
the result of tﬁe feature of having the sunshade a separate component from the
radiator. The entire experiment package can be assembled, aligned, and tested
without the sunsheade. Becauge of the critical nature of the sunshade surface,
it must<be protected. The Aerojet design allows it to be treated as a separate

iltem until final integration with the ATS spacecraft.
5.2.3%.4.3 Integration

The LCE package will be integrated with the ATS spacecraft in the
foilowing manner. The assembled package, without the sunshade, will be
inserted into its berth in the ATS EVM and bolted into place. After alignm§nt
ad justments have been made, the sunshade will be assembled into place on the
ICE. The‘protectivé covering over the sunghade need not be removed until this

Tinal integration operat ion.

5.2.3.4.4  Bunshade Shape

The size of the sunshade is determined by the diameter of the
radiator; by the subtended angles to the highest point on the solar panel, and
to the highest sun position (assuming the sun to be directly opposite the
antenna/solar panel ); and by the sunshade's interior shape. The radiator
diameter (6.4 in.) is the greatest diameter that will allow the sunshade/
radiator combination to fit in the required space volume. This volume is
congtrained by the following requirements:

. The radiator assembly must remain clear of the ATS/F-G sclar
panel launch support adapter

‘ ¢
. It must not extend beyond the size of the LCE box's north
face, 20 inches x 22 inches (Figure 5.2.3-4 defines the
volume within which the radiator assembly must be contained )
The subtend angle for the sun's worst pogition is 23-50 at summer solstice,
plus a 1Q° slew angle which the ATS/F-G could make; therefore, a total angle of

35.50 is required. The larger subtended angle made between the solar panel
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and the antenna is obviously the solar panel (Figure 5.2.3-11). This angle is
defermined by the dimensions given in the G.E. drawing; the angle was found to
be 51.3°, i '

A primary consideration in regard to the sunshade shape‘is the
ability to manufacture the desired shape. With this in mind, it was decided
to'tilt the radiator/sunshadg so that the sunshade could be a simple surface
of revolution (Figure 5.2.3-i2). For a symmetrical sunshade, the differencé
of [1800 - (51.3 + 35.5i] mist De bisected to determine the tilt angle. Thus,
the radiator plus shade must be :ilted 8.9° (Figure 5.2.3-13).

With the radistor tilted 8.9° and the center located on the optical
axls, extreme rays to the sun and to the solar pasnel's uppermost point are
shown in Figure 5.2.3-1k. The shape of the inner surface of the sunshade is
then drawn, and the intersection of the extreme rays and the sunshade inner

surface défines the height of the sunshade and its lérgest inner diameter.

As stated earlier, the "wineglass" shape wags chosen because it
has thc smallest weight znd vo{ume. Thecoretically, the wineglass shape works
in the following manner (Figure 5.2.3-15): all solar energy impinging on the
interior surface at angle equal to 42.4° (the extreme ray angle) will be
refiected specularly to a point at the radiator's lower edge, diametrically
opposite the 1lluminated portion of the sunshade. However, to prevent a local
ho£ gpot in the shade, the curvature of the wineglass was altered to focus
energy to a point séveral inches beyond the radiator's lower edge, in the
radiator plane. The energy reflected from this focused zone on the sunshade

interior is then be reflected directly to space.

To define the wineglass shape, the following formulas. are employed:
! oAy = -1/ons (Figure 5.2.3-16)

v = (X + 2R) tan &
ar

y+Aay = (X + X + 2R) tan (5 + A8)
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Solving for Ay gives:

-1 T+ AY -1 b4
m“l/?[tan X+ X + e o x—:—eﬁ]

| This expression can be solved by Ffinite differences from initial values for Xo,
YO. A tabulated ligt of peoints are presented }n Table 5.2.3-2. Since it is
costly and difficult to machine and lap the surface described apove, it was
decided to replace.the exact wineglass shape with & cirecular are which would

go through X , Y and X, Yy (Figure 5.2.3-16) and have the same slope at

XO, YO as the wineglass. (Note the critical area for gurvature is the first

few inches of height above the radiator.)

Such a calecwlation was performed and led to the following results:

X' = -21.781 in.
Y' = 8.507 in.
. R = 23.38)4 in.

where X' and Y' are the center of the cirvcular arc as measured from the

coordinate system presented in Figure 5.2.3-16.

The area of the "wineglass" sunshade was determined by area

integration (refer to Figure 5.2.3-17).

Jre R (Rsin ¢ - XO) ag ae
l ' -

]

whére

| A = area, in.?
R = radius of curvature for ogival surface, in.
© = polar angle, radians

S
I

azimuth angle, radiansg

X, = distance of center line from center of ogival curvature, in. J
)
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Substituting
'R = 23.38 in. |
XO = 18.58 in.
— s}
¢l—69
_ 0
o = 87.1

an area = 198 in.2 is obtained. This was required for the radistion inter-

change analyses whikh are described in following sections.

5.2.%.5 RadiatorthAnalysis

All radiation intérchange Tactors (Bij) to the‘environment from
the radiator and sunshade in the solar wavelength region and infrared wavelength
region were determined by the Monte Carlo radiant interchange computer program
used in conjunction with an IBM 360/65 camputer. (Bij factor represents the
Traction of radiant: energy leaving surface I that is absorbed on surface J,
and it accounts for shading of one surface by another, both specular and
diffuse interreflections, surface emittance characteristics, and the geometry
of the problem.) The radiator was represented by é disk, the. sunshade by a
‘cone (because the wineglass shape is so shallow a cone is a good approximation),
the sunshade radiator flange or lip by a disk, the antenna by'a spherical cap,
and the solar panel by a quadrilateral. The antenna was considered as an
opaque -surface in all Monte Carlo computer cases. Radiometric properties for
the solar panel and antenna are presented in Table 5.2.3-3. The antenna and
golar panel of the spacecraft were oriented in the computer program, as shown
in Figure 5.2.3-1lt. The radiator and sunshade were tilted 8.9O away from the

antenna solar panel, as would be the case in the flight item.

In order to accurately evaluate the amount of diffusety reflected
solar energy from the sunshade interior to the radiator, the following approach
was taken (the Monte Carlo cbmputer program was used in this analysis). The
shade was c¢onsidered to be a diffuse body. The thermophysical properties of
the coatings in the solar spectirum were used for both surfaces. The Bij Was
cbtained between the sunshade interior and the radiator. This Bij was then

psed in the following formula:

i
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+

- O -
Qg = 87p (1 - 0 ) &y Fgp (7) By,
where 2
QRS = diffusely reflected solar energy, watts
. i 2
S = solar constant, 0.1k watts/cm
= diffuse reflection fraction, 0.0L
O = sunshade interior solar absorptance, 0.1

Ag = total sunshade interior area, 1283 em®

FSI(7) = golar shape factor (i.e., projected to total area ratio)
as a function of orbit position (p) (see Table 5.2.3-4).
For p = 180°, FSI(p) = 0.301

]31‘j = radiant interchange factor (0.00695)

Substitution of the above vaiues yields:
Qe = 3.4 milliwatts

Note: The solar intensity (8) was reduced by 25% for the orbit angles (p)
of 0% ana 500, because the antenna blocks the sun. The sun ig blocked
by the antenna for angles from O° to approximately 47.2° on either side
of the subsolar point.

Reflected scolar energy from the antenna and solar panel sgbsorbed by
the radiator was determined through the use of the Monte Carlo computer program.
The solar panel and anténné were assumed to be diffuse reflectors of solar
energy. To facilitate the efficient use of this computer program, rays were
emitted diffusely from the radiator to the enviromment. The computer program
gives the radiant interchange coefficient (Bij) from the radiator to the other
system elements. Reciprocity was then used to obtaln the Bi' I'rom the antenns,
or solar panel, to the radiator. As an example consider the antenna:

. B, . A, =0 _B,, A,
si Tig i YTsg T4l )
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where

Substitutiqn into

This result was th

the radiator

where

Y
R
R S T S

e
1]

Substitution in ab

. total area of radiator = ECT cm
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solar ébsorptance of the radiator = 0.06

4

radlant inferchange coefficlent from the radiator to
the antenni = 0.00015

2

solar absorptance of antenna = 0.k

radiant Interchange coefficient from the antenna tc the
radiator

total area of antenna = T.1l4 x 102 em®
above Tormula yields

B. =0.65x 10°(
Jl

en used inithe following formula tc find the heat rate to
L4
Q=5 (AT) (1-a) Bii 0

heat rate absorbed;by the radiator

gsolar constant = 0.1k watts/cm2

projected area of antenna at 0° orbital position = 6.57 x 10%cm2
réfleéted eﬁergy percentage = Q.6

radlant interchange factor = 0.65 x 1077

fraction of absorbing area of antenna = 0.25
ove formula yields

Q = 0.9 milliwatts
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Calculation of reflected solar erergy from the solarlpanel was perfcrmed in
a similar manner. Reflected solar energy is 0.07 mw for the spacecraft/earth
pogition (p) of 1809. Both of these values were assumed to be a constant

(although they vary with orbit position) because they are so small.

Infrared energy exchange between the radiator and the antennsa,

solar panel and sunshade were determined by the following formula:

where

Q = net heat exchange between surfaces {watts)

Nij‘= rédiétion coefficients (watts/oKu)
T, = antenna temperature {°K)
T, = radiator temperature (°x)
Defining N, .:
1J
.. = CA. €. B, .
1J i %1 7ij
A, = radiator area (cmg) (207 cmg)
e, = radiator emissivity {see Table 5.2.3-3)
Bij = radiant interchange coefficient determined by Meonte Carlo

computer program

¢ = Btefan-Boltzmann constant (watts/cm?oKh)
(.573 x 10-11 vatts/em2okh)

Radiation coefficients wére first calculated,_and then the heat exchange between
bodies Was determined in the orbit analysis. A typlcal caleulation for the

radiation coefficient bétween the radiator and the sunshade is:

N (.573 x 1071 ) (207 ) .77 )( .0007)

N = 1.891 x 107 yatts/ %k
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A similar calculation was performed for the antenma and solar panel infrared

exchange.

The antenna and solar panel are two heat-transfer boundary condi-
tions upon which some assumptions were made as to properties and temperatures,
since this information was not available at the time of the analysis. Radio-
metric properties for the solar panel and antenna are preseﬁted in Table
ve2+3~3. A simple heat balance was performed separately on the solar panel and
antenna for different positions in orbit. Both spacecraft (S/C) parts were
assumed to be isothermal and unaffected by the earth viewing module or each
othér. The temperature histories of both S/C parts are presented in Table
5.2.3~5. Blockage of the solar energy by the antenna was assumed to be 25%3

in other words, T5% of the sun's energy is transmitted through the antenna-
Detector bias power is 3 mw.

Total absorbed local oscillator power was assumed to be 20 mw. The
rest of the incoming 85 milliwatts of local oscillator is reflected outside the
germanium window by a reflecting conic surface (Figure 5.2.3-18). Detalls of
the detector housing interface are shown in Figure 5.2.3-19. The cone angle
(43.9°),shown in Figure 5.2.3-18, will reflect the incoming local oscillator
beam (f/number = 26) across the active face of the detector to the diametrically
opposite side of the cone, and then out of the system. The conic surface must
have a low emissivity (e.z., gold e < .03) and must be higﬁly specutar (y > .98).
30% of the local oscillator beam (25 mw) which is ineident on the detector is
absorbed. The other'17.5 mw is reflected diffusely; of this reflected energy
10 nmw is abéorbed in the housing and the rest reflected out. The smaller
diameter edge of the reflecting cone should be as close to the active portion
of the detector as is possible’(within 0.0005"). The height and larger
diameter are determihed by the cone angle and the f/number of the loecal oseil-

lator bean.

The mounting surface between the detector assembly and the radiator
will have a 16 microinch finish and a flatness of 0.002 inches TIR. Temperature
drop acrogs the Jjoint is expected to be 1°¢ or less for the expected bolt

torques.
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In the calculation of IR energy coming through the germanium window,
it was assumed that all energy after getting through would be absorbed. It was
assumed that the wxndow would also act as a bandpass Ffilter and allow only the
-lO.6p. energy +1.0p to pass through. The filter will reject energy from 2p to
4Ou except for the bandpass. The total energy absorbed is. 2 mw.

Conduction of energy down the detector wire was calculated based

cn the following wire dimensions:

STAINLESS 0.0885"

‘ . 8"
STEEL x ! r 065 T*_Ozm.. |

1

TEFLON

STAINLESS
STEEL

Preamplifier-Detector Coaxial Cable

A thermal conductivity (k) of 10 Btu/nr-ft-°F was used for stainless steel;
for Teflon, a value k = 0.12 Btu/hr-f4-OF was used. Total heat flow through
the w1re, assuming a EOOOK temperature difference and a length of 12 in., was
20.6 mw.

A reglstance-type temperature sensor wili be mounted near the
detector houging to monitor the housing's temperatufe. The heat leak down
the two thermistor lead wires was calculated to be approximately L milliwatt.
This calculation assumed a lead-wire length of 3 in., a wire outer diameter
of & mils, and that the wire's material was stainless steel (thermal
conduectivity = 10 Btu/hr-—ft-oR)-

Heat flow to the radiator through the mounting support had to be
considered at two different times during the radiator's lifetine: first,
during orbit acquisition, and second, during the orbit period. During ocrbit

acquisition, the heat flow through the support must be reduced to allow the
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radiator and the gunshade to cool down sufficiently in order to provide
separation. Aﬁmethod wihiich will provide adequate support during launch and

yet permit the radiator;and sunshield to cool down is shown in Figure 5.2.3-2.
This simple means of minimizing heat flow is to reduce the contact area between

the support and'radiatqf cr sunshade.

Serrations of the softer metal [i.e., the radiator (magnesium) or
the sunshade (aluminum)], compared -‘with serrations of the load support material

(beryllium), is preferred by the Aercjet Structural Design Group.

In order to get the minimum area in contact, the worst spacecraft
orientation was assumed (i.e., with the sun looking normal to the radistor).
A heat balance was performed on the radiator and sunshade in conjunction with.
the information presented in Figure 5.2.%-20 to obtain the contact area per-
centage. (Interpretation of Figure 5.2.5-EQ is as follows - consider the
radiator as an example: for the radistor and support initially at_5500, the
- radiator must cool to 13.6°C in order to relieve the preload and have a
séparation gap of 0.0005_inches-) Heat balance equations for the radistor and

sunshade are:

bk _ )
Radiator: Qpg + Qpg + Wy o(To" - Tp) + hA T (T - Tp) =M, o (77)

. ' " B k L I
Sunhade: Qpay + Qpgr + Apgp + 1&g (Ty - Tg) = Ng o (Tg7) + Ng p (g7 - ")

wyhere
Qpg = direct solar energy absorbed by radiator (1.Th watts)

QRS = reflected solar energy reflected by interior of sunshield
absorbed by radiator (1.52 watts)

N = radiation coefficient from radiator to sunshade {1.9 x 10-11
R-S
watte/OK ™)
N, . = radiation coefficient from radiator to.space (8.94 x 10~+1
R-0O.
watts /OK*)

QﬁSI = direct solar energy on inside of sunshade which bounces
once to radiator (3.09 watts)

QESI = direct solar on inside of sunshade which bounces twice or
more to radiator (0.917 watts)
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QDSR = direct solar energy on sunshade radiator (6.32‘watts)

=
il

5.0 radiation ccefficient from shield to space; éombiﬂes Ingide
surface and radiator flange (3.47 x 10-9 watts/OKk*)
NS-R = same &as NR—S above

h = contact coefficient (0.11% watts/cm“OK)
A = total contact area (54.6 cm®)

ﬂR = fraction of contact area of gadiator

ﬂs = fraction of'cbntact area of sunshade

T, = support temperature (308K, see Figure 5.2.?—20)'

T. = sunshade temﬁerature (287.3%K, see Figure 5.2.3-20)

T, = radiator temperature (287K, see Figure 5.2.3-20)

This balance assumes that heat flow through low-conductance spring ball sup-
poris, heat fiow through the superinsulation blankets, local osecillator hesat
dissipation, heat conduction through the coaxial cable and temperature sensor
wire, and infrared and reflected sblar energy from the antenna and solar panel
-are all small in comparison to the above and can be neglected. A steady-state

solution was assumed because of the small time constants.

The above values were then subtituted into the heat-balance egua-
tions. These equations were solved simultaneously by iteration until the

golution for ﬂR and nS converged.

The results are that the minimum area percent for the radiastor is
2%, while for the sunshade, it is 10%; or in terms of the width of serration,

the following fomula can be used:

Ty = 2 WL
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where
T = area fraction in contact
Ay = total area, in.2 (the total contact area for the radiator
" or sunshade is 8.75 in.2 for two support surfaces consisting
of a 0.125 chamfer) '
2 = number of mating surfaces

K =.number of gerrations (let N = 36, i.e., one every lOo)

W = width of serration (in. - to be calculated)

i
Il

length of serration (L = 0.176 in.)
For the radiator

N = 0.02

Therefore

0.02 (8.75) = 2(36)(W)(0.176)

W= 0.0138 a2 .01k in.

¥

. For the sunshade,
= G.10
Therefore

W= 0.070 in.
The, serrations can be offset by 59 between the two conbact surfaces of either

the radiator or sunshade.

Durihg the orbit periody structural support will be provided by
three stainless steel balle and springs {as shown in Figure 5.2.%-2), The
socket for the balls will be serrsied 2o provide a good thermal resistance.
They and thelr mating sucfaces muasi be very herd in order to minimize contact
areé. The conductance chrcugsn the three-bhall supports was calculated, using

the following formulasg:



where

and

where

Therefore

where

but

or

Heat flow through this type of support based on a conductance of 0.0001
watts/OK and a temperature difference of 180%K is 18 mw of thermal cnergy .

the radiator/sunshade system meets the flight reguirements.
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C, = overall conductance (watts/%K)
C, = conductance for one ball support (watts/“K)
6 B
17 2
Cg = conductance for support on one side of a ball (watts/°K)
¢y = 3ha
h = contact coefficient (assume .0821 watts/cm<OK)
A = contact area for one of 3 support pads (cm®)

2 , ~5N2
A = ﬂi = (5.8 ﬁ 1077) = 268 x II_O_6 en”
-2 -6
Cy = 3(8.21 x 107°)(268 x 1077)
A o o
Ch = 663 x 107 watts/
) c.o21x 1077 watts/%K

0

Preliminary structural analyses have Deen performe& to verify that
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st}uctural reqﬁirement is that the detector/mixer alignment ﬁust be retained
during orbital operation. The preliminary analysis is based on the temperature-
variations of the sﬁaéecraft and experiment (EOOC = lBOC)IWhich result in
stresses greater than those resulting from the launch environment. Also, these
stresses are lower than the micrb yield strength (l-microinch offset yield

' strength) of the material which will preclude permanent deformation of the
radiator and, thus, the dettector/mixer allgnment. Further analysis will be
required to determine whether the ﬁhree-point retention of the radlistor is
sufficient for the detector/mixer to remain in alignment. It is anticipated
that there will bé nc problems because the operational lcads are of considerably
legser magnitude. Details of the preliminéry analyses are included in Appendix
H.

Preliminary structural calculations have iﬁdicated fhat a natural
frequency of the radiation cooier will be within the range of 300 +50 Hz, and
that there is a poténtial amplificaticn factor on the order of 5. In light
of this, the engineering vibration tests will be performed on the mixer assembly
during development to the levels presented in NASA Specification S5-320-ATS-2R,
with the foliowing exception: '

The gualification sinusoidal vibratlon spectrum should

be increased to 60 g acceleration between 100 and 200

Hz, and to 25 g acceleration between 200 and 400 Hz

(see Figure 5.2.3-21).

Note that the magnified effect of the sinusoidal vibration will be
transmitted to,the mixer éssembly, mounted on the radiator, only if the
spacecraft strﬁcture has an equivalent resonant frequency. It 1z believed that
this is unlikely, but wﬁen the resonant frequency has been more closely determined,
the information will be transmitted toc WASA so that the spacecraft effect can
be analyzed In depth to validate tﬁis. If the detailed analyses results in
other modificaticris of the vibrational amplification transmitted to the mixer

assembly, the vibration test exception noted above will be adjusted.

In addition, potential methods of damping the resonant frequency

during launch are being investigated.

: . {
Heat conducted through the superinsulation blanket between the

radiator and the S/C heat sink was calculated based oq-an In-zitu effective

L 5.2.5=-51
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thermal conductivity (k ) =2 x 10 -h But/hr-ft-°R. Laboruatory values for
keff 2 x 1077 Btu/hr ft OF however, the effectiveness of the blarnket was
decreased by a factor of 10 in order to account for blanket imperfecticns and
radiation seals. A. T—in. effective diameter was assumed for the blanket and a
temperature dlfference across the blanket of 200%K was also assumed. The result

i a 6-mw heat load on the radlator.

5.2.3.6 Sunshade Analysis

The exterior surface of the sunshade (Figure 5.2.3-13) is covered
with a 1/k-in. blanket (i.e., 15 to 20 layers) of superinsulation (1/h-mil
aluminized Mylar). The purpcse of this blanket is to reduce the radiation
effects of the spacecraft and of the sun. The outer layer of the blanket will
be a 6-mil layer of aluminized Teflon (Teflon side facing outward). This
outer layer will act as a second-surface mirror (i.e., a mirror with low solar
gabsarptance and high infrared eﬁittance) to reduce outer-éurface blanket
temperatures; and to protect the inner layers of the blanket from the degrading
effects of the spacé environment . (Teflon has excellent outgassing character-
istics and it is very stable in space.) Heat input to the shade, through the
insulation blanket, was calculated for an in-situ blanket with an effective
eff) =2 x lo'h Btu/hr-ft5-OF; a total surface area of
1.65 fte; and a ifemperature difference of oLOPR. Heat input to the sunshade is
20 mw.

conductivity of (k

A high thermal resigtance between the support and the sunshade is
desired =so that the sunshade's .temperature iz minimized. The support scheme
for the sunshade Is the same as for the radiator. Conductance values are the
same (1 x lO-h watts/OK), because the same size support is used. The heat load
to the sunshade via the supports is expected to be 12 mw for a 120°K temperature

difference.

" The sunshade's structural material is 606l;T651 aluminum. Aluminum
(x = 99 Btu/hr 't~ OR) wag chogen for Lthe following reasons (1) it has a high
strength to weight ratio; (2) it is readily available; (5) it has a high Lhermal
conductivity; (4) electroless nickel can be readily applied to it; {refer to
following explanatlon on coatlng finigh); (5) it is low cost; (6) it can be

machined readlly, and (T) it has 2 high thermal coeff1c1ent of expansion. The
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suhshade interior ccating must be very specular;rit must have a low solar
absorptance and & low ihfrared emittance. One such coating is vapor-deposited
aluminum on a electroless nickel substrate. Elecfroless nickel was chosen
because it 1s a very hard metal which can be polished to the desired surface

finigh.

DiscﬁSsioné with Aerocjet's Opbical Coating Laboratory, the Aerojet
Optical Design Group and Aerojet Manufacturing that, for an ensured high
degree of specularity in the visible range, an internal surface ought to be
ground and polished to a 60-40 scrateh and dig tolerance (per AGCG-8TD-2040);

nc grayness or stain should be visible.

The vapor-deposited aluminum cosgting which is applied to the

1nter10r surface of shade, will meet the following requlrements.
. Vapor deposition pressure will Dbe -E_lO-6 Torr

. ' o)
e Deposition rate will be greater than 1000 A per sec,
600 to 1000 A thick

e ' Aluminum will be applied in a éingle pess; aluminum purity

to be > 99.99%
™ Vapor incidence angle will be < 309

. - The coating will be continuous with a bright, lustrous finish
and g uniform, mirror-like specular appearance. The coating
. will be essentially free from yellow or blue discoleratieon,
with no visible change in color. The coating will be free
from stresks, windows, pinhcles, blisters or other defects
, A necegsary piece of information for manufacturing is the waviness
requirement for the inside surface of the sunshade. This information was
obtained through the following argument. What deviation from the circular arc
can the surface make so as to reflect the incoming rays (at the extreme ray
angle) to the radiator edge, rather than some distance above the radiator?
A simple geometrical calculation established the waviness height to be

< 0.002 in. per any 1.0-in. moverment along the 2%.384-in. radius circular arc.

The "wineglass" shape for the sunshade is desipned to reflect all
the solar energy impinging on the internal surface to an area approximately
1.5 in. in diameter diametrically oppésiﬁe the illuminated interior, . and

approximately 1 in. Lo 1.5 in. sbove the radiator. A calculution was made to
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i

determine if localirzed heating on such a small area could produce large
t%mperature gradients in the sunshade itself. The solar heating was assumed
to be wniformally distributed cver a l-in.-dia area. Heat was assumed to be
conducted radially cutward from this area. The sunshield thickness was |
gsgumed tc be 0.09 in. The material is thermal‘conductivity (k) is 99 Btu/nr-
ft-"R. The temperature difference was calculsted to be lO?F.

Reduction in the reflection of energy, from the edge (or lip) where
the sunshade intericr Jjoins the sunshade radiator, is accomplished by extending
the interior sufface to ﬁhe top of the back surfaced mirror (seelFigure 5.2.3=12
for details). The top edge of thls extension is rounded to.reduce its influence

on the radiator.

The total absorbed solar energy on the interior sunshade surface

was approximated by use of the foliowing formula:

QDS =0 Fs(p) AT SQE
where ' |
QDS = golar energy absorbed by interior of sunshade (watts)
n = é’(multiplication factor to accountrfor 2 bounce system)

I (p) = solar shape factor which is a funcition of orbital
. position (p) (Table 5.2.3-6)

AT = total area of the interior of sunshade (sz) = 1283 em®
S = golar constant (watts/cm®) = 0.1k watts/cm?

@ = sclar absorptance cof sunshade = 0.1

The golar shape factor is thé fatio of projected area to total area for the
intericr of the sunshade. The solar shape factor was determined for seven
orbital positions (Table 5.2.3-6) for the tilted sunshade. The Monte Carlo .
Radiant Interchange.Computef Program was used to determine these values. The
solar intengity (8) was reduced by 25% for the orbit angles (p) of 0° and 20°,

because the anternna blocks the sun.
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Reflected solar energy from the anteﬁna and solar panel absorbed
by the sunshade interior was also determined through the use of the Monte Carlo
computer program} Calculations were performed in the same manner as for Lhe

rediator.

Reflected solar energy to the sunshéde interior is: Q = 0.053
watts from the antenna, and q = 0.0063 watts from the solar panel. Again,

these values were held constant since they were so small.

The amount of direct solar energy absorbed by the sunghade radiator
as a function of orbiti position is presented in Table 5 2.%3-7. Reflected solar
energy from the spacecraf% EVM is zero, because the sunshade radiator does not

gsee it.

Reflected solar energy from the sntenna is 0.0346 watts, while
from the scolar panel, it is 0.0054 watts.

5.5.2.6.1 Temperature Analysis For Sun Normal to Radiator

Temperatures were calculated for the radiator and sunshade when
the sun rays are normal to the radiator {divergence of the sun's rays was
neglected). These témperatures are a result of the heat balance on hoth the

radlator and sunshade. Heat balance egquations for the radiator and sunshade

are:
Radiator: Qpe + Qpa + Np o (TSlL - TB“) =Ny | (TR”)

t " I b
Sunshade: Qf.. + QDSI + QDSR o (Tg by g o (T - D)

where

QDS = direct solar energy ebsorbed by radiator, 1.7k watte

s

solar energy reflected by interior of sunshade
absorbed by radiastor, 1.52 watts

NR-S = radlation cpefficient from radiator to sunshade,
1.9 x 10~1 yatts /%
NR—O = rddl&tLOﬂ coeff1c1ent from radiator to space, .90 x 10~

le’ttg

QﬂSI = direct solar energy on insgide of sunshade which bounces
' oncéd to radiator, 3.09 wattis
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QﬂSI = direct solar on inside of sunshade which bounces twice or
' more to radiator, 0.917 watts

Qpgr = direct solar energy on sunshade radiator, 6.32 watts

N = radiation coefficient from shade to'space; combines

inside surface and radiator flange, 3.47 x 10-9 waffcs/ofilL

N = "same as NR—S’ gbove

This balance assumes that heat flow_through low—cqnductance, spring-ball
supports, heat flow through the superinsulation blankets,'local'oscillator
heat inputs; conduction throuzh coaxial cable and temperature sensor wires,
infrared and reflected solar energy from antenna and solar panel are all small
and can be neglected. A steady-state solution was asSUmed.because of the

small time constants.

The above values were then substituted into the heat balance
equations. These equatlions were solved simultaneou;ly'by iteration until a
solution for the temperatures converged. The results indicate that the maximunm
rediator temperature is 245%K and the maximum sunshade temperature is 256°K.
At these temperatures, the radiator and sunshade will not expand enough to

make contact with the beryllium support.

5.2.3.6.2  Sunshield/Radiator Orbit Analysis

In order to determine the sunshade radiator width, temperature
histories of the sunshade/radiator combination were made parametrically.
A plot (shown in Figure 5.2-5-5) was made of the maximum and minimum radiator
temperatures at the summer and winter solstices vs sunéhade radiator lip width.
The 3%-in. width ﬁas chosen because it 1s also the maximum size lip that will
fit in the allotted wvolume.

An orblt analysis was performed on the radiatof/sunshade combinagtion
for two times of the year: summer solstice and winter solstice. These times
of year we;e chosen because they represent warmest and coldest orbital
inclinations. The temperastures and, thereby, the heat loads were approximate iy
determined by a steady-state analysis for each point in orbit utilizing the

steady-state computer program in conjunction with the IBM 560/65 caomputer.

5.2.3=3%6
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This assumption is Justifiable ecause of the low thermal masses and low rafes
of change. The spacecraft temperature was kept congtant at EOOOK. Temperature

results were obtained for the 0° to 180° orbit positions.

Temperature history results for the radiator and sunshade at swmmer
and winter solstice are presented in Figures 5.2.3-1 and -22, respectively.
In addition, heat flow summary tables (Tables 5.2.3-8 and 5.2.3%-9) for the
radiator and sunshéde_are presented for the 180° orbital position. This posi-
tion was chiosen becaﬁse the solar loads to sunshade and radiator are the

largest. These tables allow a comparison of the heat loads on the radiator

and sunshade.

5.2.3.7 Tests to be Conducted

In order to ensure that the design of the radiator/sunshade will
work and the validity of the assumptions are verified, several tests are to
be conducted to eliminate areas of uncertainty. These Lests are:

1. Determine radiator and sunshade three ball support con-
.ductance {Section 5.3.3.1)

2. Verify that the sunshield and radiator will contract away
from the support (Section 5.3.3.1)

3. Determine effective conductivity of superinsulation blarket
for radiator (Section 5.3.%.1)

L. Ensure that the detector remains in the required position
tolerances (Section 5.3%.3%.2) '

NN

Determine the temperature drop across the detector housing/
radiator interface (Section 5.3.3.2) . :

6. Verify the sunshade interior contour and specularity

(Section 5.3.3.3)

£y

Déterfine the radicmetric properties of the thermal control
coatings andsouter wrap of sunshade blanket used to regulate
the heat transfer of the subassemblies (Section 5.3%.3.4)

5.2.3-31
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TABLE 5.2.3-1

TYPICAL THERMAL CONTROL COATING RADICMETRIC PROPERTIES

Total
Hemispherical
Absorptance (& )(l) (2)
Thermal Control Coating S Emittance (e)
Vapor Deposited Gold . ' Q.EO 10.02 0.03 +0.02
Vapor Deposited Silwver _ 0.065 +0.02 ] ) 0.03 +0.02
Enhanced Vapor Deposited _ ‘ .
Silver ‘ ~ Ok ‘ 0.C3 +0.02

Back Surface Mirror 0.06 iQ.Ol’ ' 0.80 +0.02
Vapor Deposited Aluminum C.1lz iQ.OE(ﬁ) 0.03 +0.02

(1) & dependent upon metal film, substrate finish and deposition parameters.

(2) Emittance varies with dielectric thickness. Normal emittance lower than
total hemispherical.

(5) A low value of 0.10 obtained for an optically lapped surface.

Table 4H.2.%-1
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TABLE 5.2,3%-2

PCGINTS TO DESCRIBE "WINE GLASS" SHAPR
REFER TO FIGURE 5.2.3-16 FOR COCRDINATE SYSTEM ORIGIN

X = 5.000000E-02 Y = 1.282L3%6E~01
X = 9.999996E~0R Y = 2.592216E-01
X = 1.499999E-0L Y = 3.930657E~0L
¥ = 1.99%9999E-OL Y = 5.299185E-01
X = 2.499998E-01 Y = 6.699351E-01
X = 2.999998E-01 Y = 8.13284L0R~-0L
X = 3.49999TE-0L Y = .601490E~01
X = 3.999997E-0L ¥ = 1.110T31E+00
X = L _.}4G9996E-01 Y = 1.265253E400
X = L.999996E-01 Y = 1.L2395TE+00
X = 5.499995E-01 Y = 1.587L16E+00
X = 5.9999958-01 Y = 1.755028E+00
X = 6.4999%4E-01 Y = 1.928031E+00
X = 6.999994%-01 Y = 2.106502B+00
X = 7.499993E-01 Y = 2.290856E+00
X = 7.999993E-01 Y = 2.48160TE+00
X = 8.4999958.- 0L Y = 2.6792T8E+00
X = 8.999%05E-01 Y = 2.88L517E+00Q
X = 9.L599%1E.0L Y = 3.098065E+00
X = 9.9999918-01 ¥ = 3.320791E+00
X = 1.049998R+00 Y = 3.553726E+00
X = 1.099997E+00 Y = 3.79810TE+00
X = 1.14%9996E+00 Y = 4.055LL0E+00 -
X = 1.1999G95E+00 Y = 4.327592E+00
X = 1.249995E+00 Y = 4.61A916E+00
X = 1.299994E+00 Y = L.926453E+00
X = 1.3499938+00 Y = 5.260249E+00
X = 1.3999928+00 Y = 5.623876E+00
X = 1.449995E+00 Y = 6.025379E+00
X = 1.499991E+00 Y = 6.L7TTOS9E+00
X = 1.549990E+00 Y = 6.999675E+00
- X = 1.599989E+00 Y = 7.632L08E+00
X = 1.649989E+00 Y = 8.468520E+00
X = 1.699988E+00 Y = 9.862215E+00

Note: R = 4.5 inches - this defocuses the reflected sun's energy.

