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FOREWORD

) This Bi-Monthly Technical Report, entitled "Study of Laser
Pointing Problems". was prepared in accordance with NASA Con- :
tract No. N3AW-929, Article IV B. This first technical report
covers the period 3 August-30 September 196li., The work is
carried out under the direction of Mr. R. F. Bohling, WASA
Headquarters, and Mr. F. R. Morrell, NASA, Langley Research
Center. The studies described herein were performed by Aaron
Wallace, Project Director, Roger Arguello, Dr. Sebastian Monaco,
John Meeder and Judah Eichenthal of the Corporate Technology
Center, Systems and Space Division staffs of the Xollsman
Instrument Corporation.
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ABSTRACT

The remarkable potential of deep spasce laser communicstions
based on low power btransmitters in deep space vehicles, ex-
tremely narrow beamwidths (0.01-1.0 arc seconds), and very wide-
band frequency channels can be fully exploited only when the '
laser beam pointing problem is solved. Of particular interest.
is the mission of communication from a deep space vehicle
directly %o Earth,. B

This first Bi-Monthly Technical Report describes the
progress made in the major technical areas of systems analysis
and synthesis, esteblishment of reference axes, technigues for
measuring and positioning the laser beam, and boresight main-
tenance. The presence of the Earth's atmosphere in the com-
munication link with its random turbulencé phenomena profoundly
affects the system design, and introduces additional require-
ments for gsystem synthesis beyond those associated with the
extraordinary optical precision due to the narrow beamwidths -
and the dynamics of closed loop operation with transit time
effects dand target-observer motions.

The report also includes manpower utilization data and
concludes with a bibliography of cited references.
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I. INTRODUCTION

The United States Aerospace investigation and exploration
programs under the direction of NASA include families of lunar
and near interplanetary missions, far interplanetsry and inter-
stellar probes, observatory satellites, and numerous scientific
satellises, Refs.(1l), (2). From a scientific point of view,
the amount of information and data to be generated in the course
of these missions is expected to be enormous, as well as of the
highest importance for this nation's continued progress in
science and space exploration.

It is evident that the successful implementation of these
programs will depend upon progress in the propulsion and communi-
cation fields. Although 2 considerable number of advances have
already taken place in these areas, it is clear that new communi-
cations channels must be developed since the present-day booster-
rocket and microwave communications technologies are already
approaching ildeal performance limitations, Refs. (1),(2),(3).
Optical communications based on the current rapidly expanding
laser technology may provide the necessary breakthrough because
of the unprecedented space and frequency bandwidths made avail-
able as a result of the laser's spatial and temporal coherence,

Refs. (4), (5).

However, the remarkable potential of deep .space laser
communications based on low power tranamitters,. extremely narrow
beamwidths, and very wideband frequency channels involving high
data transmission rates cannot be fully exploited unless the
laser beam pointing problem is solved, Ref. (2), p.63, Ref. (3),
p.6ly, Ref. (6). The Kollsman Instrument Corporstion is already
deeply involved in optical tracking systems for NASA and the
Air Force, i.e., the Apollo optical guidance, the 0AQ star
tracker attitude stabilization, 0AO0 pointing control, the
Goddard Experiment Package for the 0A0, and celestial-inertial
guldance systems for the Air Ferce B-52, the B-58, the B-47,
the Hound Dog, and the USQ-28 geodetic survey and photomapping
system for Project "Sky Map", as well as many other similar
programs. Consequently, some of the major problems associated
with the Laser Beam Pointing System have been previously en-
countered in one form or another in connection with Kollsman's
optical and -stellar guidance programs. Technical problems
uniquely associated with the laser and ecoherent light control .
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have also been previously met in connection with Kollsman pro-
jects involving leser airborne, ground, and underwater radars,
laser alignment systems, laser metrological and metallurgical
systems, etc.

Finally, Kollsman experience and research activities in
the systems synthesis, system analysis, control, and computer
fields have led to the conclusion that a systems approach to
the Laser Beam Pointing Problem is required in addition to the
application of specific technical knowledge to the detailed
golution of its component aspects. This systems approach was
originally described in Ref. (7), and the detailed program
gctivities to implement this approach are outlined below., A
detailed exposition of the basic elements of general systems
philosophy is given in Ref. (8). Application of systems theory
to this probleém leads to the major conclusion that the presence
of the Earth's atmosphere in the communication link with its
random turbulence phenomena profoundly affects the system design.
As a result, additional requirements for systen synthesis are
introduced beyond those associated with the extraordinary optical
precision due to the narrow beamwidths and the dynamics of
closed-loop operation with transit time effects and target-
observer motion. :

A. PROGRAM OBJECTIVES

The objective of this contract is to define the funda-
mental limitations, practical implementation problems, and
research problems associated with the technology that will
enable the use of 0.01-1.0 arc second laser beams Tor deep
space communication with less than 3db degradation resulting
from the pointing accuracy during operation.

The Contractor shall perform studies toward the- above
objective and shall give consideration to the following ma jor
problems among others: ) ’

(1) Techniques for detecting and esteblishing
sultable references axes from which to
derive pointing information for the laser
beam.

(2) Techniques for measuring and posibtioning
the optical pointing axis with respect to
the reference azes and/or with respect to
incident radiation from the desired coopera-
tive second termineal.
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(3) Techniques for maintaining boresight between
the optical and mechanical axes of the laser.

References: (9), Art. III; (10), Attachment III, Art. ITI;
(7), Sect. I, p.l.

It is specified that '"when it becomes necessary or
desirable to consider the second terminal in the communications
link, thet terminal shall be assumed to be on earth. This
space-to-earth link has been selected since it entails problens
which are representative, and also is the most likely system
to receive early implementation. Where systems are used as
guides to study acquisition and tracking problems, they should
be considered cooperative communication links. Complexity of
the ground installation is considered a secondary restraint on
the communication link, and assumptions regarding the ground
portion should be constrained only by technical and economic
feasibility", Ref. (9), Art. IIIC, Guidelines.

B. PROGRAM TASKS AND SCHEDULES

1. Task Breakdown, Ref. (9), Art. IIT

Phase I - Problem Investigation - Five (5) Months

The Contractor will investigate gll salient
features of the problem as defined in "Objeéctives" above germane
to pointing accuracy. ‘

Phgse II- Methods of Solution-Three zand One-Haglf
{3-1/2) Months

The Contractor shall examine the trade-offs in-
volved between alternate solutions to the problem in light of
Tthe investigation performed in Phase I. The Contractor shsgll
analyze each solution and determine those offering the greatest
potential of success. -

Phase III- Definition of Resesrch Problems -
One and One-Half (1-1/2) Months

The Contractor shall, on the basis of Phase I and
Phase II, define areas in which basic and applied research is
required in order that the objective, as defined in "Objectives",
may be realigzed. .
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2. Detgiled Task Breskdown

The following task numbers and descriptions are
assigned for the duration of Phase I (five months). Phase II
end Phase IIT assignments will be made upon Phase I completion.
A flow chart of project activities is shown in Figure 1, and
the information flow and sechedule (including milestones, re-
views, and reports) are given in Figure 2. However, it probably
will be necessary to modify the individual task schedules as the
program develops to allow for greater weighting of specific
tasks as reqguired.

Task No. Description
01 Planning and Administration
02 Lagser Communications Systems
03 Generel Beam Pointing System Anslysis
ol One Arc Second System Analysis
05 Tenth Arc Second System Analysis
06 Hundredth Arc Second System Analysis

(Tasks O, 05, 06 generate Beam Pointing System

- Diagrams with first order assignment of system,
optical, electromagnetic, inertial, kinematic,
mechanical, and selectronic transfer functions
for first order error and trade-off system
analysis).

10 Techniques for detecting and establishing suitable
roference axes from which to derive pointing in-
formation for the laser beam - General Analysis.

11 Celestial Data - Reference frames, missions, back-
ground, sensors, - e.g., astronomical/terrestrial
coordinates, attitude stabilization, orbitel para-
meters, interplanetary media, stellar sources,
electro-optical image sensors, star trackers, etc.

iz Inertial Data - Missions, kiriematics, sensors,
colestial interfaces, - e.g., orbital data, para-
meters, inertial and stellar-inertial systems,
coordinate systems, attitude systems.

13 DSIF Date - Missions, measurements, telemetry,
spacecralt sensors, - e.g., terrestrigl-asstro-
nomical coordinates, data characteristics, read-
out, spacecralft and ground links, computer inter-
faces, cooperative interfaces.

- Cont'd -
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Aug Sept  Qct Nov Dec Jan' Feb Mar Apr May . June

PHASE & TASK DESCRIPTION 1 2 3 i1, 5 [ T 3] Y 10 1l
Project & System Over#all Tasks o T
0l- Planning & Administration ol =
02- Laser Communication Systems - - L -
‘}03~ General Beam Pointing System Analysis ¢ i - - _—y
OL.- One Arc Seccond Systbtem Analysis o . - .
05~ Tenth Arc Secmd System Analysis - >’ - —
06~ Hundredth Arc Second System Analysis - - o =
90- 3pecial Reports ik =——as|raq'd. :
91~ Monthly Pinancigl Reports X X X X X X X X X X X
92~ Bi-Monthly Technical Reports -3 =% =X )
93- Final Technical Report : -
Phase I - Problem Investigation s T
10~ Reference Axes Establishment -
11- Celestinl Data
12- Inertigl Data 1
13- DSIF Datg *
- Co-operative Radiation
15-— Reference Axes Systems vi »
20- Measure & Pogition Optical Pointlng Axes -
Zl - Beam Characteristics
22~ Optical Aperture Characteristics
23~ Boam Measuremen t
- Beam Positioning {Steering)
25- Non-Cooper ative Refersnce Axes
26- Coopar ative Reference Axes
27- Beam Meas. & Posit, (Steer) Systems
30- Boregight ‘Maintenance . é
31~ Beam Sampling .
32~ Optical Mechanical Referenc e q
33- Control Mechanism : -—btl
3l- Boresight Control Syatem
Phase IT - Method of Solufion \ - L
50- Systems Factor/Error Analyses - \ { ¥ heads
60- Systems Trade-off Analyses w s
70- Detail System Specifications -y Il ey
Phase III - Regearch Areag { — ol 5
80- Definition of Research Areas . . ) - heach
{1} Enviromment & Componen ts (‘ ,“,,,.
{(2) Spacecralft Systéms & Earth Systems : '-
{3) Beam Meas., Posit. & Boresight ' >
Sysbems
Notes: (1) Phase I - S5 months; Phase II - 3-1/2 months; Phase IIT - 1-1/2 months,
. {2) Bi-Monthly Reports are dus on lSt‘.h day following every sscond month (=X).
(3) Minal Technical Report is due on 30 June 1965, ?
(lt) (¥ ) = Project Milestone Review.
(5) Special Reports will be prepared as required ().

Figure 2. Laser Beam Pointing Study Project Schedules
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(Cont'd) Description

Cooperative Laser Radiation - Earth transmission
and modulation, space reception and demodulation -
e.g., acquisition, track, and communication modes,
logic and control parameters, spacecraft and
ground links, attitude control.

Reference Axes Systems - Non-cooperative, coopera-
tive, and hybrid (combination non-cooperative and
cooperative} - e.g., functional elements of com-
bined systems derived from basic systems of 10-1l
above, and physical implementation characteristics

" thersof, and study of major error sources (cf.03-06).

20

21

22

23

2ly

25

26

Techniques for measuring and positioning the -optical
polnting axes with respect to the reference axes
and/or with respect to incident radiation from the
desired cooperative second terminal (assumed to be
on earth) - General Analysis.

Laser Beam Characteristics - Optical pointing axis,

spatial, frequency, temporal, and intensity charsc-
teristics, relationships to Reference Axis Systems
Functional Characteristics (02-06-15) sbove.

Optical Aperture Characteristics - Dimensions, para-
meters, control, stebility, mechanical aspects of
visibility, inertial balancing, reaction torques,
combined systems for pointing and communications.

Laser Beam Measurement - Axis pickoffs, sensors,
readouts, reference axis readouts, comparison
circuits, relationships to systems characteristics.

Laser Beam Positioning—and Steering - Control
mechanisms, signals, electro-optical and mechanical

‘components, counterbalancing, symmetrical inertial

balancing, reaction torques.

Non-Cooperative Reference Axes - Interfaces with non-
cooperative techniques developed in (10-15) above,
specifiecally (;1,12,13).

Cooperative Reference Axes - Interfaces with coopera-

tive techniques developed in (10-15) above, speci-
fically (13,1h). -

- Cont'd -
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30

31

32

33
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(Cont'd) Description

Laser Beam Measuring and Positioning (Steering)
Systems - Synthesis of three types of systems: non-
cooperative, cooperative, and hybrid in terms of
mlssions, subsystems, etc., based on the activities
of tasks (02-06}, (10,15), (20-26), and (30-3L)
below.

Techniques for Maintaining Boresight between the
optical and mechanical axes of The Laser-General

Analxsis.

Laser Beam Sampling - Based on information generated
in (21,22,23), above. '

Optical Mechanical Reference - Interferometric and/or
Ooptical correlation elements mounted ‘to laser mech-
anical axis structure for optical axis alignment
comparison.

Control Mechanism - Feedback loops and ecircuits for
operating on error signals derived from {(31) and

(32).

_Bofesight Control System - Synthesia of complete

boresight maintenance systems based on design ele-
ments developed in (30-33), (02-06), (10,15), (20-26),

The following task numbers are assigned to cover

"reporting requirements", i.,e., "Deliverable Items" above,
plus special reports as required, Reference (1), Art. IV A,

B, G, D.

90
91
92
23

These numbers are assigned for the Contract duration.

Special Reports for presentations and papers.
Monthly Financial Reports.

Bi-Monthly Technical Reports.

Final Technical Report

The following task number. assignments are tentatively

made for Phases Il and III in order to reserve the serisl
number blocks so that continuity with the Phase I number

sequence is maintalined.
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Phase TI Task Numbers (Tentative)

50 Factor and Error Analysis of Systems generated in
Phase I, Tasks (02-06), (15), (277, (3L) to set the
stage for the following trade-off analyses (see
below). ~ Computer simulation and compubter error
analysis will be employed.

60 Trade~off Analyses on the alternaste solutions generated
in Phase I, and analyzed in detail in the preceding
task (50). These analyses will determine the systems
offering the greatest potential of success. Computer
gimulation and trade-off analysis will be employed.

70 Detailed System Specification for the Systems Selected
in the preceding task (60), namely, those With The
- greatest potential. This task will exhibit the char-
gcteristics of all system aspects and component ele-
ments which are presently available only as eXperiment-
al devices, or else exist only 'in a theoretical sense,
Oor else are beyond the present state of the art.

Phase IIT Task Numbers (Tentative)

80 Definition of Areas in which basic and applied research
is required based on the results of Phases I ang IT1,

particularly task(s) (70), probably in the following
categories: )

(1) ZEnvironment and Components.

(2) Spacecraft systems and Earth systems.

(3) Laser Beam Measurement, Positioning, and
Boresight Systems, etc.

PROJECT ACTIVITIES FLOW DIAGRAM AND TIME SCHEDULE

The preceding figures present the flow chart of project
activities (Figure 1) and the information flow and time schedule
{(Figure 2). Since the asccuracies specified for the Laser Beam
Pointing Systems (1.0-0.01 arc second) are at the frontier of
contemporary aerospace technology, it is essential that the
-#8ystems Approach'.generated in Tasks (02-06) be strictly ad-
hered to, so that the other activities (10, etec., 20, ete.,

30, etc.) must generate just the proper amount of information
required for first order system synthesis and analysis.
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TIL. SYSTEMS ANALYSIS

In order to fulfill its mission, i.e., Mars Fly-By, a deep
space vehicle must communicate its data back to Earth., If the
potential of laser communications can be fully exploited, this
data transmission can be achieved in real-time. However, such
high information bandwidths based on low power laser transmitters
require extremely narrow beamwidths, i.e., 0.01-1.0 arc seconds.
Therefore, a laser beam pointing system of great precision must
be incorporated into the gpace vehicle-Earth mission communica-
tion and control complex.

If the complete system were required to operate "in vacuo!
only, then the system problems would lie in the domains of high
precigion geometrical optics, servo dynamics with transit time
and obaserver-target motion computation, and electro-optical
tracking techniques. The presence of the Earth's atmosphere,
however, completely modifies the systems aspects of laser com-
munications and polinting control since "in vivo" propagation
involves consideragtion of the influence of extraneous noise
sources on the one hand, gnd the stochastic alteration of the
geometrical and physical data of electromagnetic propagation on
the other. '

This gection will describe the results of systems analysis
and- synthesis to date, corresponding to Tasks 02 and 03 (cf.
Section IB), beginning with deep space radio communications and
deep space laser communications "in vacuo". Thereafter, various
system configurations and other aspects of systems analysis are
described. A detailed description of atmospheric phenomena and
their influence on light propagation is given in Section III.

A. DEEP SPACE RADIO COMMUNTICATIONS

The NASA Deep Space Instrumentation Facility (DSIF) with
headquarters at the Jet Propulsion Laboratory and principal
station at Goldstone, California, is probably the best repre-
gentative of contemporary deep space radio communication systems.
Its evolution has been marked by an increasing sophistication of
techniques with attendani advances in techniques for data ac-
quisition, command, %tracking, and data handling, as well as
increased precision and performance for various subsystems such
as antennas, transmitters, and receivers. Ground.transmitter
powers have increased from tens to hundreds of kilowatts, and -
spacecraft transmitter powers from 3-li to 50 watts. Both ground
and spaceborne antennas have been boosted by several decibels,

- and ground system noise temperatures have dropped more than
1000°K to well below 100°K, Ref. (2).

10
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: The performance of the NASA DSIF is shown in Table I,
ef. Ref., (2), p. 55.

According to0 John W. Thatcher, Manager, Deep Space
Network, J. P. L., using digital techniques, modulation effi-
ciencies of gbout six cycle per bit (with unity S/N ratio per
bit) have been achieved, and it is hoped that this will be re-
duced to about three cycles per bit in the future which is very
close to Shannon's ideal information-theoretical limits, Rer.
(2), p. 55. Hence, as the bottom line in Table I shows, present-
day radio link systems are performance limited in their data rate
capability both forthe present and the future.