Teble 5.2.3-2
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TABLIE 5.2.3-3

RADTOMETRIC PROPERTIES OF THERMAL CONTROL SURFACES
WHICH AFFECT THE RADIATOR/SUNSHADE DESIGN -

Specular Specular
Solar Component of Component of
. Absorpt ance Eemispherical Reflection-Sclar Reflection-IR
(ap) i - Emittance Wavelength Wavelength
Surface Coating s (e¢) Spectrum Spectrum
Back Supface 0.06 o ou7t@) 0.95 0.0
Mirrorstl )
(Radiator and
Sundhade
Radiator)
Vapor DeFEiited 0.10 0.03 0.98 0.98
Aluminum
(Bunshade
Interior)
Solar Cells B 0.71 0.81 0.0 0.0
(Solar Panel)
Wire Mesh o) 0.4(3) 0.0 0.0
(Antenna)
Wnite Faint 0.21 C0.85 0.0 0.0

{North Face EVM)

(1) Includes gaps in mirrors.
(2) At 100%K; 0.80 at ambient.
(%) Assumed values.

(%) Applied to an optically lapped surface.

Table 5.2.3=%
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SOLAR SHAPE FACTOR AND DIFFUSELY REFIECTED SOLAR ENERGY
ABSORBED ON THE‘RADIATOR'VS ORBITAL POSITION

p_{(deg)

0
20
60
S0

120
150

180

Fgp (o

0.100
0.110
0.156

0.z211

0.300

0.301

)

p - orbital position (see Figure 5.2.3-10).

FSI‘(p) - solar shape factor for sunshade interior.

QRS (watts)

0.0008l5
0.000931
G.00LT76
0.00238

0.00288

(e

.00338

0.00339

QRS - diffusely reflected sclar energy absorbed on the radiator.

E Tuble 5
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TABIE 5.2.3-5

TEMPERATURE OF ANTENNA AND SOLAR PANEIL
FOR VARIOUS POSITICNS IN ORBIT - SOLSTICE

Antenna - Solar Panel

o ' Temperature Temperature
(deg) (°x) (%K)
0 o35 272
'50 343 272
60 299 ) 255
% . . 182 _ 212
120 299 : 236
150 , 345 289
180 | 355 306

p - orbital position as defined in Figure 5.2.3-10
Assumptions :
(1) TIsothermal antenna and solar panel.

(2) No influence from spacecraft EVM or each other.

Table 5.2.3-5
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TABLE 5.2.3-6

SUNSHADE SOLAR SHAPE FACTOR SUMMER SOLSTICE ORBIT

o, deg F (p) Qpgs watts o, deg EEEEE Qpg vatts
0 0.100 2.0 120 0.256 9.20
20 o.ilo o 2.98 150 ko.3oo 10.80
& 0.156 3.62 180 0.3%01 10.84
90 0.211 T.60
TABLE 5.2.3%-7
RADIATOR SOLAR SHAPE FACTOR SUMMER SOLSTICE ORBIT
S p, deg Fsle) q, wmtts
o 0.191 | 1.4 120 0.520 . 3.85
30 0.220 1.63 150 0.600 445
60 0.301 2,03 180 . 0.6%0 h.66
90 0.410 - _ 2.94

Tanles 5.2.3-6 and 5.2.3-7
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TABIE 5.2.%-8

RADIATOR HEAT LOADS AT 180° ORBITAL POSITION
SUMMER SOISTICE

-Heét Source | Heat Lbaa.{milliwatﬁs)

Reflected Solar from Sunshade‘ ' " 3.39
Reflected'Séiar from Antenna ' 0.9
Reflected Solar from Solar Panel V‘O.OT
IR from Sunshade . : 77.5
IR from Antenna 7 2.6
IR from Solar Panel S 0.3
I°R (Detector Bias) 3
Local.Oscillé£or o ' .207
Conduction Wire | 7 22

IR from G_ Window : . 2.1
Mounting Support : ~ 18.0
Insulation Blanket - 6.0

Wireé: Tempersture Sensor . 2.0

" Table 5.2.3-8
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TABLE 5.2‘.3-9'

SUNSHADE HEAT LOADS AT 180% ORBITAL POSITION
' SUMMER SOLSTICE :

Heat, Source Heat Lcad, watts

Direct Solar
Interior | : A 10.84
S/s Radiator _ | L.66
Reflected Solar from Antenna
Inferior : | 0.053
s/s Radiator 0.03%46
Reflected Solar from Solsr Peamel |
Interior _ 0.0063 .
S/ Radiator | 0.0054
IR from Antenna
Interior ' ‘ 0.029 .
S/S Radiator | | O.15h

IR from Sclar Panel

Tnterior | -0..0002
8/5 Radiator -0.001
Support Conduction o 0.018

Insulation Blanket : ' 0.020

Table 5.2.3%-9
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5.2.h Optical Heterodyne Receiver Subsystem

The Optical Heterodyne Receiver Subsystem (OHRS) is being designed
and will be fabricated by Airborne Instrumeﬁﬁ Laboratories at Meiville, New
York, under subeontract to Aerojet-General Corporation. The OHRS is made up of
4 mixer, preamplifier, and proceassor. Funétionally, the OHRS is divided into

the following:

o s . .
] Video and communications channel

. Tracking error channel

] Freguency error channel

° Mixer bias circuit

e Acquisition pulse channel

® Acgquisition confirm channel

The acguisition pulse-énd acguisition confirm channels have only
recently been added to the AIL subcontract. Therefore, their design has not
reached the same maturity as other channel circuitry described in this report.
In addition, Aerojet recently directed AIL to change the IF center frequency
from 20 Mz to 30 Miz. This change was—prompted by repent experimentél results
waich verified that : (a) sufficiently wide laser operating line can be reliably
achieved to permit offset of the local-oscillator operating frequency 30 Miz
bélcw thé transmitter cperating frequency (which ig at the peak of the power-
frequency profile); and, {b) (Hg,CD)Te mixers exhibit the required freguency

response to operate efficiently at the 30 :6 MHz frequency range.

The change to the 30-MHz IF center frequency considerably enhances

the system performance in that:

a- It permits the design of the filters which provide better
amplitude and phase linearity thereby minimizing the distor-
ticn products ’

< The limiter action provides considerably wider separation
between the IF spectrum and the second harmonic spectrom
thereby minimizing this source of distortion

c. The wider IF bandwidth permits higher peak freguency devisticn

{(from 2.8 to 4.0 MHz) thereby resulting in a higher post-
detection peak signal-to-noise ratio.

5.2.4-1
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In addition, operating temperature of the mixer was changed from
100 +5OK to 110 +15 K in order to bring optimized mixer performance into
alignment with the expected performance of the radiation cooler (see Section
5.2. 3) Concurrently, the Noilse Equivalent Power (NEP) was 1ncreased from \
1l x 107 19 watts/Hz to 1.6 x 10° 19 watts/Hz over the 110 +l5 K range {with an
anticipated attainable value of 1.35 x 10 -19 watts/Hz and a design goal of 10"19
watt/Hz). The higher NEP is caused by degraded_performance of the mixer at the
highest temperature (lESOK) anticipated during certain orbital secments.
However, when the radiation cooler‘(and ﬁixer) are at the anticipated nominal

temperature of llOQK, a recelver NEP of 1.15 x lO_19 watts/Hz is expected.

HdVlng 1mplemented these changes at the time that this report was -
belng prepared caused a certain amount of data overlap. The initial subsystem
delivered for breadboard use will have a 20-Miz IF, while subseguent delivered

subsystems will have a 30 MHz IF.

5.2.4.1 General Description of Optical Heterodyne Receiver Subsystem

-The proposed Optical Receiver Subsystem (OHRS) (Figure 5.2.54-1)

congists of:

a. An infrared mixer assembly
L. - A preamplifier assembly
C. Processing electronics.

The inecident signal and local oscillator laser signals are offset
by 30 MHz. The two laser beams are focused on a high-sengitivity infrarea

mixer element which provides an IF output centered at 30 MHz.

Tracking error information will be devéloped, wsing a conical scan
with an axis through the center of the mixer element. If the conical scan is not
centered, the OHRS will provide a modulation of -the signal in which the ampli-

tude and the phase {with respect to a reference) indicate the tracking error.

The cooled infrared mixer connects to a housing adaptor with
coaxial connector cutput. A low-thermal-conductivity coaxial line connects the

mixer output to the room-temperature IF preamplifier.

5.2.h.2
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The receiver provides basically six outputs consisting of:

a. Video signals

b. Auvtomatic frequency control {AFC) error signal
C. East/west tracking error signal |

d. North/south tracking error signal

e. . Acguisition pulse

£. Acguisition confirm signal.

' Automatic gain control (age) voltage and mixer bias current, which
will be telemetered to provide indication of system operation, are not essen-

tial outputs.

It is convenient to categorize the receiver electronics for purposes

off discussion into:

a. Video and communications channel
b. Trackinguerror.channel

c. Ffequency—error channel

d. Mixer bias control

e. Acqulsiticon puise channel

f. Acguisition confirm channel.

The communications channel consists of all circuits needed to process
the video and communications information in the experiment. It includes all
the circuits from the IF preamplifier to the wvideo buffer émplifier (Figure
5.2.4-1). The comminications information is obtained by deteéting the frequency
médulation‘(FM) of the carrier in a wideband discriminator and amplifying in a
video amplifier. In order to provide s receiver that cdn tolerate changing w
signal power levels without seriously affecting performance, the gain of the
IF post-amplifier is automatically controlled by an age detector and dec amplifier'

in a clbsed locp with the IF post-amplifier. This age arrangement provides

5.2.4-3
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nearly constant amplitude signals above the age threshold. A limiter, which
precedes the discriminator, provides additional amplitude centrol and reducticon
of amplitude changes that are faster than the response of the age circuit

(200 msec). The IP preamplifier (together with the infrared mixer) establishes
“the infrare& receiver sensitivity. Various filters are used to establish the
noise bandwidth and reduce harmonics or other distortion components and inter-
ference. An FM equalizer is used to compensate for phase distortion due to the

nonlinearities of components in the receiver subsystem.

The tracking-error channel consiste of cireuits used to Process
the spatial tracking error signals and includes all the cirenits after the IF
post-ampiifier From the bandpass filter to the two low-paés filters following
the phase detectors. The band-pass filter establishes the noise bandwidth of
the tracking-error channel priocr to detection of the amplitude modulation on

the carrier.

The orthogonal error components aré produced (east/west and north/
‘south) at the 100-Hz nutation frequency and are geparated in the two phase-
detectors following the audio amplifier. A band-pass filter tuned to the
mitaticn freguency provides selectivitylto reject undesiréd freguencies. The
~two tracking-error signals ére then fed to the image motion compensator (mMC)

which corrects the spatial error.

The frequency tracking errdr channel cgnsists of circults used to
process the freguency tracking error and includes the low-pass filter and de
amplifier following the discriminator. An‘error signal is generated when the
carrier and local oscillator freguencies are not separated by exactly the
discriminator zero crossing freguency. The errdr voltage is proportional toi
the frequency error and provides a correction by means of the loecal oscillator
iaser. This automatic Trequency control {afc) reduces frequency drifts and

i

offset errors.

'The mixer bias contrel contains thé bias voltage regulator that

provides the dc bias voltage for the infrared mixer.
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The acquisition pulse channel consists of the circuits required to
extract the received energy in noise (minimum signal-to-noise ratio of -18 db)
as the scanning recelver beam ig traversing the angular position at which the
incoming energy is arriving. It consists of a matched filter {2 to 1t Hz at
3 db peint}, a thr?shgld detector, and a shaping circuit to generate the

acquisition pulse.

 The acquisition-confirm channel is esSentially the same as the
tracking error channel except that it operates at 200 Hz. The presence of an

output confirms the acquisition of the real station.

Implementation of the design necessary to meet the requirements of
the OHRS will be discussed. The sections are divided into the infrared mixer
design and the receiver electrdnics (includes preamplifier and processor

agsemblies ).

5.2.4.p Infrared Mixer Assembly

5.2.4.2.1  BReceiver Noise Equivalent Power (NEP)

The receiver NEP, in watt/Hz, for a revérse-biased photovoltaic

(Hg,Cd)Te mixer is expressed as

g (T + T' )

NEF _ hv M IR : '
SRl (5:2:4-2)

where

B = IF bandwidth, Hz
hv = photon noise

N = mixef guantum efficiency
k = Boltzmann's constant
T . = mixer temperatﬁre

T,. = effective input noise temperature of receiver electronics,
including coaxial line

G = available conversion gain of infrared mixer

5,2.4-5
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The first term (Pmln = ——) in the above equation represents the
guantum noise contribution. It is the mininmum achlevable NEP for a given mixer
gquantum efficiency. The geacond term [k(TM + T' )ﬂﬂ represents the thermal

noise of the system divided by the conversion gain of the infrared . mixer.

.

This equatiocn indicates that the NEP approaches Pmin asymptotically
ag the mixer conversion gain is increased. The mixer conversion gain increases
linearly with dbsorbed local oscillator (I0) power. Figure 5.2.4-2 shows the
expected variation of receiver NEP with LO power abscorbed in the mixer. As can
be seen, the receiver NEP is degraded when the applied IO power is low buk
changes very little when the LO power exceeds a threshold value for the particu-
lar mixer under test. Figure 5.2.4-3% shows measured NEP versus IO power inci-

dent on a reverse-biased, photovoltaic (PV) (Hg,Cd ¥e mixer element.

For a measured quantum efficiency of 0.09, the measured NEP in
Figure 5.2-4—5715 seen Lo approach Pmin asymptetically as the LO induced shot-
noise begins t& override the system thermal noise. The measured NEP was
T.2 % lO W/Hz for an applied IO powsr of 0.50 mllllwatt For 2.0 mw of LO
power, the NEP was 2.2 x 10 2 W/Hz, thus approaching the quantum- noise-limited
value of Pmin' Using the measured results cof Figure 5.2.#—5 (Pmin=2.08 x 10 -9
w/Hz, Ty = 77K and Fip~ 1.5 db) the conversion mixer gain is -6.5 ab. This

result is reasonably close to the directly calculated conversion gain of -8.6 db.

While the mixer elems: t used to obtain the data glven in Flgure
5.2.4-% is not completely suLtable for use in the LCE, it is representatlve of
the type of detector to be uged. The measureq data on the sbave 9% gquantum
efficiency element was extrapolated to a mixer element having a 19% quantum
efficiency. The resultant varlation of NEP with IQ power it showm in the dashed
cﬁrve-in Figure 5.2.4-3%. The extrapolated curve shown in Figure 5.2.4=3% may be

L

representative of the mixer performance in the LCE.

The mixer conversion gain varies directly with applied LO power as

gilven by
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(Ta/nr)® P
o = [EY . (5.2.4-2)

[(1 +,RSG_D) + (f/fc)g]'

where
Rs = series resistance of the miger dicde
f=1r ffequenc&
fC = nmixer 3-db cutoff fregquency
G, = dlode 5 smail-signal shunt conductance (slope off I-V curve

D in reverse direction) ,
Bufficient IO power must be applied to the mixer element so that I0-excited shob-
neise exceeds all other noise contributions in the optical receiver. Stated

another way, the mixer conversion gain must be sufficient to minimize the

receiver NEP.

. For reverse-blased PV mixer, quantum noise-limited operaticn is

obtalned when the local oseillator is sufficiently large sc that

2R (T + T ) Gy -
Pry > (5.2.4-32)
a "ﬂ :

where

[}
]

diode small-signal shunt conductance

electron charge -

When the terms on the left and right side of equatidn are‘equal, the thermal
noise of the infrared mixer and IF amplifier degrade the receiver gensitivity

by 3 db.

The LO-induced shot noiée (and NEP) is expected to remain constant
with frequency to 30 MHz and beyond as shown by the measured data in Figure

5.0.4-4.
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t

The calculated variation of NEP with quédntum efficiency is shown
~in Figure 5.2.4-5. Three curves are shown for the cases of degradation reuult—
ing from system thermal noise of 0, 10%, and 25% (see Equation 5.2. Lk-1). For
| a guantum efficiency of, 20% and a 10% degradation in receiver sensitivity caused
- by thermal noisé, the receiver NEP is approximately 10—19 watt/Hz It is con-
cluded that a guantum eff1c1ency of 20% is reguired to meet the design objective o
of an NEP = 10 19 watt/ﬁz. This type of receiver performance can be achieved
over a narrow temperature range by proper selection of the mixer element and
its operating parameters. The variation of gquantum efficiency with temperature
of a PV HgCdTe mixer having its peék response at 10.8 pm is shown in Figure
5.2.4-6, The quantum efficiehcy varies with temperature, since the detector
material band-gap is temperature dependent. Selected mixer and operating
parameters can be chosen to give wide temperature coverage with only slight

degradation in receiver performance.

Figure 5.2.4-T7 shows the meagured NEP versus mixer temperature for
a reverse-biased PV mixer. The NEP varied from 1.8 to only 2.4 x lO_lg watt/Hz
-for VB = ~0.1 volts for this particular element as the temperature varied from
TT7 to 130%K. Since the mixer quantum efficiency, reverse slope resistance and
recelver thermal noise all vary with temperature, the infrared detector, dc
bias, LO power and IF amplifier coupling network were carefully chosen to
optimize the useful dperating temperature range. 1In addition, the applied LO
power was selected to give nearly guantum-noise-limited operaticn at the
temperature extreme which exhibits the poorest receiver sensitivity. The
measured receiver sensitivity for VB = -0, 3 volts 1is also shown in Figure

S.E.M-T for comparison.

The presént detector specification calls for infrared detectors
vhose parameters are optimized in the 100 iSOK temperature range. Minimum -
guantum efficiency will be 15%, with selected detechors expected to yield

optimum efficiencies exceeding 20% in the lOO'iBOK temperature range.

The minimum guantum efficiency rs mixer temperature for the basic
specification and selected options is shown in Figure 5.2.4-8. MNote that certain
selected units froﬁ the deliverable detectors un@er the present subcontract
can also meet the recelver performance levels of the Option A premium detectors

(Figure 5.2.4-8). AIL has also obtainéd a quotation on Option B (Figure 5.2.4-8);

' ' 5.2.4-8
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that is, two detectors with a minimum quantum efficiency of 15% over the
105 +20 %k range. Presently a mixer specification which Tixes performance in

the 110 +150K temperature range is being investigated.

In general, detector manufacturers measure Responsivity and
Detectivity which are important parameters for incoherent detection appiica-
tions. For cohérent receiver applications, the principal mixer parameter is
the quantum efficiency at, fhe specified wavelength and operating temperature.
The guantum efficiency is generally not measured by mixer menufacturers. This
Cis presently being done at the mixer manufacturer (SAT) for mixer temperatures
np to 130%. The measured data for the best mixer element are shown in Figure
5.2.4-9 for wavelengths of 10.15, 10.6 and 11. 3 microns. The measured quantum
effici'ency varied from 27.5% (P~ 0.68 x 107" w/Hiz) at 80% to a peak of

= 31% (P in ~ 0-60 x 107 19 w/Hz) at 90%K and then degraded to 12%

(P ~ 1.55 % 10719 w/Hz ) at 1500K These data indlcate the possibility of

min
obtaining receiver sen51t1v1t1es of 107 -19 w/Hz over an exftended temperature
range. For cptimum performance, the quantum efficiency pesak at 10.6 micrometers

should cceur near the medlan operatlng temperature of the radlatron cooler.

Note that measurements of detector uniformity, cutoff freguency,
and 1/f noise were not made on the mixer element used to obtain the measurement
data shown in Figure 5.2.4-9. Therefore, complete confidence as to the suita-
bility of'fhis'mixer for the Optical Receiver Subsystem has not been fully
éstablished.

5.2.4.2.2  8election of Receiver Parameters

This section summarizes the proposed design approach to attain the
infrared sensitivity and power dissipation degigh goals for the'Optical Receiver
Subsystem. The following parameters haVLng an impact on receiver sensitivity

can be ldentlfled'

5.2.4-9
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Parameter Interface

TM _
Radiation cooler

Fro® oo
il
G., C, R Détector subcontractor
D s
iy

c
TIF

. Electronics
Optimum source

resistance

4

In addition, the coaxial cable between infrared mixer and the IF

preamplifier has an important impact.

In arriving at the proposed design, the IF is the starting point,
considering the post-amplifier meximum noise factor, preamplifier minimum gain,
preamplifier maximum noise factor, and maximum coaxial cable loss to arrive at

" a minimum effective IF noise témperature, TiF’ at the mixer output terminals.

Using the TiF and the maximum mixer physical temperature, Ty and
given the quantum efficiency, GD and fc’ the required mixer conversion gain and
local oscillator power -for -10% thermal-noise contribution are calculated. The

NEP is then obtained.

The results for two temperature are given in Table 5.2.&-1, which
shows the projected receiver performance at the upper-mixer temperature extremes

of 105% (previous specification) and 125°K (new specification).

For temperatures in the 100 159K range,'a-quantum efficiency of
20%, 3.6 mw of IO power incident on the mixer, a mixer gain of -3.9 db, and a
reverse mixer dynamic resistance of 100 ohms, the calculated NEP meets the
design objective of 10_19 watt/Hz. For the temperature coﬁditions of 110 i}EQK,
a quantum efficiency of 13%, at the temperature extremes, 0.25 mw of IO power

incident on the mixer, a mixer gain of -5.5 db and a reverse dynamic resistance

5.2.4-10
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of 100 ohms, the calculated NEP is 1.58 x 10—19 watt/HZ. This represents a
degradation of 2 db in receiver sensitivity compared to the sensitivify calculated
at 1059K. IT the IO power applied to the mixer element is limited to % mw at lESOK,
the cbnversion gain iswreduéed from -5.5 to -6.4 and the calculated NEP degrades

to 1.62 x 1077 watt/oz.

The receiver sensitivity at 125%K ie calculated for a quantum
efficiency of 13%, based on mixers specified over the 105 iﬁOOK temperature range.
For mixer elements specifically fabricated for gquantum efficiency peaked in the
110 i;5OK range, it is anticipated that the NEP could be improved. This matter
is presently under intensive investigation. Note that; even for a mixer with
guantum efficiencies of l}%‘at the-temperature range extremes, the gquantum
efficiency at temperatures between the extremes is higher (e.g., see Figure

B'E'h‘9)f

5.2.4.2.3 Coaxial Ceble Design

A thermal interface exists, between the spaceborné radiation cooler
and the IR mixer, through thejcoaxial cable which electrically ccnnects the
infrared mixer to the IF preamplifier. The temperature differential of 200°K
along the coaxial cable (300K at preamplifier and 100°K at mixer) presents a

significant heat load to the radiation cooler.

_ In the design and selection of the coaxial cable, the following
characteristics had to be considered in addition to thermal loading on the

radiation codier:

] Insertion loss at 30 Mz
. RFI immunity
.. Basic mechanical strength and rigidity

A number of design tradeoffs were explored. For example, RFI immunity
demands a continuous outer conductor cable jadket of high-electrical conductivity
material, while thermal loading demands low thermal conduectivity, thin material,

. construction - in direct apposition to the RFI requirement.
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Experience and computations indicate that with a stainless steel
coaxial cable, the sbove design considerations can be simultanecusly satisfied.
For example, using a steel ccaxial cable 12 inches long with the dimensions

shown below:

Quter diameter ‘ .0865 in. .
{  Dielectric diameter : 0658 in. (Teflon)
Center conductor diameter 0201 in.

(Both the inner and outer conductors are stainless steel.)

The electrical loss is:

For the coaxiagl line,

- .
a = 1%3.6 %H% (1 + %) L av/em

on

at 30 MHz, the skin depth, & = .008 cm (.00315 in.) and a, = .0068 ab/em

Loss = .22L db for 32.5 em (12.8 in.)

.207 db for 30.4 em (11.95 in.)}

while the thermal loss is:

Assuming the IF preamplifier at 5OOOK and the IR miker at lDOOK,

Cross section area, outer L0159 cm2
Cross section area, inner 0021 em®
Total- .018 cm2
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-

- fl\d']? = 25.3 yatts/en

Q =15 mw for L = 30.4 cm (11.95-in.-long cable)

14 mw for L = 32.5 em (12.8-in.-long cable)

A laboratory experiment was performed using coaxial cable UT-20-88.
‘The stainless steel outer conductor wall thickness was .0025 inch. In a l-volt/
meter field at 20 Miz, a -T75 dbm signal was measured on the cable (one skin
depth at 20 MHz = .0039 in;, so that, for this case;_the thickness of the outer
jacket wes less than L skin depth).

Although further testing will be reguired, it is believed that RFT
protection to the level specified in MIL-STD-U61 (-100 dbm) can be obtained
using the proposed coaxial cable (.010-in. wall thickness, which is more than

3 gkin depths) for the case of 30 Mz IF center freguency.

S5.2.4.2.4  Effect of Coaxial Cable Iosses on IF Noige Factor

R¥ loéses in the coaxial ceble belbween the infrared mixer and IF
preamplifier'must'be cérefully considered, gince these losses can result in
degradation_of receiver éensitivity_unless the receiver is properly designed.
An approach tb including this cable loss is to define an eguivalent input noise
temperature of the IF amplifier that includes the cable loss. This can be -

taken into account by means of the'following eguation:

T, = (1-1) T, + LT

IF
wherer
Te = effecti%e input IF noise temperature including cable loss
TL = temperature of cable. The above expression assumes a con-

stant or "effective" cable temperature, which we take here
to be an average 200CK.

L = loss in the cable

N

T = effective input noise temperature of the IF amplifier
_excluding cable loss '
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The above expressién is plotted in Pigure 512.#-10 for IF noise
factors of 1.5, 1.7, and 2.0 db. For example, for a cable loss of 0.2 db
(L ~ 1.047) ard T = 139% (F, = 1.7 db), it can be calculated that
T, ~ 155K, which corresponds to a noise factor of 1.86 db. Thus, the 0.2 db
cable loss causes the effective inpul nolse factor of the IF amplifier to change
from 1.7 to 1.86 db.

5.2.4.2.5 DU Bias Power Reguirements

It is anticipated that the reguired de biasrpower will not exceed
1 mw. This upper limit is calculated ss follows: for a mixer with GD-l =

100 ohms , VB = -0.2 volts, diode dark current ID = 1 ma, and a photolnduced

current as high as ID = ma, a de bias power of 1 mw is calculated.

5.2.4.2.6  Mixer Subcontract

Alrborne Instruments Laboratory has . selected SAT Company to be the
supplier of the IR mixer elements. The selection of the SAT is the result of a
lengthy evaluation period of several manufacturer's mixers during last year.
Tn March 1969, AIL issued an RFP for space qualified infrared mixers and invited
responses from all major manufacturers of HgCd%e detectors. Three bids were
received. Prior to this action, under the NASA head-start pfogram, ATL evaluated
’ photogonductive and photovoltaic mixers from‘various mixer manufacturers in
an attempt to find a suitable 10.6-micron mixer element for the OHRS/LCE. The
vhotovoltaic mixer pdrchased from SAT was the only mixer that exhibited efficient

mixing up to 20 Miz. Note that the use of a reverse biased, vhotovoltaic mixer

rather than a photoconductive mixer'gives a potential 3 db improvement in receiver

sensitivity for a given mixer gquantum efficiency.

A fixed-price pfbgram wag negotiated between ATIL and‘SAT early in
1970 which inecluded:

° Design qualification testing on two mixer elements

e Quantum eff1c1emcy specified over the 100 +59K temperature _
range (presently, the mixers, the guantum efflclency of which
"ig specified over 110 i}S?K, are being negotlated)

-‘i Qualification testing of the mixer housing assembly
® Optimization of the location of the mixer element in the

housing assembly to permit, if necessary, the incorporatlon
of a redundant mixer element in the LCE
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5.2.4.2.7  Mixer Housing

There are several critical interface areas in the design of the

mixer housing:

A Optically, it is the terminus of the optical subsystem tele-
scope/mixer optical path. Therefore, the housing entrance window must have the
dlameter required to accept the received signal cone angle. Also, the window is
an element in the optical path and, as such, must be included in the optical

analysis.

b. The housing entrance window must filter out ail IR wavelengths
except 10.6 +0.5 microns. The rejected wavelength range is 2 to 40 microns.
Energy coming through the bandpass is 2 mw. A further increase of 5 mw in

energy absorbed beyond the 2 mw will reeult in an increase in mixer temperature

of 1%K. '

o C. To provide uniform mixer illumination by the loeal oscillator
and to allow for the mixer position tolerance of iQ.OOS in. (the extent of
posslble mixer position change as the radiation cooler is thermally decoupled
while in space - see Section 5.2.3.1), the Alry digk of the ioesal oseillator

‘must be larger than the mixer diameter. The design of thé radiabtion cooler
assumes that the total local oscillator power deposited in the mixer and the
© housing is 22 mw. The total leoecal oséillator rower 1lncident on the mixer and

housing is 85 mw. Therefore, 6% mw must befrejected by reflection.

da. The surface finishes of the housing must be such that the
background radiation is mostly reflected. Therefeore, the surface coating of the
exterior of the housing is specified to have an emissivity of (e) = 0.05. The
mounting surface between the mixer aésembly and the radiator should have a 16-
microinch rms finish and a flatness of 0.0002 in. TIR. Temperature drop across

theﬁjoint is expected to he lOC, or lesg, for the expected bolt torques.

The development of a hermetically sesled mixer housing assembly,
which will withstand the temperature-shdck as the ﬁixer is cycled between 300°K
and. TTOK} will be one of the‘critical technical items of the subéontract. The
housing assembly will be designed to successfully withstand 100 rapid cycles
betweer nitrogen and ambient.. Latest information from SAT indicates that

houging asgembly tests just completed showed lOOO cycles without degradation of
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seal. Two approaches will be pursued through an entire gualification test
‘cycle before the best appreach is selected; the two proposed approaches are:
. A housing using an indium pre-form (Figure 5.2.4-11 for
» preliminary drawing)
| . N .
. 4 housing using a Torr Seal sealant (Figure 5.2.4-312 for
preliminary drawing ) '
A hcusing adapter will be uséd To couplé IF cutput signal from the
"infrared detector to a coaxial cable. A preliminary design on-the housing
wdapter is shown in Figure 5.2.4-.13%, which includes gasketing for good RFI
shielding. The final housing adapter will be designed after the housing

assembly design has been completed by the mixer subcontractor.

5.2.4.2.8 Freguency Resgponse

As discusged in Section 5.2.4.2.6, the photovoltaic HgCdTe element
is the only 10.6-micron intrinsic infrared photodetector which has been found
to be suitable, at present, for use in the ICE at megshertz IF fregquencies with

low power dissipation.

Measurements on two photovoltaic HgCdTe mixers at TTOK showed a
73 db cutoff frequencies of 50 MHz, and greater than 60 Mz . The OHRS detector-
purchase specification calls for a 2-db cutoff frequency Qf 50 MHz, minimum,
at 100%K. :

5.2.4.3 Receiver Electronics

The design of the receiver electronics includee the design of the
four major elemenis of the receiver subsystem (video, tracking, AFC, and bias)
and recently added funcetions (of acquisition and adquisition-confirm pulse).
The two major recelver parameters are bandwidth and gain control. The first
part of the discussion (Section 5.2.4.3.1) will center on the major considera-
tions in the desigh tradeoffs of the subsystem elements and the receiver
parameters. The second part of the discussion (Section 5.2.4.4.2) will be

concerned with the performance of laboratory breadboards of various key circuits.

5.8.4.3.1  General System Design Considerations

Various system-design tradeoffs are possible in ilmplementing a

receiver system that provides the essential requirements of the OHRS. One of-
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the most important areas of tradeoff is in the selection oi the IF and its
bandwidth. With a higher IF, it is easier to provide filtering to separate
video-and IF, and the percentage bandwidth of the IF ecircuits beccmes smaller.
A smaller-percentage bandwidth eases IF filtering, reduces harmonic distortion.
in cireuit elements, and, improves the linearity of phase in the amplifiers and
demodulation iﬁ the 'diseriminator. The highest allowable IF is restricted by
mixer bandwidfh/and laser tuning capabilities. Therefore, given the constraint
of a maximum IE, the tr@deoff must be between performance demands on various
circuit elements, system performance (particularly video quality), and limita-
tions of size, weight, and power. In the following parsagrapns, this and other

system design tradeoffs will be discussed.

5.2.4.3.1.1 Receiver Bandwidth

The receiver IF bandwidth is determined by tradeoffs between obtain-
able laser power profile and stability, information bandwidth desired, frequency
deviation desired, and the amount of power available (RF and DC). Based on a
detailed analysis of the above considerations, the receiver IF for the bread-
board extends from 1L.7 MHz to 25.3 Miz (20 MHz +5.3 MHz}, aﬁd the video band-
width extends from 1.0 to 5.3 Mdz. The IF bandwidth is defined by the Noise
Bandwidth Filter since the IF amplifiers are qﬁite broadband. This filter must
be used prior to the limiter in order to resirict the noise entering the limiter
_so.that signal-to-ncise ratio iz preserved. Although the channel filter (f0110w~
ing the limiter) is sharper tﬁan the noise bandwidth filter, it is more rectangular

because of the rejection required to signal harmonics.

The vandpass filter Tollowing the IF post-amplifier establishes the
- noise bandwidth in the tracking error channel. The present filter design calls

for a 5-MHz bandwidth (17.5 MHz to 22.5 Miz, at 3-db points).

The video bandwidth is determined by tradecffs between the‘desired
signal quality, the modulator driver power requirements, and modulator limita-
tlons (low-frequency rescnances). Based on these considerations, the video
bandwidth in the breadboard extends from 1.0 to 5.3 MHz, with baseband translua-
tion to O to 4.3 MHz and de-emphasis being performed.on the ground.
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_ Recent investigations havc shown that the laser power profile, the
infrared mixer and the wideband discriminator can all be made to accommodate
é higher IF. Sinece improved performance is possible with the IF at 30 MHz
(Section 5.21h.5.1.3.l), the breadboard uﬁit will be modified for an IF of 30
. MHz, and all future models will be directly made at 30 MHz. This increase in
IF permits the bandwidth to be lnereased so that the IF will extend from 24 to
36 MHz and the video baseband will extend from 1 to 6 MHz. Future discussions

will assumé an IF of 30 Mz, unless it is specifically stated to be otherwise.

5.2.4.3.1.2 Automatic Gain Control

Automatic gain control ig provided to limit the power level varia-
tions in the receiver electronics. It is desirable to have the age threshold
set at a power level corresponding to a signal below the minimum signal-to-
noise ratio (S/N) of 23 ¢éb so that some degradation can bé tolerated without
seriously affecting system performance. I is also desirable to set the
_threshold at leszst 10 db above the noise level so that it is well defined. Thus,
a threshold correspondlng to a power level with a signal at a S/N of lr db has
been selected as a reasonable compromise, and this is where the threshold will

bé éet {although adjustable) unless other Factors dictate ancther choice.

Note that, during. the acquisiticn mode, the signal levels will
normally be considerably reduced and the S/N can e as low as ~19 db. Under

these conditions the 31gnal level is not within range of the age.

The dynamic range required of the age in the communications mode is
10 db (from -66 dbm to -56 dbm at the mixer input ). Over this range, it is
very desirable 1o maintain a constant output level from the post-amplifier. The
responge time of the age can be fairly slow since sighal levels should change
quite slowly in the communications mode. However, it is also important to gefine
the characteristics of the tracking-error channel in the transition from the
- acguisition mode to the communications mode. During this tran51t1on, the 51gndl
level will suddenly increase (because of the narrowing of the laser beam) from
a S/N of, typically,'—lh db to +23 db, for a change of 37 db. Since the age
will take time to become oﬁerative, it is important that saturation recovery be
fagt and that the age "attack" time be sufficient to cbtain control, permit the

gain to stabilize, and pase the tracking error signals before the beam drifts
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ofT outside the spatial tradking range. To ensure that these conditions will
be met, the tracking-error chamnel will be designed to recover from a_hl-db

signal-level change in lesgs than 0.2 sec.

5.2.4.3.1.3 Video and Commnications Channel

5.2.4.3.1.3.1 Receiver Sensitivity and Receiver Elecfronics
Nolse Factop

The OHRS receiver sensitivity is primarily determined by the
infrared mixer (as disecussed in Beciion 5.2.4.5), with a small contfibution as
a result of the receliver eléctronics noise factor and the coaxial cable connec-
ting the mixer to the IF preamplifier. For this reason,'and in order to prevent
the sensitivity from being seriocusly degraded by a decrease in the local
cscillator power, it is important to keep the receiver'electronics noise factor
'(NF) as low ag practicable. This is accomplished by a low noise Ffactor on the
IF preamplifier, a sufficiently high gain on the IF preamplifier (greater than
20 db), and & sufficiently low IF post-amplifier noise factor (less than 10 db).
The combined gain of the IF preamplifier and the first IF post-amplifier will
then be sufficiently high that all other noise contributions are negligible.

The noise factor of the rdaceliver electronics can be described by

the equatidn

FQ - 1
F =T +—— (5.2.4-L)
1
whefe
F, = noise factor (ratio) of the receiver electronics
F, = noise factor (ratio) of the IF preamplifier

noise factor (ratid) of the IF post-amplifier

|
It

9]
1]

1 gain {ratio) of the IF preamplifier

The insertion loss of the noise bandwidth filter must also be included by adding
its loss to the noise factor of the IF post-amplifier. The effect of varying Gl
and F2 _
To keep the overall NF below 2.0 db, with a gain of 21 &b would have to keep the

can be seen in Figure 5.2.4-1L, in which it was assumed that Fl = 1.8 db.
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second stage NF below 10 db. With a second stage NF of 1% db, the gain would

have to be greater than 24 db. The preamplifier gain is designed for a nominal

gain of 26 db and the second stage noise figure is designed for a NF of 8 db; -
/

this provides sufficient margin in both parameters.

-

The receiver electronies NI can also be dependent upon freguency.

It can élso be dégradediby'large variations in mixer source conductance if
precautions are not taken. Proper selection of the IF trénsistor and careful

matehing to the optimum noise resistance are r:guired to eliminate this degrada-
tion.

If the theoretical behavior of noige factor in transistorized IF
amplifiers as a function of frequency is examined, it can be seen thnat, within
a wide frequency range, there is a plateau of minimum F. Figure 5.2.4-153a ilius-
trateg. the theoretical behavicr, and Figure B.E.R-le shows the behavior for a
typical transistor (2N3570) illustrating this broad plateau from 1 to 100 Miz.
That this plateau is not very dependent upon source-resistance ig shown by data
on another Eransistor-(ENHESQ),given in Pigure 5.2.4-1%¢; in which a 2-to-1

change in source impedance hardly affects the broad platedu.

The theoretical equation for the noise factor of a transistor

amplifier is:

2 ) .
r! r (R +r +r}) hy I
_ b e g e b 2 =) CBC _ .
NP = 1+ g o+ i 1+ (f/fa):} = |1+ - Dt (5.2.4-5)
g g g e b o ¢

where

= common-base alpha cutoff frequency

= AC common-bagse short-circuit current gain

f

a

hFB = DC common-base short-cireuit current gain

h

b
Ic = collector current

Typo = collector cutoff current (emitter open)
rg = bglk resistance of bage region
r, = emitter resistagce
Ré = generator resistance
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The variation of NF with frequency arises because of the term,f/fa. That is,
for the application of interest, it is only important to establish fCH’ the
high-freguency noise corner, above the highest desired frequency of operation.
This, in turn, means selecting a transistor with a high cutoff frequency com-
pared to the operating frequency of 30 MAz. The transistofs used in the design

have cutoff freguencies of from 1.2 to %.5 GHz.

The -noise factor’behavior versus sburcé (Qr mixer ) resistancé
depends somewhat upon the frequency of operation and the emitter current.
Figure 5.2.4-16a shows such a- measured plot where a variation of Rg from 1 to
10 kilohms produces about a 0.5-d@b change in F. This kind of insensitivity
to Rg is posgible if tﬂe freguency of operation is very small compared to the
transistor cutoff frequency. It can be established that this is the case for

The preamplifier design. o _ _ i

To examine this NF versus source resistance behavior in more detail,

the equation 5.2.4-5 is normalized +to obtain l

where

min R_ R
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and where a, = the low-frequency, common-base current gain.

_ Equation {5.2.4-6) is plotted in Figure 5.2.4-16b for different
:Values of K. Note that the larger values of K arise principally because of
having an operating frequency f that is small compared o the transistor cutoff

frequency fa.

The mixer output impedance will be transformed to provide the opti-
mum source resistance Rg to the TF amplifier for an average value of mixer '
resistance. For a transistor with K = 1, and a mixer cutput resistance varia-
tion of 1.%3 te 1, the maximum F variatlon (for K = 1) is less than 0.3 db.

Foan mixer resistance variation of Z-to-1, the increase in frequencies in excess
of i'GHz will be used, and the signal freguency is 30 MHz, the curves for ¥ = 10
are more appropriaste. In this case, the increase in NF should be less than 0.2

db for an approximate L-to-1 change in Rg,
5.2.4.3.1.3.2 Distortion

In corder to provide a high-quality commnications channel, several

sources of distortion must be carefully minimized. These sources of distortion

include;
® Degradation of S/N
. Nonlinear phase response
. Nonlinear demodulation
e Nonlinear post-detection gain
e Unfiltered harmonics, spu:ious responses, or interferenée
a. Degradation of S/N

Degradation of S/N can occur by improper gain distribution
in the IF stages, or by a low discriminator gensitivity and a high video

amplifier noise factor (it is assumed that‘the system has been designed 4o

5.2.4-02
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provide a gatisfactory S/N with respect to such parameters ag deviation, IT

bandwidth, transmitter power, pre-emphasis, etc.).

In the ICE receiver; in which the dynamic range is only 10 db, the
considerations assoclated with improper gain distribution are unimportant.
However, because of the bandwidth of the discriminator, and the desire to con-
serve power, the discriminatbr sensitivity will be low (3 x 1079 volts/Hz) and
_attention must be given to the video amplifier noise. The "front-end" ncize at

the output of the video amplifier can be caleulated with the following equation

=z 5 1/2

a 21t . L

v o= _n__[l_] S (5.2.4-7)
p AC EBIF v :

where

<3
Il

‘rms noise voltage at the cutput of‘the video amplifier

n
a, = rms IF noise voltage
AC = peak carrier_amplitude in volts
fl = highest frequency in the baseband
BIF = IF bandwidth in Hz
8, = deviation sensitivity in volte/Hz

For the ICE receiver, the nominal C/N = 23 db, so that Ac/An vz = /200/ V2 = 10.
Alpo, Brp = 12 MHz, S = 1 volt for a 5 Miz deviation, and f, = 6 MHz, where all
values are for a 30 Mz IF. Thus,

1

1/2
V==G%_[65xu98} 1 )
n 10 3 x 12 x 106 5 x 10

2 50 mv rms

Now the videc amplifier noise, with a noise figure of 10 db (from_a gource

resistance of lOOjohms), a bandwidth of 6 Mz, and a gain of 37 db results in

an output noise power of

9.2.4-23
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P = =17k %SE + 10 + 10 log (6‘x 106} + 37
= -6h dbm

= b x 10710 yatus

Then , |

/e
v o= (4 x 1071 x 109)

=2 x 10“LL volts

= 0.2 mv

This videc noise voltage is still quite low compared to the system nolse of

50 mv, so that there will be no degradation of the cutput S/N. However, further
efforﬁs to improve the discriminator linearity, or tc operate at a lower drive
level will require a reduction in the video amplifier noise figure, or some

degradation of §/N could occur.
b. Noniinear Phage Response

Nenlinear phase characteristics in any compornent will result
in signal dis?ortion. The amplifying circuits (preamplifier, pogt-amplifier, and
video amplifier) are all very broadband so that their phase characteristics will
be very linear. However; the phase charactefistics of the filters require
equalization. Although the Filters in the receiver could be designed to be
broader than required, so that the most linear portion of its phase characteris-
tics is used, they would become physically much larger and it is doubtful if the
remaining nonlinearity would be acceptable in-aﬁy case without egualization.
Thus, the question of minimum size for a given performance becomes one of trading

the number of poles in a Filter for the number of poles in an egualizer.

Nonlinear phase characteristics are best described by the
group-delay, or envelope-delay, distortion which can be represented by &

truncated Taylor series:

2
t(f) = t, KT f K17+ tr(f) - {5.2.4-8)
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1 and has units of seconds/ﬂz

(often given as nanoseconds/MHz). The parabolic component of group delay dis-

~The linear component of group delay distortion is K

tortion is given by K2 which as units of sec:onds/Hz2 (Often given asg nanoseconds/
Mﬂzg). The residual group-delay component is represented by‘tr(f), and is

generally given as a peak-to-pesk value in seconds (or nanoseconds).

The group delay requirements for the OHRS are as follows:

+0.7 nanosec/MHz slope
3.5 nanosec/MHz2 parabolic

6.0 nanosec peak-to-peak ripple

Although this requirement can be achieved in the OHRS with proper design, it is
.not a trivial problem because of the lack of symmetry (see Figure 3.2.45-17) in
the group delay characteristics in the IF filters. This lack of symmetry is
related to the fact that the percentage bandwidth is large and the problem is even
more severe {by about a factor.of 2-to-1), if an IF of 20 Milz were employed
(Figure 5.2.h-18). If the group-delay characteristics of the 30 MHz Noise
Filter (Figure 5.2.4-19) and the 30 Miz Channel Filter (Figure 5.2.4-20), are
considersd, the result obbained is the combined characteristic shown in Figure
5.2.4—21. Scolving for arﬁolynomial to it the curve of Figure 3-21c results in

the folliowing egquation:

t(r) = 86.4 - 3.23 £+ 0.T34 fH? + 1 {f ) (5.2.4%-9)
vhere | |
fn = (f - 30), sc that the freguency axis has been shifted
~ to the IF of %0 MHz, and
f = frequency of interest in Miz

Note that‘the linear component of group delay Kl is =3%.23 nanosec/MHz. To
permlt a reasonable contribution to the delay distortion by other circuits
within the LCE, the chamnnel filter will be designed for lower group-delay

distortion (Figure 5.2.4-21) by reducing the amount of rejection cbtained in the
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Tilter and in addition, the receiver will include an equalizer to reduce the

delay distortion.

An eqgualizer would ordinarily provide'at leagt cone order of -
‘magnitude of improvement in at least the linear and parébolic coefficients.
However, because of the lack of symmetry, the‘equalizer design becomeg somewhat
more difficult. Neverthelesgs, it is expected that the linear component cén bhe
reduced by a factor of 5, thereby meeting the requirements. Improvement in the
parabolic and ripple comppnents are not as readily predictable so that, although
improvements are expected, the magnitude of improvement in each component is

somewhat uncertsain.
c. Nonlinear Demodulation

The receiver demcdulstor is a version of the Foster-Seeley
discrimiﬁator. Two diode detectors are connected with - opposite polarity, so
that the output voltage is the difference between the cutputs of the two
detectors. Iach detector has a resonant.circuit associated with it. One of the
tuned circuits ils tuned above the center frequency and ocne is tuned below the
center frequency, sa\that an S-shaped curve is generated with a zero-crossing
at the center of the IF passband. By using a restricted portion of the curve
between the péaks, various degrees of linearity can be cobtained. The § of the
tuned circuits, and the separation of the tuned freguencies can be manipulated

to control the width of the discriminator characteristic and the resultant

linearity (for a more detailed_ahalysis, see Appendix D).

‘

In the discriminator design used in the OERS, the peaks of
the response must be widely separated (by about 29 MHz for either the 20 MHz
or 30 MHz IF) to obtain very good (leés than 5%) linearity over the region of
interest. Although this response is only a static, or low-freguency characteris-
tic, by keeping the videc amplifier load very neafly constant as a function of
frequency the discriminator characteristic should be preserved. The present
design uses an emitter-follower buffer stagé‘as the immediate load on the dis-
criminator to present a fairly high and constant load. With thie arrangement,

the linearity is expected to be better than 3%.

The discriminator response is also sensitive to signal power

level. With total power variations of a few db the most significant change 1is

5.2.L-06
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in the discriminator sensitivity‘(volté/MHz) characteristic, not in its linearity.
However, signal changes beyond a few db will cause the linearity to degrade.
However, the receiver design will make use of an age circuit and a limiter.

Either of these circuits alone will hold the variation of signal level input

to the discriminator to fractions of 1 adb.
d. Nonlinear Post Detection Gain

Nonlinearities in videc gain following the discriminator are
another source of distortion. The amount of distortion introduced by an aﬁpli-
fier cdn be determined cfudely on the basis of how close the maximum signal is
to the amplifier's gaturation power level (l-db compression). The present design
calls for an output voltage of 1 volt peak-to-peak into 795 chms (or approximately
+2.2 dbm) from z video amplifier with a 1l-db compression point of approiimately
+12 dbm. Operating with a signal {that is about 10 @b down from the l-db com-
pression polnt should produce 3rd order Lntermodulatlon products that are about
33 db down, harmonics that are about 25 db down, and 2nd order intermodulation
products that are sbout 19 db down. If measurements show that the rules-of-
thumb applied are correct, the power-handling capability of the video amplifier
might have to be increased by about another 10 db becausze of 2nd-order inter-

modulation distortion.

The frequency resﬁonse of the vidéo amplifier goss well beyond’
the requirements, since it has a 3-db bandwidth of asbout 30 Miz. Over the 1-
to 6-Miz video band, the amplifier is flat to better than 0.2 db.

e. Unfiltered Harmcnics, Spurious Responses,

or Interference

Receiver nonlinearities, particularly those which result from the
limiter, will produce harmonics - which, in turn, will produce distortion of
the baseband videc if these harmonics are not filtered prior to entering the
 widebaﬁd discriminator. Therefore, a‘band—limiting filter is reaquired just before
the discéiminator to reject frequencies above 36 MHz. Unfortunately, the "corner"
of the filter cannct be too close to 36 MHz, otherwise the group delay charac-
teristic will begin to deteriorate. Thus, a compromise must be reached between
the required rejection (or number of poles in the filter), the amount of

equalization, and the éllowable group delay distortion. With the five-pole

5.2.h-27,



Report No. 1033, Vol. I, Part 1

filter, shown in Figure 5.2.4-21, the rejection at 2(%0-6) = L8 Miz is about

25 db. Bince harmonics in the limitér output are expected to be 6 to 10 db

~ down, the total rejection should be 31 to 35 db. Becauge the discriminator is
Quite wide (the upper resonant frequency pesk will be at about Lh MHz for an:

IF of 30D MHZ), attenuationlCannot be expected. Thus, the resultant rejection

can be as low as 31 db (or 2.8%) for the extreme case of minimum rejection in

the filter, maximum harmonics out of the limiter, w}th a signal that has

frequency components out to the lower corner of the IF passband.

In order to keep the video response "flat” to at least & MHz,
the discriminator circuit mustrpass signals well above ) MHz, and so does not
rrovide any appreciable atteruation to the IF signal. As a result, the signal
vhich results from the IF "leakage" to the video amplifier is larger (by about
30 db) than the demodulated, or video, sgignal. Since the video amplifier hasg
significant gain at the IF, if the IF leakage were not attenuated prior to the
video'amplifier, there would be significant intermodulation and possibly satura-
tion in the videc amplifier. To prevent intermodulation and possibly saturation,
it would be neceséary to‘pfovide at least 40 db of atitenuation fo the lowest
frequency in the IT passband. This would make the leakage signal about 10-db
beiow the desired signal. It then would be necessary to rely on a limited‘
frequency respoﬁse in'pther video components of the OHRS system to‘provide the
additional attenuation. Although other wvideo compbnents will provide attenua-
tion to freguencies below Ek-MHz, it is believed that it is not advisable to
~ depend upon this attenuation. Therefbré, a video filter will be used before the
video amplifier which has been designed to provide a minimum of 50-db of
attenuétion at 24 MHz. The éalculated rejection for the filter design (Figure
5.2.%-22) is 68 db, which would make the Ir leékage approximately 38 db below
the video. Iven though large rejection is obtained in the video filter, the

delay distortion of the filter is negligible because it is a band-reject filter.

Nutation of the recelved signal fto provide tracking error is
not expected to produce any interference in the video channel. The nutation
causes an ampiitude modulation at the nutation frequency (100 Hz), which is
removed by the limiter. In addition, the video bandwidth extends from 1 Mz tc
5 Mz, so that the abpearanée of' any 100-Hz component (or its harmoaics) ig well

outside the ‘video passband.
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With regard to interference, at the present time, there are
two areds of concern, whiech are :
. Coupling of HF signals within the frequency range of

approximetely 1 to 50 MHz, into the infrared mixer
element, coaxial cable or IF preamplifier

* ﬁigh—level signals in the video passband of 1 to 6 MHz,
such as can be,produced by the laser mcdulator, or
other ATS-F experiments, coupling 1nto any of the
recelver c1rcu1ts

With regard to the first areda of concern, careful shielding

will be provided for the mixer element, coaxial cable, and IF preamplifier to
prevent signals.in the frequeney range of 1 to 50 Mz from saturating the IF
Preamplifier. The only 51gnals in this frequency range within the ILCE that
might be strong encugh to saturate the IF preamplifier are in the lazer
medulator w1th‘frequenc1es of 1 to & Miz.- Tc saturate the preamplifier, a
signal of approximately -35 dbm at the input is required. Since the case should
provide about 80 db of shielding in this frequency range (limited by seam and
gasket leakage), the interfering signal mugt produce a field that can induce
greater than +45 dbm at the Preamplifier location. Even the laser modulator
will not produce signalg of such a high level. Coupling into the cable between
the mixer and the pfeamplifier will likewise be redﬁced by the cable shielding;

this is discussed elsewhere in this report.

In addition to the above considerations, any signals in the
IF passband must be atienuated below the noige level of the IF preamplifier so
as not o degrade the signal. At the present tlme, there are no known sources
of interference operating within the IF passbhand so that nofmal filtering and

shielding will be adequate.

The second area of concern is a potential problem at the videé
ampiifier, where the signal and interference are at the same frequency (IF
filters will attenuate the video signal). The signal level at the video ampli-
fier input is approximately -0 dbm. Since it is required that the 1nterference
be at least 50 db below the signal level, the induced signal must be no more than
—TO dbm. With 80 db of shiclding effectiveness, the field must be capable of
prbducing +10 dbm, into a small wire or component with dimensions on the order

of 1 cm at an impedance level of approximately 50 ohms. This would call for a
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field of greﬁter than 200 volts/meter which ig eclearly not going to be produced
by any component within the LCE system.

Thus, at the present time, there are no interference condi-
tions that can degrade the receiver performance. Thig discussion will be
cxpanded in future design review documents and the question of potential inter-

Terence will be in constant review.

5;2;h.5.1.4'FreQuency Error Channel

This channel provides an error voltage by amplifying the output of
the discriminator in a de-coupled afc aﬁplifier with a limited frequency
response. Video signals will be present but the video signals will be above
1 MHz, so that no ilow-pass filter is needed azhead of the afc amplifier. The
presence of video signals in the afc cutput could bé troublesome. However,
since afe channel-frequency respeonse will be limited to about 10 kHz, the -
video components coming cut of the afc amplifier will be quite small (as much
“as 90 db down). Since the afc ervor gignal is derived from the same discrimi-
nator as is used in the video communications channel thé_circuit will ke

operative over a'very large frequency range (greater than 29 MHZ).

c.2.4.3.1.5 Tracking Error Channel

The tracking error channel requirves phase detection of the amplitude’
and phase modulation produced by nutation. Since there are no video components
below 1 MHz, there are no problems with interference between the video and the
100 Hz nutation frequency. The details of the overall tracking system require-

ments are given in the tracking system analysis {Appendix B).

5.2.4.3.1.6 Acquisition and Acquisition-Confirm Pulse Channels

The acquisition and acguisition-confirm pulse channel eircuits are
under preliminary design. The system requirements of these two channels are

given in Appendix B.

5.2.4.3.2  (ircuit Designs

The information in the following paragraphs conbains highlights of
the varlous circuit designé. It illustrates the rerformance capabilities of
the breadboard circuits and points out where additional work may be required to

obtain the desired performance or where problems may exist. At the present time,
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no problem areas exist and the only dreas'wherg additional work is required

are in:
T ® Reducing the IF preamplifier noise figure
e Determining the optimum tradeoffs bebtween filter
requirements, group-delay distortion, and equalizer
capabilities )
° Increasing the power output capability of the IF

post~amplifier
HNcne of these areas represent any technical difficulty, and these requirements

can be resolved with proper attention to the engineering design.

All of the data are for circuit degigns at an IF of 20 MHz. No
technical problems are anticipated in realilzing equal or better performance
at 30 Miz.

5.2.4.3.2.1 IF Preamplifier

The important performance characteristic in the iF preamplifisr
is its ﬁoise figure. Since the regigtance locking back'into the infrared
mixer will be greater than the optimum source resistance for the preamplifier,
ar input—matching network that dees not narrow the bandwidth is required. Figure
5.2.1-23 shows noise-figure data as a function of source resistance for various
matching networks. The noise figure can be optimized to approximately 2 db
over a fairly broad range of source resistance. HNoilse figure measurements will
be maﬁe with other transistors, and it is expected that the noise figure can be
reduced to 1.5 db. '

The nominal gain of the IF preamplifier is 26 db and is flat to
within fractiong of 1 db from 10 to 50 Mdz.

5.2.4.3.2.2 Noise Bandwidth Filter

The noige bandﬁidth filter ig a 3-pole filter with a bandwidth of
12 Mz at approximatel& 1/4 db, and a 3-db bandwidth of approximately 23 Miz.
The equivalent noise bandwidth will be adegquate if the carrier-to-noise ratic in
a 12-MHz bandwidth is 23 db. The 3-db bandwidth is intentionally wide so that
there will be negligible attenuation or group deiay digtortion in the IF pass-

band .
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e

5.2.4.3.2.3 IF Post-amplifier

Figure 5.2.hﬁgh shows the power output ve power input for the IF
post-amplifier. The amplifier (vhich includes the age ﬁircuit) has az nominal
gain of L5 db, with an age threshold set at approximately -50 dbm (this
corresponds Lo S/N of about 17 db). Present work is directed at improving the

amplifief so that the age action is more abrupt and the output power is higher.
A Initialgattempts to incfeése the output power have Been marginal because the

broad frequency response is degraded by the transformers.

5.2.4.3.2.4 Bqualizer

An equalizer hag been designed to reduce the group delay distortion
of the receiver. The major part of the equalization will be to compensate for
the delay distortion introduced by the channel filter. The remaining circuits

in the reecelver should not contribute any appreciable distortion.
5.2.4.3.2.5 Limiter

The breadboard limiter circuit at 20 Miz provides about G.6 db of
putput change for an input variation of 10 db centered at an input power of
0 dbm (Figure 5.2.4-25). The previous design was for the IF post-amplifier to
deliver -5 dbm to the limiter. At that lgvel, the variation was similar but the

phase linearity was not good enough.

Figure 5.2.h~26 shows the limiter frequency response. Although the
response 1s very flat, i% must be appreciated that the amplitude response of
the amplifier driving the.limiter diodes 1s lost in the limiting acticn. More
significant information is contained in Figure 5.2.4-2T7 which shows the phase
linearity of the limiter. Because of the linearity, the group-delay distortion'

will be quite small {less than 1 nanosec/Miz).

5.2.4.%.2.6 Channel Filter

The caleulated characteristics of the 30 MHz channel filter have been

shcwn before in Figure 5.2.%-21.

5.2.4.3.2.7 Discriminator

Figure 5.2.4-28 shows the discriminastor linearity (the most

impoertant parameter) versus frequency. The linearity for an input power level
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of 0 dbm is better than 2% over the entire IF passband. Similar linearity

was obfained with earlier versions of this discriminator, but the earlier
versions required a higher input power level. Figure 5.2.4-29 shows the per-
formance of an eafly version that was opbimized at +5 dbm. HNote that very.
little degradation of linearity occurs when the iﬂput rower level changes.

This can be seen by observing the linearity of the curves for +4 dbm and +6 dbm,
which 1 a change of +1 db from the nominal level. This -is a larger change

than is expected since the limiter and age circuits are expected to hold the.
power level constant to less than ip'5 db. Although these measurements were
performed on the discriminator that was optimized for a +5 dbm "input level,

the results should be the same for the final diseriminator design,

The wvariation of diseriminator linearity as a function of load
impedénce is shown in Figure 5.2.4-30 for the +5 dbm discriminator. Again,
the results should be the same for either discriminator. Figure 5¥2.h—50 shows
that, while the I1lnearity is not seriously affected by load impedance, the
output voltage will decrease with decreasing load resistance. Therefore, it is
more importaqt that the load be independgnt of Treguency than independent of
time; that 1s, it is important that the input impedance to the video amplifier
be constant with frequency up to the highest video frequency. The present
design is expected to be constant at 1 kilohm, so that no problems are expected

with load wvariation.

Measurements of the diseriminator characteristic as a function of
temperature have also been made and the effects are negligible over the tempera--
ture range of 10°C to 3000. Additional measurements will be made over a wider

temperature range when the 30-MHz discriminator is made.

5.2.4.3.2.8 Video Filter

The calculated response of the video filter was discuSSed egrlier
and is shown in Figure 5.2.4-22, 'The actual responselis expected to be very

nearly the same as the calculated response.

5.2.%.3.2.9 Video Amplifier

The video amplifier is flat within fractions of 1 db from 1 to 6 MHz.
Its phase characteristic is quite linear from 1 to 6 MHz, and is shown in Figure

5.2.4-31.
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The video amplifier can deliver 1 veolt peak-to-pesgk into either 50
ohms or 75 chms with about-a 10-db margin. Figure 5.2.4-32 shows the output-

power versus input-vower characteristic for a 50-chm load.

5.2.4.3.2.10 Acquisition Bandpass Filter

The acquisitich bandpass filter for the 30-MHz IF will be a four-
pole filter with a L-MHEz bahdwidth-at the 0.5=db pointsl‘ The filter is of

conventional design and has no special requirements.
5.2.4.%.2.11 AM Detector

The AM detector is straightforward. It will operate as a square-
law detector Tor the low-level signals that will be experienced during
acguisition.

5.2.4.3.2.12 Tuned Auvdio Amplifier

The selectivity characteristics of the tuned audio amplifier are
shown in Figure 5.2.4233,  The amplifiér is a twin-tee filter tuned to 100 Hz.

The rejection to 200 Hz (the second harmonic) is approximately 10 db.

5.2.4.3.2.13 Phase Detectors

The phase detector output_voltage versus percent'ampliﬁude modula-~
tion is shown in Figure 5.2.4-34. The data were taken with a signél of -45 dbm
inte the IF post-amplifier, which corrésponds to a signal with a C/N of 19 db.
The output voltage for a phase différence of 180 degrees is equal to the volfage
for a phase difference of 360 degreeé except for the algebraic sign. Varying
the phase between O and 180 degrees causes the signal to change from negative

to positive, with a minimum at 90 degrees.

5.2.4.3.2.1h Mixer Bias Conirol

The mixer bias control circuit provides a regulated voltage to the
mixer Lo maintain constént bias voltage. The ocutput current is limited +o _
prevent damage to the mixer. The characteristics of the circuit are shown in
Figure 5.2.4-35. The normal region of operation ig expected to be above 50

ohms and below 300 millivolts where the regulstion ig good.

5.2.L-34
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TABIE 5.2.4-1

'PROJECTED PERFORMANCE AT HIGH-TEMPERATURE LIMIT FOR
OHRS FLIGHT AND GROUND MCDELS

Mixer Temperature

105 +5°K

(Previous 110 #15%K

OHRS Spec) (OHRS Spec)
Post-amplifier NF (db) 8 8
Post-amplifier temperature (%K) 1185 1485
Preamplifier gain (dv) 26 26
Eff. post-amplifier noise temperature (%K) 3.7 | 3.7
Preamplifiér NF (db) 1.8 1.8
Preamplifier noise temperature (°K) 148 1L8
Total IF nolise temperature (OK) , 151.7 151.7
Cable loss {(db) T, ~ 200 K _ 0.25 0.27
Effective IF noise temperature (TiF) (k) 172 7L
Maximim mixer temperature (TM) (°x) 105 125
(Ty *+ Tpg) () 217 299
Quantum efficiency (%) 20 13

. -19 :

Poin (w/Hz x 10777) $9355 1.435
G, (ohms) 100 100 -
f/fc .5l 6
N . 2 _:L .
£ = {1+ (£/£,)°) LTT5 T35
Py (mw) {10% thermal degradation) 3.6 5.25 "
Mixer gain, G (db) -%.G -5.5
Thermal noise term {(w/Hz x 10'19) .0935 A
NEP (w/Hz x 10717) 1.03 1.58

Table 5.2.4-1
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5.2.6 Power-Supply Subsystem

5.2.6.1 Reqﬁirementé

The power-supplj subsystem furnishes all electrical power o the
ICE transceiver subsystems. It muet provide current-regulated high voltage
to the transmitter, local oscillator and backup lasers. The supplies for the
transmltter and local oscillator must be redundant because of reliability
considerations. Irn sddition to providing these current regulated outputs, a
high-voltage starting pulse circuit for each tube is required. The power-
supply subsystem also supplies +12 volts, +5 volts and +225 volts for the
processing and control circuitry. .The detailed requirements for the power
supply are contained in Aerojet Specification 20515. Table 5.2.6-1, which
was teaken from this specification, summarizes all of the output requirements.
The most stringent performance requirements are applied to the high-voltage
laser tube outputs, principally, the low-frequency ripple requirement and
the efficlency requirement. Therefore, the following dlscuSSLOn will

emphasize the high-voltage portlon of the power supply.

5.2.6.2 besign Approaches Considered

The simplest method of obtaining a current soufce is to use =
baliast resistance:in series with the load. This approach is simple but has
the disadvantage of being rather inefficient. for high values of resistance
and gensitive to.primary power-line,ripple for low velues of ballast resistor.
The minimum value of ballast resistor to obtain a positive load resistance is
greater than 100K assuming a laser impedance of -100K. With this value, the
ripple output of the supﬁly must be extremely low since the load is almost
O ohms. To alleviate this pfoblem, higher values can be used but this
reduces the power supply'efficiency. Another approach considered was the use
of a feedback loop around the high-voltage sectidﬁ, thus eliminating the
ballast resistor. . This approach fequires a loop setitling timé in the order of
10 microseconds. It was considered that this settling time was not consistent
with the characteristics of realizable transformers and the requlrements for

output filtering.

5.2.6-1
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‘ In order to optimize efficiency, improve input/output ripple
rejection and reduce the dependence of the design on high-voltage transformer
or laser characteristics, a design was conceived based on ﬁhe use of active
high-voltage current regulatofs and switching preregulators. This approach
nad the advantage that the effective output impedance 6f the current regulator
can be very high and the overall efficiency can be optimized. The initiall
regulator design had an output impedance of greatér than 5 megohms over the
operating temperature range. It consisted of five cagcaded-Darlington cir-
cﬁits in a clOSed-ioop gystem utiliging an operationai amplifier to control
the current. One of these regulators was connected-in series with each lager
anode. To optimize the overall efficiency of each high—volﬁage suppiy, a
preregulator was added that receives its sense voltage from the output voltage
section. This allowa the voltage'drop across the output to be miﬁimized at
each programmed current level. A switching regulator was used instead of a

¢lass A regulstor to improve the efficiency.