For comparison, Table II presents some communication
system requirements for various space missions in order to trans-
mit good-quality, real-time television from the moon, facsimile
pictures from Mars at the maximum Earth-Mers distance, and sig-
nificant data from the edge of the solar system, Ref. (3), p. 35.

In order to match the mission performance requirvements
of Table II with the DSIF capabilities of Table I, the tech-
niques of on-board data processing can be used, i.e., with in-
formation storage, a spacecraft can take a lot of data in s short
time and retransmit back to earth at a slower rate, Ref. (2),

p. 56, Ref. (3), p. 42. 1In the Mariner Mars fly-by mission,
gpacecraft TV plctures will be stored on magnetic tepe and re-
layed back to earth 'at a much lower data rate. Where real-time
video transmission is required, such as for the Ranger and Sur-
veyor missions, frame rate and line-scan rate are tailored to
the real-time transmission requirements, Ref. (11), p. 72.

It is clear that present-day deep space radio commu-
nications cannot provide the high information density real-time
data transmission rates needed for gll future unmesnned and manned
space missions, cf. Ref. (2), p. 63, Ref. (3), pp. 35-48, Rer.
(10). Successful implementation of deep space laser optical
communications systems will therefore f£ill a resl need of the
space exploration program.

B. DEEP SPACE LASER COMMUNICATIONS "IN VACUO"

Although many types of mission applications are con-
templated for laser communication links {earth-vehicle, vehicle-
earth, vehicle-vehicle, etc.), the space-to-earth link is truly
representative of the widest class of problems, and should
materialize the soonest to fulfill the U. 8. NASA Aerospace
program of the 1965-70 period, Ref. (1). Deep space radio com-
munications has. successfully met the space communications
challenge of the past decade and will continue to be the prin-
clpal telemetry and control link for space vehicles for the next

11 .
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TABLE ¥

lypical Vaiues for Presently Attainable Deep Space Communication Syatems

Spacecraft—tb—Earth Link

Earth to-Spacecralft Link

. bBdge of bdge of
Moon Venus - Mars Solar Moon Venus  Makrs Solar
Sygtem System

Distance from Earth (Mi) 2.5}{105 3.7::107 l.prlO8 L. Lx10? 2-5X105 3.7x107 l-LLXlO8 h.hxloe

Space loss (db.) _ 212 . 255 267 297 212 255 267 297
fTodulation loss (db.) i i n n 8 8

1iscellaneous System " Iy . L i I L b
logs (db.) ‘ '

3pacecraft Antenna 26 26 23 A 0 0 19 31

zain (db.)

dround Antenna 53 53 53(61) 61 51 51 51 51

gain (db ) . 303 :

Transmitting power ‘ ‘

(watts) 10 3 10 50 w0 105 ak 105
Receiver noise s ectral =17 -181 ~-181 ~-18m -16l ~16l -16l -169
density (dbm cpsg '

Performance margin {db.) 6 6 6 6 L3 12 9 6

Data rate (bits/sec.)® 7.1x10° 56 5.6wx 2.2 1 1 1 1

* Bit error rate 5x10-J for spacecraft-to-earth link, 1x10-
*%*Data rate will be 35 bits per sec.

availgble

$#%%61-db. antenna will be avallable for later Mars probes.

2 for earth-to- spaceoraft 1link
for later Mars probes when 61-db. antenna is

UOIJBJ0dI0D JUBWNIISUI UBWS]|OY
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TABLE IT

Earth-3pace Communication Links

Uews||oy

uolijesodiod juswniisut.

Typical - Lunar Lungr  Mars Probe to Edge
- Parameter h Satellite Orbiter Tander Orbiter of Solar System
w/TV w/TV w/Facsimile w/Cosmic-Ray
Counter
Range (km.) h.xlO3 uxlos Luclo5 uxlOB uxlolo
Ground Antenne Gain 103 105 106 100 100
Ground Antenna Diameter (ft) LO 85 250 250 250
Spacecraft Antenna Area (m2) 0.05 7 2.5 25 25
Spacecrsflt Anténna Beamwidth : . . ‘
(deg.) Omnidirectional 2.2 3.6 1.2 1.2
System Temperature (degX) 1,00 220 100 25 25"
Spacecraft Radiated ' “
Power (Waths) 200 20 10 150 150
Frequency (gc.) . 0.1-0.14(0.38) 2.3 2.3 2.3 2.3
Video Bandwidth for 6 : 6
30-db, S/N (cps) Lx10' 10° 10 2.5%x103
Bandwidth for 20-db. S/N 7 7 N
(coded transmission,cps) not used 10 10 2'SXIQ. 2.5
One-Way mission time 20 min. 3 days 3 days 200 days 6 years

¥ wWith eléctric propulsion
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few years, Ref. (2). However, 1t was shown that upcoming space
mission requirements cannot be met in real-time by radio links,
and therefore, a real need exists for the development of deep
space communications based on the new laser technology. Note-
worthy discussions of the potential of laser communications have
been given by Oliver, Ref, (12), Luck, Ref. (13), Megla, Ref.
(1), and Brinkman, Pratt, and Vourgourakis, Ref. (15), among
others, . ,

"In Vacuo" communications refers to propagation in
"free-space" without consideration of enhancement or interference
due to propagation media, extraneous background radiation source:
scattering phenomena, etc. The influence of these other factors
will be considered in later memoranda, and it will be seen thatb
their effects and consequences completely modify the systems
aspects of laser communications. From a system point of view,
however, the "in vacuo" or "free-space" analysis is valuable in
that it defines ideal communications system performance under
no. interference. .

The performance of a free-space laser communications
link can be described in terms of the following sysbtem equations
with specific values assumed for certain system parameters to
provide concrete illustrative values; for details, see Refs.

(12), (13), (1L). ~
" TABLE ITI

Laser Communication System Performance Equations

Parameter Equation Remarks
, A . A = wavelength
= 2 radians :
Peamildth, © © d ( ) d ‘= telescope diasmeter

-

Solid Angle,!) Q 02 (steradians)

Antenna Galn, G G = hTrde = L Weglect losses

P 0

' ‘ 2 Pp = transmitter power
Received Signal, Sy Sy = PIGIGRA® (yattg) T b

T T range

|

1
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TABLE IIT (cont'd.)

Parameter Bquation
Transmitter Pp = 1.0 watt
Powsr, Py

A <]
Wavelength, A = 6328 A
Information B=7.2 mes.=7.2x10° cps

Bandwidth, B

Channel Capacity, C=B logp(1+3) (bits)
c N’ “gec.’ -

Minimum Detect-

able Signal, S M0 hr (watts)
SR min- ‘1 .
Quantum N = 20% = 0.2
EEficiency,q

Electrons per Bit,m m = 20

Quantum Energy,hf hf=3.16x10"17 watt-sec.

= 20

Signal-to-Noise S
Ratio,S N
N
Gapacity,C ¢=3.2x107 2122 ror
S 2220
N

Hemarks

Illustrative Example

Illustrative Example

Fllustrative Example

§=Signal-to—Noise

N ratio

m=slectrons per bit
M =quantum efficiency
hf=energy. per quantum

T1llustrative Example
(1L)

Illustrative Example
(L)

Illustretive Example

Illustretive Example

Illustrative Example

15
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TABLE IIT (contt!d.)

Parameter ) Equation ' Remarks
Maximum Range, romax.= 25 Pl (xm.) A -microns,8-arc gecs.
r max. _ 02 BEC Pp-watts, hf-watt sec.
: : _ bits
sec.

m=20 e~ /bit sRef. (6)

Transit Time, &4t At = I (sec.) Light yelocity
¢ c=3x10" meters
: “sec.
gwo“w?z o C'=BC=FB logp - Two-Way Communication
apaciu] bitas
¥ (1+ S) = - 0<B<1, Ref. (1L)
+ ..-. T o r -1 - = ) .
Degradation = = {1+—= T = Message Time

The following chart, Table IV, based on the previous
equatlons and illustrative parameter values, tabulafes some laser
GOmmunlcations system performance parameters for throe asaumed
values ef antenna (telescope) beamwidth, namely: 1.0, 0,1, 0.01
arc seconds. Aesumlng diffraction- llmited optics, for relatively
modest apertures by microwave standards, Table -IT, the theoretic-
al values of antenna gain are more than 110 db, 130 db, and 150
db respéctively. Similarly, these ultra-narrow beamwidths sub-
tend quite small linear distances on the EHarth even from Mars
at fly-by at minimum distance (0. 52u A.U.) (ewg., Mariner,

Mars C, Voyager), namely: 3,800 km. (2,355 miles), 380 km.
(235 mlles), 38 km. (23.5 mlles) ‘The maximum range is tabulated
in km. and A.U. (Astronomical Uhit), assuming a receiving saper-

ture on Earth of the Palomar type, 200 inch or 5.1 meter diameter.
Comparigon of this data with the mission requirements tabulated
in Table II shows that the one arc sec. beamwidth satisfies

16
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lunar mission requirements, and the 0.0l arc sec. beamwidth sys-
tem enables full coverage of the Mars misdion snd beyond, i.e.,
Uranus. A 20 db reduction in C would increase 7" max by plus

10 db, yielding range coverage to the edge of the solar system
(between Uranus and Pluto). Of course, these figures are
theoretical only, applying 5o free-space "in vacuo" propagation
with perfect beam pointing. "In Vivo" propagatlon will be dis-
cussed 1In a subsequent memorandum. -

TABIE IV

Exaﬁples of Barth-Space Communications Links

Parvamebers - Beamwidths, ©. {arc sec.)