The main disadvantage of this approach is the complexity of the
circuitry required to withstand approximately 1800 volis in the event of a
shorted output. To eliminatelthis problem without significantly increasing’
the sensitivity to low-frequency ripple, the 1800-volt current regulator has
been replaced with a simple one-transistor regulator for each anode output .
To further protect the feguiatbr, two high-voltage outputs are being used
with one regulator in each output return line. This change a;lows the
transistor to operate within a maximum of 200 volts posifive ﬁotential. In
addition, a Zener dlicde is provided to limit the maximum collector-to-emitter
voltage to 200 volts. ‘To limit the meximum short-circuit current, a small
ballast resistor (approximately LOK) has been added and high-voltage guad -

ruplers have been designed-to supply a limited amount of power.

This change has eliminated 18 transiétors and two 1i.c. operational
amplifiers from each supply, for a total reduction of 80 transistors and
10 i.c. amplifiers. This change has resulted in a reduction in the output
impedance from greater than 5 megohms Lo approximdtely 500 kilohms; however,
this reducticn has been compensated by anreasing the'operating freguency of

the converter to 20 kHz. The increased operating frequency has been possible

5.2.6-2
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because of the use of a voltage gquadrupler which has allowed the use of a
lower voltage on the transformer secondary winding. The efficiency of the
high-voltage supply has been reduced somewvhat by this change but it is con;
sldered that the simplification and resulting improvement in reliability

Justifies this change.

It has been suggested by NASA that a tlosed-1loop system utilizing
an inductor for a ballast could satisfy the system re@uirements. The succesgs
of this system depends on limiting the amount of capacity in parallel with the
laser to leses than EOOO'pf. This condition ig satisfied by operating the
converter at a higher frequency (> 20 kHz } thereby reducing the filter

capacltor requirements.

This approach has two main disadvantages. The first is the
extremely high ripple voltage cn the high-voltage line, which will require
additional shielding to prevent ihterference with other electronics. Another
disadvantage is the lack of low-frequency ripple rejeétion. The design of
the control loop must’ have é very [agt response time to prevent low-frequency
dither and it is'questionable if it can be realized considering the gain/‘
rhase characteristic diectated by the tube shunt capscity limitation of 2000 pf
and the low-freguency response of-the high-voltage transformer. In regard %o
éliminating active components ir the high-voltage scction, this approach, as
with the Aerojet present design, requires active components in the return line

of the high-voltage supply.

5.2.6.% Power-Supply Design Description

5.2.6.3.1 High-Voltage Circuit Design

Figure 5.2.6-1 shows a functional block diagram of the power
supply. The function of each block is deseribed below. .
H.V. Preregulator .

i

The preregulator provides three functions. Tt provides the

necessary spacecraft command/power supply interface circuitry, and the means
to control the voltage drop across the output current regulétor to optimize
the efficlency and provide approximately 35 db of primary power ripple

rejectlion. This regulator utilizes pulge regulating techniques to minimize

5.2.6-3
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losses. The switching frequency is approximately L0 kHz. The feedback sense

i

volitage ig generated by the voltage sense circuit.

“Voltage Sense Circuit

The voltage sense circuitry senses the voltage drop across each
of the two laser anode current regulators and generates a preregulator sense
voltage that adjusts the cutput of the preregulator so that the average
voltage drop across the two outpubt current regulators is approximately 80
volts after the laser is ignited. To maintain good input/output‘isolation,
current mode coupling is used between the input and output circuits. Any
possible high-voltage discharge through this-circuit is virtually e=liminated
by wvoltage limiting Zeners, current limiting resistoré, and shielding of the

current regulator.

Driver Oscillator

Thig sguare-wave osclllator generates the necegsary drive voltage
for the converter; a separste oscillator is used so that a non-gaturating

transformer can be used in the converter for higher efficiéncy.
Converter

The converter steps up the output veltage of the sguare wave
ogeillator to several hundred volts for the rectifier filter circuitry. The
absolute voltage level that is generated will depend on which laser is being
suiplied. The transformer utilized in this design incorporates electrostatie
shielding to prevent possible diecharge from the high-voltage to the low-

voltage section.

Reetifier Pilter

Each of the two high-volitage ocutputs of the coﬁverter are rectified
and Tiltered by a voltage guadrupler. Using a gquadrupler reduces the trans-
former turns ratiolmaking it possible to operate at a higher frequency. The
tentative operating freguency ileO kiz, weii above the critical ripple current

frequencies.
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Current Regulators

Each quadrupler has a single transistor current regulator located
in the ground side of the output. These current regulators are protected in
case of = discharge by Zener diocdes and a ballast resistor of approximateiy
LOK which limits the peak current. This current regulator has an effective
output impedance of 500K ochms and holds the current within 5% of its initial
value from -25°C to +75°C.

Current Programmer

The current programmer allows the laser operating current to be
changed to cne of four predetermined levels by ground command. A counter is
used in this programmer; therefore, several commands may be necessary to step

the programmer to the desired current level.

Starting Cilrcult

The starting circuit provides =a predetermined amount of energy
to each laser anode every time an ON command is received. Isolation is
vrovided between the two anode starting voltage outputs zc that irf one side
of the laser ignites before the other side, the starting circuit will not be
loaded down before ignition of the second side. If cne side does not ignite
with the application of the first ON command, additionai ON commands can be

provided to reapply the starting energy.

Redundant Svwitehing

This eircuit determines which of the redundant supplies isg acti-
vated by switching on the base drive of the converter selected 4o operate.

Succeeding ground commands will alternately command on each supply .

5.2.6.3.2 Low-Voltage Cireuit Design

The preregulator for the low-voltage section is identical to the
high-voltage preregulator. To | yminimize welght and insure high efficiency,
the sense. signal for the preregulator is derived from the 2.5-amp +5-volt
output. By using this approach, the 5-volt line can be easily regulated

withoult decreasing the efflciency with output regulators.

5.2.6-5
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Driver Oscillator

As in the high-voltage supplies, this circuit generates the

necessary drive voltage for the converter.
Converter

This is a saturating transformer converter which has isoclated out-

puts for the 2V, +225V, and +5V output.

Rectifier Filter
Full-wave rectifiers are used to rectify all the ocubputs.

"~ Qutput Regulator

Three series output regulators are used for the +12V and +225V
outputs. The only line variation that these regulators must operate over 1s
thet variation caused by the +SV closed loop which is dicteated mainly by
ﬁransformer and 5V rectifier diode losses. Since this varistion is small,

approximately +5%, thie series element drop can be minimized.

5.2.6.3.3 EMI Considerations

By incorporating scparate input EMT filters for each supply
section (low voltage, transmitter, IO and backup) fused on the primary power
line side any possible interaction or interference between supply sections is

elliminated.

The active current regulator makes the effective load equal to
approximately 4OOK. With an allowsble 08% rms yipple current, the high-
voltage output can have only 1.6V rms ripple for frequenciés below 5Q Hz.
Reflecting this to the primary.side reduces it to approximstely 16 mv. With
a preregulator input/output ripple rejection of 35 db, the allowable input
ripple is approximately 600 mV pp which is considerably higher than the
- spacecraft power supply input ripple, but much lower than is specified in
MIL-8TD-L61, wanich is 5% rms of the line or 3.6 VPP.

5.2.6.3.4 Efficiency
The overall efficiencyiof the supply (low~ ard high-voltage

sections) has been calculated using ballast resistors, active current regulacors

5.2.6-6 1
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only, and active regulastors with partial ballast resistors. These efficiency

values are

High-Voltage current regulator ' 68%
150K ballast resistor L6%

i Ballast/regulator (present design) ‘ 55. 5%
5.2.6.3.5 Packaging

The package will consist of four subsections. Each section has
five covered sides (see Figure 5.2.6;2). When the seections are bolted
together, complete electrical isolation between'supplieslis obtained. This
method of packaging was chosen mainly for its multiple heat-sinking surfaces,
wﬁich are necessary when the mounting footprint is emall. HNo interwiring
between sections will be reguired since independent input EMI Filters and

command lines are ubilized.

The high-voltage section of each high-voltage supply will be
completely isolated from the low-voltage sectibn_by‘internal wallg. The
current regulators themselves will be enclosed in separate sectiocns to protect
them from high-volfage.areas. The primary winding of each high-voltage trans-
former will be complétely ghielded fram the high-voltage winding. To minimize
the posgibility of corona discharge, sharp edges will be eliminated and the

high-voltage section will be completely encapsulated.

5.2.6.4.1 Potential Design Simplification

The high-voltage supplies can be considerably simplified by
deleting the current-programmer capabilities and the high-voltage sense
clrcultry. DetailedKinvestigation of the requirement for current programmer
capabilities has been ﬁerformed in conjunction with the laser subsystem
contractor and the results indicate that the requirement cah be eliminated.
This change is currently being incorporated into the pover-supply speclfica-
gion. This change will also permit the deletion of the breregulator provided
that the very low spacecraft power-supply ripple requirements, as specified
in Section 5.4.3.1, are maintained. These deletions will reduce the component
count in the transmitter and local oscillator by approximately 30%. In

addition, the inputyoutput isolation can be significantly increased. At the

'5.2.6‘-7
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preseht time, 1t is >10K. By sacrificing approximately 5% in efficiency, the
high-voltage converters can be revised 4o a square-core oscillator, éliminating.
the need for a driver oscillator. These changes will eliminate approximately
12 modules, reducing fa?rication and testing time. Detailed investigation of

these potential modifications is being'performed.

The low-voltageisupply could be somewhat simplified‘by eliminating
the preregulator. This change is congidered undesirable, however, since the

input/output igzolation for the 5-volt line would be eliminated.

5.2.6-8
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Laser
Transmitter Laser IO Backup Lager Nutator & Low-Voltage Power Supply
H.V. Current H.V. Current H.¥. Current MG Driver Aoy 57
Regulator Regulator Power Supply Power Suppiy -~
Operating Currentgf 1 1/ ] 1/ 10
(milliamperes, dc) 4 io.a—/ 5 0,25 b 40.2- ite 235 100 to 235 150G te 2500
&/
Operating Voltage ; ; 1
(volts, de) 2000 +100% goo +50%/ 2000 +100%/ 225 4343/ +12 40,2255 , s0.25
Starting Voltage
(volts) 5000 fﬂ‘—/ 2600 i*y 5000 _*y - - -
Ripple Current (max.)
(0.5 to 50 Hz 0.08% PP 0.08% PP 0.05% FP - - -
(50 Hz to 1 Hz) 1% P-P 1% P-P 1% p.p - - -
(1 xHz to 10 kHz) 5% P-P %% P-P 3% p-P - - -
Ripple Voltage {mex.)
{(millivolts P-F) - - - 150 15 o0
(millivolts rms) - - - 50 2 100
Load/Idne Regulation%/ hf 5/
(milliamperes, dc)—/ 0.22/ 0.062 5= 0.22 6/ 5 11/
millivolts, de) 300 225—/ 250
S Hz to 50 kHz)}
Efficiencyl/
Temperature Coefficient o
{0 to 1409F) 5%/°C .5%/%¢ .5%/°0 .1%/9C .1%/% .1%/°C

Initial tclerance.
Line change +7%,

Load AT of 50%.

To each of the tubes two anocdes.

Load impedence variation of +20%.
Current required [rom each 12V source.
Load AL of 30%.

Load change resulting in a 400-volt change in output voltage.
Load change vesulting in a 100-volt chenge in oubput voltage.
Load change resulting in a 150-velt change in output voltage.

Oversll efficiency ghall be greater than T0% from 50% of full load to maximum rated load.

Note: Cathodes of the laser tubes shall be operated nesr ground potential.
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52T Telemetry and Command Subsystem

The design requirements and signal characteristics of the telemetry
and commdnd subsystem for the,LCE spacecralt Ltransceiver are related intimately
to the eléctrical interface with the spacecraft, through which these signals
are routed. These ICE telemetry and command interface design requirements and

characterigtics are described in paragraphs 5.4.3.2 and 5.4.%.3, respectively.

o 5.2.7-1
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5.% TECHNICAL, AREAS OF CONTINULNCG DEVELOFPMENT
!

Ag described in the preceding sections, there were several tech-
nical areas that required investigation, further develépment and experimental
and/or analytical resolving in order to insure a successful LOE Program.
Also, as described in the preceding sections, investigations in all of {hese
arcas have resulted in & system desgign that, it is believed, (L) can be

successfully febricated and (2) will satisfy the LCE requirements.

Certain areas still require final resoiving, although the ana=-
lytical, experimental, and design efforts to date havé resulted in a high
conficdence that the present solutions will satisfy the LCE requirements. In
particular, these areas are (1) the laser tube, (2) the duplexer, and {3)
the radiation cooler, Final development vork is béing performed in each of
these sreas and will confinue until the solutions are proved. The develop-
mént programs, along with some analysis and the basis for confidence, are

described below.

5.3.1 ' LaserfTube Development

A space—qualified 002 lager tube for the Laser Communicatién
Experiment requires an operating life greater than 2,000 hours and a shelf
life grester than 2 years.  An operating life time of more than 10,000 hours
has been demonstrated by Sylvania, using a 002 laser with a water-cooled
quartz discharge tube, a large gas ballast, and self-heated nickel electrodes.
However, no comparable life data are available for a space-qualified,
conductlion-cooled laser tube. One ceramic tube constructed under.the head -
start program fer NASA (NAS 12-2021) has been operated over 1200 hours. The
life of this tube was terminated when a small leak developed at one of the

torr-sealed windows.

Therefore, in order to provide confidence that the laser-tube
life requirements of the LCE program will be achieved, Aerojet has initiated
a laser-tube development and life-test program at Sylvania. The aobjective of
this program is to develop confidence in a final tube design whiech will meet

the requirements of the LCE subsystem

5.3.1-1L
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The first part of the program has been completed. It consisted of
an experimental phase to determine the most important 1life-limiting factors
in the design oi' thz laser tubes. The principal factor studied was the design
of the eathode. This phase insluded experimental invegtigations of various
cathode configurations, with particular attention given to the effects of
sputtering. The next phase of the program will include the congtruction of
six life-test tubes, each of slightly different design; reflécting the resulis
of the design review held at the conclusion of the firSt'phase‘of the program.

These tubes will be operated on s life test for up to 3,000 hours.

The conclusion of this test will complete the bagic life-test
program, However, Aerojet has proposed the extension of the program to
include the fabrication and testing of 12 additional transmitter tubes of
the design found to be most successful in the preceding phase, plus six
local-oscillator tubes. This extended life-test program will provide gignifi-
cant life-test data on the flight-configured tubes prior to delivery of the
rrototype laser subsystem and specific data to increase the confidence of
achieving the laser subsystem relisbllity soals. FEach of these phases will

be described in greater detsil in the following sections.

5.3}1.1 - Life-Tegt Program, Experimental Phase

The experimental phase of the life-test program was desgigned to
permit selection of the important life-limiting parameters involved in the
operatlon of the LCE lasers. This phase of the program has nesrly been com-

pleted, and the results to date are summarized below.

In order to measure cathode fall snd voltage drop as = function
of dlstance, an experimental discharge tube (shown in‘Figure 5.3.1-1) having
a Y-mm ID was constructed with a movable anode and filled with a standard
laser mix. The tube voltage at 5 ma current was measured as a functiom of
anode=-cathode sepa:ation. These data are shown in Figure 5.3,1-2. The
figure shows a voltage slope of, 180 V/cm, and a cathode fall voltage of
approximately 350 v. Thisg show% that very short tubes (leés thanké Tew
centimeters anode-cathode sepération) will have relatively low efficiency

due to the -large fraction of the input voltage dropped across the cathode.

‘ ! 5.3.1-2
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A measurement of current density and cathode area for optimal
filling of a coaxial cathode opérating at 10 ma waz next performed. For
this test, a discharge tube (shown in Figure 5.%.1-3) with a large convex
nickel cathode was constructed. The size of the glow region at the cathode
wags measured as a function of current. The current density was approximately
constant at k4 ma/cme. Therefore, 2.5 cme, minimum, are required for 10 ma
total current. As the gas pressure ls reduced, the spot size increasges, at
the standard current of 10 ma, indicating that, asg the tube ages and its
Pressure drops, more available cathode area is required. Appropriate cathode
dimensiong for the LCE transmitter laser are 7 mm in diameter and 11 mm

minimum in length.

The next test was a measurement of pressure and partial pressure
as a function of operating hours in small discharge tubes with nickel and
platinum-coated nickel cathodes. Two lO-cm3 discharge tubes were filled
with a standard laser mix aﬁd operated at 10 ma. An additional non-discharge
tube was also sealed t¢ the partial-pressure sensing manifold as é reference.
During operation, the pressure in both tubes fell to one-half the initial
pressure in 90 hourg. However, +the COE-to-He pPressure ratio in the platinum-
plus- nickel tube whs 35% greater than in the pure nickel tube, although both
tubes demonstrated a severe decline in 002 concentration, as shown in Figure
5.3.1=k, A O.l-cc sampling valve was used to take gas from the tubes to an

EAT residuai gas analyzer and Baratron pressure gauge.

An additional test in process at the time 6f writing of this
report involves the measurement of pressure and partial pressure in small
discharge tubes of differing volumes. In this test, two discharge tubes and
a reference volume will each be attached to a O.l-cc gampling valve, as de-~
scribed above. However, here the volumes to be sampled will be 10 cc and
20 ce. Measurements will be made as before, and the difference in gas con-
sumption for the two discharge tubes wili_be noted. An additional difference
will be that these tubes will be operated at 8 ma rather than 10 ma to de-
termine the effects of tube current. The cathode temperature resulting'from
this reduced current will be recorded and correlsated with data from the pre-

vious experiment. .
!
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5.5.1.2 Life-Test Program, Tesgt Phase

Informaiion obtained during the experimental phase has been used
to select six slightly different life-test lasers. The standard tube is
defined as the experimental metal/ceramic laser used in this program, charac-
terized by a 13-mm-long cathode, no additionsl gas ballast, and the standard
gas mix. The standard gas mix is defined as T torr COE’ 15 torr He,.T torr
N., L torr Xe and 0.1 torr HE' The six tubes being constructed for the

2
Tortheoming 1ife tests are llsted below.

1.  Standard tube
2. Standard tube with platinum-plated cathode

3. Same as Tube 2 with an additional 3 torr of 002

b, Same as Tube 2 with a 15-mm cathode
5. Same as Tube I with an additional 150 cc. of gas ballast

6. . Same ag Tube 5 with an additional 3 torr of co,

The 15-mm cathode allows for an extra 0.5 cm2 of area for the
discharge at the cathode when the. pressure falls due to gas cleanup. This
keeps the discharge from overfilling the cathode; i.e., it is kept in the

normal glow region to reduce sputtering.

The six life-test tubes will ve mounted to a common water-cooled
aluminum baseplate. The observables to be monitored during the life test
are voltage, current, output power and cathode temperature. The life-limiting
factors of prime interest are gas cleanup, leaks,or defects in Workmanship.
The voltage-current characteristics of the tube will indicaté any gross change
in the total gas pressure. ‘In additlon, the gas pressure and composition will
be reflected in a.change in cathode témperature due to changes in the eﬁergy
logt due to the cathode fall. The measurement of these factors throughout
the life-test program will give waluable information which will allow us to
predict the performance of the actunl LCE tﬁbes from data obtained during
their initial 150 hour pericd of operation prior to delivery. The tube which

performs most satisfactorily will be chosen for the final ICE design.

5.%,1-4
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5.3.1.3 Extended Life-Test Program .

An extended program hasg bheen proposed but not yet authorized by
NASA GSFC. This program will include life testing of 12 tubes built to the
most guccessful design of the six tubes described in the preceding parzgraph,
plus six tubes of the local-oscillator design. EFach of thege tubes would be
placed on Life test for a minimum of 2,000 and a maximum of 3,000 hours of
operating time. The results of this test would greatly inecrease the life-
test data available to tﬁe program and provide specific data which will be
used to gain higher confidence in achieving the lager subsystem relisbility
goals. The schedule for the expanded program is shdwn\in the lower half of
Figure 5.3.,1-5.

: It is important to note that this program can provide significant
information on the life of the 18 tubes prior to the delivery of the prototype
from SylVaﬂia, thus giving great confidence in the capability of the tubes

prior to final qualification testing and fabrication of the flight system.

5.3.1-5
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5.3.2 Duplexer

An efficient T/R switch is requiredrto separate the transmit and
receive optical paths. The straightforward technigque of & simple beam splitter
with some coding technique applied to the transmitter beams has been rejected in
favor of more optimum methods. A wive grating polariier, extrapolated from
microwave and far IR devices, has’been selected ab the primary choice, and s
polarizing interference Tilter for backup. Several other techniques have been
. considered, all of which appear to present more problems than fabrication of
either the wire grid or the interference filter. The tradeoff consideretions
leading to selection of the separation mechanism and choice of polarizer are
discussed. An ahalysis is rresented to derive the specifications and fabrilca-
tion techniqpes of the wire grid. Backup plans are discusSedkand a8 program plan

for fabricating the wire grid is presented.

5.3.2.1 Separation Mechanism

The firsﬁ basic tradeofl decision 1s related to the method of bean
separation by polarization of P-line transitions closely spaced in freguency, or
wavelength separation‘by transmitting in the 9.6- and 10.6-micron vibration-
rotation transitions. The latter approach has the drawback that very.few ex-
perimental measurements have been made on the §.6-micron CO, laser. On the
other hand, the power, gain and efficiency at 10.6 microns are well established.
Qualitatively, it is known that the efficiency at 9.6 microns is asbout a fector
of 2 below that at 10.(Ref. 1). As stated in the previous section, the worst
possible duplexer entails a two-way loss about 4.5 db in excess of that allowed
in the present link analysis (85% at each station). This is no worse than the
9.6/10.6 combination with wavelength filters, and does not reguire the invest-
ment of a large effort in developing the required new data base on 9.6-micren
lasers. Therefore, separation by polarizaﬁion has been selected. It will
become evident in the foliowing discussion that some development is also
required to cbtain an optimum polarizer. However, it appears that this effort

is considerably less extensive than development of a new laser technology.

A search of optical component suppliers reveals that "off-the-shels™
IR polarizers are quite unsatisfactory for the LCE application.T:In genersl,

these ltems are "plle-of-plates” reflection polsrizers which are large, fairiy

5.3.2-1
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inefficient and sometimes mechanically unstable. A review of the technlcal
literature on polarlzatlon technigues (Refs. 2, 3, and L, and references therein
to further literature) leads to the Ffollowing conclu51ons:

(a) Considering the overall requlrements on optical and
mechanical performance, the optimum polarizer is a wire grating supported

on 8 Ge substrate.

(b) Since the requirements on a 10.6-micron wire grating
polarizer are just beyond the capabilities of a supplier of standard components,
& backup device is'required in the event unexpected problems are encountered

with fabrication of the wire grating.

(c) Refractive polarizers based on birefrigénce thin-film/prism
interfaces, and frustrated total internal reflection (FTIR) are decidedly less

desireble than other techniques.

5.3.2.2 Wire-Grating Pclarizer

" The analysis of a wire-grating pclariger is presented below and in
Appendix K, along with a proposed fabrication technique and technical refer-
ences to substantiate anticipated performance of the grating and success of the

fabrication technique.
5.5.2.2'1 Ana Sis )

It was first noticed by H. Hertz that a wire grid used with
electromagnetic radiation of wavelength equal to or greater than the grating
spacing has the prbperty of reflecting a wave whose E-field is parallel to the
wires, and transmitting freely the perpendidéularly polarized wave. Hertz's
experiments were performed with microwaves, permitting the straightforward and
eagily controllsble construchion of'"free—space” grating arrays, which can be
directly compared with theory. At shorter wavelengths, more sophisticated
techniques must be employed to produce a grating which results in strips of
metal of known geometry, supported on a plane substrate, and thus amenabie to
comparison with the microwave theory.

The detailed analysis appears in Appendix K. The performance is a
function of wavelength, ), grating period, &, line width, a, angle of incidence,

9, and impedance matching 3/ coating on the substrate. A schematic of the

5.5.2=2
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wire-grating duplexer is given in Figure 5.3.2-1. Figure 5.3.2-2 corresponds
to an unsupported'(impedance-matched) substrate, and Figure 5.3.2-3 indicates
the reguirement for coating on Ge, and the desirability of coating other sub-
strates. At A/d =4, the efficiency of the device is fairly insensitive to
a/d, and theoretical performance exceeds the requirements of 5.2.1.6. (See
Appendix K for further performance analysis and limitations of the theory. )

5.5.2.2.2 Fabrication. Technigques

In order to establish a fabrication technique, the results of
several technical articles are invoked. Bird and Parrish (Ref. 2) produced a
wire grid supported on a plastic substrate which was s replica of a blazed
diffraction grating with d = .5 micron. The "wires" were deposited on the
substrate by "shadow casting" of the metal coating. That is, the substrate
was held in the coating equipment so that the metal deposited preferentially on
the tips of the blazed grooves. In spite of-the fact that photomicrographs
showed a highly irreguler "wire" shape, and there was no quarterwave coating,
results generally agreed with the predictions of this type of analysis. Young
et al. (Ref. 3) ruled blazed grooves directly into Irtran 2 and L4 st & - 1.6
microns and achieved excellent polarization efficiency in the 8- to lh-micron
region. Efforts to duplicate this:technigque on standard mechanical ruling
engines have so far been unsuccessful. Preliminary anslysis of alternate
techniques appear very promising and results are éxpected'shortly (see

following sections).

Auton (Ref. L) prepared wiré-grid polarizers by ﬁasking.and etching
techniques.  He worked in the far IR, 10-100 mierons., and'used polyethylene sub-
strates. His results for d = 10 microns ané a = 4.2 microns are reproduced in
Figure 5.3.2-4. Accounting for the polyethylene transmission loss and
experimental uncertaintiés; the results follow theory closely, particularly for
A/d = b4 and greater. FPurthermore, the photomicrograph of the grating shows
regular lines and spaces, which is required for application of the theoreticsl

analysis.

Having established that 3/d should be % or 5 for a comfortable
safety margin (see Appendix X), an easily fabricated photomask is just beyond
practical limits. OSheridon (Ref. 5) has produced a blazed holographic grating
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by exposing a photoresist layer coated on glass, and IBM (Ref. 6) has recently

prcdueed a gratlng coupler by interfercmetric exposure of & photore51st layer,

resulbing in a grating of "photoresist"” strips of 0.7 microns.

Baged on these results, the LCE duplexer will be fabricated by
preparation of & Ge blank with ZnS guarter-wave coatlng (plus Si0 thin-layer
protective coating) 0.5- to l-micron Al film, covered with a thin ghotoresist
layer. The photoresist will be exposed with a two-beam interference pattern
of 2- to 2.5-micron period in a standard holographic configuration. The exposed
ares will be etched, leaving the wire grating under the unexposed photoresist,
which is subseguently removed. If the etching process is harmful to the ceoating,
the gréting will be formed by omitting the Al film and evaporatively coating
over the exposed photoresist, thus reversing the positions of lines and spaces

from the etehing technique.

Discussions with Dr. Sheridon concerning this application of his
technique provide a basis for a high level of confidence. He feels that the
requirements and techniques are straightforward, and that he himself éould
fabricated such a grating in less than 1 month. However, Xerox does not accept
contracts of this nature, but Dr. Sheridon wili provide free consultation on
the techniques required to apply and expose the photoresist. In addition.to
searching for & subcontractor, Aercjet will also pursue the possibility of
fabricating the grating in-house, with consultetion supplied by Dr. Sheridon.
Tt is anbicipated that the duplexer will be available within 2 months.

Although the anelysis and proposed Iabriecation technique appear very
favorable, alternative methods to produce a polarizer will alsc be pursued.
The most attractive alternatlve is an 1nterference filter with the following

characterlstlcs'

'me passband is to be cptimized for a 45° angle of incidence and peak
transmission of a beam with an E-field vector parallel to the plane of incidence.
The ‘peak transmission of the orthogonal polarization 1s to be shifted in wave-
length such that, within the passband, leakage at the orthogonalily polarized wave-

length is small enough to meet requirement No. 2, under section 5.53.3..1.
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The advantage of this approach is fairly high efficiency and conven-
ient mechanical configuretion (sgain, merely a 45° component). Another advantage
is rapid resction time and quick repéats of fabrication with design modifications
follcwing measurements. (No long-lead items such as polished prisms with critical

surfaces or ruled grating blanks. )

This component has nct yet been designed, but preliminary indications
are that the technique'is feasible, and T0% transmission should result. This is
sufficlently close tb'requiremﬁnt for a backup device. In the event the supplier
(Perk1n~E1mer) falls to confirm his first indications, a Brewster-angle polarizer
will be designed as an alternative backup. Available materials will be con51dered

and & compromise made between efficiency and mechanlcal configuration.

5.3.2.3% Alternate Polarizers

Frustrated total internal reflection at an air space between two
prisms has been considered. An analysis of the multiple reflections at the
interface results in the follow1ng expre551ons for parallel and perpendicular

polarizations:
2 _ 2
(n (n sin® 6, - cos OO) o o > &
f) = 5 5 sinh = B sin QO -1
para. 4 cos C (n® sin 6, - 1)
2 2
- d
(.Tfi) R TR (- LY - sian® T2 pn? s o -1
n™ cos R (n“ sin o, ~1) A
R = R/T

where T 1+ (R/T

R = rFflqctivity

L=
1]

transmissivity

refractive index of priem

]
i

& = angle of incidence st surface of total reflection

d = air space between prisms
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Figure 5.3.2-5 shows results for 90° NaCl prisms, o, = k5°, n = 1.495 at 10.6
and for 90 Ge prisms, 90 = 450. It can be seen that the degree of polarization
is. inadequate in both cases. The Ge prisms might improve with larger angle of
incidence, but then the geometry (already unsuitable) deteriorates further. FTIR
- polarizers have been eliminated for the following reasons: (1) inedequate
polarlzatlcn in 81mple cases, (2) extremely critical spacing requirements (air
gap of < .1} for Ge, Wlth ‘rapid change of performance with d/}), (3) awkward and
bulky geometry, (4) materlals problems, and (5) long lead time for evaluating new

configuration.

Thin-film interfaces in multiple-prism geometries holding the films
at Brewster angles have been con51dexed qualitatively and summarily rejected
on the following grounds (l) awkward geametrles, (2) large lateral beam
displacement, (3) materlal availability problams, (%) critical tolerances on
prism angles, (5) beam crossisectian changes (6) lack of suitable, spacs
qualified interface cement (requires development program),-(T) long-lead items,
prism cutting and poiishing, before evaluation can be made - no chanee for
modifications and flxes, and (8) four to six months before delivery of first
iten. Blrefrlngent polarizers have not been seriously investigated because of
(1) materisl av&il&blllty problems, (2) interface cement problem, and (3)
potential awkward geometrles

5.3.2.5 Wire-Grid Polarizer, Summary

Fabrication technique: exposure of Photoresist layer on Ge sub-
strate, /L coated, Tollowed by etching of predeposited Al Tilm, or deposition
of Al film over exposed photore31st grating pattern produced interferometrically.

Preferesble to mechanical ruling because:

- (a)  Ge is more suiteble substrate.

i

(b) More control over shape and uniformity of wires.

(e} Shadow casting of /L4 coating over blazed grooves almost
o, 1mpossible, yet Figure 3 shows coating is desirable on
%Y almost any substrate.

(d) Controlled wire shape means relisble comparison with
microwave theory, which has been verified to 20 to L0 -
microns with similarly fabricated polarizer.

5.3.2-6
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{e) 1~ to 2.5-mieron period is easy to achieve in holographic
interference configuration.

(f) TFPree consultation is available from expert in the field.

(8) In-house microelectronics and coating facilities can
handle blank preparation and chemical processing.

(h) Many samples can be prepared without a long-lead item
such as a master blank ruled on a diffraction gratlng
- ruling engine.

(1) Efforts to date to produce a suitable ruled blank have
yielded unsetisfactory results.

Specifications:

Size, Ge blank ~ 28 x 40 x 4.0 mm, polished flat to 1/L 3 visible
light with rms surface irregularities < 1/ visible light over
the long. dimenslon

Coating - 1/ky ZnS, overcoated with <1000 A Si0

Wire material - Al (Au satisfactory)
Wire period - 1 to 2.5 microns +10%

Wire width - 1/2 of period +10%
Wires.to be paraliel to 28 mm dimensicn

Irregularities and discontinuities in the grating should be
small compared with 10 microns

Time to complete - 2 months or less

The efforts that are under way to fabricate therduplexer described
above are shown in the prbgiam plan, Figufe 5.3.2-6. This incorporates both
of the parallel efforts in fébrication techniques-that appear to be very
prromising noted above. Definitive results are expected by mid-August.

Se5.2~7
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5.3.3 Radiation Cooler

Toiassure succeasful performance of the ICE transceiver, the
cperating temperature of the mercury-cadmium-telluride (Hg.Cd)Te detec=
tor must be maintained between 95°K and 125°K throughout the operational
portions of the orbital mission 1life of the experiment. A passive radia-
tion cooler is used to obtain this low temperature. The design of such a
cooler is essentially "state-of-the-art” go an extensive development and
test effort will be carried out during the course of the program to insure
early detection of unforeseen problems so that corrective actions can be
taken %o obtain gaceesaful and timely performance. There are four impor-
tant areas in the design of the cooler that must be carefully examined
during this effort to insure that the best system is being used and that

it meets the mission requirements. These areas are:

1. The radiator and sunshade support design and its
resulting thermal conductance

2. The detector position or alighment
3. . The sunshade contour and specularity.

L. The thermophysical properties of the cdatings and
insulations used to regulate the heat transfer of

the subassemblies,

‘The table below lists the development test models and the
tests to be performed on each. The details of these tests and their value
to the overall design will be described in the sections which follow. A
detailed discussion of the radiator cooler assembly function, reguirements,

and design is given in Section 5.2.3.

TEST MODEL TESTS TO EE PERFORMED DESIGN AREA

Structural Model Vibration Support
Thermal/Vacuum:‘Breakaway Support
Dumy Support Assy Thermal/Vacuum: Conductance Support

é 5.%.3-1
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TEST MODEL TESTS TO BE PERFORMED DESIGN AREA

Functional Test Vibration Support
Model Contour and Specularity Sunshade Thermal
Performance

Thermal/Vacuum: Detector Position Alignment
Thermal/Vacuum: IR Transmission Coatings,
from Sunshade to Radiator . Insulations.

_ Note the extensive use of a struétural modelrand dvmmy support
assembly. Farly fabrication of these items is possible since they do not
require special surface coatings for radiation or a flight approved detec-
for/mixer. The subseguently early testing of these articles will lead to

timely solution of any design problems uncovered in the tests.

5.3.3.1 Radistor and éunshade Support Design

‘ When designing the supports for the radiator and sunshade, one
must carefully review the requirements placed on them during each phase of
the mission. During the launch and ascent portions of the mission, when
there are large dynamic loads imposed on the system, the supports must be
degigned to securely restrain the radiator and sunshade sc that excessive
movements or accelerations do‘hot damage any item in the cooler sﬁbassembly.
This means that the radistor and sunshade must be in good structural contact
with the ICE primary support structure. This generally connotes good

thermal contact as well.

During the orbital phase of the mission, the dynamic loads im-
posed on the cooler subassembly are négligible. The supports which hold the
radiaﬁor duarine launch are more than adequate fram a structural/mechanical
gtandpoint for the orbital design. However, the heat transfer through these
supports would he excessive and satisfactory radiator temperatures would be
unobtainable. Therefore, a different: support mechanism must be used in
orbit, This new support mechanism will provide the minimum required struc=- -
_tural support for the radiator and sunshade to maintain detector aligmment
while keeping the heat leaks through the supports to a minimum. As a design
goal, Aerojet will attempf to design supports that will securely‘hold the
radiator and sunshade on orbit and conduct less than 20 mw to each of these

items via the supports. . | .

0-3.3-2
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Theye are several techniques which have been successfully em=
ployed on various other spacecraft to remove supports not required after
launch. These techniques, usually used on eryogenic subsystems, rely on |

the following mechanisms to free the supports:
1. Pin pullers
2. | Exﬁlosive bolts
i3. . Differential thermal expansion

These and other release mechanisms will betexamined in detail to ascertain
which would be best for the ICE. At this time, the preferred candidate is
the one that uses the differential thermal expansion of the materials of
construction to obtain separation. The reason that this technique is pre~’
ferred to the others is that it 1s an uncampliéated, passive system,
requiring only temperature difference to operate. The pin-puller system
requires electro/mechanical equipment whose weight and reliability are a
disadvantage compared to the differential thermal expansion system. The
explosive=bolt system has similar problems and there is also a COntaminﬂ-‘
tion problem not encountered by the differential thermal expénsion system.
The validity of the‘present support approach will be proven early and con-
clusively by analysis and test of the structural model and durmy support
model,  Breakaway of the radiator and 9unshade-frdm the support mount will
ve verified in the structural model's thermal/vecuum test.

The structural model will also be testéd in a vibration environ~
ment. The radiator, sunshade and mount, structural model will be structur=
ally similar to the flight model. The purpose of the structural model tests
is to determine, early in the program, any anomolies with the structural
portion of the design. The vibration test will consist of & resonance
search through the fuil'frequency range (5 through 2000 Hz), with appropri-
ate acceleratlon transducers attached to the test article to determine the -
response of the structure. Particular attention will be paid to the ares of
the simuleted detector/mixer to determine meximum dispiacement differentials
between the vibration fixture and the detector/mixer mount. This informa=-

tion will be directly applicable to the ealeulation of detector/mixer focus
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and aligmment. Of equal importance in this test, will be the search for
possible detector/mixer resonant frequencies and their associated accelera-
tion effects. Any such rescnant frequencies will be found through measure=
ment of accelerations of the simulated detector/mixerlthat iz & part of the
structural model. <Should it be found that resonant frequencies create s
pfoblem, the reguired redesign to damp out excessive accelerations can be
accamplished without adversely affecting dowmstream schedules due to the
carly problem discovery permitted by these timely structural model tests.

As stated earlier, the orbital supports must be designed to
‘minimize heat leaks to the radiator and sunshade; a value less than 20 mw
' is a design goal. Several low-conductance support schemes hawve been
developed for cryogenic vessels and other systems designed in the past.

Thege support techniques include:
l.  Tension wires
2. - Monoballs
3. Centering pin .
4. Spring-loaded ball supports

The tension-wire concept relies upon the technique of suspending
the radiator snd sunshade securely in place through use of wires that are
maintained in tension; These wires will provide the only mounting-associ-
ated heat leak to the detector. The wires will be long, of small. cross-
section, and have low thermal conductivity to minimize the heat leak.
Stainless steel is a primary wire candidate. An important tradeoff to be
considered in the tension wire design is that improvements in thermal insu-
lation capgbility, brought on by decreassed cross-section and increased

‘ length, go counter to improvements in structural integrity.

The monoball support technique relies upon the use of three or
more sphéfes attached to the coamponent to be isolated. FEach sphere sits in
a transceiver-mounted race. Between the sPheré and race is a teflon sheath.
‘The advaqtages of this system are that it provides positive support while

permitting thermal contraction of the isolated member. Tts primary

| 5.%.3=L
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disadvantage is that gizeable heat leaks will be sustained across the

system's relatively large contact areas.

The centering pin concept has p0331b1e application in combina-
tion w1th virtually any orbital support plan and primarily deals with
insuring meeting the mixer assembly positioning and alignment requirements.
The center swpport would be cdmprised basically of.a heat sink-attached pin
fitted into a radiator-attached hole relatively near the radiator center.
The pin would nct touch the radiatof while the radistor is warm and the
positive launch support mehhanism is acting. When the launch suppbrt sys-
tem is removed, the radiatpr will contract as it cools. Should the radia-
tor move out of focal plsne aligrnment during launch support removal and/or
‘radiator cooldown, the_radiatoriwould push against the_centering pin. Thué,
the pin would be providing aﬁ aligmment restoration force as well as &
positive stop to prevent excess miéalignment The prlmany dlsadvantage of
such a system would be that it would create a swall heat leak to the
Qetgctor/mlxer while acting. This system would, however, not be active
should the primary support mechanisms (1?unch and orbital operation) oper-
ate as planned. An investigation of possible utilization of this mechanism
is under way, primarily dealing,with the added heat load, the structural

requiremente and the size and tolerances -of the centering pin and hole.

'Ai.preseﬁt, the spriﬁg-loaded ball support appears to be the
most attractive Support system. It prov1des positive support for detector
alignment while allowing heat leskage across very small cross-sections. |
Thus, thls system appeare to provide the smallest heat lesk of any of the.
above candidates. Early subsfantiation of this will be obtained by anaiysis
and test of the duwmy support assembly. The following test will be per-
formed to insure thé thermal adequacy of the design:

The dumy support assembly will be attached to an electrical
heater and heat fIQWmeter (see Flgure 5.3.341). The radiator and sunshade
supports will be tested separately. The simulated radiator or sunshade
 (one will be tested then the other) will be coupled to é ligquid=-nitrogen or
water-cooled heat sink whose temperature willlbe controlled so that the
temperature of the radiator or sunshade is brought to the analytically

5.3.3-5



Report No. 4033, Vol. I, Part 1

predicted value while fhe support mount is maintained near 300°K. By meas-
uring the support ﬁem@erature gradient and the corresponding heat flow, the
conductance can be directly calculated. Radiant heat flow between the test
article ang its surroundings will be controlled passively using muiti-l&yer
insulation. When testing the support for conductance between the suppdrt

mount and sunshade, radiant heat loss can be neglected-as'the suﬁport mount
and sunshade will both be maintained near room temperature. All testiﬁg

5

will be performed in a vacuum chember evacuated to 10”7 Torr or less. An

instrumentation list is presented in the following table:

PARAMETER ' TYPE ACCURACY
Support Mount Temp. #1 Cu-Con T/C 1°F (4°C)
Support Mount Temp. #2 Cu-Con T/C 1°F (4°C)
Radiator (Sunshade) Temp. #3 | Cu-Con T/C 1°F {4°0)
Radiator (Sunshade) Temp. #U Cu-Con T/C , 1°7 (4°0)
Heat Flowmeter EMF Potentiometer Vit
Heater EMF . Potentiometer Vit
Heater Current Potentiometer /4

The schedule for the development and testing of the support
system is presenﬁed_in Figure 5.3.3-2. This includes teéting of the
structural model and dunmy support assembly. Note how‘eariy in the pro-
gram the support design is tested. Thig is made‘possible through use of
test articles that do not require special optical surfaces or use of a
flight model detector/mixer.

5.3.3.2 Detector Position

During the functional test model (FTM) fhenmal/vacuum test,
displacement of the detector foecal plane will be measured in order to

verify that the Tollowing foecal plane alignment criteris are met:

DIRECTION ,  MAGNITUDE
Axial (AZ) 10.010 inch
Longitudinal (AX, AY) +0.005 inch

Movement of the focal plane could result when the radiator is

cooled below the radiastor-support mount separation témperature, thuS‘taking
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the radistor out of contact with its support mount. This possibility, ﬁhich
might result in misaligmment and ﬁoor system performance, can only be re-
gsearched with a radiator/éunehade agsembly test. The proposed test is

described below:

The functional test model with a simulated detector/mixer
assembly mounted on the radiator will be installed in a vecuum chamber with
& liquid nitrogen cooled shroud. Instrumentation will include seversl
copper versus constantan thermocouples and three linear velocity and dis-
placement transducers (LVDT) attached to the simulated detector/mixer
assembly. The instrumentation is described in the following table and
illustrated on Figure 5.3.3-3.

PARAMETER ' TYPE* ' " ACCURACY ¥
Radiator Temp. , Cu-Con T/C 1°F (4°C)
Mixer Temp. o Cu-Con T/C ' 1°F (£°¢)
Sunshade Temp. Cu-Con T/C 1°F (4°c)
Support Mount Temp. Cu=Con T/C 1°F (/4°C)
Heat Sink Temp. Cu-Con T/C 1°F (4°C)
Mixer Displacement fav4 IVDT 0.0005 in,
Mixer Displacement AY . LvDT 0,0005 in.
Mixer Displacement AZ VDT 0.0005 in.

% Cu~Con T/C indicates a 36 AWG copper versus contantan thermocouple
IVDT 1ndlcates 8 linear motion transducer. ‘

*¥% The accuracy is estimated based on engineering test experience. All
thermocouples will be calibrated.
In addition to the attachment of instrumentation to the test
 article, heaters will be bonded to the heat sink and sunshade to maintain
- them at the predicted orbltal temperatures while the radiator is allowed to

cool.

The data output from this test will be tempersture and displaceF
ment versus time ef the instrumented components, as indicated in the table
above. The test schedule is ineluded in Figure 5.3.3~4 which is the entire
development and test program for the sunshade and radiator FIM up through
delivery. B |
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5.3.3.3 Sunshade Conftour and Specularity

The alope or contour of the inner surface of the sunshade and

.its gpecularity are of prime importance to the success of the ICE trans-
ceiver's radiation cooler. ¥Figure 5.2,3-12, presents thé present design for
the sunshade., This design evolved after an extensive analytical effort., It
was demonstrated analytically that the shape of the wineglass sunshade could
be described as & simple arc of a circle and therefore the sunshade was an
ogival surface of revolution.\ In additibn, anslysis haé indicated that the
temperature of the detector will increase by 3°K for each 5 percent decrease

in specularity.

Now that analysis has defined the requirements for the sunshade
and the preliminary design is campiete, a development and test program will
be conducted to insure that the sunshade can be constructed to meet the

requirements.

AGC mechanical design engineers, manufacturing and optical
coating laboratory persommel will begin in July to develop techniques to
machine and polish the sunshade. After the sunshade has been fabricated,
the following test will be conducted t¢ insure that its cdntour and specu=

larity are within acceptable limits.

The FIM sunshade will be installed on an optical collimator test
table so thet it can be irradiated with collimated visible light at severél .
angles about the shade's major axis. A radiometer will be placed in the
radiator plane so that energy absorbed by the radiator will be indicated by
the redicmeter cutput.

Prior to testing, the collimated beam will be mapped with the
radicmeter to determine the total flux in the test volume. The flux ab-
sorbed by the radiometer with the shield in place will then be campared to
the total flux known to be incident on the shield, The ratio of incident
flux to absorbed flux is a measure of sunshade performance in the aress of
contour and specuwlarity. This test is Ineluded in the FTM schedule shown
in Figure 5.3.3-k, |
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5.3.3.4 Thermophysical Property Testing

The thermophysical properties of critical thermal control
coatings and insulations will be messured in a series of individual tests.
These tests will produce results which can be entered into the analytic

-models of the cooler to reduce prediction uncerteinties. The cooler will
8lso be tested as a total assembly to obitain in-situ measurements of heat

leaks within the system.

The IR emission fram the sunshade to the radiatpf is the largest
gingle heat load incident upon the radiator. Thus, verifying the exact
magnitude of this heat 1§ad is of great importence. To¢ accomplish this the-
test article, consisting of the heat sink, passive radiator and sunshade,
and a simulated antenna and solar panel, will be installed in a thermal/
vacuum test chamber. The test article will he instruménted with copper
versus constantan thermocouples, Internal power dissipafion will be simu-
lated by heaters attached to the heat sink,

Testing will be conducted with the chamber evacuated to a pres-
sure less than 1077 Torr, end the chamber cryo-ghroud cooled to a tempera-
ture less than 80°K. After the test article has reached a steady-state

condition, temperature date will be recorded.

The reduced:test data will be compared with previously predicted
results to verify the validity of analytic techniques and to show that the
radiator thermal performance is satisfactory. This thermal/vecuum test will
be performed on the functibnal test model early in the program, then later
repeated on the prototype, flight and flight spare models. The schedule for
the TTM test is included in Figure 5.3.3-b. '
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5.4 SPACECRAFT /EXPERIMENT INTERFACE

The physical interfaces between the ICE sPacécraft transcelver and
the spacecraft itself will now be considered, For this discussion, these inter-
faces are divided into five major types - mechanical, thermal, and electrical
interfaces and EMI and environmental requirenents, In all cases, the interfaces
involve requireménts and limitations imposed by .the spacecraft design and the
overall mission, as given in the ATS interfabe specification S-460-ATS8.38,

Other requirements and goals epecifiec to the ICE design that affect the space-
craft cepabilities are included in the LCE specification GSFC-S-52l-P-hC.

The following discussion describes (i) the status of Aerojet
efforts to tailor the ICE design to keep within these gpacecraft interface
constaints, and (2) the interface requirements which the LCE design imposes on
thg spacecraft, Baged on preliminary interface discussions with ATS spacecraft
project personnel, Aerojet believes that thése latter requirements (in conjunc-
tion with $-460-ATS-38) provide a reasonable basis in arriving at a mutually
acceptable definition of the spacecraft/ICE experiment interface, The only
item which appears'questionable at this time is the ability of the presently
incorporated four-point mount to meet the stringent deflection requirement
placed on the spacecraft/LCE mounting pads. This uncertainty can definitely

be resolved by changing to a three-point moumt (as discussed in section 5e2e1.9),

5.4.1 Mechanical Interface

The mechanical interface between the spacecraft and the LCE trans-
ceiver consists of four mpating areas held together with bolts. The bolted
supporting areas sre the alignment and mechanical—stress-carrying interface
between the experiment and tpe spacecraft.

5.4,1,1 Envelope

The space envelope of the spacecraft transceiver is defined by the
latest revision of Aerojet's interface drawing No. 1285001, reproduced in
?igure 5.,4,1-1, The notes on this drawing provide additional details percinent
%o the following discussions,

5.4,1-1
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I5.4.1.2 Loecation

The ATS-F spaéecraft has an earth-viewing module which ineludes a
north burface that is faclng Polaris end the west surface is colncildent
with earth west The south and east surfaces are opposite and parallel to the
north and west surfaces. The ICE transceiver is located in the northwest corner
of the earth-view{ng module, The earth-viewing module location is necessary to
allow laser communication to earth once the spacecraft is in orbit. The north
surface is used because a passzve radiator is necessary to cool.the detector -
i the LCE transcelver, and the passive radiator mst face an area of space in
which the sun never appears. The location to the west 31de is requlred to
prevent interference between the passive radiator sunshield and structural

support members between the spacecraft and the rocket boosters.

The installation of the spacecraft transceiver is through the earth-
viewing surface of the earth-viewing module. The passive radiator sunshield is
removed and the franscelver is inserted through the earsh-viewing surface of
the module, and moved approximately 2 in, in a north dlrectlon until the matlng
mountlng surfaces are in contact. The surfaces are then bolted together, and

the sun shield and electrical connections can then be made,

5.4,1.3 Mounting Provisions

The transceiver is presently mounted to the spacecraft structure
by four bolts, located as shown on Figure 5.4,1-1, Discussion of this four-
bolt mounting apprpach as compared with a possibly more advantageous three-
volt configuration is included in para. 5.2,1.9,

The notes on Figure 5.4.1-1 that are important to the mechanieal
interface (particularly the LCE mountlng) are discussed below, The notes more
closely associated with the thermal interface are covered in Section 5.4.2.

Note 2: "Angular dimension between surface A and 7 axis of the

spacecraft to be measurable to within O 005o "

The ICE orientation to the spacecraft is not critical, since the
LCE is capable of search, acquisition and tracking of en external source anywhere
within the field of view of the LCE (+4O degrees in the eest/west direction and
iSO in the north/south direction). To use the relative orientation of the ICE for

5,4,1-2
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attitude sensing of the spacecraft, however, requires a measurement of the
angle between the spacecraft axis and the LCE field-of-view centerline, The
degree of accuracy of measurement need not exceed the least resolvable engle
of the coarse pointing mirror, which is 0.0050 (one steb_bf the stepper motor).

Note 6:."The weight must not exceed 70.0 1b."

- The latest weight estimate information indicates an increase

from a previously reported 53.1 1b. The increase is explained in para. 5.&.1.6.

Note 17: "The four(4) mounting surfaces on the spacecraft are to

be parallel with respect to each other to within 0.005 inches or less,”

With the present four-point'mounting configuration, three of
the mounting pads will determine the plane of the LCE base plate, Any mis-
alignment of the fourth'mdunting pad will introduce stress and strain into
the base plate. (Characteristics of the more favorable three-point mounting
are considered in para. 5.2.1.9.) A strain capable of prbducing a misalignment
of the laser tube relative to the resonant-cavity mirrors of 2.5 milliradians
will reduce the laser power output by 3 decibels (or 50%), based on availsble
data from the laser subcontractor. The 0.005-in, misalignment limitation is

based on reducing the misalignment of the laser tube to & milliradian or less.

Note 2k: "The maximum in-plane load into surface A shall not exceed
lb, The load shall not produce a displacement of the LCE base plate

flatness by more than 0.005 inches,"

For the in~plane stiffness of the LCE base plate, it has been
tentatively established that a deflection of greater tham 0.005 in, may cause
a loss in laser power which would be unacceptable.

‘Note 25: "The maximum out-of-plane load into surface A shall not
exceed 1b. The load shall not produce a deflection of the LCE base plate
flatness by more than 0.005 inches in any direction,”

For the out-of-plane stiffness of the ICE base plate, it has
been tentatively established that a deflection of more than 0.005 in, may

cause a lozs of laser power which would be unacceptable,
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Note 26: "Attachment between surface A and the spacecraft heat
sink will be by 8«32 screws, The number of screws to transfer the LCE heat
diksipated load will be 114, Screws to be torguéd to 17 in. 1b., The maximum
loads in-plane and oub-of-plane introduced into surface A by the spacecraft
heat sink due to any méans shall not produce a deflection greater than 0.005

inches."”

. Based on test data, the above number of screws torgued to the
above level are necessary to transmit the heat-dissipated load of 57 Watté,
the current predicted electrical load of the ILCE., (See para. 5.k4.3.)

5.4.1.4 Field-of-view and Alignment Requirements

The transceiver beam pointing mechanism can direct the optical
axis of the system anywhere within a range of +h0° gbout the earth-viewing
axis in the east-west direction and +8° about the earth-viewing axis in the
north-south direction., This dictates the location of the experiment on the
earth-viewing side of the spacecraft with an unobstructed view corresponding
to the 80° by 16° coverage described above, Because of the wide capability
of the beam pointing'mechanismg there is no critical alignment re@uirement

becausze of the field of view.

The only fequirement,for alignment is due ﬁo thermal radiator con-
giderations, The passivé radiator sunshield has been deéigned, based upon
our present knowledge of the spacecraft configuration, to prevent direct solar
radiation or radiated or reflected energy from.spacecrafﬁ elements from ime-
pinging on the passive fadiatdr. The.passive-radiaior'sunshieid geometry is
such that it provides a 0.50 excess amount of shielding. Thus, the alignment
of the LCE field-of-view centerline with the spacecraft center line is not
critical if it is within the 0.5°. Of course, any changes in spacecraft
structure must be reviewed to assure that no structural element can have a
direct view to within 0.5O of the thermal radiator., The misalignment must be
measured for reasons explained in para. 5.4.1.5. The 0.5o alignment tolerance

is well within menufacturing tolerances and can easily be held,

§
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5.4.1.5 Alignment Measurement Requirements

The pointing and tracking capability of the spacecrafi transceiverl
is better than 20 sec of are, controlled by specifying tight backlash require-
ments for the stepper motor., The encoder resolution is +,02 degrees, The
use of this fine pointing sccuracy is restricted only by the ability to
measure and méintain the alignment of the spacecraft axes relative to the
axes in the north-south and eagt-west directions, The .alignment of the LCE
transéeiver will be measursble by autocollimation from a removable mirror
fixture, the alignment of which with the transceiver optical axis is known
within the 20 sec of arc described asbove. This fixture, toé_gethe::-E with =

means for accurately mounting it, will be provided by Aerojet.

5.4.1.6 Weight and Mass Properties

A mass-properties control program has been initiated for the LCE
spacecraft transceiver._ Early in the program a welght allotment ﬁas assigned
to wvarious subsystems and/or COmponents which totaled 53,1 1b, As the design
phase of the LCE program progresses, these allotted weights are being compared
to the calculated or estimated component weights, ‘Table 5.4.1.6 indicates the
comparison of allotted to the presently estimated weight, There is a 16,5-1b
increase over the 6rigina1 design allotted wéight. An intensive effort has
been initiated to investigate the weight increases and potential methods for
we;ght‘reduction. The three prime bargets for weight reduction are the primary

structure and heat sink, the sunshade assembly, and the power supply units,

The primary structure and heat sink weight is estimated, based
on a beryllium plate 0.25 in. thick. A potential weight reduction exists in
this element once a better definition of the 1asér end-cavity alignment
requirements and better spacecraft/LCE interface distorfion allowsbles are
obtained, The weight will be minimized through use of the NASTRAﬁ computer

program,

At present, it appears that it will be difficult to decrease the
current weight of the sunshade because of the specularity requirements, but

the weight will be considered further during design. In order to achieve
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the‘spécularity requifement, the inside surface of the shade must have a
surface finish simila: to a highly polished mirror, which dictates the thick-

ness of the shade.

For the power supply, efforts are being made to optimize the
requirements and design. It is confidently felt that this optimization will
result in a decreased weight for the supply. '

5,4,1-6
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TABLE 5.4,1-1

ALLOCATED AND ESTIMATED WEIGHTS -

Allocated Estimated
: Welght Weight
P/N Subsystem (1b) - (1b)
12955001 Installation Kit 53.07 69,60
1296220-1 Sunshade Assy 0.64 3.68
1296222-1 Thermal Blanket 0.15
1296000-1 ICE Assy , 52,43 65,77
1296200-1 Primary Structure & Heat Sink 9,71 1L,32
1296201 -1 CPM & Tele Shroud Assy _ 1,29
12962L0~1  Radiator/Support Stand Assy b.23 k.23
1296250-1 Mirror Assy - CBP 5.57 6.02
1296275-1 Telescope Assy © 2,53 2.53
1296L00-1 Optical Processor Subassembly 9.64 C7.21
Local Osecillator Laser 0.40 1,395
Transmitter Laser 0.h44 1.553
Standby Laser 0.u4h 1.553
End Cavity Mirror No. 1 2,00 C.77
End Cavity Mirror Wo. 2 2,00 0.77
End Cavity Mirror No., 3 2.00 ¢.7T1
Modulator & Driver 1,20 1.00
Laser Electronics 0,26 5.00
: Signéer}ocessing Electronics 4,31 3.92
Power Supply Units CTLTO - 13.50

Teble 5.4,1-1
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5.4,2 Thermal Interface

The ICE spacecraft transceiver is mounted structurally to the
north wall of the ATS at four loeations. It is also in contact with the ATS
on the north wall over the areas where the LCE beryllium heat sink is in
direct contact With the ATS heat pipes. This latter‘contacting area is pro-
vided 4o permit sufficient ATS/LCE heat flow so that the spacecraft transceiver
can be maintained at 20+10°C under orbital conditions. There are no other

. physical contacts between thée LCE and the spacecraft.

_ The maximum amount of thermal energy crossing from the LCE heat
sink to the ATS heat pipes during normal laser operationlat 28 wvolts will be
3.2 watts. This represents 57.2 watts of dissipated eleétrical power plus
6 watts of absorbed solar input to the telescope (should it be facing the sun).
THe meaximum amount Of thermal energy that will flow the other way is 5 watts,
This is the maximum rate at which heat can escape to space through the
telescope window., The LCE heax-sink/ATS heat-pipe enefgy transfer will be
the only significant heat transfer occurring between the LCE and the ATS,

There are three spacecraft transceiver faces that are. interior,
Two of them face other experiments in the EVM, The third faces the equipment-
module interior. Radiation across these three boundaries could be a source of
LCE/ATS heat transfer, except that the ATS heat pipes will maintain the ILCE
transceiver at the same temperature as the other modules adjacent to the LCE.

The spacecraft transceiver is isolated from heat transfer to and
from space by superinsulation on all uncovered areas of its three space-~facing
surfaces, except in two locations: +the radiator/sunshade and the earth-facing
window., The radistor/sunshade has been specifically desigﬁed to be effectively
isclated from the rest of the transceiver. Thus, any thermal interchange
between the radiator/sunshade and space has no effect on ICE/space thermal

‘interchange. The earth-facing window allows = thermal'interchange between
the inside of the telescope assembly and space. Extensive analﬁses have been
performed in this area utilizihg an Aerojet Momte Carlo Program, The multi-
%ounce computer simulations include mirror geometries, locations, and surface

properties, as well as the properties of the superinsulation that lines the
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interior of the telescope agsembly helmet, Details of the analysis, including
assumptions and a discussion of tradeoffs that led to the present design, are
ineluded in Appendix C. The resulting extremes in energy transfer were found
to‘be 6 watts iﬁto the ICE transceiver from space when the sun is looking
directly in with rays normal to the earth~facing plane; and 5lwatts out when
this face is looking to space., The surface properties of each major telescope

compdnent have been selected with the solar input problem in mind,

During nérmal laser 0perétion, the LCE electronics is presently
scheduled to dissipate 57.2 watts of thermal energy. A listing of the specific
amounts of power dissipated from each transceiver heat source that make up '
this total power is given in para. 5.4.3.1, along with the power dissipations

under other operating modes.

The spacecraft/experlment interface control drawing, shown in
Figure 5.4,1-1, includes several notes that are 1mposed in order to satisfy
various thermal interface comsiderations, The text of each note and the need
for including it are considered below. In general, these notes conform with
the GSFC ATS F and G interface specification.

Note 7: "Surface A shall be in direct physical contact with the
spacecraft heat sink. The spacecraft contractor shall insure that a contact
éonductance (hc) of at least 40,0 Btu/hr-ftg-oF exists between the spacecraft
heat sink and each square inch of the areas indicated on surface A, AMA\32
or better surface finish on surface A and on mating surface is required.

Pinish grain will be parallel to the Z-axis of the spacecra

The thermal requirement here is that the contact between the
ICE spacecraft transceiver heat sink and the ATS heat pipes be adequate for
carrying the worst-case thermal load likely to eross that boundary. The
specified surface finish, grain alignment, and contact areas are sufficient

to satisfy this reguirement.

Note &: "The LCE will dissipate approximately 57 watts of electri-
cal power. The major portion of this heat will be genérated directly above
the areas indicated by hidden lipes.”

5.}, 2m2
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The specific components from which this power is dissipated
were delineated later in para. 5.4.3.1. All power dissipators that could be
¢ttached directly to the LCE transceiver beryllium heat sink have been so

located in order to minimize thermal gradients,

Note 9: "The maximum temperature difference between the warmest
and coldest portion cof the spacecraft heat sink which is in contact with the
ICE shall at all times be less than 4°C. The nominal temperature of the heat
sink shall be within the range 20°%C + 10°%C."

Placing an allowsble maximum of 4°C on any heat-sink temperature
gradient prevents the possibility of structural/optical distortion caused by
differential thermal expansion of the base, Meeting the allowable 4°c isg
aided by proper selection of LCE heat~sink materisl, thickness, location with
respect to power dissipators and to heat pipes, and heat-51nk/heat-p1pe
contact conductance. meiﬁal heat-sink operating temperature limifs of 20 * 10°C
are required by NASA, These limits assure a stable thermal platform from which
to operate; they are met by the use of the ATS louver/hea$ pipe system, ‘

Note 10: "Déposition of foreign particles on external thermal
control surfaces of the LCE shall not change ¢ by more than ,01 and,as by

more than .01, or mirror specularity by more than .0Ll,"

Observance of this note assures that no thermal control surface
will be degraded:to the extent that its function is significantly impaired,

Note 11: "The earth viewing side of the LCE is open to space.
There is no filter over the opening of the telescope to attenuate or reflect
incident solar energy. This opening will act as a heat source or heat sink
for the spacecraft depending on the time of day and season of year. At no
time, however, will this opening cause a heat input to the spacecraft greater
then six (6) watts, or a heat drain greater than five (5) watts."

These values of maximm heat leak through the earth facing
w1ndow were determined analytieally using the Aerojet Monte Carlo program.
A major assumption of this amalysis was that the telescope interior would be
completely covered with superiﬁsulation, except for the mirror's reflecting

gurfaces. The details of the analysis are described in Appendix €.
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‘Note 12: "No element of the spacecraft will have a direct view

factor to surface -D-."

The purpose of this design requirement is %o minimize the
incident radiation to the radiator., Surface -D- is the space-viewing side
of the radi&tor. The wineglass sunshade has been désigned.SQecifically s0
théﬁ the radiator does not have a direct view of the spacecraft nor any view

of specular bounces from the spacecraft,

Note 13: "The ICE shall be in direct physical contact with the
spacecraft heat sink (,050-in, thick aluminum skin) snd the four (&) attache
ment fasteners only. All other surfaces within the EVM of the spacecraft
which are viewed by the LCE shall be essentially adisbatic,"

The purpose of this is to reiterate that the ATS spacecraft
thermal control system is responsible for handling all LCE thermal loads
directly through the LCE heat-sink attachment, The interior LCE transceiver
faces are essentially adisbatic, by virtue of the LCE components being
maintained at the same temperature as the components of the other EVM experi-

ments,.
Note 14: "Installation clearance in spacecraft 2,50 inch minimum,®

This allows attachment of the radistor to the outside of the
north wall heat sink prior to LCE transceiver integration with the spacecraft,
Only the sunshade must be attached after the LCE has been installed in the
spacecraft. The primary advantage of this is that the detector can be aligned
better prior to spacecraft attachment than after, and the coaxial cable that
connects the radiator-mounted detector to the preamp can be more easily

installed prior to'sﬁaCecraft installation,

Note 16: "Sunshade to be attached after ICE is installed in

i

gspacecraft,"”

There is no way eround this, since the ICE is installed
through the west face of the spacecraft while the sunshade mist be attached
to the north face of the LCE.
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5.4,3 " Flectrical Interface

5.4,3.1 Power Requirements

The spacecraft transceiver will operate entirely from the EVM
regulated DC bus. The characteristics of this supply as contained in Specifi-

cation S-460-ATS-38 are summarized below:

Voltage . : 28,0+2%

'Ripple 10 mv rms, maximum

Transient spikes t 2v pesk (energy 30 millijoules)
Conducted noisge 10 mv pk, O to 15 kHz

Output impedance 0.1 ohm, O to 15 KHz

_The necessary switching to activate or deactivate the equipment
will be contained within the LCE power supply unit and will be controlled
through the spacecrait command systen,

Input current and power will be a function of the mode of operation,
as deflned in Table 5. h 3-1 In particular, during normal operabting mode, the
requlred power is 57.8_watts. The elements ﬁhich make up the power budget
and discussions of the potential ways in which this requirenent will change

and, in particular, decrease, are presented below,

5.4,3,1.1 Power Budget

The.estimaped power required for operation of the various elements
of the ICE spacecraft transcei%er, used in deriving Table 5.4,3-1, may be
summarized as follows: The opbtical receiver requires 2.0 wabts for operation
while the laser startup and frequenéy control loops consume 4.9 watts; the
signal processing subsystem requires 11.3 watts for operation; the transmitter
laser uses 13.5 watts; the-local oscillator laser'B watts, and the backup laser
8.5 watts (when operating}; the modulator and oven require a power input of
13.6 watts; power supply losses are estlmated at 7.5 watts; and the mirror

drive motors consume 2.0 watts (when running).

Reasons for increase of the power requirement over the original

LCE spacecraft power estimate of about 30 wabtis fall into three categories:

50h-3"l
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(1) increased power due to added functional capabilities, (2) power require-
ments for functions that were not included in the original estimate, and

(3) original underestimation of the power required for ceftain functions.

The first category includes power for 1ncreased frequency offset
for ‘the local Bsc1llator (3.6 watts) and increased peak frequency deviation
in the modulator (4.7 watts), Both of these changes were incorporated after

discussion with NASA peréonnel.