@ (arc sec.) 1.0 Z:O.l 0.01

d (meters) 0.131 1.31° - ' 13.1-

0 (sterad.) 235 x 10711 .  2.35 x 10713 2.35 x-10715
G (numeric) 5.3L x 101 g 9y 'x 1013 . 5.34 x‘lo15

-ro (meters)

r=0.52 A.U, 3.8 x 10° 3.8 x 10l 3.8 x 103
Mars, min,

SR (watts) .

Mars to Palomar 0.99 x 10-10 0.99 x 10-8 0.99 x 10'6

dB. = 200" = 5-1 m.

" max (lm.) 8.45 x 10°  8.45 x 107 8.5 x 109

Y max (A.T) 0.565 x 10°% °  0.56% 56.5

17
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Megla, Ref. (1), has computed the effect of transit

time on the performance of the laser communication link, which
1s shown in Table V below. This effect also enters into the
performance of a two-way cooperative beam pointing system. The
chart shows the minimum permissible durations of messages for
degradation values of 8 = 0.5 (3 db) and B =0.8 as a function
of range to various planets for a two-way link. It is clear
that transit time is 3 significant factor in both the communica-
tions and control (pointing) aspects since it occurs both in the
closed loop (cooperative) performance and the open loop (aberra-
tion due both to observer and target motion) performance. How-
ever, since the pointing control system bandwidths are much
smaller than communications information bandwidths, the message
duration factor is less critical for beam pointing performance.

TABLE V

Transit Time Effects on Communications

Planet Pmax  Tmin At At T measage T message
(4.U0.) (A.U.) nmax. min, . B=0.5  p=o.
Mercury 1.387 0.613 11.53 min 5,08 min 11 min./\2sec 52min30sec
Venus.  1.723. 0.277 1.3 min. 2.3 min. 1l min 30 sesl hr 2.5min
Mars 2.52h  0.52l 21.1 min. .35 minl20 min li8sec lhr 31.7min
Jupiter 6.203 L.203 51.6 min 35.0 min L5 min 3 hr 33 min

Saturn  10.539 8.539 1.46 hr 1.18 hr 'l hr 24 min 6 hr 15 min
Uranus 20.191 18.191 2.8 nr 2.52 hr 2 hr 47 min llhr 56 min

As noted in Ref. (1), p. 315, the transit limitations

are independent of carrier frequency, and therefore, the data
of Table V are applicable to both radio and laser communication

links.

"in vivo™"

The problems associated with laser communications
will be desecribed in the next report.

18
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C. BEM POINTING SY3TEM VARIABLES

‘ As previously noted, laser communications "in vivo"
requires drastic modifications in system philosophy and system
configurations since the presence of an atmosphere and extraneous
radiation sources completely alter free-space system performance.
Beam pointing system philosophy is similarly affected, and there-
fore, this sectlon will consider the variables involved in lassr
communications and laser beam pointing "in vivo".

In common with other fracking systems such as stellar
guldance and radar, the laser beam pointing system must fulfill
the functions of acquisition (search, detect, and acquire) and
tracking (including stabilization, closed loop operation, smooth-
ing, and prediction). .

The factors involved in the pointing system are shown
schematically in Figure 3. It is seen that they include the
spacecraft coordinate and attitude reference system, the earth
coordinate and attitude reference system, the common celestial-
inertial reference frame (stars, sun, planets, moons, etc.),
the interplanstary media including planetary atmospheres, and
the characteristics of the laser communications and beam point-
ing systems. These factors are both static (including stochassic
and anomalous conditions) and dynamic {including the kinsmatic
factors of transit time, Doppler shift, aberration, etec.).

Viewed from the spacecraft, these Tactors are included
in the three major problem sreas defined as program objectives,
+ Section IA.

However, 1t 1s clear from Figure 3 that these space-
craft-oriented problem area descriptions are embedded within
the framework of the total communications and beam pointing
system, and therefore, a total system approach is required to
generate an "In Vivo" solution including the Earth's atmosphere
and all of the other system uncertainties. A simple first order
analysis of the errors and uncertainties listed in Pigure 3
demonstrates that a laser beam pointing system based on direct
analogy with conventional open-loop astronomical or star-tracking
techniques could not possibly fulfill the misslon requirements
for spacecraft laser beamwidths from 1.0-0.01 arc seconds. The
uncertalnties due to the turbulence phenomens of the Earth's
atmosphere alone, i.e., the well-known "astronomical seeing"
problem, render a simple open-loop pointing system unacceptable
for the .ultra-narrow beamwidths, cf., Section IIT, "Laser
Propagation Through the Atmosphere!®.

19
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It 1s clear that the ultimate solution to laser beam
pointing problems will be based on g hybrid combination of open-
loop (non-cooperative) and closed-loop (cooperative) techniques,
Ref. (7), pp. 11-12. These solutions will be analyzed in greater
detail in subsequent reporsts.
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D, PARTIAL SUMMARY OF POINTING SYSTEM ERRORS AND
UNCERTAINTIES ’

For future reference, & partiszl summary of errors
assoclated with the pointing system factors and variables is
given below. This list will be revised, enlarged, and up-datec
&s more data become available. References-cited in the 1list
are ldentified (wherever possible) in the alphabetical list
immediately following the summary. -

TABLE VI

Errors and Uncertazinties (Ref. Figure 3)

Systems, Factors, Error Data
Variables, Parameters, Magnitude Reference

and Constants

Inertial Coordinate

System
Astronomical Unit (A.U.) + 450 km. . Nagvi & Levy,p.159
Universal Time {(UT) <1 secf/jr. oo 5,159
Velocity of Light (c) * 0.3 km./ssc. moomr pl160
Planetary Aberration * 0.0015 sec./A.U. oo p.160
Constant (8) ’
Planetany Positions: km. Angle at " " p.160
Mercuny 100 5%Té§gé7
Venus 150 0.2
Earth-Moon System 100 0.1

Mars {Newcomb & Ross) 150 0.2

Mars (Duncombe & 100 0.1
Clemencs)

Certgin Asteroids 150 0.2

Jupiter 600 0.8
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TABLE VI (cont'd.)

Systems, Factors,
‘Variables, Parameters,

and Constants

Inertial Coordinate
System {cont'd.)

Saturn
Uranug
Neétune
Piutp

Other Uncertainties:

Stellar Cordinste
System

$tellar'Catalog
Star Positions

Astronomic
Precession

Parallax Corrections

Other.Uncertainties:

lagnitude . Reference
600 0.8
1000 ‘1.0
1500 2.0
3000 .0

Planetgary Diameters#, Mass Centers, Light
Centers, Illumination Phases, Magnitudes,
Orbital Velocities, Diurnal Angular. Rate,
Annual Period.

% See Planet "Coordinates"

-0.03 - 0.13 sec. . Nagvi & Levy,p.156
-11 .
107*" deg./br. . Spacé/Aeron., 1961
. p.1l6
0.77 sec. (Alphs Larmore,pp. L1-}2
' Centauri) .

Physical Classifications, Magnitudes,
Apparent Motions, Inclination. of '
Invariable Plane
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Systems, Factors,
Variables, Parameters,

TABLE VI (Cont'!d.)

Brror

Data
Magnitude Reference

and Constants

Planet Coordinates

Angular Diameters
at 1 A.U.

Mercury

Venus
Mars-Equatorial
Mars-Polar
Jﬁpiter-Equatorial
Jupit9r~Polar
Safurn-Equatorial
Saturn-Polar

Other Uncertaintiss:

Arc Sec. Naqvi & Levy, p.l6l

+0.02
+0.03
+0.015
i0.0i
e

+1 .0y

+1.1h

1,72
Inertial Coordinates, Mass and Light
Centers, Illumination Phases, Magnitudes,

Albedos, Atmospheric Properties, Orbital
Paranieters and Velocities, Angular Rates.

Earth Inertial Coordinates

Planetary Position (km

Planetary Position
(Angle at 1 A.U.)

Optical Angular Diamet

Infrared—clearJEquat

" 1

Polar

Infrared-Cloudy-Eguatorial

1t n

Polar

) 100 km. Nagvi &.Levy, p.160Q

0.1 sec. n oM p.160

" Hi

ers:  Arc Sec, » D.161

orial 0,001
+0.001
+0.002

+0.002
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TABLE VI (Cont'd.)

Systems, Factors, Error Data -
Varigbles, Parameters, Magnitude Reference

and Constants

Earth Inertial Coordinates (Cont'd.)

Visible (O.SSP)-Equatorial +0.003

" " Polar +0.003
Earth Spin Rate 1.7x10‘6deg./hr. Space/Aeron.,1961,p.1L6
Fluctuations
# Difference in Inertisl 10-6 deg./hr, " t "

and Sidereal Spin

wfs
EXe

Proper Motion of Stars 3.3}(10"9 deg./hr. " " "

Astronomic Precession 10711 deg./hr. " " "

#* Inertial Angular
Velocity of Earth-

Centered Inertila 6 )
Frame due to Astro- 2.5x107%deg./hr. ™ n "
nomic Precession

# Inertisl Angular
Velocity of Earth- .

%entered Inertiaf
Frame Viewed from 2.4x10" Tgeg/nr. " " 1
Earth-Satellite -

=

Inertial Angular
Velocity of Helio-

Centric Inertial} -10
Frame Viewed from h.8x10" "Ydeg./hr. " it "
Earth

Other Uncertainties: Barth Orbital Parameters (Inertial Coord. -

System)
% These represent effects o be considered rather than errors.
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TABLE. VI (Cont'd.)

Systems, Facbors, Erron Data
VYarisbles, Paramebters, Magnitude Referencse
and Constants

Earth Stetion Geodetbic

Coordingtes

Motion of Eguator and 1 sec. Newton, p. L
Poles in Crust

Error in Earth's +11 meters Trogs, p.9uo
Egquetoriasl Redius

Geodetic Land Mass +0.01 n.m. Space/Aeron.,
Information 1661, p. 1hb

Other Uncertainties: Misalignment between axis of reference
ellipsoid and geographic poler axis, geoid
and ellipsoid contours, deflections of
locel vertical and gravity anomalies.

# effects to be considered rather than errors.

Space Vehlicle D3IF

Coordingtes

Microwave Doppler 0.03 meter/sec, ‘Thatcher, p. 58
Velocity

Range <(50 n.m. n p. 58
Time Signals Settings 3x1073 sec. " p. 57
Timing Drift 2 pts. in 1019%/yr, " p. 57
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B, GENERAL BEAM POINTING SYSTEM CONSIDERATIONS

The overall accuracy of the Laser Beam Pointing Sysbtem
is determined by all of the factors shown in Figure 3. A useful
first approximaetion is obtained by considering the "In Vaeuo"
situation in which case the analysis from both ends of the dom-
munlcations link 1s symmetrical. Then, it is sufficient to con-
glder the system involved in the space vehicle, i.e., the three
major problem sress cited in Section IA, namely:

(1) Techniques for detecting and sstablishing suit-
able reference axes from which to derive point-
ing information for the laser beam.

(2) Technigues for measuring and positioning the
optical pointing axis with respect to the re-
ference azes and/or with reapect Lo incident .
radietion from the desired cooperabtive second
terminal.

(3) Techniques for maintaining boresight between the
optlical and mechanicsl axXes of the lssger.

e
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With regard to the first problem of establishing sult-
sble reference axes, the Kollsman Godderd Experimental Packags of
the 0AQ utilizes a course-fine guidance system in conjunction
with the 38-inch telescope, providing the apacecraft's stabiliza-
tion and control system with.a sighting error of about one second
of arc, Ref. {16). The optiocal guldance subsystems being provided
by Kollsman for the Apollo mission includes & sextant, a scanning
telescope, and a map-and-data viewer to permit the observation of
stars, planets, the moon and landmarks on the earth and moon o
determine directions in space, Ref. {17}). Similerly, slx Kollsman
star trackers are used on each OAQ space vehlcle as part of the
attitude stabilizetion and control system, Ref. (18).

Since systems of these types are one-way systems, they
are essentially open-loop in terms of the inpubs, reguiring there-
fore very high precision in their optics and readouts. {0f course,
the inner tracking systems make use of closed loop btechniques,
but the exterior signal and noise input sources are non-cocperas
tive, i.e., one-way). For the beam pointing system, the use of
cooperative bechniques offers the potential of a considerable re-
duction in the accuracy required of the reference axes! systems,
In other words, in the btwo-way system, the reference axes provide
the framework for coarse pointing during acquisition with fine
pointing controlled by the cooperative laser begcons.

The problem of messuring and positioning the optical
pointing axls with respect Lo the reference axes and /or—coopera-
tive radiation, is coupled to the lager ftransmitier optical system
configuration., The chart of Table IV shows that for one arc
second, the aperture is relatively small {5.16 inches), but for
0.1 arc second, it is 51.6 inches {(gbout one and a half times the
gize of the GEP mirror), snd for 0.0l arc second, it 1is 516 inches.
The latter two will undoubtedly be implemented by wmotion of the
lager beam at the focus, rather than paraboloid slewing, or else
by means of phased coherent optical arrays, Ref. (19). Hence,
although angle transfer technigues of the order of 0.0l are
second are feasible, the dependence on the laser transmitber
optics requires further investigation. However, the problem is
somewhat mitigated by the fact that coherent laser radiation
sllows for greater precision in measurement due to superior
independence of wavelength, in interferometry for example. The
problems normally sssoclabed with reaction torques and counter-
balancing can be considerably avoided by the use of fine optical
beam déflection techniques such as are described in Section IV
helow. ’
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In the space vehicle, reference axes will be derived
from the celestial-inertial sensorsg. The laser beam polnting
moechanism (paraboloid motion or focal motion or phased array con-
trol) can be measured and positioned relative to the reference
axes utllizing the high precision optical and sngular btransfer
links already under development for the 0AOQ GEP in the case of
1 gnd 0.1 arec second beams. For the 0.0l arc second beamwidth,
more precige technigues bgsed on interferemeter fringe displace-
ment can be exploited (accurate to about 0.02 asrc gscond). The
maintenance of boresight between the optical and mechanical axes
can be achieved by opticslly sampling the lasser besm snid comparing
it with an optical surface on the mount, either in an suto-
collimation mode or an interferometric configuration for the high-
gat precision. Of course, the boresight alignment maintensnce
must be sutomatic and therefore implemented by & servo conbtrel.
Since adeguate signal-to-noise ratios can ke expescted, good
closed-~loop operation should be possible,

In connection with beam positioning and boresight
maintensnce, the linesarity, sensitiviity, and stabiliiy of the
former and sensitivity and response time of the latter and
critical since the kinematic lead compensstion for aberration
and transit time 1s an essentlally open-loop process. The allow-
able errorg will be some fraction of the besmwldth and the
linearity will be g function of the magnitude of the lead corrsc-
tionsa.

As noted at the beginning of this section, the "In
Vacuo" situation may be described in terms of thé three msjor
problems viewed in the space vehicle as cited asbove. 'In the
"In Vivo" situabtion including the Esriht's atmosphete and inter-
planetary media, the two ends of the link (space vehiecle and
Earth) lose their bilatersl symmetry because of stmospheric
phenomena, of. Section IIT of this report,

A preliminary anaslysis of the total situstion leads
to the diagrammatic description of Laser Beam Pointing shown in
Figure L. The statement .of the problem in the upper half of the
diagram reflects the previous discussion and the factor sets
previously shown in Figure 3.. The "Conclusions and Solutions™
arc generalized from various analyses of both laser communications
snd laser pointing, Refs. (3}, (6}, (7}, (15), as well as the
highly developed microwave radilo and radar technology, Refs.

(2}, (3).
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The various considerations asssociated with the blogks
shown in Figure b will receive detailed treatment later in this
report and in other reports. Aside from she guestion of "In Vacuo®
versus "In Vivo" operation, a major consideration of the laser
beam pointing problem is the question of "one-way non-cooperabive
pointing" versus "two-way cooperetive operation!.

The preliminary systems anslysis of laser beam pointing
factors shown schemstically in Figure 3 categorizes them into nine
major sets, mamely: (1) spscecraft laser beam pointing, (2) earth
station cooperative laser beam pointing, (3) spacecraft position,
veloelty, attitude, and abttitude rate, (L) esrth station geodetic
coordinates, (%) earth's position, velocity, and angular rates,
{(6) inertisl-stisllsr coordinate frames, {7} stmospheric refraction
and turbulence, (8) interplanetary environment, and (9) target
planefts position, veloecity and angulsr rstes,

A systemw approsch regulres considerastion of the mani-
fold sources of uncertainty associated with these nine categories
as previously described. Aboard the spacecraft, the three major
problems associated with refarence axes, laser beam pointing and
measurement, and opto-mechanical boresight maintenance cut across
most of these categories either during the acquisitidtn or btrack-
ing phases, or both, :

According to the precepts of general systems theory,
systems of the class belonging to the laser beam pointing problem
may be classified into one of three Lypes: (1) open-cyecle (non-
cooperative), (2) closed-cyele {cooperative), (3) hybrid (com-
bination open and closed-cycle), Refs. (8), (20). In each of
these categorlies, 1t is furthér possible to.subdivide into many
different systems as a function of the transmitter and receiver,
the optics, the detsction schemes, ihe scanning mechanisms, the
tracking servos, and the data procesgors of the archetype laser
beam pointing system.

In fact, the situation is quite analogous to the use of
error detection and errvor: correctlon codes 'in commundication
gystems, namely, the use of dlgebraic and szequential coding {open
loop), Teedback correction {(eclosed loop), and hybrid (combined
coding and feedback), Ref. {21}. This anslogy has been smployed
in the analysis of star tracking systems, Ref. (22). A family -
tree of celestial sensors of the types used for esiablishing
reference axes in airborne and space vehicles (sueh as the .
Kollsman systems previously described) will be presénted inlldi-
er? studies on, "Refereénce Axes”.
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A Tamily -tree chart of these classes of lassr beam point-
ing systems is shown in Figure 5. The chart below illustrates
the evaluagtion factors which an intensive study program should
yield. The eguipment complements for each class are illustrative
of the system configurations, but not exhaustive in terms of all
possible types, wmodes, etc. The source of error sre abthtributable
to the sources of uncertainty shown in terms of the nine cate-
gories in Pigure 3. Celestisl sénsors sre of the types discussed
in Ref. {23)..., Mission requirements are correlated with the
lgser communication system requirements, exsmples of which wWere
given in Section II A, B.