The original power estimate did not include allowances for power
supply loss, encoder exciter lamp consumption, mirror motor drive requlrements,

PZT requirements, or modulator temperature control.

Present understanding of the design shows an original underestimation
of the power required for the modulator driver and the signal processing sub-

system,

Intensive efforts have been initiated to reduce the present power

requirements, The possible modifications are discussed below.

5.4.3.1.2 Potential Changes in Power Consumption

There are potential changes in power consumption requirements for
almost all of the budget elements, but most are expected to result in reduced

rower, These are discussed below.

(1) The present Signal Processor design uses integrated circuits
of high power consumption to achleve optimum performance, It is expected that
loﬁhpower circuits will be available in the near fubure which provide similar
operation. This change, if found feasible, offers a potential power feduction
of 2.5 watts, '

(2) If the spacecraft transceiver can be operated without the
need for continuoue operation of the coarse pointing mirror position readout,
the electronic circuitry and the encoder may be shut down with a power saving
of 4.3 watts,

5-}'1'-3"'2 :
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{(3) The startup loops for the laser tubes operatelcontinuously
in the present de31gn. The impact (~1 watt) and potential saving of including

a mechanism for turnlng these off is being 1nvest1gated

(4) The power supply loss assumed an 80% efficiency, Present
design results in an efficiency of 55-60%. An intensive redesign effort (See
Section 5.2,6) is presently being performed. It is expected that a large
simplification of the power supply design and a reduction in the power supply
loss will result.

(5) ° Breadboard tests of the loecal oscillaﬁor have shown larger
in~cavity losses than were originalliy anticipated, primarily due to the
introduction of a grating in the cavity which was not optimized for the LCE
operation. This resulted in s larger power requirement on . the 5readboard
(10-20%, see Section 5,2.6)., It is expected that this potential increase will
be minimized by use of an optimized grating, In addition, a potential decrease
of required local oscillator power (~2 watts) by extracting the output off
the grating instead of through the mirror is being investigated.

(6) The breadboard tests of the transmitter have shown larger
power requirements for the laser tube than were originally anticipated (10-
20%, see Section 5.2,6). This was primarily due to unexpected in-cavity losses
in the modulator crystal., This increased tube power can be eliminated by
shortening the crystal but there is a resulting increase in modulator DoOweET,
A trade between tube power and modulator length and power is presently being
performed 4o optimize the required power. The increased tube power can also
be eliminated if future crystals exhlblt absorption losses closer to the value
expected

5-#.5.2 - Telemetry Requirements

5.k.3.2.1  Quantities

The ICE spacecralt-transceiver telemetered parsmeters and number

of bits reQuired to assure operation of the experiment are listed in Table
5.5.5-2. These are to be delivered on a real-time basis to the LCE operating
console. All signals except the 22-bit coarse polnting mirror position

channels will be presented at the ground station with an acceuracy of i}%.
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The mirror position channels need only be presented as binary bits (0" or
"i"). The spacecraft telemetry will give a read command to the experiment

each time the 22 bits are to be read for transmission.

5.4.3.2.2 Signal Characteristics

All signals will nominally fall between O and +5 volts with
respect Lo the experimenﬁ signél ground iﬁterface. Signals will be limited
within the experiment g0 that the interface will not see more than 0.7 volts
negative or more than 5.7 volts positive hndér any condition. All telemetry

signals will be delivered from g source ilmpedance of 1000 ohms or less.

5.4.3.3 Command Requirements

5.4.3,3.1 Fuactions

The ICE spacecraft transcelver functions which must be initiategd
by remote command are ligted in Table“5.3.5—3, along with the: associated data
bitsg reguired. All commands are of the discrete, binary type except for those
directing the coarse peinting mirror. Here three megnitude commands are
reguired to provide arimuth and elevation orders to the‘necessary accuracy.

A magnitude command shall consist of a nine-bit data word, a clock line for
synchronization, an enable line to address the correct function for the
elapsed time'during which fthe nine bits are presented, and a separate discrete
comnand for function execute. The remainder of the commands required are
single discrete commands which must be capable of being repeated the required

number of fimes to command the desired operation.

5.4.3.3.2 ' Signal Characteristics

#11 commands shall present a voltage of less than 0.5 for a "Q"
and more than 4.0 volts for a "1". fThe input of the command interface is a
current source, and the spacecraft command scurce must. be capable of supplying

Ly

2 milliamperes current sink while maintaining the "0" voltage limits.
:

5.4.35.0 Grounding Requirements

5.0.3.4.1  Power Groundk

The inceoming spacecraflt power return will not be grouhded in the

experiment. All internally converted power will be grounded to the experiment
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heat sink/basepléte, as will all other housings and ghields in the spacecraft
transceiver. '

5.4.3.4.2  Signal Grounds

Signal ground will be connected to power ground at the common
point in the power supply. Throughout the rest of the experiment system,

signal ground will be isolated from the frame and housings.

PRLS A
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TABLIE 5.4.3-1
ICE POWER DEMAND FOR VARIQUS MODES

. Power {(at 28 v)
Mode Degeription watts

.

Startup ' All subsystems on, as in normal - 59.8
’ operation; cearse-pointing mirror
motors drive to selected position

Acquisition Bearch system operating to . 57.8
acquire the remote station

Hormal Operation _ Operating in the track condition 57.6
while transmitting and receiving
the baseband signals

Backup ' Backup laser replaces either the
transmitter laser (for CW) or
the local oscillator for normal

operation
Transmitter inoperative No baseband transmission Lo,
I0 incperative : ~ Wormal operation | 62.0
Standby _ , Al electronic systems off, buk 2.8 max

modulator oven operating (always
-on when experiment power on)

h

iTabie 5.4.3-1
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TABIE 5.4.3-2

SPACECRAFT TRANSCEIVER TEIEMETRY REQUIREMENTS

Tunction

Transmitter Current

Transmitter Voltage

Local Oseillator Current

Lozal Ogeillator Voltage

Backup. Laser Current

Backup Laser Voltage

Modulator .Current

Local QOscillator Tuner Voliage

Backup Laser Tuner Voltage

Transmitter Power Output

Local QOscillator Fower Quiput

Backup Laser Power Output

Analog Coarse Pbinting Mirror Position
Digital Ceoarse Pointing Mirror Position
Tmage Motion Compensator Position (Coarse)
Image Motion Compensator Position (Fine )
Receiver AGC Voitage ‘

Mixer Bias Current

+ AFC Error Output

Acquisition Threshold Volbage
Acqulsition Conform Threshold Voltage
Nutator Biasg Voltagé

Laser Healt Sink Temperature

Modulator Temperature

Radiator Témperature

Sun Shield Temperature

Spare

Table 5.4.3-2

'
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TABIE 5.4.3-3

SPACECRAFT TRANSCEIVER COMMAND REQUIREMENTS

Function ' . - Comuands
Discfete
6pmérsmmhes(mpoﬁﬁ 12
3 mirrors (in-out ) 6
Passhand éelection 3
Laser current adjust 3
BU laser line selection 3
Becéi{er 2
Laser L
Acguisition 7 . l:‘
Acguisition threshold ) 1
" Beam alighment (nutator bias) I
Acquisition confirm thresheld - 1
Spare B
b1
Coarse pointing mirror position 5 (9-bit words)

v t Table bl .3-3
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S.b Lk EMC Requirements

The GSFC specification for the ICE spacecraft tréﬁsceiver calls,
in paragraph 3.3.1.5, for listing all sources within the spacscraft transceiver
generating RFI (f > 1 kHz) greater than O dbm, and for ripple feedback to the
paylcad regulator of less than 150 millivolts as a design goal. The following
discussion applies not only to these questlons, but to fhe more general

problem of ICE electromagnetic interference and techniques for its control.

Skl Considerations

The following documents are being used as guides to accomplish EMC

goals for the LCE spacecraft transceivér:

MIL-STD-461A Blectromagnetic Interference Character-
‘ istics Requirements for Equipment

MIL-STD-462 Electromagnetic Interference Character-
istics, Meazsurement of ‘

MIL-STD-463 ' Definitions ard System of Units, Electro-
magnetic Interferenge Technology

MIL-B-5087 (ASG) Bonding, Electrical, and Lightning
Protection, for Aerocspace Systems

MIL-C-5541A _ Chemicals, Films, and Chemical Film

' Materials for Aluminum and Aluminum

Allcys

AGC-20014 Coating, Corrosion Protective, for
Magnesium, Megnesium Alloy, Application
of '

S5 kL2 EMI Sources

5.4.4.2.1.  Spacecraft

The main source of EMI from the spacecraft is radiation Crom the
2.5-GHz transmitter. The ICE is not directly susceptible to this frequency,
but there is a possibility of induced currents causing rectification effects

and effecting sensitive cireuitry.

Conducted scurces include the spacecraft power line, command lines,

telemetry, and video cables. Power-line EMI wili be controlled by filtering

Sl -l
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and power-supply isolation. Control of the signal cable EMI will be effected
by proper shielding and grounding.

5.4.b.2.2 ICE

There are two major sources of EMI in the LCE. The transmitter
lager modulator requires a drive voltage of up to 200 volts pegk-to-peak
‘in the frequency range of 1 to & MAz. The second source_is the laser high-

voltage power supply.

Radiation from these sources will be minimized by RFI-tight shield-
ing enclosures. Measurements will be made on the power-supply breadboard to
determine the filtering required against conducted interference. The sub-
contractor responsible for defailed design of the laser subsystem, which con-
tains the laser modulator, will be required to control his conducted and

radiated interference and furnish proof of compiiance.

_ There- are no known sources of EMI in the LCE transceiver that are
capable of producing any appreciable energy at 2.3 GHz that may interfere with
the spacecraft RF receiver. The highest frequency signal with any significant
power is contained in the laser modulator driver at & MHz. Since linearity is
one of the prime design requirements of this c¢ircuit, no harmonics are
generated. The ICE receiver subsystem contains a 30-Miz IF amplifier, but it

processes low-level gignals and by its very nature is well shielded.

5.4.4.%3  Bonding Technigues

The following rules will be followed for ICE transceiver mechanical

BEMC design:

(1} ALl electronic enclosures will be electrically bonded to the
baseplate. Conductlve protective finishes on contacting surfaces are necessary
to assure good electrical contact. Alodine 12008, per MIL-C-5541, on aluminwn
and Iridite 15, per AGC-2001k4, on magnesium are being used for the Wil sengor
project with success. Surface flatness required for thermal conductivity is
adequate to assure good electrical conductivity. Bonding resistance will not
be more than 2.5 milliohms, as a design gosl, with an acceptance limit of %

milliohms. The preceding commenté apply also to spacecraflt bonding.

5.0 -2
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(2)  All other metallic structures such as optical elements that
are mounted on an insulating surface will be bonded to the baseplate by a

strap or jumper by the methods described in MIL-B-5087B, paragraph 3.h.

{3) The ICE transceiver will be provided with an overail metallic
cover to prevent the entrance of RF energy. The cover will be bonded to the
baseplate. RF gasketing material will be used at all joints to assure a tight

geal.

5.4l Shielding and Cabling Considerations

Interconnecting cables and wires will be categorized; i.e., low
level, power, video, ete. All wires will be cabled and routed only with
wires and cables of the same category, and cables of the same category will
be separated from all other cables by a minimum of 2 in. {except at a common
connector ). Where different cable categories are terminated in the same

connector, grounded spare ping will be used for added isolation.

Shields oftlow—leﬁel, low-Treguency circuit cables will be grounded
at one end. Video and power cables will be grounded at both ends. In sddi-

tion, all power cables will be twisted shielded pair.
5.k s EMC Tests

The'MIL—STb-h6lA bests that have been selected to be performed
on the FIM are listed in peragraph 7.3.37. The GSFC specification on conducted
emissione will be adhered to. These tests were chosen on the basis of assuring
compatibility of the LCE transceiver with itself and with the spacecraft. Thais
list will be reviewed periodically during the program and changes made where
_necessary. Implementatlon of these tests will be set forth 1in the test plans

and procedures

5.4.4.6 EMC Summary

‘No great difficulty is anticipated in meeting the RFI requirements
for the ICE spacecraft transceiver. This opinion is based on Aerajet experi-
ence with other applicationg of electro-optical equipment in spacecraft in
which EMC techniques such as those discussed were successfully spplied. The
EME levels at the spacegrait 11terface will be tabulated for the various LCE

sources as part of the normal detall design process It appears that the
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ripple feedback to the Payload regulator can be held below the specified
maximum 6f 150 millivolts, exéept poseibly for brief transients during

infrequent ICE operations such as startup.

5.4.5 Degign Environmental Regquirements

The ICE spacecraft transceiver is being des1gned to the environ-
mental reguirements. included 1n Specification AGC -20511, "Environmental Design
Criteria and Test Levels for the Loaser Communication Experiment and Associated

Components . "
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5.5 FEASIBILITY OF INCLUDING LCE SYSTEM ON THE ATS-F
: SPACECRAFT ;
5.5.L General Acceptability

Froﬁ the information presented in the preceding sections, it is
clear that the LCE is compatible with the interface requirements of the ATS-F
spacecraft. Although the weight and power consumption of the LCE are higher
than the design goals, they are both within the capability of the spacecraft.
Furthermore, efforts to decrease both weight and power will be continued
throughout the LCE design phase.

5.5.2 Installation and Eendling

Instalisgtion of the LCE transceiver into the spacecraft does not
appear to present any problemg at this time. The experiment package with the
radiator sun shield. removed can be inserted into the spacecraft from the
earth-viewing side, and then lifted onto its mounting psds on the north face
of the EVM with the radiator projecting through a hole in the north side
panel. The sun shield can be installed at a later time in order to minimize

the expoeure of its polished immer surface to handling and contamination.

There are no striﬁgent requireﬁents Tor alignment of the trans-
celver with the spacecraft. A toierance of ag much as 0.5O can be permitted.
However once the unit is installed the alignment of & reference axis on the
transceiver should be measured with respéct to fhe spacecraft Z-axis to an
accuracy of ip.005o in order to permit pointing data from the LCE 4o be used
to evaluate spacecraft attitude determinatioh data. A removable zlignment -

mirror will be Supplied with the trénsceiver to facilitate this measurement.

In addition, care will be required in the design of the space-
craft mechanical and thermal interface to prevent deflection of the trans-

ceiver baseplate by the spacecraft during LCE operation,

Aﬁother_areaswhich will requlre close attention is the provlem of
maintaining the.optical propefﬁies of the radiation cooler and sun shield.
Means must be provided to proéect the sun shield, in parﬁicular, from the |
time it is installed until the completion of the migsion. During ground

testing, the surfaces of the shield must be protected from handling and
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airborne contaﬁiﬁants. Related to this, the surfaces must be protected from
particles that may be ahaken loose from nearby surfaces during thé boost

phase, and the surfaces must be protected from particles expelled from other
portions of the satellite while in orbit (e.g., cesium ion engine, thrusters,

ete. ). S 0

5.5.3 Launch Envircnment

The launch environment to which the LCE will be exposed is con-
sidered to be compatible with the system design as it is presently conceived,
The design qualification test which will have the greatest influence on the
structural design is the sinusoidél vibtration test. TIf it appears from a
preliminary low-level gcan of the test spectrum that damag¢ cauld result
from high amplifications at resonant fregquencies, WNASA personnel will be
contacted to determine if a reduction in input amplitude can be justified by
gpacecraft structural analy81s at those gpecific frequenc1es. I such re-
ductions are permltted, 1t may we poesible to avold damaging the test unit by
an unrealistic test, and thus eliminate the consequent redesign and its
attendant weight increase. Efforts are underway to determine potential
resonant frequencies in the LCE structure and resultant amplifications so

that investigation of spacecraft motion at these frequencies can be initiated.

5.5.0h Orbital Environment

The orbital environﬁent does not appear to present any hazards
tc the operation of the experiment. However, informetion on vibration levels
as & function of frequency within the spacecraft, caused by reaction wheels,

solenoid valves, etc., is still needed %o assure compatibility.

Care must also be taken that the TCE or other equipment within
the spacecraft does not contain material which can outgas in a vaéuum environ-
ment and condense on the cold radiastor or mixer surfaces. Reports from other
programs concerning the formation of frost on cooled detectors should be
reviewed to determine if a cause and corrective action for this Phenomenon

has been determined so that this potential problem can be eliminated.
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5¢5.5 Cesium Ion Engine Considerations

Aefojet has made a detailed analysis of the-possible effects of
contamination from the cesium ion engine, which is also on the ATS-F gpace-
craft. This hag been based priﬁarily on the comprehensive report, HIT-399,
“A Study of Cesium Exhaust from an Ton Engine and its Effect upon Several
Spacecraft Components,” prepared by Hittman Associastes, Ine., for NASA on
26 June 1969. The HIT-399 report recommended that a proper biasing and
shielding should be made to prevent ceglum ions and neubrals from Impairing
the performance of an coptical receiver. It is understood that proper actions
will be taken by Dr. Rébert Hunter of NASA in accordance with these recommen-
dations. However, a careful review of the HiT-399 ?éport reveals that there
still exist & number of uncertainties which could have significant effects

on the LCE program.

It is fécognized that a direct view from the radiator opening to
the ion engine nozzle must be avoided by a proper orientation of the ion
engine with respect to the radistor and/or by & protective ghield. However,
no definite plan has been proposed as yet to achieve this. It is recommended
that a detailed plan should be made for the installation of a shield to pre-
vent any of the neutral Cs stoms from reaching the surfaces of the sun shade

(in particular the inner surfaces) and the radiator.

According to the HIT-399 report, there will be more than one
monolayer (~5 K_thick) of Cs deposition over the radiator surface during the
total proposed period {eguivalent to 45 days) of the ion engine experiment.
This estimation does not include diffusion and scattering of these neutral
Cs atoms from directions oﬁher than direct line of sight. The report con-
cluded that one to several monolayeré of cesium would not cause any significant
change in surface properties (emissivity, reflectivity, transmissivity and
absorption) of the radiator, based on an older reference: (H. Ives and
'H. B. Briggs, J.0pt. Soc. Am, 27 395, 1937. Tt is thought that these old

experimental results do not represent the physical properties of pure cesium

films because of the oxidation and impurity contents in these films are very

high due to inadequate high-vacuum techniques at that time.)
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- Dr. Cox of Fort Belvoir, estimates that a monolayer of pure Cs,
when uniformly coated, can cause a significant change in the gurface proper-
ties of the radiator. He believes that the reflectivity of Cs film can be
as high as that of Au film iﬁ the infrared region. According to Figure IV-2-
of the HIT-399 report, the transmittance of Cs film decreases rapidly with
increasing Wav%length. for a 500 X thick f1lm, the transmittance is about.
5% at. 1 micron and nearly zerc st 1.3 microns. For longer wavelengths, no
information on the optical properties are available. The surface temperature
of the radistor is-lOOOK, corresponding to a peak of blackbody radiation at
about %0 microns.. In this spectral region a very thin (~10 K) layer of Cs
film éoula cause a catastrophic change in both the transmittance and emit-
tance of the radiator. Aerojet strongly recommends that a careful experi-
mental study of the thermsl and optical properties of thin (one to 10
monolayers ) fresh Cs film should Be conducted to resolve this problem.

The temperature of the radiator will be monitored as an indica-
tion of any adverse effects of Cs deposition. But this should only be con-
sidered as a gross monitor; it must be recognized that because of errors in
the temperature measurement and the normal seagonal and orbital temperature
variations, it may not be possible to recognize a temperaiure increase due
to Cs deposition while it is still negligivle. For this reason, it is
neceséary fo implement the recommendations outlined above in order to develop

g greater understanding of the problem.

Tt is to be heoped that this understanding will also provide a
nigh degree .of confidence that the Cs engine will not interfere with the
operation of the LCE. Aerojet further recommends that the ion engine not
. be operated until a stable radiator-temperature history is obtained over
several orbits. This may require greater than normal opération of the LCE

during the early portion of the flight.
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5.6 OPERATTON UNDER NON-STANDARD CONDITIONS

There is a finite probability that the spacecraft will not achieve
its planned orbit or its specified orbital characteristics. The resultant
noﬁ—standard conditions will have a definite impact on LCE performance. The
primary non-standard satellite conditions to be considered are (1) non-
sy¢hronous orbit, (2) spinning satellite, (3) excessive roll rate, and (4)
improper inclination. The effect of each of these conditions on the opera-

tion of the LCE is diécgssed below.

It must be noted that for any of the experiment objectiyes to
be' achieved under adverse conditons, acquisition must be'completed. The
acquisition TF bandwidth is about 9 MHAz at the half-power point, corresponding
to a Doppler velocity component of EOMfsec. Attempting to acquire with a
j-db signal loss ' will severely reduce the acquisition probability. Further-
more, the nominal operating peint about which the acquisition system parameters
have been optimized would ho longer exist, decreasing acquisition probability
further. A detailed analyeis for aAparticular non-standard conditiocn mest
be performed in order to quantitatively determine the pfobability of acquisi-
“tion. .
i Assuming'acquisition has been achieved for a'nOn—standard orbit,
a Doppler velocity of #vEOM/sec can be tolerated with the heterodyne signsl
within the IF cdmmunication bandpass (12 MHz). Communication experiments
could not be performed, but étmosphéric measUurements could be made by eon-
tinuous recording of the Doppler signal. Higher orbits would reduce the

235 -db C/N and lower orbits would increase tﬂis value.

If the satelllte is spinning, the LCE will not be able to perform

any of 1ts operations.

If the roll rate exceeds the nominal value, acquisitioh will take
longer, according to the discussions of Section 5.1.5. The probability is
further decreased due %o departing from the optimized operating point. A

quantltatlve assessment again requlres detailed analysis.
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Improper inclination would disturb the acquisition somewhat,
assuming that the satellite could be found. After the two stations acquire
gnd lock following some search operation, normal ex?eriment operation would

ensue.
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5.7 ABTLITY OF THE LCE SYSTEM TO PERFORM EXPERIMENTS

As stated in GSFC Specification, "10.6-Micron Laser Communications
Systen Experiment for ATS-F," GSFC-S-52i-P~46, dated Jamuary, 1969:

The fundemental cobjective of the Laser Communications

Experiment is to ascertain the practicality of wideband

communications between a spacecraft and a ground station

and between two orbiting spacecraft using the 10.6 micron

radidtion from a csrbon dioxide laser; and to establish the

. resulting efficiency that can be effected in terms of com-
munication bandwidth per pound on the spacecraft. To this

end, a number of related experiments, tests, and measure-
ments will be performed. '

A number of experiments, tests, and measurements are then listed,
in addition to a presentation of overall system requirements. These are
described in Section %.0. The folliowing sections deal direbtly with the ligted
items and describe the manner in ﬁhich the Lcﬁ system design, presented in the

preceding sections, satilisfles these items.

It should be noted that these are not the only measurements that are
expected to be taken during the course of the experiment. PFurther discussions
will be presented in Volume II of the Design Study Report.

5.7.1 8/N Ratio as s Function of Atmospheric Parameters

It is expected that the atmosphere will affect both the intensity

of the received signal and its angle of arrival.

The intensity variation (for a given zenith angle) will consist of
glow fades and higher—frequehcy fluctuations.l NASA data show that over a 15-km
path the intensity veried a factor of 50 over a 24-hour pEriod.* Tﬁe higher-
frequency fluctuations appear to extend up to 1-kHz frequency.

The slow fades will be measured by the autometic gain control (AGC)
in the optical heterodyne receiver. The telemetry output of the AGC is

%
Optical Bpace Commmunications, NASA SP-217.

i
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designed to vary between O and 5 volts, corresponding to a carrier dynamic
range of -T2 dbm to -56 dbm, and hag a Trequency response from de to 10 Hz st
the. 3-db point;

The high-frequencyiintensity measurement requires heterodyne AM
recelver. Such a receiver is not presently included in the LCE, but Aerojet
has submitted a proposal toc NASA Ffor incorporating one. Table 5.7-~1 gives the
technical highlights of the proposed AM receiver,

There are very little data available to determine expected fluctua-
tlon; in the angle of arrival. MEasurements performed st Marshall Space Flight
Center using & He-Ne laser over a range of %200 meters produced an rms devistion
in angle of arrival of 1.3 fec for a 5-in. receiver aperture.* Spectral
analysis of the received fluctuations showed that power density fell to 10% of
the de spectral power density at 1C Hz, and to 1% at 100 Hz.

The pogition volﬁages of the image motion compensators of the track-
‘ing subsystem will be telemetered to earth. The tracking subsysten has a loop
bandwidth of 5 Hz, and the response time is 0.1l sec (time.to reach 80% of a
step input). Therefore, slow variation of angle of arrival, tcgether with the
angular rotation of the spacecraft axes, will be measured. These data will
have to be analyzed iq order to separate spacecralt rotation from the angle-of-

arrival data.

The ground-station transceiver systems will also produce data on
the intensity fluctuation and the angle or arrival. Performénce characteristics
are ldentical tc the spaceborne transceiver. The ambient motion of the earth
ag a result’ of the background pelsmlc aetivity in the frequency range up Ho
5 Hz is expected to be 1 to 2 sec rms. The high-frequency cul+ural neise wiil
be decoupled in the ground station by proper foundation degign.

To complete this experimental objective, data on atmospheric condi-
tlons will be required. As part of the ground station, the equipment shown
on Table 5.7-2 will be provided to give in situ atmospheric data. Further,

i

¥
Ihid.
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it is Aerojet's understanding that NASA will have an additional ground station
{not part of the LCE contract to Aerojet) which will have AM receiving
capability.

5.7.2 §ZN.éé‘é Function of Receiver Apertures

The LCE transceiver has a Ffixed-diameter (7.75~in.) aperture. There-
fore, measurement of S/N as a function of receiver aperture dismeter cannot be
performed by the LCE transcelver. This 1Is recognized by the statement in the

specification that this'?equirement is not applicable to the LCE transceiver.-

5.7.3 S/N Ratio as a Punction of Zenith Angle

The expected cloudless atmospheric transmissién as a function of
zenith angle is shown on Figure 5.7~-l. From the figure it is seen that the
variation is 3.25 db between zenith angles from 0° to 80°. The range of the
AGC optical heterodyne receifér is 16 db, corresponding to carrier power input
levels in the range from -72 to -56 dbm. Therefore, the automatic gain
control will cover satisfactbrily the expected variation of the S/N ratio as a
function of the zenith angle. Thé corresponding AGC telemetry output level is
O to 5 volts, with a tolgrance of +0.3 db. Of course, it is recognized that
the satellite or the ground station must be moved in order to vary the zenith

angle.

5.7.4 Space Background Neise (Sun, Stars, ete.)

As derived in Appendix B, the non-coherent background energy

recelved by the optical heterodyne receiver system (DHRS)_is given by

’ o = EgiB (5.7-1)
where
o, = non-ccherent energy received, watts
E = spectra; radiance emittance,lwatts/m2 of the background
\d - rediation wavelength, meters (1.06 x 1077 meters )
¢ = speed of light (3 x lOSIﬁféec)
o -

bandwidth of the regeiver (12.0 MHz)
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The ratlo of the received background power (rms) to the receiver

noise (rms) is given by

B—@;%y (5.7-2)

where

NEP 1s the received noise equivalent power in
watts /He (nominelly 10-9 watts/Hz)

5.7.4.1 Direct Solar Energy

With a system optical bandpass of 1 micron and the assumption that
the sun is a 6000°K blaFkbody, o, computes to be 2.6 x 10-15 watts. Therefore,
the solar background to receiver noise ratio (henceforth called carrier-to-
noise) is ~6.6 db. - Further, the carrier-to-noise ratio when communicating will
be reduced by C.9 db under worst conditicns when the system 1s looking alter-
nately at the sun and dark space.

5.7.4.2 Self-Emitted Energy From Earth

Self-emitted energy from earth received by the mixer can be
calculated by Equation (5.7-1). The radiant emittance, Ek’ is 30.2 watts - n?
« micron T (as calculated in Appendix B) for T = 300°K and 3 = 10.6 microns.
For a system with an optical bendpass of 1 micron, the radiant emittance E is
30,2 watt - m-z.- Substitiution of the appropriate mmerical values into
Equation (5.7-1) gives oy, 8s 7.2 x'10"16 vatts., This is 3 to L orders of
magnitude lower than the receiver noise. Therefore, the carrier-~to-noise ratio
of the communication signal will remain essentially unchanged when the system

is operating with the earth as background.

5.7.#.5 Self-Fmitted Energy From The Mcon

Self-emitted energy from the moon received by the mixer can be
calculated by the method used to caleulate energy received from earth. For
T = 250°K and % = 10.6 microns, o 18 2.9 x 1070 yatts. Again, this is 3 to
4 orders of magnitude lower than’the receiver noiée, arnd the carrier-to-noise
ratio of the communication signal will be essentially unchanged when the

system 1s opermting in the presence of the moon.
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5.T.L. L Energy From The Star

Uncéer the Harvard system of star clagsiflcation, the principal types
of stdr spectra are designated by the letters B, A, F, G, Xand M. Stars
intermediate to these designations are designated by suffixed numbers from ¢ to

9. The spectral classifications and star surfsce temperatures are listed in
o ,
Table 5.7-3. The parameter -T-E—T for each star classification can be calcu-

lated by the use of Equation (5.7-2), with

S Ed5 - '
STREE)  Zo(WEF) (5.7-3)

From the Planck radiation equation
' -1

.-5 c,
— — - 5 -
Eh— Ci exp T 1 - (5.7-4)
where '
El = spectial radiant emittance, watt - m° - micron
C, = 3.Th x 108 watt ¢ mj.c::r'onl‘L -
ho, 0
Cy = 1.4k x 10" micron K
A = radiation wavelength, microns
T = source temperature, OK

For a system with an optical bandwidth of 1 micron, Equation
{5.7-) becomes '

5 C2 - -2
| E = Cy A exp 3T watt - m (5.7-5)

Substitution of Equation (5.7-5) into Equation (5.7-3) gives

(5.7-6)
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Egquations (5.7-6) and (5.7-1) were used to evaluate the numerical values of -
o . .

I fom. + .
ﬁTﬁi@j'and oy, for each star classification. The results are tebulated in
Table 5.7-3. In the calculation, it is assumed that the anguiar diameter of
the stars is such that it covers the receiver's field-of-view. For stars that
have smaller diameters, the energy received is reduced accordingly.

5.7.5 Lager Qutput Power as a Function of Total Elapséd Time aad
Operating Time in Space Environment

J

The ocutput power of each laser will be measured using the thermistor
infrared detectors. At the output of each laser is a beam splitter mirror which
samples 1% of the laser output power for purposes of Trequency tuning and power
measﬁrement of the lasers. The sampled beam illuminates a diffracticn grating
which is blazed to enhance the second-order reflection. This reflection is
imaged on a thermistor so located that the focused energy falls on the thermistor
when the frequency of the laser output is at the correct operating P-line. The
voltage signal output from the thermistor will be'amplified by a de amplifier
to & nominal voltage of 2.5 wde for each laser power output at the beginming
of the experiment, which will be telemetered to earth., The output sensitivities
Tor the three lagers are

Trensmitter 3.3 mV/oid
" Backup . 3.8 wV/mW
Local oscillator 31.2 mV/mw

As the laser oufputs will decrease with total elapsed time and with cperating
time in the épace envirénmeﬂt, the dc output volteges will decrease pPropor-~
tionately. The totai elapsed time and the operating time in a space environ-
ment will be known by legging the individusl lsser turn-on and turn-off command
times.

5.7.6 Temperature and Noise Figure Of The Mixer/Badiation Cooler
ag_a Function of Satellite Orientation and Time of Year

Measurement of the noise figure of the receiver requires the use of
a calibrated noise source. The only such source is +he sun. By pointing the
systen toward and away from the sun and telemetering the noise cutput at the

video detector and noting the difference, the noise figure can he determined.
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The carrier-to-ncise ratio for heterodyne detection of blackbody
radietion is derived in Appendix B as

O EdQ”

B{WEP) ~ Zc(NEP)

vhere the parameters are defined under the 3.7.%.4 discussion

With the sun assumed to be a 6000°K blackgody, the variation of the

carrier-to-noise ratio as a function of the NEP is shown in Figure 5.7-2.

An alternative method of measuring the noise figure of the receiver
is to use the acquisition subsystem to scan the receiver beam across the search
angle when the sun is in the field of view. As the receiver beam scans from
the dark background to the bright solar disk, a signal is generated and the
portion of the energy of the signal falling in the acquisition bandwidth
appears at the output of the acquisition post-detection filter. The amplitude

. of this signal isldétermined by correlating the signal amplitude to the variable

acquisition threshold levels.

The témpe;ature of the mixer will be monitored by mounting a temper-
ature sensor adjacent to the mixer assembly on the radiatioﬁ‘cooler. Calibra-
tion of the sensor on earth will permit measurement of the mixer temperature to
+0,5%C. The dyremic range of the sensor will be from 90 to 140°K.

5.7.7 ' Round-Trip and One-Way Data Compared to Reference Microwave Link

The laser communications link is designed to permit operation in

the following modes:
{a) laser-up link/laser-down link

(b) laser-up link/microwave-down link simultanecusly with
microwave-up lidk/laser-down link

{c) Laser-up link/laser-down link and microwave-down link
If the following symbols are assigned to define the data:
{a) TLaser-up link = Q(x)

(b} Iaser-down link = Q(y)
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(e} Microwave-up link = g(z)
() Microwave-down link = Q{w)

the following simultaneous equations can be set up:

F [alx) + a(y)]

F[a(x) + alz)) -b
F lal) + a@w)] = ¢
F Ezz(z) + Q(wﬂ =d

where a, b, ¢, and d are sets of measured quantities. The sclution of these
equations will give round-trip and one-way data on the laser and microwave

links., It is expected that the folldwing parameters will be measured:

Digital-data error bit rates
Analog-data S/N ratio
- Distortion preducts

5.7.8 Lager Frequengy Stability in Space Enviromment

The transcelver is designed to permit mixing of the transmitter and
backup laser outputs or the loeal cscillstor and Lackup laser outputs at the
mixer. These modes of operation are controlled by command to the spacecraft.
Tn the transmitter mixing mode, the backup laser is set at 30 Miz below the
transmitter laser output P-line peak. In the case of the local-oscillator
mixing mode, the back-up laser operates at the peak of the LO P-line, so that
the frequency separation in either case is 30 MHz.