The most flexible system appears to be the hybrid
(combination open-and-closed loop) based on the joint use of
reference axeg! cosrse pointing information and acquisition,
followed up by a cooperative system fine scquisition and track-
ing mode. In such 3 sysitem, maximum use of coding, correlation,
and prediction procedures can be employed To optimize data trans-
mission capacities, proceduves, propagstion conditions, efe.

The celestial snd ihertial sensors establish reference
axes for the space transmitter, and their counterpart on earth
(the astronomical geodetic observatory) establishes the. reference
axes for the receiver portion on-the ground. These reference
axes are esgssentiial in all of the three classes of systen noted
sbove {open loop, closed loop, and hybrid}, since they define the
geometry and the kinematics of the inertial coordingte, space
vehicle, and earth reference frames relative to the celestial
reference frame of the fixed stars. However, the accuracy of these
data depesnds on the system configursgtion. For an open-cyele
{non-cooperative) system, the accuracy .of angle datg is of the
order oOf one-tenth of the fine tracking beamwldth., For the pure
closed-cycle (cooperative and hybrid sysbtems, an accuracy of the
order of one-tenth of the coarse acquisition beamwidth seems %o
be satisfactory. These accuracy requirements will be established
in detail in the course of the system analyses (Tasks 03-06)}.

The choice of celestlal sensors (including associlated
inertial platforms) is s function of the mission (i.e., nesvr-
earth; near-moon, satellite, near-planet, deep space, ete.). The
mission likewise deotermines the parsmeters of the lsser communica-
tion 1link, with wider beamwidths {one second and up) employed for
the smaller ranges and the narrow beamwidths (0.,1-0.01 séconds)
being used for interplasnetsry explorstion, etec. The optimal con-
figurdtion is one which ig best Integrated with the laser communi-
cation system. {(PFurther discussion of instrumentation for space
navigation 1s presented in the article by S. Moskowitz and P.
Weinschel of Kollsman'!s Space Division, (Ref. (23).
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The operation of the open-cycle (non-cooperative) sys-
tem is similar to the conventlonal astronomical procedure except
that it takes place simulianeousiy in the space vehicle and on
gearth, using catalogs of stellar position snd computer-controlled
prediction techniques, Ref. {2h). This technique appears to be
feasible - for near-earth missions using wider bedmwidths, but
error analysis and consideration of gystem complexity is required
to esgtgblish the full range of misgsions for which such an ap-
proach is sultable. However, for deep space missions with beam-
widths of one arc second or less, the present degree snd number
of system and factor uncertainties shown in Figure 3 appear de-
finitely to preclude any possibilities of open-cycle operation
"In VivoM.

4 pure closed-cycls cooperstive system uncomplicaied by
transit time problem is certainly feasible in principle, Ref.
(25)-{27). However, the complicabions of narrow beamwidth,
narrow frequency spectrum, and transit time render such systems
impracticable for most important deep space missions because of
the complexity of the search procedures and the lengthy dursiion
o the search periods. The disadvantages are multiplied in the
presence of atmospheric obscuration which can suddenly bresk
"target lock", necessitating re-acquisition. Even using "coast"
memory procedures, the re-acquisition process is still compli- ¥
cated by the factors noted above.

The structure of the Hybrid System configurations is
derived from the techniques currently employed in microwave
radar (e.g., NASA DSIF), IR detection theory,. Ref. {28), star
tracking systems, (Ref. (29), end airborne rader, Ref. (30}.
The composite character is required by the combination of high
precision fecbors {narrow besmwidths, wide frequency spectra,
space kinematics) and astronomical factors such as transit time,
Doppler shift, atmospheric refraction, ete., These bechnigues
are well-known to systems engineers {rom previous experience
with celestial guldance, laser alignment and vader systems, and
other microwave radar programs, and will be discussed bslow.

. LUMPED AND DISTRIBUTED SYSTEMS

The preceding general considerations apply both to the
"In Vacuo" and "In Vivo" cases. As previously noted, the "In
Vecuo" condition is a special case of the "Im Vivo" condition
such that both ends of the link {spsce vehicle snd Barth) are
bilaterally symmetrical from a systems point of view. In other
words, all of the system transfer functions {(e.g., kinemasie,
electromagnstic, opticel, inertiasl, etc.) are covarisnt with
respect to a permutation transformation of spsce vehicle and
Earth.
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In the "In Vivo" case, this bilateral symmetry or co-
variance no longer applies because of the Earth's gtmosphere and
the interplanetary media. The exsct nature of the reciprocity
is described in Sections IIT A~F. Less techniecal discussions
may be found in the litersture, Refs. (6), (15}, and (31). In
addition, as previously discussed Iln Section IT B, the inbter-
ference due Lo sxiransous noise sources is a severely limiting
factor in the performance of lagser communications "In Vivo',
which is ignored in the "In Vacuo" analysis. These ncise
sources are also discussed below in Section IIT B.

As is the ususl csse in the resl world, the "In Vivo®
conditions demand conflicting solutiona with the customsrily
ensuing need for compromise and trade-off snalysis. Considera-
tion of the interference due L0 sxbraneous nolse sources leads
to the conclusion that very narrow band receivers are required,
i.e., optical bandwldths.should be approximately equal to in-
formation bandwidths, cof. Figure L, Refs. {6), (15}, This con-
straint leads to the stipulation of the use of optical heterodyne
racelvers, anaslogous o mierowave communicstions, i.e., coherent
optical reception with narrow I. F. bandwidths {video versus
0.1 & for incoherent systems). It is shown in Sections III A-F
below that the effect of atmospheric differentlial refraction and
turbulence causes 2 number of deleterious effects in lagser bhesn
propagation, namely, beam divergence, fluctuations in the angle
of arrival {image dancing), fluctuations in received intensity
{scintillstion), and other conditions associated with the overall
phenomenon commonly described in astronomy as "geeing conditions®.
0f particular importance is the degradation of phasge coherence
across the beam and the break-up of the beem into a small number
of' locally coherent patches with overall 1oss of spatial co-
herence, Refa. (6), (15), (31).

Now, reduction in "image dancing" and "scintillation"
is best achleved by the use of larger receilving apertures or
telescopes (as well as the choice of suitable sites), Section
IIT A-F, Ref. (15). Conversely, the loss in received signal
power when coherent optical heterodyne reception is-used due to
atmospheric degradation of phase coherence is decressed if small-
er apertures are used, Section III A-F, Ref. (15). Brinkman
et al, Ref. {15}, conclude that for existing detector technology
and earth-based operation with presently known atmospheric
limitations, incoherent gquantum counter lager communication
systems are 1o be preferred over coherent gsystems. To guote,
p.0: "Atmospheric transmission fevors incoherent operation since
larger apertures may be profitably used; heterocdyne operation,
if possible, would permit narrow-band (IF) filtering, which would
be valuable for daytime and Mars background limited operation'.
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The situation is less serious for the Lgser Beam Point-
ing System from one point of view since the control system band-
widths will be much smaller, i.e., much less thaen 100 c.p.s.
Hence, higher signal-to-noisge ratics in the presence of extra-
neous noise sources are easier to obbtain, especially with the
use of modulation techniques to cancel out steady state noise
or slow fluctuation noise. Consequently, larger apertures can
be used for the telescopes to reduce the effect of beam divergencs,
image dancing, and beam bresk-up in ordsr %o realize the point-
ing accuracy, cf. Section III A-F below. Nevertheless, further
invesbigstion of the effects of stmospheric phenomena on the beam
pointing system accuracy 1s reguired in order Lo quantitatively
evaluate performance. Since the atmcsphere is not bilaterally
symmetric, these investigations must be separately carried out
for ssch end of ths communication link, i.e., from gpace-to-
earth and earth-to-space, as described later in this report.

) Alternatively, one may consider more complex systems
which can be cptimized for the "In Vivo" conditions of abtmospher-
ic degradation and exbtraneous noise sources. Specifically, the
microwave radar and communications fields have developed tech-
niques for coping with scattering phenomens, l.e., bistatic radar
as well as monostatic radar, tropospheric -and meteoric scatter
communications, and radio astronomical interferometry, Refs.
{32}-(34). ‘In addition, advances in adaptive filtering tech-
niques, pattern recognition systems, adaptive antenna arrays,
etc. suggest system configurations which may be used to counter
the atmospheric degradation and scattering as well as provide
spatial filtering agsinst the extraneous nolse sources snalogous
to optiecal filtering, Refs. (35), (36). "

Acecordingly, two classes of systems may be postulated,
namely, "lumped" and "distributed"., The "lumped" system corres-
ponds to monostatic rader and the "distributed" system is es-
gsentially the counterpart of bistatic rader. From the point of
view of general sysbems theory, Refs. {8), (20}, these systems
are related by principles of duality well-known in mathemstics,
physics, circuit theory and information theory, Refs, (37)-(LO).
In particular, the foregoing applies %o the Harth statlon re-
ceiving system with some possible-spplicability to the space
vehicle systen.

The results of these consgiderstions are summarized
in Figure 6, The "Lumped System" class subdivides into the
two types of detection philosophies, coherent ané noncoherent,
as previously discussed., PFor each of these subclasses, there
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is the conventionsl mode of a single receiving telescope which
can be either a large aperture collector or a phased array, Refl.
(19). On the other hand, because it is known that atmospheric
degradation and extraneous noise sources represent system prob-
lems, local spatisl filtering can be implemented in the form of

g mosslic pattern recognition array. Here the pattern recognition
congists elther of a apatigl filter or an adaptive array or
possibly & more complex stebtistically adaptive patbern recogni-
tion system. For example, & phased array can Tunction either as
a single aperture or as an adaptive spatial filter.

The "Distributed System' will have a trasnafer function
designed to match the dispersive properties of the atmosphere
and the phase coherence degradation introduced by randam turbuyl-
ence, Three subclasses are shown reflecting the three possi-
bilities, namely: dispersive atmosphere but coherence is pre-
served, disgpersive atmosphere, completely noncoherent, and
dispersive atmosphere, partially coherent. If the atmosphere
is non-dispersive, the "Lumped System"” should be adesquate.

This gualitative system analysis applies not only to
the Laser Beam Pointing System but is also applicable fto laser
communications ss well. For the purposes of this study, however,
attention will be restricted strictly to the beam pointing
problem. However, the resulis of the further investigation of

laser propagation through the atmosphers should prove of intersst
t0 the communications study.

G. BEAM POINTING ACQUISITION AWD TRACK SEQUENCE

Because of the system srrors and uncertainties descerib-
ed in Section IT D sbove, the hybrid open-closed loop scguisition
and coarse-fine tracking system represents ths best compromisge
between system complexity and component accuracy, cf. Section IIE,
Figure 5. PFurther insight into the operstion of the hybrid
system can bes gained from & brief review of the operationsal
sequence followed by the Earth station and the space vehilcle from
"initial lsunch" to "deep space communications'. The procedure
is essentially similar to that followed in current NASA DSIF
operationg, Ref. (2), and those postulated for satellite com~
munications in other studies, Refs. (6}, (LO).

The communicastions link including the environment is
shown in Figure 7, which is sbstracted from Figure 3. The ac-
guisition and track operational sedquence is given below 1n the
form of a program with suitable code gbbreviations. Detailed
system block diagrams are now in preparatlion together with de-
"tailed programs for the operational sequence.
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Essentially, total system operation consists of the four
well-lmown modes: MSearch, Detect, Acquire, and Track'". The
TTpack" mode includes closed-loop operation, stabilization (or
regulation), smoothing, end lead predletion. -The "Search" mode
consists of two sequentlal stages, "Coarse" and "Fine Sesrch”.
The "Coarse Search' is basically an open-loop process based on
DSIF dats for bobh the EBarth station and the space vehicle, and
in deep space, additionel inputs are provided by the celestial
and inertisl sensors. Once the "Coarse Search"” stage is com-
pleted, the "Fine Search" stage is a combinatlion open end closed
loop process. In the first part, there is a short "Search-
Detect-Acquire" sequence within the volume defined by the "Goarse
Search" beams. If leesd compensation is required for the aberra-
tion and transit tlme effects due to observer and target motion,
this is introduced during the "Fine Search" based on the DSIF
data. The "Track! mode is cooperative with open-loop lesad
compensation for the kinematical effects noted above.

In addition to the foregoing, which corresponds pre-
cisely to the "In Vacuo” operation described in the preceding
section, additional prediction amd compensation will be regquired
for the "In Vivo" atmospheric phenomeona. The modifieations will
take place during the "Fine Search" and "Prack” modes. Their
exact nature will depend on the Barth station system configuration
to be selected later in the program.
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ITI. REFERENCE AXES

For both the "In Vacuo" and "In Vivo" cases described in
the previous-sections, a hybrld open-closed loop beam polnting
aystem is preferred., Suitable "reference axesa” must be estsblish-
ed within the space vehicle and in the Earth station from which
the polinting information for the lassr besm 1s to be derived,
ef. Section I A, I B, Tasks 10-15, For the "In Vacuo" case, the
obvious sources of reference axls data are celestial sensors and
inertisl sensors, which function during open-clozged loop opera-
tion to provide coarse pointing information, and during closed-
loop coperation to provide stabilization Informatlon. During
the cooperative phase, the primary reference axls dats are pro-
vided by the lsser beam smanating from the other end of the iink.

For the "In Vivo" case, it is recognized that the coopera-~
tive laser besm closure is affecisd by the non-deterministic
behavior of the Earth's atmosphere and the inbterplanetary media.
For the narrow beamwidths under study (0.01-1.0 are second),
the pandom effects of sgtmospheric bturbulence seriously affeci
the propsgation characteristics of the lsser besms, albeit
differently fomw each of the two directions of transmission.
Becguse of the orucial nature of these effects on system per-
formance, this section of the report will deal exclusively with
laser propagation "in vivo", Section IB, Task 1L, Discussions
of celestial and inertisl data will be pressnted in the next
report.

The following sections present g preliminagry analysis of
atmospheric phenomsna and laser propagstion through the at-
mogphere, with emphssis on the deep space-Lo-Egrth link and
direction of transmission. Future reports will cover the
direction of propagation from Egrth-to-deep space.

4. I.ASER PROPAGATION AND DIRECTION OF PROPAGATION

It has been well established by various resegrch
workers in the field of atmospheric turbulence, Refs. (41} (L2},
that the effect of atmospheric turbulence on astronomical B
"seeing" is a serious problem. Turbulence in the atmosphsre
betwesn a point object and an optical imaging system causes the
image of that polnt object to be degraded in various ways. The
image will fluctuate randomly in both intensity, (scintillation},
and position, (angle of arrival fluctustions).
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Before one triea to apply the large body of knowledge
in the ares of ashtronomicsl "seeing:to the laser besm propaga-
tion problem, a significant difference must be pointed out. The
laser beam has a wavefront with finite dimensions. This differs
from the sstronomical case where the wavefront from g star is of
infinite extent. --In this latter case, there iz essentially the
same amount of light scattered into the. "receiving' beam as there
is scattered oubt, wheress for the finite dlameter beam there 1is
a greater loss caused by outward scatter.

Tt is useful to divide the envisioned modes of laser
propagation into separste cases, Ref. (43):

1} Space-to-Earth
2} Earth-to-Space

This division 1ls made since the effects of atmospherie
turbulsnce in egeh case agre. of differing nsture.

1}  S3pace-to-Eagrth

The case of laser communications from space to earth
is very similar to $the astronomical viewing of stars, -save for
the gfbrementioned exXcepbtion. Scintillation, as mentioned
earlisr is mainly caused by turbulence in the tropopause
(15-20 ¥m), and can be characterized by fluctuations in the
intensity of starlight. Scintillstion seldom exceeds +25% of
the mean value of received intensity and can be suppressed by
using larger telescope apertures. The image motion of an extra-
terrestrial point source star, which is casused by the therwmals
close to the earth's surface, will not under certain conditions
affect the intensity. Mors detailled information on this aspect
of atmospheric laser propagation will be considered later. The
terrasstrial receiver telescopes detector can be made to recelive
the entire moving image by adjusting the field of view.

The transmitting telescope aperture size is determined
by the pointing gbility of the spacecralt. The receiver telescope
aperture should be as large as possible commensurate with the
sconomics of the mission contemplated.
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2}  EBarth-to-Space

This mode of propsgation can be from an astronomical
observagtory on earth through the aimosphsre to a space sbtation
or deep space vehicle. This mode is much more difficult than
mode (a) dus to the effect of beam scanning or image motion
caused by thermals at the site of the transmitting telescope.
The space vehicle receiver telescope apserture ususlly cesnnot be
made large enough to recelve the entlre besam because of the long
ranges involved. Image mobtion Or scenning is the result of
thermal pockets in the Fremel zone of the beam which are larger
than or approximately equal to the size of the beam., If the
telescope aperture is made very large with respect to the sisze
of the thermal pockets, the scsrming is reduced to a steady
blur. When the scanning of the beam is replaced -by the steady
beam pattern, a recelver of amall angular aperture will not
suffer gsevere modulstion. A severe economic englneering problem
that must be contended with for this type of system is that a
very large transmitting telescope must be of aatronomical
gquality.

A gimplified pictorisl representation of a deep-space
laser communication link is shown in Figure 8. Table VII out-
lines the major differences betwsen space-to-sarth and earth-to-
space laser communications as far as the influence of gtmoa-
pherics 18- concerned.

. Atmosgphere !

y - Deep-Space Vehicls

N : Diffraction at-D.8.V. spreads
" Beam over 1lsrge portion of
Earth.

.MH\\\“““-w-All energy incildent on receiver aperture
can be detected if g suffleciently large

\\\\\\\ - " field stod 1s used.

During transmission only that portion of the beam

legving atmosphere in direetion of D.3.V. 1s used.

Top of atmosphere is in near field region of
transmiiter.

Pigure 8, Deep Space Laser Communication Link "In Vivo"
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Table VII

Major Difference Between Modes of Simpls Laser Deep

1
1
2
3.
N
5

Hnace Communication Link

Spaca-tc-Earth

Can reduce received intensity fluctuations by using
large aperture.

Angle of arrival fluctuations caused by thermals nesgr
ground do not seriously affect inbensalty. -
Receiver telescope detecior can be made Lo receive
entire moving image by adjusting field of view.
Transmitter telescope aperture size determined by
pointing gbllity of deep-space vehicls.