The difference frequency is detected by the mixer and amplified by

the OHRS receiver.
The ocutput of the OHRS discriminator will be telemetered to carth.

The bandwidth is from zerc to 10 kHz at the 3-db point. The slope
of the output will be as follows:,

5.7-8
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Over frequency range 29.5 to 30.5 Mz, -5 to +5 volts
Over frequency range 29.5 to 27.5, -5 to -13 volts
Over freguency range 50.5 to 32.5 MHz, +5 to +13% volts

It is expected that the laser FM instabilities will have amplitudes within
+0.5 MHz, primarily over the spectral reglon 0.1 to LO00 Hz.

Transmittal of these data to earth will require a wide-bandwidth
telemetry channel. ‘

5.7.9 Spacecraft Attitude Determination fram laser Data

Two sets of measurements will be possible. First, the position of
the mirrors of the image motion compensator of the spaceborme transcelver with
respect to the LCE reference axes {the positions of which with respect to space-
craft reference axes will, within a given tolerance, be known) will be
telemetered to earth. This will give the relative attitude of the spacecraft
with respect o angle of arrival of the laser signzl. However, if the space-
eraft is olating arcund the direction of arrival of the laser signal, the
position will be a function of the cosine angle between the incoming energy
spatial polarization and the polarizetion of the local oscillator beam; this
will have to be defived from comnunications-channel data. Since the polarities
nereslly will be aligned, the sensitivity of this measurement will be very poor.
Also, these data will include the variation in the angle of arrival of the
signal dve to atmospheric disturbances. Frocessing 6f the data will be required
in order to separate spacecraft atiitude variation from the laser-signal angle

of arrival data.

Absolute measurement of the spacecraft attitude will be possible
from knowledge of the direction of the ground-station-transmitied laser beam
with respect to the ground station reference axes. By accounting for bending
of the beam by the atmosphere, the nominal angle of arrival at the spacecralt
can be predicted. With this information, the spaceborne “transceiver IMC mirror
position, and data from the spacecraft star treacker, the spacecraft absolute
attitude will be calculsble.
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5.7.10 Modes of Operation

The LCE transceiver is designed to operate under the following modes:

Atmospheric propagation experiment mode
Two-way laser communications mode
Dowmn-~link laser mode

Data relay mode

The output of the spaceborne transceiver at the spacecraft inter-

face will occupy a baseband range of 1.0 to 6.0 Miz.

5.7.1L Baseband Characteristics

At the ground transceiver/ground stetion interface, the following

baseband signals will be accommodated:

In the range from 30 Hz to 4.6 Miz
In the range 1.0 to 6.0 MHz
A%t the spaceborne transceiver/spacecraft interface, the baseband

sigual in the range 1.0 to 6.0 Miz will be accommodated.

In the transmission of televisicn, the Following signal/noise and
signal/ distortion ratics have been calculated {Appendix A gives details) Ffor

varicus error sources:
Signal-to-Nolse or

Exror Source Distortion
Randam noise 32.7 db
Transmiséion deviaticns 3%.0 db

Phase effects 36.0 db

Amplitude effect 33.6 db
Modulator/demodulator linearity 36.0 db
Vestigial filters | 27.0 db
Vestigial phase tracking ercor - 36.0 db
Total 26.7 @b
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5.7:12 S/N Ratio and Flux Deunsities

The ekpécted predetection carrier-to-noise ratio will be in the
vange from 24.6 to 25.5 db (Section 5.1.3 gives a detailed discussion) at the
beginning of the experiment, and will drop to the range from 2h.2 to 25.2 db
(depending cn lazer tempersture) at the end of 2 years. The post-detection peak
glgnal-to-noise retic will be 32.7 db if the earrier-to-noise ratio is 25 dhb.
(see Appendix A for detailed discussion). The flux density at the earth at
transmitter optical axis location will be 10-8 watt/meter2 (see section 3.1.3

for detailed discussion).

5.7-11
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TABLE 5,7-1
AM VIDEO CHANNEL PERFORMANCE SPECIFICATIONS

Receiver Video Qutput

(2)

Level over 20 Hz to 5 MHz
Impedance over 20 Hz to 5 Miz

Preamplifier

(a)
(b)

Bandwidth

Input saturation

Demodulation Charascteristics

(a)

()

(g)

Demodulation sense
Instantaneous bandwidth

Center fregquency

Output sensitivity (over ~72 dbm Lo =56 dbm
carrier input power level at mixer window
at 30% amplitude modulation and 20 Hz to
5.0 MHz envelope modulafion Ffreguencies)
Baseband amplitude - frequency character-
istics .

Group delay over 10 MHz bandwidth

Demedulation amplitude

1 volt peak-to-peak, +0.5 db
TS ohms, unbalanced, with minimum return
loss of 20 db

30 +6 MHz, consistent with video distortion
and nolse requirements
-40 dbm or greater

Inerease in positive potential for incresse
in ecarrier amplitbude

Consistent with video distortion and noise
requirements specified herein

30 MHz

Constant within +0.3 db

Reference Design Minimumn
freguency Group Acceptable
25 kHz 0 db ¢ db
20 Hz o 840 Kz  +0.1 db  +0.25 db
840 KHz to 5.0 MHz +0.2 db 0.4 db

+0.7 nanosec/MHz slope
0.5 nancsec/MHz“ parabolic
6.0 nonosec peak-~to-peak ripple

A carrier amplitude modulated 30% shall
produce & L volt +0.5 db peak-to-peak
cutput signal

T 3xed ‘T *TOA “CCof -oN axodsy
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TABLE 5.7-1 {cont.)

ks, Video Distortion and Noise

(=)

(0)

Won-linearity distortion of the synchronizing
signal
Noise

Periodic ncise (ratio of P-P picture signal
amplitude to the P-P noise amplitude)

(1) Power supply WL evbesrvenrsoncs
(Including the fundamental freguency
and low harmonics)

(2) Bingle frequcney noise between 1 Kl
avlaabﬂHZ LI S N I I I B L B O L B B B B

(3) Single-frequency nolse between 2 and
5 M=z

{(5) Autamstic Gain Control

(a)

(b)

Recovery time (for instantanecus carrier
power level changes up to 41 db with
respect to carrier to noise ratio (C/N) of
-18 db to -6 db)

Telemetry output (correspondlng to 1nput
carrier level -T2 dbm to -56 dbm)

Synchronizing pulses shall be between
0.29 +C.02 volts

38 di

62 db

Le db

Receiver AGC shall set the output power‘to'
its nominal level +1-db within 0.2 seconds
and pess amplitude modulation

Range O to 5 volts
Bandwidth: Zero to 10 dz et 3% db point
Oubpul Impedance: 1 Kohm or less

T 3xed ‘I CTOA f€Cot TON agodey
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TARLE 5.7-2

CHARACTERTSTTCS CF WEATHER INSTRUMENTATION

Wind Wind Barcmetric Aerpsol Content Digital Ieta
Velocity Direction Air Temp. Relative Humidity Presgure Analyzer Logger
W10l-de Remote Recording Model TE22A Serdex Humidity - B2OL Barograph et Counter, Model M-T31

Skyvane Tampersbure Telemeter Bacharach Waather Measure Model AP-P3 Weather Measure

Weather Measure Corp.

Range 1-200 0-360"
Sensitivity 19 a% winds
0.2% 3.200 mph
Accuracy 50

+1 mph below

E5 mph; +5%

ebove 25 mph

Weather Measure
Corp.

Sensor thermis-
tor

Pange, LO%F o
+140

Sensitivity
0. 2%

Aceuracy
17F of range

Response time
30 sec for &0%
TesT,, toe =%
of 5°F

Instrument Co.

Renge, 0-100% BH

Accuracy reting,
+3% FH between 15%
and 90@ R at 32 F
to 1307F

Response bime, 10
sec to oignal 86%
of FH change with
gensor exposed to
moving nir {800 £t/
min veloeity)

Corp.

Sensor-14 cell-
2-in. «die
aneroid

Gensitbivity
+0.% milli-
radian

Accuracy
EQ'Q% range

Operating
range, sea
level to

12,000 £t

Response time
0.1 sec

Weather Measure
Corp,

Particle size
0.3u to 10p

Dynumic range
0.05 mg/omd to
60 pg/fomd
Accuracy +5%

Corp.

Data input
analog

No of channels,
20

Resolution
0.1%

Bampling rate
1 gec per
channel

Accuracy, 0.1%
full scale +1
count

Lock Fformat
ASCIT or IBM 8
level code

T axed ‘I -ToA “¢¢on "ol qrzodsy
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TABLE 5.7-3
STAR CARRIER-TC-NOISE RATIOS

Surface
' Spectral Tempeyature, T b
Classification (%)
B-0 22,000 0. 864
A-0 11,000 0.ha1
F-0 7,500 0.278
4-0 6,000 0.218
K-0 5,000 C.178
M-0 3,500 0.117

Teble 5.7-3
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6.0 EXPECTED LIFETIME OF THE EXPERIMENT

6.1 SUMMARY

A reliability prediction model is presented for the LCE spacecraft
transceiver, along with a reliability allocation. Reliability block disgrams,
reliability prediction values, and reliability allocation values are presented
for this initial prediction/allocation effort on the LCE proposed design. As
the deslgn develops, the reliability model, predictions, and allocations will
be revised to reflect the effects of additional details and any changes. In
addition, data from reliability engineering analyses and various tests will be

used to improve reliability estimation.

The reliability information presented below is inténded‘to provide
a guide to reliability problem areas and to fruitful design tradeoff study
areas, and to prbvide bases for reliability assessment during the evaluation
vhase. These data also furnish a background for the accomplishment of redun-
dancy studics, and will facilitate test program planning and failure mode,

effect, and criticality analyses.

The initial predicted LCE spacecraft-iransceiver system reliability
is 90.851%, as compared to the 90.00% required by contract. The bases for this
pradicted reliability are presented and discussed below.

6.2 RELIABILTTY REQUIREMENTS

The ILCE flight system (spacecraft-transceiver) requirement is 90%
probability of an operational lifetime of 2 years on the ATS-F spacecraft,
based upon an active operational time of 2000 hours, equally distributed be-
tween the 2 years. This requirement is contained in paragraph 4-1 of GSFC
Specification GSFC-5-524-P-4C, dated Jamuary 1969.

6.3 RELTABILITY PREDICTIONS AND ALLOCATIONS

The predicted reliability for the LCE flight system at this pre-
liminary-design stage is 90.851% probability of an operational lifetime of 2
years, with an active operational time of 2000 hours, equally distributed be-

tween the 2 years. This predicted reliability of 90.851% at this stage of

6-1
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spacecraft-transceiver design exceeds the requirement of 90% by a comfortable .
margin, a favorable indication that the final detailed design will satisfy
this requirement. Figure 6-1 shows the spacecraft transceiver reliability

block diagram, prediction, and allocation for the system/subsystem level.

6.%5.1 Criteris for Success

In this initial reliabiiity prediction and allocation, the assump-
tion 1s made that, for mission sueccess, all parts in all subsystems must oper-
ate full time when the LCE spacecraft transceiver is turned on. The only ex-
ception is that the back-up laser subsystem is on standby as a replacement for
the transmitter laser or for the local oscillator laser subassembly, should
either one fail. The assumption that all parts. must operate full time is con-
sidered very severe and pessimistic with regard tc predicted reliability. It
has becowme apparent that there are a number of component and subassemblies
which will not have to operate full time when the LCE system is turned oﬁ, de-
pending on the experiment mode, Aerojet plans to apportion the 2000-hour LCE

operating time among the various experiment modes as follows:

Percent of

Mode Operating Time
Atmospheric propagation experiment 50
2-Way laser communicatior 25
Down-link laser - .15 .
Data relay 10

This preliminary apportionment was selected after discussion with NASA person-
nel. The initial reliability analysis herein is based on operation in the pre-
dominant atmospheric-propagation-experiment mode. This tends to be optimistic,
since the modulator will not be in use for the reguired CW laser functilon,
Predictions and allocations for the other modes are planned for the future,
along with further consideration of (1) the related component and piece-part
duty cycles, and of (2) criteris definition and predictions for overall LCE

migsian success.
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6.%.2 Definitions of Prediction and Allocation

The present reliability prediction provides an estimate of the re-
liability inherent in the current LCE preliminary design in order to establish
the relisbility feasibility.

The present rellability allccation is basically a reliability bud-
get based upon the target reliability of 90% for the LCE flight-system mission.
The reliability allocation provides a reliabiliity goal or objective for each

assembly and subassembly.

Both the reliability prediction and the reliability allocation for

the spacecraft transceiver are based upon the following factors:

a. The use of generic (or application) failure rates
for components

b. Application of failure-rate multipliers (X factors)
which reflect environmental conditions during the
mission

C. Qperating times for the gystem missions

d. Standby or noncoperating failure rates

e. Judgments of project designers and engineers

f. Reliability information from similar components or

assemblies used in comparable environments.

The effect of duty cycles on assemblies and components will be dé-
termined at the next stage of development, and the reliability alloecation will
ultimately be refined to include the following considerations:

a. The criticality of each item and its function to

the system and mission

b. The capability for achieving improvement in item
failure rates

c. The capability for maintenance and repair of non-
flight LCE items.

6.3.3 Reliability Block Diagram

The reliability block diagrams (Figures 6-1 through 6-6) are pat-
terned after the LCE spacecraft transcelver block diagram of Figure 5.1.1-1.

6-3



Report No. 4033, Vol. I, Part 1

The diagram contains each of the subsystems shown there. The functional nsture
of the LCE transceiver is such that an exponential distribution of failure
times is assumed, and the following series reliability mathematical model is

applicable at the system/subsystem level:
RLCE = RA X RO X RL b4 RR x RV X RT X RP

Reliability of LCE transceiver

23]
i

LCE
Reliabllity of Acquisition and tracking subsystem

il

It

Reliability of Optical subsysten

Reliability of Laser subsystem
Reliability of Receiver subsystem

Reliability of Video switching subsystem

Reliability of Telemetry and command subsystem

Reliabiliiy of Power supply subsystem

AT RS = = ae i
i

Figures 6-1 through 6-6 show the reliability block diagrams,
mathematical models, predictions and allocations for the LCE spacecraft trans-
celver, acquisition and tracking subsystem, optical subsystem, laser subsystem,
receiver subsystem and power supply subsysiem. The degree of definition of
the component parts in the remaining gubsystems precludes preparation of de-

tailed block diagrams/predictions/alloeations at this design'stage.

Moderately detalled lists of electronic parts were available only
for the Acquisition and Tracking Subsystem and for the High-Voltage Pover Sup-
ply. For the Recelver Subsystem, AIL provided predicted and allocated failure
rates for 24 subassemblies of the receiver in their Design Study Report. For
the laser subsystem, Sylvania has provided a reliability prediction. Thé data

from both subcontractors are incorporated into this document.

6.3.4 Comparison of Predicted versus Allocated Reliabilities

The allocated reliability for subsystems reflects the reliability
budget for lower-level. assemblies, which provides a 90% reliability for the
LCE épacecraft transceiver. The comparison of predicted versus allocated re-

liabilities (Figure 6-1) is summarized in the following table:
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Reliability
Allcecated Predicted

Acqulsition and tracking 95,8434 96.631%
Optical : 99.738% 99.698%
Laser 98.000% 98.001%
Receiver 08, 000% 98.4619%
Video switching 99.930% 99.920%
Telemetry and command 99.077% 98.9%5%
Power supply ‘ 99.01k4 08.861%
Total spacecraft transceiver 90.000% 90.851%

It is seen that predicted reliability is better by 0.851% than the allocated

reliability for the LCE spacecraft transceiver.

6.3.5 Potential Changes in Reliability Values

The minor divergences of predicted versus allocated reliability for
the optical, video-switching, telemetry and command, and power-supply subsystems
can readily be rectified as the design matures. It is expected that minor cir-
cuit simplification and the reduction of parts quantities, along with additiomal

part application derating, will collectively reduce predicted failure rates.

A redesign effort is under way to improve reliability of the high=~
voltage power supply. The new design will use simplified circuits with signifi-
cantly fewer parts. A SPecific‘example is that ten current-regulating transis-
tors on the high-voltage side are being reduced to one current-regulaﬁing;tran-
sistor on the ground-voltage side. A different form of redundancy is also be- |
ing considered which, together with further derating, will also increase relia-
bility.

The laser tube will underge a life test and development program de~
gigned to determine and eliminate potential failure aodes, to determine the
best tube deéign, and to demonstréte acceptable life characteristics. In sddi-
tion, a proposal for an extended laser-tube life-test program {see Section 5.3.1)
has been submitted to NASA which will significantly add to these functions and
will definitively determine the tube reliability and life charscteristics. Tt
is expected that this overall program will improve the tube and its design on

a continual basis and that the allocated reliability requirement will be met.
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The laser subsystem was predicted by Sylvania to have a reliabil-
ity of .98001, through use of generic electronic parts failure rates and by al-
location to the laser tubes of the balance of the failure rate necessary to
provide 98% reliability for the laser subsystem. The Sylvania calculation was
based upon a 2000-hour mission time and an environmental K factor of 1.0. The
mission is actually composed of three intervals under varying environments, as
shown in paragraphs 6.3.8 and 6.3.9. Sylvania allocated the laser-tube failure
rate at 28,500 failures per 109 hours. The tube rate had to be proportionately
decreaged to an eguivalent of 15,975 failures per 109 hours for the full E-yeaf
mission (ingluding standby time) and for differing misgion environments., It is
confidently eﬁpected that this failure rate can be achieved and exceeded with
present technology. Obtaining a laser-tube life of more than 2000 hours is
thought to be the greater problem. The current tube evaluation and life-test
progrém is expected to result in a low laser-tube failure rate and a tube life

much longer than the 2000-hour operating life requirement.

As the LCE receiver matures to its final configuration, there is
high confidence that its predicted reliability will exceed‘ifs allotment by a
significant margin. Although no reliability deficiencies are foreseen, the Hd-
Cd-Te detector element and its housing will receive intengive investigation
and will be qualified as a unit before incorporation into the receiver subsys-

tem. . !

6.3.6 Example of Subsystem Prediction/Allocaticn Data

The reliability prediction for the acquisition and tracking sub-
system (Figure 6-2) is based upon a detailed parts list for which failure-rate
data were obtainable. The cumulative failure rates by subsystem, the predicted

and allocatedkreliabilities, and the gllocated failure rates are as follows:
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Predicted Allocated
Failure Rate Predicted PFailure Rate Allocated

Subagsemblies per 109 Hours Reliability per 109 Hours Reliability
Coarse mirror and drive 2411, . 99.1kk4 2988. 98.940%
(mechanical—optical)
Feedback encoders/mirror 4080. 08,5544 505k, 98.213%
drive (electronics) '
Search-pattern generator 1516. 99. L460% 1879. 99.332%
and acguisition control
IMC driver ‘ 20L. 99.892% - 378. 99.865%
Nutator driver _ - 1032, 99.652% 1279. 99, 5459
Nutation signal generator 259. 99.908% 322, 99.885%
Acguisition and tracking 9606, 96 .631% 11900. 95.843%
subsystem

The reliability of a given assembly is calculated, conventionally, as

R = euAKt

where
A is the failure rate of the given assembly
X represents the environmental multipliers

t repreéents the mission times.
The values for K and t are presented in paragraph 6.3.8. .

6.3.7 Failure Rates and Parts Lists

The' failure rates used in the LCE spacecraft transceiver prediction,
when a detailed parts list was available, were taken whenever possible from the
document "ATS ‘'Hi-Rel' Parts List Failure Rates," January 12, 1970, Other fail-
ure rates used Wefe for established reliability (ER) and JAN TX parts which
comply with NASA approved parts, per '

GS¥C Preferred Pafts List Number PPL-10, or
GSFC Spacecraft Approved Parts List, Number S2-0104.
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Other failure rates were obtained (1) from breadboard test results
of the LCE image motion compensator, (2) from life test results on motors
identical to the LCE flip mirror motors, and (3) from FARADA (the Failure Rate
Data Program handbook, SP 63-470) on the stepper motor and on the gear drive
for the coarse polnting mirror. .The standby failure rate of the back-up laser

is assumed to be 10% of the operating failure rate.

Sylvania laéer subsystem failure rates are based upon a 12 oper-
ating temperature; rates for the remalning subsystems are based on a 5OOC oper-
ating temperature. The latier is a éonservative estimate associated with a
ESOC_nominal spacecraft heat-sink temperature and a 500 total computed rise
through the mounting to the transceiver modules and from the modules to the

components.

6.3.8 Environmental Multiplier and Mission Time

The environmental K factors and time intervals used in calculating

the reliabilities are as Tollows:

Environmental : _
Phage K Factor Time Interval
Boost 80 1/5 hour
Orbit cperate 1 2,000 hours
Orbit stanéby c.1 15,520 hours -
Total 2 years
6£.3.9 Derived Reliability Equation for Flight Mission
R = e_;\Kt is the conveﬁtional expresslon for the exponentisl re-

1liability funection, reference MIL-STD-T57
where ‘
A is the cumulated failure rate for the LCE flight system
K is the pertinent envirommental factor '

t is mission time.

- 6-8
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For the LCE flight mission:

R(mission) - R(boost) x R(orbit operate) R(orbit standby)

LMBOY(L/5) | -M(1)(2000)  -A(0.1}(15,520)

R(mission) =
R ) _ e-l6h x e-QOOOX x e-1552h
{mission)
R = e 2990 | Mission Reliability Equation
(mission)
6.3.10 Sources of Failure-Rate Data

Sources of Failure-Rate Data

Failure-Rate Data Sources

Acquisition and tracking

Optical
Laser

Recelver
Video switching
Telemetry and command

Power supply

ATS™ , FARADA

ATS*, IMC Breadboard Result, W7l

Tests of Flip-Mirror Mctor

ATS®, Sylvania Relisbility Pro-
gram Plan, FARATA

Airborne Tanstrument Laboratory
ATg¥

ATs™

ATS®, W71 FIVLD Low-Voltage Power
Supply Reliability Prediction

. .
“ATS 'Hi-Rel' Parts List Failure Rates," January 12, 1970,
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By Ro R,
ACQUISITION AND OPTICAL | LASER
TRACKING SUBSYSTEM SUBSYSTEM SUBSYSTEM
R(P) = 96.631% R(P) = 99.698% R(P) = 98.001%
R(A) = 95.843% R(A) = 99.7368% R(A) = 98.000%
" By By
RECEIVER - VIDEO SWITCHING TELEMETRY AND
SUBSYSTEM - | SUBSYSTEM COMMAND SUBSYSTEM
R(P) = 98.461% R(P) = 99.920% R(P) = 98.935%
R(A) = 98.000% , R(A) = 99.930% R(A) = 99.0T7T%
-
P _
POWER SUPPLY SPACECRAFT TRANSCEIVER
SUBSYSTEM | 2-YEAR MISSION
R(P) = 98.861% R(P)} = 90.851%
R(A) = 99.014% R(A) = 90.00%

RELIABILITY MATHEMATICAL MODEL:

= - 90. IQN RELIABILITY
Riop = By X By X RL x R, x RV X RT x RP 90.851% PREDICTED MISSI:

R(P)= PREDICTED RELIABILITY -
R(A)= ALLOCATED RELIABILITY

Reliability Diagram, LCE Spacecraft Transceiver

Figure 6-1
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Bt Bpo RA3
COARSE MIRROR FEED BACK SEARCH PATTERN
AND DRIVE ENCODERS/ GENERATCR AND
{ MECHANICAL~ MIRROR DRIVE ACQUISITION

OPTICAL) { ELECTRONICS) CONTROL
R(P) = 99.144% R(P) = 98.554% R(P) = 99.460%
R(A) = 98.940% R(4) = 98.213% R(4) = 99.332%

Ray Bas Rp6
M ' NUTATOR NUTATTON .
DRIVER DRIVER SIGNAL

GENERATOR
R(P) = 99.892% R(P) = 99.632% R(P) = 99.908%
R(a) = 99.865% R(A) = 99.545% R(A) = 99.885%

ACQUISITION AND
TRACKTNG SUBSYSTEM

R(P) = 96.631%
R(A) = 95.843%

ol

RELIABILITY MATHEMATICAL MODEL:

Al A5 A

xJR xR

R(P} = PREDICTED RELIABILITY
R(A) = ALLOCATED RELIABILITY

¢ = 96.631% PREDICTED MISSION RELIABILITY

Reliability Diagram, Acquisition and Tracking Subsystem

Figure 6-2
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Rol ROE R03
OPTLCAL/MECHAN- IMAGE MOTION NUTATOR
ICAL STRUCTURES , COMPENSATOR
(HARD MOUNTED)
R(P) = 99.900% R(P) = 99.995% - R(P) = 99.995%
| R(a) = 99.912% R(4) = 99.996% R(A) = 99.996%
RO5
ACQUISITION/ TRANSMI TTER/
OPERATE SELECT BACK-UF LASER
MIRROR SELECT MIRROR
R(P) = 99.904% R(P) = 99.904%
R(A) = 99.917% R(A) = 99.917%
RO
OFTICAL
SUBSYSTEM

R(P) = 99.698%
R(A) = 99.738%

RELTABILITY MATHEMATI&AL MODEL:

R =R.xBE _xR.
o]

0 ol o2

X Roh x R

05

R(P) = PREDICTED RELIABILITY
R(A) = ALLOCATED RELIABILITY

Reliability Diagram, Optical Subsystem

Figure 6-3

= 99.698% PREDICTED MISSION RELIABILITY
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R
11

TRANSMITTER/ BACKUP
TASER ASSEMBLY

R
12

99.116%
99.116%

R(P)
R(A)

]

R
L

LOCAL OSCILIATOR/
BACKUP
TASER ASSEMBLY

R(P) = 98.876%
R(A) = 98.875%

LASER SUBSYSTEM

98.001%
98.000%

R(P)
R{(A)

H

RELTABTILITY MATHEMATICAL MODEL:
#*

L
R(P) = PREDICTED RELIABILITY
R(A) = ALLOCATED RELIABILITY

*TERMS ARE DEFINED ON SHEET o.

R. = R(AC) + R(ACS;t) R(AB;T-t) + R(ACS;t) R(CB;T-t) = $8.001% PREDICTED MISSION
' RELIABILITY

Reliability Diagram, Laser Subsystem

Figure 6-4, Sheet 1
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Definitions of symbols on Figure 6-4 for reliability msthematical model of

laser subsystem:

R LASER SUBSYSTEM = R(AC) + R(ACS;t) R(AB;T-t) + R(ACS;t) R(CB;T-t)

-

where
R(AC) is probability of no failure of the transmitter or local
oscillator.

R(ACS;t) is probability of no failures of the three lagers to
time t, with the backup laser in standby until
time t and operable at time t.

R(AB;T-t) is probability of mno failure of the transmitter and
backup laser from time t to T. The local oscil-
lator failed at time t.

R(CB;T-t) is probability of no failure of the local oseilla-
tor and the backup laser from time t+ to T. The
transmitter failed at time t.

is transmitter lager
is backup laser
is local oscillator laser

is backup laser in standby

= I 7> I S S = R

is mission time

Figure 6-4, Sheet 2
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- RR1 "Re RR3 RRl RR5
INFRARED I.F. BIAS NOISE BAND- IF POST AMPLI-
MIXFR PREAMPLIFIER CONTROL ' | WIDTH FILTER FIER, AGC DE-
' . TECTOR, DC
AMPLIFIER
R(P) = 99.759% k P) = 99.853%| [R(P) = 99.929% R(P) = 99.966% | [R(P) = 99.898%
R(A) = 99.686% | R(4) = 99.809%| R(4) = 99.908% R(A) = 99.956% R(A) = 99.867%
RR6 RRT : RRB RRQ RRlo
ACQUISITION AM DETECTOR LOW PASS PHASE
NOISE FILTER BAND PASS FILTER DECTECTOR FQUALIZER
' FILTER TUNED (2 EACH) (2 BACH)
T AUDIO AMPLI- - o
FIER -
R(P) = 99.989% (P) = 99.879%| [R(P) = 99.978% R(P) = 99.788% R(P) = 99.944%
R(4) = 99.985% (4) = 99.843%] [R(A) = 99.971% R(A) = 99.723% R(A} = 99.927%
. Rpi1 - Frn Rris Re1l Ra1s
LIMITER CHANNEL DISCRIMINATOR VIDEO VIDEQ AMPLI-
' FILTER FILTER FIER AND
L — A BUFFER
R(P) = 99.914% R(P) = 99.989% |R(P) = 99.909% R(P) = 99.989% R(P) = 99.956%
R(4) = 99.888% R(A) = 99.985%) |R(A) = 99.882% R(A) = 99.985% R(A} = 99 9L3%
’ Frg Ry
(Low PASS FILTER) | RECELVER
Ld“D ¢, AMPLIFIER > SUBSYSTEM
R(P) = 99.966% R(P) = 98.461%
R(A) = 99.956% ; R(A) = 98.00%

Reliability Mathematical Model: | |
5: 0 Fpi * Bpp * Fpg * By * Rpg ¥ Fpg * Rpy ¥ Rpg * Fpg * Bryo * fpy

Rppg % Briy * Bpys % Bgpg = 98, 461% PREDICTED MISSION RELIABILITY
R(P) = Predicted Reliability.
R(4) = Allocated Reliability
Reliability Diagram, Receiver Subsystem

Figure 6-5
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Rpr Rep Ry
HIGH VOLTAGE : LOW VOLTAGE POWER SUPPLY
POWER SUPPLY POWER SUPPLY SUBSYSTEM
\ —_—>
R(P) = 99.763% R(P) = 99.096% R(P) = 98.861%
R(A) = 99.794% | R(A) = 99.218% R(A) = 99.014%

REITABILITY MATHEMATICAL MODEL:

Ry = RPl x R, = 98,861% PREDICTED MISSTON RELTABILITY

R(P)
R(4)

PREDICTED RELIABILLITY
ALLOCATED RELITABILITY

Reliability Dlagram, Power Supply Subsystem

Figure 6-6
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T.0 TEST PLAN

The tesfs that will be performed during the LCE program are out-
lined and described below. This section indludes (a) discussions of the pur-
pose of the testing of each of the transceiver models, (b) flow charts for the
tes?s to be performed on each of the models, including the tests at the sub-
conﬁractor level,'(c} descriptions of the test setups, (&) descriptions of the
cnvironmental and functional tests called out on the flow charts, (e) a summary
table that indexes ﬁhe tests to be performed and the models on which they will
- be performed, and (f) a summary table listing the functional and environmental
tests to be performed on each model and the assembly level or levels at which
they will be performed. In addition, Sectien 7.1 sﬁmmarizes critical develop-

ment /testing milestones during the program..

The test program, which includes infofmal engineering functional
and environmental tests and formal qualification and acceptance tests, is in-
tended to uncover problem areas and to prove out the designs_at the earliest
possible date, In addition to those deseribed, engineering tests will be per-
formed on iteﬁs for Which unforeseen potential problems méy arise during the

program.

A detaiied tegt plan and test procedures, which will include quali-
fication and flight acceptance testing at Aerojet, AIl, and Sylvania and test-
-ing at the integration contractor's plant and at the launch site, will be sub-
mitted at a future date.

T.1 TEST FIOW CHARTS

The primary test objectives for each of the LCE models are de-
scribed briefly below, with reference to detailed flow charts, Charts are pro-
vided for the breadbdard, functional test model (FTM), prototype, and flight
units, as well as for the receiver and laser subsystems. Also covercd are de-
velopmental tests that will be performed to prove the Munetional performance

and environmmental integrity of various critical parts of the LCE transceiver.
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T.1.1 Breadboard Testing

Breadboard testing will be undertaken to verify the validity of
design concepts and to determine the parameters for use in further optimiza-
tion of system desigh; It will be performed under ambiént, laboratory condi-
tions. . .

Figure T-1 presents a flow chart for tests of the breadboard bLrans-
geiver at Asrojet. The blocks there give paragraph numbers of the applicable

|
test descriptions in Sectlon TeHe

T.1l.2 FIM Testing

H

The FTM.will be fabricated as close to the flight-model deslgn as
is possible at that stage of deveiopment.- It will be used to prove the per-
formance capability, environmental integrity, and interface compatibility of
the LCE tragsceiver and to ald in early identification of potential problems
that may prevent the prototype from passing qualification tests. The FIM
testing, including tests at the subsystem and assembly level, will be directed
toward satisfying those objectives. In particular, qualification-level en-
vironmental testing will be performed at any level of hardware assembly that

might be considered to be ﬂen51t1ve to that environment.,

Figure 7-2 presents a flow chart for tests to be performed on the
FTM transceiver at Aerojet. The blocks identify paragraph numbers of the ap-

plicable test descriptions in Section 7.3.

T.1.%3 Prototype Testing

The prototype model. will be identical to the flight model, and the
prototype testing is planned to qualify the flight desigh at the gystem level,
in addition, the coarse pointing mirror and gimbal subassembly, the laser sub-
system, and the recelver subsystem will be qualified at their respective levels
of assembly. Tests,w1ll also be performed at various levels of hapdware assem-

bly to assure the performance of the assembled system..

Figure '7-3% presents a flow chart for tests to be performed on the
prototype transceiver at Aerojet. The blocks give paragraph numbers of the ap-

plicable test descriptions in Section T.3.

T
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7.1.5L Flight-Model Testing

The test program for the flight model is planned té provide flight
acceptance testing at the system level. Teéts wili also be performed at vari-
ous levels of hardware assemﬁly to assure the performance of the assembled sys-
tem.

Figure 7-4 presents a flow chart for tests to be performed on the
rlight transceiver at Aercjet. The blocks identify paragraph numbers of the

applicable test desceriptions in Section 7.35.

T.l.5 Laser-Subsysten Testing

Approaches similar to those reflected above will apply to laser-
subsyster testing. As an example, a typical test sequence to be performed by
Sylvania at various hardware levels during FI'M development is shown in Fig-
ure 7-5, which covers only the laser transmitter of the subgystem. The local
oscillator and backup laser will be tested identically, with the exception of
the modulator assembly. Figure 7-5 is keyed'to indicate the other models on

which a particular test will be performsd.

Functional testing of the various subasgsemblies will include only
the tests required to provide engineering confidence in the basic design and
fabrication. During early evaluation, for example, the fuﬁctional tesgts of
the laser tubes will be limited to power dutput-and mode measurements., The
same measurements will be made during thermal vacuum and after vibration. Full
functional testing (freqpency'stability, beam size, collimation modulator line-
arity, ete, ) will' not be!perforped until after all the subassemblies are inte-
grated. Before each laser subs&stem is shipped to Aérojet, full acceptance
testing will be performed at the subcontractor's facility in accordance with
Specification AGC 20187.

7.1.6  Receiver-Subsystem Testing

Approaches gimilar £0 those reflected above will also apply to the
receiver-subsystem . testing., Figure T-6 illustrates the AIL program for re-
celver-subsystem tests at various hardware levels during FIM devclopment. This

scheme will be used for all receiver-subsystem models, and Figure T-6 is keyed

T35
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keyed to indicate the models on which a particular test will be performed. The
functional testing of zubsystems is planned to provide engineering confidence
.in the basic de;ign and febrication. Infrafed measurements will be limited to
NEP.and bias power. The electronic measurements will be made to provide
engineering confidence in the four electronic channels (IF, videc, acquisition,
and AFC).‘ Before eachlreceiver subsystem is shipped to Aerojet, full accept-
ance tesfing will Dbe pérformed at the subcontractor's facility in ‘accordance

with Specification AGC 20186.
T.1.7 Development Testing:

Development tests of many of the functional concepts and engineer-
ing designs, for early verification of transcelver performance and integrity,
are of particular importancé to the ICE program. Many will be performed during
the fabrication and testing of the various transceiver models, but adgditional
important tests will be conducted during development and on special assembly

models such as the structural model of the radistion cooler.

T.1.8 Development and/or Testing Milestones

Table T-1 lists key development and/or testing milestones and the
‘polnts 1in the program at which they will be demonstrated. As the table shows,
tests are performed in order to uncover problem areas. and verify the designs
and performance'at the earliest possible dates.
7.2 TEST SETUPS

Certain test setups are described briefly in this section as

background for the test descriptions presented in Section T7.3.

T.2.1 Test Setup No. 1
Test Setup No. 1, shown in Figure 7-7, will be uged for

a. Alignment of transmitted and received beamsg

Measurement of received and far-field transmitted-beam
antenns patterns

c. Dynamic and static acquisition and tracking tests

d. NEFP mesasurements. “

Pinnoles mounted on x-y slides will be placed at the foucal point
of the parabolic-mirror on either side of the beam-splitter by autoccllimation
techniques. A detector behind one of the pinholes will measure the far-field

intensity distribution of the beam transmitted from the transceiver.

Tl



Report No. 4033, Vol. I, Part 1

A diveréér lens, along with atténuators’and a stable'laboratory
laser, will be placed behind the second pimhole to act as a gSource for the
receiver. The effective f/number of the diverger lens will be chosen to be
much smaller than the effective f/number of the parabolic.mifror in order to
provide a relatively uniform intensity across the transceivef-telescope
aperture. A received beam with é Gaussian intensity distribution across the
telescope aperture would not produce the correct Airy disc patbern at the
mixer. The deflection~plate asgembly will consisf of a thick parallel plate
of germanium, mounted in a gimbal, It will be used to deflect the beaﬁ angles
through the parabolic mirror approximately + 50 are sec for dynamic acquisition

and tracking.

7.2.2  Test Setups No. 2 and 3

Setups No. 2 and 3, shown in Figures 7-8 and T-9, will be used for
closed-loop testing of the communication link on the breadboard model., (Zosed-
loop testing will be required, because a second transceiver will not be avail-
able st the time. Both the transmitter and local oseillator lasers will have

to be tuned to the same line.

Setup No. 2 will usge an aluminum mirror to deflect the transmitted
beam into an sbsorber in order tc reduce backsecattering into thé receiver by
the other components of the setup. Two apertures in the aluminum mirror will
allow contrarotating beams to circulate through the abtenuators and quarter- |
wave plate. The guarter-wave plste will change the polarization of the
transmitted beam from linear to circular, so that scme of the circulated beam

will heve polarization in the receiver orientetion.

Setup No. 3 ﬁill be similar to Setup No. 2, except that the
aluminumrmirror will have,ohe aperture. A hollow corner cube retroreflector
will be used to reflgct the beam back through the aperture to the receiver.
The' retroreflector should induce enough elliptical polarization into the
reflected beam For detection by the receiver.

T.2.3 Test Setup No. b !

Setup No. L4, éhown in Figure T-10, will be used for functional
testing of the modulator and the transmitter, local oscillator, and backup

T-5 i
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lasers after assewmbly on a Cervit baseplate at Aerojet. The test laser will

- be heterodyned with a stable laboratory laser. The IF freguency output from
the detector will be fed inte either a spectrum analyzer, IF amplifier, and
diseriminator, or the receiver video-channel electronies. Various signal
sohrces and measurement electronics will be added to the setup as required for

Tthe individual teéts.

7.2.5  Test Setup No. 5

Setup No. 5, shown in Figure 7-11, will be used for

8. Acguisition and tracking tests
E. Two-way communication-link functional tegts
‘c. NEP measurements.

It is similar to Setup No. 1 except that the stable laboratory
laser and detector assemblies will be replaced by the breadboard traﬁsceiver.
The transceiver telescope  will be removed, and its function will be performed
by the diverger lens and parabolic mirror. This approach will provide a uni-
form intensity across the telescope of the test transceiver for the reasons

discussed in paragraph 7.2.1.
7.3 ' TEST DESCRIPTIONS

The environmental and functional tests to be performed at the vari-
ous levels of transceiver assembly are described briefly below. The test de-
seripticns are referred to in the accompanying flow diagrams by raragraph

number.

T.5.1 Miscellaneous‘Optiéal Parts

The deflection mirfors,-beam splitters, lenses, power meters,
gratings, narrow-band filter, and optical mounts are not considered develop-
ment items, and will not be subjected to special environmental or functional
tests. Receiving or manufacturing inspection will be perfbrmed to ensure that

these parts conform to thelr specifications or drawings.
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T.3.2 Flip-Mirror Vibration and Functional Testing

The flip;mirror aséembly will be mounted on a vibration-test fix-
ture. The mirror alignment at the mechanical stops will be set and measured
relative to a fixed reference on the test fixture. The flip-mirror assembly,
as mounted on the test fixture, will then be subjected to a qualification-
level vibration fest in accordance with Specifieation AGC 20511, with the mir—.
ror stowed in its launch position. After.vibration, mirror alignmeent at the
mechanical stops will be measured relative to the fixed reference on the test
Pixture. This measurement will be compared with the one made before the vibra-

tion test.

T.3.3 Duplexer Distortion and Efficiency Testing

The wavefront distortion in the beams transmitted and reflected
from the duplexer will be measured by placing the duplexer in a Mach-Zehnder
interferometer. The interfercmeter will be illuminated with a COé laser beam
having the proper polarization orientation for the transmitted and reflected
modes of‘operatioh. A small-aperture detector will scan the output beam from

the interferometer to measure its intengity distribution.

Duplexer transmittance and reflectance will be determined by com-
paring the power of the incident beam with the power of the transmitted and

reflected beaws of the correct polarization orientation. !

T 3.4 IMC and Nutator Engineering Testing

Enginecering tests will be performed tc evaluate the important

gperating parameﬁérs of the nutator. They‘wili include measurcments of

8. Deflection angles of each axis at the mechanical stops

b. Deflection regponge as a function of driving frequency
c. Deflection linearity
- d. Deflection angle as a function of driving voltage {de-

flection factor)

e.  Hysteresis indueced by the bimorph element.

-1
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T.3.5 IMC end Nutator Vibration Tesgting

The IMC and nutator will be mounted on a vibration-tést Tixture,
Mirror alignment in the null position (zero volts input) will be measured
relative to a fixed reference cn the test fixture. The unit, as mounted on
the test fixture, will be subjected to a qualification-level vibration test
in accordance with Specification AGC 2051l. After vibration, mirror align-
ment in the null position will be measured relative to the fixed reference on
the test fixtufe. This measurement will be compared with the one made before

the vibration test.

T.3.6 IMC and Nutator Temperature Testing

The IMC and nutator will be mounted on a temperature-test fixture,

and the null alignment and deflection factor will be measured at -5 and +40°C.

TeAT Telescope Alighment and Aberration Testing

The telescope will be aligned and tested for aberrations on a
laser.unequal—path interferometer. Because the telescope has all-reflective
(achromatic) optics, the tests can be performed with a helium-neon laser source.

The breadboard telescope will be aligned and tested by the vendor.

7.3.8 Coarse-Pointing-Mirror-Assembly Functional Testing

The functional tests listed below will be performed on the coarse
pointing dirror and gimbal assembly. A special electronic package willl be
used to supply the,required electrical inputs and to read the output sigpals.

! a. Deflection Limits: The deflection limits of the coarse

pointing mirror will be measured in east-west and north-south directions.

b. Pointing Rate: The command pointing rate will be computed
with data collected from the shart-encoder outputs, as the assembly responds

to pointing-command inputs.

c. Angular Positioning: The angular-positioning accuracy of
the coarse pointing mirror will be measured by mounting a special mirror-test

 Pixture on the gimbal and using sutocollimation techniques.

T-8
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Te3.0 Recelver Functional Testing

© The functional tests summarized below will be conducted on the
video channel of the receiver to check its performance in order to ascertain
that.no damage wasrsustained during shipping. They Wili be performed with an
FM test modﬁlator,gbypassing the optical detector in the receiver. The modu-
lator will be gpecial test equipment capable of simulating an M signal at

the IF frequency to test the receiver electronies.

2. Baseband Amplitude, Frequency Characteristics: This test
will be conducted to check the overall performance of the vileo channel. A
video-test signal covering this band will be inserted into the FM test modula-

ter and the video output will be checked on the waveform monitor.

b.  Periodic Noise: Periocdic noise will be measured by termi;
nating the input to the test modulator with the proper lecad, and noting the re-

ceiver output displayed on the waveform monitor.

T.5.10 Laser Bignature Testing

The output signature of the transmitter and backup lssers will be
recorded for incremental changes in the cavity length around the nominal cav-
ity design length. To determine the signature, the cavity length will be
scanned over a half-wavelength by placing a linear ramp voltage on fhe piezo-
eleetric-transducer mirror element; the laser ocutput will be observed with a
fast detector and an oscilloscope. (This test will be performed only if
Sylvania information suggests the possibility of line compétitidn that reduces

the bandwidth to less than acceptable limits on a particular line.)

7.3.11 laser Functional Testing

After the automatic line-selection devices (gratings and power
meters) have been installed and aligned, the laser functional tests summarized
below will be performed on the transmitter, local oséillator, and backup lasers
;

to ensure that the lasers are pfoPerly reassembled at Aerojet. Test Setup No. U

shown in Figure T7-10, Wiil be used for most of these tests.

a. . oStart-Up Operation: Automatic start-up loops will be moni-

tgred.

-9
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‘b Mode: The TEM.Oo mode will be checked by noting the absence
of ﬁode beating in a spectrum analyzer when the test laser is heterodyned
against a stable laboratory lagser. The intensity distribution will also be

checked with a thermographic screen.

c. Power Output: The total power output will be measured with

a power meter,

d. Polarization: The pelarization angle will be measured with

8 Brewster-angle germanium plate.

e, Output-Power Beamwidth: The intensity distribution in the output
beam will be measured near the laser output and in the far-field by scanning-a pin-
hole and detector across the beam. The beam diameter bétween the 0.367 rela-

tive-power points and the beam collimation will be determined from these dsta.

T, Operating Line: The operating line will be measured with a

grating moncchrometer.

g. Operating-Line Width and Power-Frequency Profile: The line
width and profile will be measured by splitting the output beam into a power
meter and into a hetérodyné setup and spectrum analyzer. The power output
will' be measured as the operating frequency of the laser is tuned across the
line. '

h. Operating Freguency (Transmitter and Backup Léser): The
operabing-frequency long-term stahility and dither peak-to-peak frequency devi-
ation will be measured by heterodyne technigues. The test laser will be dither-
stabilized to line center. The stable laboratory laser will be tuned to oper-
ate open loop at 30 MHz below line center. The heterodyned output‘will be fed
into a 30-MHz discriminator. The discriminator output will be fed into (1) a
low-pass filter and recorder to measure long-term frequency stability, and (2)
a bandpass filter centered at the dither frequency and oscilloscope Lo measure

the dither peak-to-peak deviation Frequency.

i. Operating Freguency (Local Oscillator and Backup Lasers):
The operating Tréegquency will be?measured by heterodyne techniques. A stable
Jlaboratory laser will be dither-stabilized to line center. The test laser

will be tuned to operate at 30 MHz below line center by an AFC lcop contrclled

T=-10
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by a 30-MHz discriminator. The discriminator output will be fed into a low-

pass filter and recorder to measure the long-term frequency stability.

Je Frequency Uncertainty During Acquisition (Local Oscillator
and Backup Lasers): The frequency uncertainty will be measured by heterodyne
techniques. A stable laboratory laser'will be dither-stabilized tc line center.
The test laser will be tuned to operate at 30 MHz below line center by the ac-
gquigition-mode laser electronics. The output from a 30-MHz discriminator will
be fTed into a low-pass filter and a recorder to measure the frequency uncer-

tainty for a minimun of 5 minutes.

k. Frequericy Stability: This measurement will be made by hetero-
dyne techniques, The test laser, stabilized at its operating freguency, will
be operated at a 30-MHz difference frequency. The output from a 30-MHz dis-
crim&nator will be fed into one of three bandpass filters. The output from the
0.1 to 5-Hz filter will be fed intce a recorder converted to root-mean-square
(rms) values. The output from the 5-Hz-t0-800~kHz and the 800-kHz-to-6-MHz
filters will be measured with an rms voltmeier. The 5-Hz-to0-800-kEz filter
will have alnotch,at'the dither frequéncy. -

1. Amplitude Stability: The output power from the laser will
be directed onto a detector, whosé output will be fed through a © to L5 Hx
bandpass filter to an rms voltmeter, which will read the rms voltage caused by
fluctuations of the laser-ouiput power. The detector wvoltage corresponding to
the average laser-cuitput power will be measured on an oscilloscape By chopping
the laser beam. The percentage of rms power fluctuations will be computed by
dividing the rms-volimeter reading by the oscilloscope reading and multiplying
by 100. '

m. Power Input: The power input to the laser tubes will be

calculated from measurements of the operaling current and voltage of the tubes.

T.3.12 Modulator Functional Testing

The functicnal tests listed below will be conducted on the lager
modulator to ensure that the transwitter laser is operating properly. They
will be performed with a heterodyne 5etup and an optical receiver, as shown in

Figure T7-10..
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a.  DBaseband Amplitude-Frequency Characteristics: These charac-
teristics will be measured by injecting a video~test signal covering the band
into the modulstor driver, and noting the receiver output displayed on the

waveform monitor.

b. -  Modulator/Driver Sensitivity: A l-volt peak-to-peak signal
will be applied to the modulator/driver, and the receiver output will be meas-
ured with the spectrum anslyzer for maximum freguency deviation using the side-

band-amplitude Bessel-function technique.

C. Periodic Noise: This measurement will be made by terminating
the input to the modulator driver with a proper load, and noting the receiver

output displayed on thé waveform monitor.

T.5.15% Trensmitter and Backup Laser Beam Alignment

The tesi setup shown in Figure T-7 will be used to align the backup
laser beam to the transmitter beam in the far field of the transceiver for both
the acquisition and the trabking modes. Aligﬁment will be accomplished by
measuring and superimposing the intensity distributions of the transmitter and
backup laser beams at the fcocal point of the parabolic mirror. The measured
far-field antenna patterns for both laser beams in the acquisition and track-
ing modes will be compared with computer values to determine if the beams are

diffraction-limited.

7.3.1k Transmitted-Beam and Received-Beam Alignment

. The test éetup shown in Figure T-7 will be used to align the re-
ceived beam at the mixer with the transmitted beam in the far field of the
transceiver. The'far field of the‘ﬁransmitted beam will be centered on the :
pinhole and detector at the foecal point of the parabolie mirror. The received
beam from the laboratory laser source will be centered on the mixer by opti-

mizing the nonheterodyned mixer output for a chopped signal beam.

The transmitted far-field antenna pattern from the breadboard
transceiver will be measured and compared with cdmputed values to determine if

the beam is diffraction-limited.
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T.3.15 Alignment of Local Oscillator and Backup Laser Beams and Re-

ceived Beam

The test setup chown in Figure T-T will be used to align the loeal
osclllator and baclup laser beams to the received beam at the mixer. The re-
ceived beam from the laboratory laser source will be centered on the mixer as
in paragraph 7.3.1k. The local oscillator laser and backup laser beams will
each be centered on the mixer by optimizing the heterodyne output signal. A
backup laser has not been 1ncorporated into the breadboard transceliver, The
receiver antennd pattern will be measured by scanning the received bezam across

the mixer with the IMC.

7.3.16 Coarse-Beam-Pointing-Circuit Functional Testing

The coarse beam pointing cireuit (consisting of command registers,
shaft-position registers, a éomparator, motor driving ¢ircultry, and an IMC
position-error detector) will be functionally tested by the Electronic Engi-

neering group.

T.3.17 Search Pattern Circuit Functional Testing

The search pattern circuits (consisting of a clock, a clock and
command gate, a line-width counter, a frame-width counter, and rest-gate, line,
and frame-width D/A converters, a line-width integrator, and auxiliary cir-

cuitry) will be functionally tested by the Electronic Engineering group.

T.3%.18 Acquisition Control Circuit Functional Testing

This circuit (comsisting of circuitry required to generate intermal
control and command functions, and an acquisitlion-threshold-signal generator)

will be functionally tested by the Electronic Engineering group.

7.%.19 TMC Driver Circuit Functional Testing

This circuilt (consisting of drivers for the.east—west angd north-
south axes of the image-motion compensator) will be functionally tested by the

Electronic Engineering group.
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7.5.20 Tracking Circuit Functional Testing

The tracking circuit (consisting of a nutator and threshold signal
generator,‘and nutator drivers) will be functionally tested for operation in

the acquisition and normal tracking modes by the Electronic Engineering group.

7.3.21 Comuand Distribution Circuit Functional Testing

This c1rcu1t will be tested for all fUHctlonal operations by the

Electronlc Engineering group.

T.2.22 Telemetry-Data-Conditioning-Circuit Functional Testing

The telemetry data conditioning circuit will be “ested for all

functional operations by the Elecironic Engineering group.

TeB3.23% Video Switch Funcliional Testing

The video switeh will be functionalily tested for all reguired oper-
ations - i.e., cross-strapping within the transceiver and between the trans-

ceiver and the spacecraft microwave-communication system.

T.5.24 Signal Conditioning Package Functional Testing

This testing will be performed to check the functional characteris-
tica of all the circuits integratéd into the signal conditioning package. The
extent of the functiénal teétiné at this level will depend on the availability
of test points of each individual circuit in this configuration. The testing

will be planped and performéd by the Electronic Engineering group.

Te35.25 Signal- Conditioning-Package Storage-and- Operatlng Temperature
Testing

A combined storage and operating temperature test in accordance

with Specification AGC 20511 will be performed on the gignal conditioning pack-
age. Durlng vtorage temperature cycllng, functional tests in accordance with
paragraph 7.3.24 will be performed with the unit stabilized al the operating-

temperature extremes.

T.3.26 Power Supply Functional Testing

The power supply will be tested for all functional~operation re-
guirements by the Electronic Engineering group, which will prepare a detailed

test plan.
T-14
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T.5.27 Power—Supply Storage-and-Operating-Temperature Testing

A combined storage-and-operating-temperature tesgt will be per-
formgd on the power supply. During storage-temperature cycling, functional
tests will be performed in accordance with paragraph 7.3.26 at operating-tem-

perature extremes,

T.5.28 Power-Supply Vacuum Testing

A vacuum test will be performed on the power'suﬁply to ensure the
proper operation of this unit in a spaée environment, Functional tests in ac-
cordance with paragraph Ted. 26 will be performed on the power supply during the

vacuum test.

T.3.29 Radiation—Cooler Thermal—Balance Testing

The radiation cooler (consisting of the heat 51nk, passive radia-
tor and shield, and a simulated antenna) will be installed iz & thermal-vacuum
test.chamber. The test article will be instrumented with thermocouples to
monitor temperaturés at various locationé; Internal power dissipation will be
gsimulated by heaters ﬁttached to the hesat sink.

Testiﬁg will be conducted with the chamber evacuated to a pressure
below 10—5 torr, gnd’with the chamber cryo-shroud cooled to a temperature be-
low QOOK. Temperature data_willrbe-recorded after the test article has reached

a steady-state condition.

The reduced test data will be compared with prev1ously predicted
results to verify the validity of analytical technlques and to verify that the

thermal performance of the radiator is satisfactory.

T.5.30 . Radistion-Cooler-Shield Energy-Control Testing .

A pasgive radiator and shield assembly will be installed on the
J104 collimator test table for irradiation with collimated visible light at
several angles about the shield's major axis. The EMF output of a:radiometer

placed under the radiator will indicate tﬁe energy absorbed by the radiator.

Before testing, the test plane will be mapped with the radiometer
to determine the total flux in the test volume. The flux absorbed by the

¢
Coh
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radiometer, with the radiator and shield in place, will then be compared with
the total Tlux known to be incident on the radiastor/shicld assembly. The ratio -

of absorbed flux to incident flux is a measure of radiator/shield performance.

T.3.31 Radiation Cooler Vibration Testing

" The cooler will be subjected 4o a qualification;level vibration

“test in accordance with Specification AGC 20511.

Teh.32 ‘Radiation-Cooler Thermal-Balance Testing

The therfial-balance test discussed in paragraph 7.3.29 will be re-
peated after the vibration test 4o check the performance of the radiation

cooler.

Te5.53 System Weight and Center of Gravity

After all subsystems are integrated into the final transceiver-
system configuration, the package will be weighed and the center of gravity of
the package will be determined. '

Te3.5h4 System EMC Testing

The following selected EMC tests from MIL-STD-U6LA will be per-
formed on transceiver system: CEOl, CEO2, CEO3, CEO4, €801, CS02, CS06, REOL,
REQ2, RS0L, and R38C%., They were chosen to assure the compatibility of the LCE

transceiver with itself and with the spacecraft,

T.3.55 System Functional Testing

The functional tests summarized below will be performed on the
transceiver sysﬁem_under amblent, laboratory conditions in order %o establish
a reference baseline of data. The test setups shown in Fipgures 7-7, 7—8, and
749 will be used for the breadboard transceiver. The setups shown in Figures
T7-7 and 7-11 will be used for the FIM, prototype, and flight transceivers.

The tests asgociated with the coarse pointing mirrof assembly will not be per-
formed on the breadboard transceiver, because it does not.incluﬁe this assem-
bly. ; ) :

a. Startup Loops: The startup and frequency stabilization of

the laser subsystém will be functionally tested using appropriate commands.
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b. Power Measurement: The total prime power consumption will

be measured.

¢. * Coarse Pointing Mirror Functional Test: Commands will be
fed into the coarse pointing mirror to position it to variocus angles. The

shaft-encoder outputs will be checked to verify these angles.

d. Acquisition: The acquisition-limit angles relative to this
telescope axis in cast-west and north-south directions will be measured. The
minimum carrier threshold power at which the transceiver can gequire will be
measured. Dynamic-acquisition tests over small angular ranges will be per-

formed with a deflection-plate assembly (see Figure 7-7).

€. -Tfacking: Transmitied and received beam alignments will be
checked during tracking. A dynamic-tracking test, including the coarse-point-
ing-mirror correction to zero the IMC.driver voltage, will be conducted to
check all tracking functions of the transceiver. Thie test will be performed
with a deflection-plate assembly (see Figurc 7-7).

f. Baseband Amplitude-Frequency Characteristics: These charac-
terisfics will be measured by injecting = video-test signal covering the band
into the medulator driver, and noting the output of the receiver displayed on

the waveform monitor.

2. Nonlinearity Distortion: The nonlinearity distortion of the
synchronizing signal will be measured. A video~test signal (CCIR No. 3) will
be applied to the video input of the modulator driver, the receiver cutput will
be dasplayed on a waveform monitbr, and the amplitude of the synchronizing

pulse will be measured,

h. Mdéulation Sense: The black-to-white transition in the out-

put video signal will be checked for correspondence to the input video signal.

. Fnvelope Delay Distortion: This test will be performwed to
check that the envelope‘delay distortion is within the specified limits. A
group delay test set will be used toc make point-by-~point measurements on a come

plete communication link.
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. Je Periodie Noise: The signal-to-periodic-noise ratio will be
measured in the communication link. The periodic noise will be meagured on
the waveform ponitor with the video input of modulator driver terminated with

a proper load.

k; WEP Megsurement.: A setup such as shown in Figure T—T'or T-11
will be used td megsure syStem NFP. The laser beam will be chopped so that
the signal can be distinguished from noise. The mixer output will be fed into
the recéiver electronics. The gignal-to-noise ratio will be measured at the
IF-amplifier output. The test will be conducted starting with a high signal-
to-noise ratio, and the laser beam from the test source will be attenuated in
increments until the noise and the signal can no longer be differentisted at

the output. The signal power at this point represents the NEP of the system.

1. Telemetry Functional Test: All telemetry outputs wilil be
functionally tested. This test will not be performed on the breadboard trans-
ceiver. ' '

m. Command Functional Test: The transceiver will be tested for
all command operations. This test will not be performed on thé breadboard

transceiver.

73,36 System Storage Temberature Testing

The complete prototype transceiver system will be subjected to a

storage temperature test in accordance with Specification AGC 20511.

T.3.57 Selected System Functional Testing

The functional tests listed below (selected‘from the tests de-
scribed in paragraph 7.3.55) will be performed on the transceiver system under
laboratory ambient conditions in order to check the performance after each en-

vironmental tesgt.

a. ; Btartup Loops: The startup and frequency stabiliiation loops
. ‘ Co8 :
and switching functions of the laser subsystem will be functiconally tested with

gppropriate commands.

b, Power Measurement: The total prime power consumption will

be measured.
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C. Acguisition and Tracking: These functions will be checked

for normal operation.

d. Baseband Amplitude-Frequency Characteristics: These charac-
teristics will be checked by injecting 2 video test signal covering the band
into the modulator driver and noting the receiver output displayed on the waveform
i . .

1

monitor.

7.3.38 System Vibration Testing

The FTM and prototype transceiver systems and the flight trans-
ceiver system will be subjected to qualification-level and flight-acceptance-

level vibration tests, respectively, in accordance with Specification AGC 20511.

Te3.39 System Acceleration Testing

The prototype transceiver system will be subjected to an accelera-

tion test in accordance with Specification AGC 20511.

T.3.40 Vﬁystem Thermal-Vacuwr: and Thermal-Balsnce Testing

The FTM and protobype transceiver systems and the flight trans-
ceiver system will be subjected to qualification-level and flight-acceptance-
level thermal-vacuum tests respectively in accordance with Specification AGC
20511. A thermal-balance test in accordance with Specification AGC 20511 will
be combined with the thermal-vacuum tests performed on each transceiver system.
Duri?g these environmental testsg a complete system functional test, as de-

seribed in paragraph 7.3.55, will be performed to check for proper cperation.

T.3.41 Final System Functional Testing

The final testing of the transceiver system will be a repeat of
the system functional testing under laboratory ambient conditions as described
in paragraph T.3.35. The results will be compared with the initial test re-
sults to determine if aﬁy ﬁerformance degradation resulted from environmental

testing.

7.3.42 Coarse-Pointing-Mirror-Assembly (Qualification Unit) Functional

Testing ‘
The qualification unit of the coarse-pointing-mirror assembly (con-

sisting of north-south and east-west gimbals, gear boxes, stepping motors,

i
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shaft position encoders, and the mirror) will be function-tested under labora-
tory ambient conditions as summarized below. A special electronic package will

: 3 * . .
be used to supply the required electrical inputs and to read the cutput signals.

a. ‘Deflection Limits: The deflection limits of the coarse

pointing mirror will be measured in east-west and north-south directions.

b. Pointing Rate: The command pointing rete will be computed
from data collected from shaft-encoder cubtputs &5 the assembly responds to the

pointing~-command inputs.

C. Angulér Positioning: The angular-positioning accuracy of
the coarse pointing mirror will be measured by mounting a special mirror-test

fixture on the gimbel and using autocollimation techniques.

T.3.43 lCoarse#Pointing-Mirrbr" Storage-Temperature Testing

The assembly will be subjected to a storage temperature test in ac-
cordance with Specification AGC 20511.

T34k Coarse-Pointing-Mirror Functionsl Testing

The functional testing described in paragraph 7.5.#2 will be per-
formed on each coarse pointing mirror in order to check its performance after

each environmental test.

T.3.45 Coarse-~Pointing-Mirror Vibration Testing

The assembly will be subjected to a gualification-level vibration

tegt in accordance with Specification AGC 20511,

Te3. 46 Coarse~Pointing-Mirror Thermal-Vacuum Testing

A long-term thermal-vacuum test of the coarse pointing mirror will
be performed in accordance with Specification AGC 20511. Its duration will be
determined on the basis of reliability data. The unit will.be operated periodi-
cally to perform all required functions and will be tested in accordance with
paragraph T.3.42. The purpose is to ensure proper operation in a space environ-

ment during the useful lifetime.
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T.3.47 Final Coarse-Pointing-Mirror Functional Testing

The linal testing of the coarse-pointing-mirror-assembly qualifi-
cation unit will be a repeat of the functional testing'under laboratory ambient
conditions as described in paragraph 7.3.42. The results will be compared with
the initial test regults to determine if any performance degradation resulted

from the environmental testing.
7ok SUMMARY

Tables T-2 and 7-3 summarize the testing scheme for the LCE trans-

ceiver models.

H

Table T-2 provides an index for all tests described in Section T3
that will be performed on the different transceiver models as indicated in test

fiow charts.’

Table'f—ﬁ shows the fﬁnctional and envirommental tests that will
be performed on each transceiver model and the agsembly level or levels at
which they will be performed. It illustrates the seqguence of tests at the
various hardware levels through the different transceiver models +hat will be
perforped in order to ensure g high probability of successful flight-transceiver
cperation in space, The arrows drawn in this table imﬁly a successful test at
the subsystem or system level indicates that all parts and assemblies at the

lower levels performed satisfactorily.
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TABLE T-2

TESTING INDEX

Para- Bread-~ Proto-

graph Type . bocard FIM type Flight

T.3.1 Miscellaneous optical parts - inspection X X

T.3.2 Flip-mirror vibration and functional
testing

T.3.5 Duplexer distorticn snd efficiency b3
testing :

7.3.4 IMC and nutator engineering testing X X x x

T.3.5 IMC and nutator vibration testing X

7.3.6 IMC and nutator temperature testing x b4

T.3.T Telescope alignment and aberration X X X
testing

7.3.8 Coarse-pointing-mirror-assembly func- x b3 x
tional testing

T.3.9 Receiver functional testing x X X

T.3.10 Iaser signature testing X x X

T.3.11 Taser funcilonal testing x x b4

T.3.12 Modulstor functional testing x X x

T.35.1% Transmitter and backup laser beanm b4 po x
alignment

T.3.1h Transmitted-beam and received-beam _ X x X X
alignment

T.3.15 Alignment of local oscillator and X x x X
backup laser beams and received beam

7.5.16 Coarse-beam-pointing-circuit func- X X X
tional testing

7.5.17 BSeaxch pattern circuit functional x x X X
testing

T.5.18 Acguisition control circuit func- X x X x
tional testing

T.%.19 IMC driver circuit funcitilional X X b's x
testing :

T.3.20 Tracking circult functional testing X

7.3.21 Command distribution circuit func- X

tional testing
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TABLE 7-2 (cont.)

Para- Bread- . = Proto-

graph Type board FIM type Flight

T.3.22 Telemetry-data-conditicning-cireuit x X X
functional testing

T.3.2% Video switch functional testing

T.3.24 Signal conditioning package func - X X
ticnal testing

T.3.25 BSilgnal-conditioning-package storage- X
and-operating-temperature testing

7.3.26 Power supply functicnal testing X X

T.3.2T Power-supply storage-and—opérating-
temperature testing

T7.3.28 Power supply vacuum testing . x X

T.3.29 Radlation~cocler thermal-~balance testing

T.3.30 Radiation-cooler-shield ensrgy-control x
testing

T.3.31 Raciation cooler vibraticon testing X

T.3.%32 Radiation-cooler thermal-balance testing x

T.5.35 GSystem weight and center of gravity X X X

T.3.3Lk System EMC testing _ X

T.3.35 Bystem functional testing X x b'e x

7.%3.36 System storage temperature testing X

T.3.37 BSelected system functicnal testing X

7.3.38 System vibration testing x

7.3.39 BSystem acceleration testing X

7-3.40 System themsl-vacuum and thermsl- X x X
balance testing

7.3.41 PFinal system functional testing x %

T.3.42 Coarse-pointing-mirror-assembly
(qualification unit) functional testing

7.3.43 Coarse-pointing-mirrer storage-temperature x

: testing

7.-3.44 Coarse-pointing-mirror functional testing

7.3.45 Coarse-pointing-mirror vibration testing x

7.%3.46  Coarse-pointing-mirror thermal-vacuum

, testing
7.5.47 Final coarse-pointing-mirror functional X

testing
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