Recelver telescope aperture large as possible to fitb
sconomics of mission.

Barth-to-3pace

This mode is mowe difficult than mode A dus t0 bean
seanning cgused by thermels at site of transmitting
telescope.

Receiver telescope aperturse can't be.made large
enough to receive entire beam because of long ranges
involved,

Image motion or scanning is resuls of thermal pockets
in Fremel zone of beam which are largsy than or
approximately equal to size of bean.

Large transmitting belescope required must bs of
gstronomical gqualiby if this btype of mode ls envisioned
In transmission, cumulative phase fluctuations
(causing angular divergence) are important.

In reception only cumulative amplitude fluctuations
(produced by phase fluctuations near top of atmos-
phere) are aignificant. PFluctustions during
reception are much smaller than those during
transmission,

.An additional complexity must also be given considera-

tion, if speozal conditions of absolubte or relatlive phase
coherence are plsced on the laser beam pointing system.

The above considerations apply to a basic laser optical

communication link. These concepts must be extended if a more
sophisticated tracking and coumunicabion complex, {coherent
optical phesed array), is to be used. Future reports will deal
with the propagation limitstions on array configurations.
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B. ATMOSPHERIC LIGHT PROPAGATION AND BACKGROUND RADIATION

Laser propagation may be studlied on the basis of" the
vaprious atmospheric and interplansetary effects which must be
congldered. These gre:

a) "Seeing' effects, cgused by random index of
refraction fluctuations of the air.

b} Absorptive attenuation

¢} Scattering (non-absorptive attenuation)

d) Background radiation

) Interplanetary medis

Refer to Figure 9 for a fachtor chart on laser beam propagation.

The first item above will be considered at some -length
later in this report. Since most pertinent theoretical and
experimental information available on refractive elfects deal
with transmission from oubter space {star} to earth, the Itracking
and communication problem has been modifiled and attacked along
thesellnes, i.e., transmission from deep~space vehicle to earth.
Due to the non-reciprocity of the laser communication link, the
present day theory on "seeing" effects must be further modified
to allow computation of gtmospheric degradation on the reverse
link, i.e., sarth-to~-deep-space. This topic will be dealt with
in fubture reports. An approach shown in schematic form in
Figure 1C may be of use in evaluating the performance of an
egrth laser transmitter system,

1. Atmospheric Atbenuabion and Scattering, Refs, (ldi,Lh5)

Seattering and absorbing smoke, smog, dust, sald
particules, pollen, haze, and tenuous ice and wabter droplst
clouds sre widely distributed throughout the troposphere sven
when the sky is, meteorologically spesking, clear. Tables of
attenuation of visible and infrered radiation under model "clear
standard atmospheric” conditions are available, Ref. (4l). Thesse
tables are useful because of the spectral and altitude ranges
covered gnd the inclusion of realistic asrosol distributions.
Both Rayleigh (molecular) and assrosol attenuation coefficients
are tabulated, K For_exampls, at 0.7p the Rayleigh coefiicient
is 8,157 x 10”3 #m~L ang the aerosol coefficient is 1.50 x 1071
at the surface level, This is based upon aerosol concentration
measurements under or adjusted to conditicns when visibility i1s
20-25 km. Therefore, at least in the lowsr atmosphere, the
clesr air atbtenbtuation is much mors sensitive to particulste
than molecular concentration, especially since molscular con-
centration is relatively constant at any given level.
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I "Laser Beam Propagation |

¥

Egrth's Aftmosphsre
Barth-to-Space L
Space-to-Earth

$ -

Atmoapheriec Turbulence Absorphive Attenmustion
Miasg Refraction Scattering (Non-
Dynamic Refraction | Absorptive Atsen.)

iMolecular. {(Rayleigh

BEftfecte Of Atmospheric Turbulence . Scattering)

Ingle of Arriva. rluctuabions (Image Lerge Particles (Mie
Dancing) Scattering)

Amplitude and Intensity Fluctuations Water Vapor Content
(Image Blur) Aerosols, Dust Particles

Noise Effects of Scintillation Y Aipr Mags Transmission
(Shape, Motion) Haze, Foga, Clouds
Photon Noise Due to Statistical (Distributions, Pro-

Nature of Photon Arrival bability of Inbterrup-
Seintilletion Due to Atmospheric tion)
Scattering by Turbulent Elements Polarization Effects
Transparency Effects, Low Frsquency Internal Drop Eeflectlcn
Variation in Intensity ) Diffraction
Backgpround Noise Varigtion of Scattarlng
Phase Pluctuations with Wavelength

Modulation Characteristics
Spatial and Temporal Coherence :
Stresming of Turbulence Patterns Across
Aperture - Carried by Wind
Statigtical Description
Probability Distributions: Means, Variances,
Correlation -Functions, Power Spectral Densitles
Reduction of Effective Objective Aperture

-4
Compensation for Interplanetary Media
Seeing Effects in Zcdiacael Light, CGalactic ngﬁt
Transmitter-0bjoct Interplanetary Dust
Tracker Opticslly Solar Particle Streams
Corrected for Beam Van Allen Belt, Geomagnetic
Devigtions Disturbencses

Planetary Atmospheres

Background Radiation

Daytime Sky-Scattering of
Direct Sunlight

Scattering of Reflected
Light from Barth's Surface
{Surface Albedo)

Planetary Background

Night Sky

Figure 9. Laser Beam Propagation Factor Chart
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Quantitative Ansglysis of
Image Degradation Due to
Atmospheric Turbulence

A
Megsure of

Image Degradatlion
Modulation Transfer Function
RMS Image Motion

Angle of Arrival Fluctuations

Intensity FPluctuations
Phase Fluctuations A

'

Statistical Properties of Light
Entering Imaging System

Relationship of Stalbtistical Propertiss
of Light to Statistical Froperties
of the Atmosphers

1

Bstimation of Turbulent
Properties of Atmosphere

Y

Y

Figure 10. Diagram of.Analysis of Image Degradation Due to
Atmospheric Turbulence
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Long in BRef. (L16) has gspecified gaseous attenuation at
ruby laser wavelengths in sn analysis of attenuation versus
wavelength over the probable operational bandwidth (as controlled
by temperature) of this type of laser. Ssveral stmospheric
absorption bands dus to oxygen and water vapor have bsen nobved,
and one atrong (55%) absorption line aufewW.tenths of an angstrom
wide due to iron in the solar stmosphere lies at about 0.6945 .
Ligda in Ref. (ll) has suggested that when it becomes possible
to construct filters with & bandpass of a fraction of an angstronm,
attention may focus on exploitation of this line, with the at-
tendant solar noise reduction,

Transmigsion through the atmogphere versus wavelength
and zenith sngle is shown in Tsbls VIII, This information taken
from Ref. (IL7) includes the effects of molevcular scattering with
vapor ozone absorption, and dust In falrly-clean conditlions for
a normal abmosphere.

Tgble VIII

Transmission Through Aimosphere Versus Wavelength and Zenith Angle

Wavelength H8TI1TH ANgLS 1IN De-rees
A in Angstroms ' 90 85 %0 &0 0
3000 - 3.16x10775 3,99x10721 1,13x10"11 1.23x107% 0110
1,000 2.58x10"% 8.32x10"3 L0760 00 .630
5000 1.59x107%  .0913 276 .633 795
6000 2.19x107> ©  .166  .382 .710 LBl
7000 .0313 .38 .600 .835 911
8000 -~ -,0872 °  .B12 .698 .882  .939
9000 147 .590 755 ©.906 952
10,000 .336 .650 794 .923 961

18
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Clouds and fogs, present the most serious abttenuation
factors slong an extended path. The degradation may even be
sxceeded by locslized dense smoke plumes and dust concentration,

Glouds range tremendously in thickness, and particle
concentration. Thse cloud cover problem must be anticipabed for
an earth-deep space laser communication system, Refs. %A&}, (ha).
The tradeoffs bebtween probability of deep-space-vehicle oOb-
servability and number of carth receiving stations must be care-
fully studied from a logistics and economic polnt of view..
Factors such as longitude and latitude of earth sites, amnual
nours of sunshine, longitude coverage, statistical mean number
of days per month that cloud cover over a station is lessg than
or equal to some prescribed threshold must be evaluated for
the various contemplated missions. Data from Tiros agnd Nimbus
cloud cover picturss should also provide insight to the problem.

Procipitation away from clouds may not seriously
abtenuate g laser beam if there is a relatively low conceniration
of drops per unit volume., Snow probably gttenuates more fthan
rain becauae of the larger particle size and lower forward
scattering Tactor.

2. Sky Background, Ref. (50)

It is possible %o classify sky background noise in twWo
waya:

External background noise which may arise from
extended sources which fill the recelver beam.

External background noise arising from small
sources which do not fill the receiver beam.

It is necessary when considering the above two items
to know the magnitude and spectral distribubtion of. flux incident
upon the detector from background sources.

Por the first cese five types of backgrounds should be
considered,

a} The Sun
b) Reflected sunlight from:
i} Moon

i3) Barth
11i) Other planets
¢) 'The day sky

b9



kollsman instrument corporation

For the second case.the night sky background should be
congidersed.

s} The Sun

The irradiasnce of the sun just outside the earth's
atmosphere is 1390 wabtts/ mZ2. At the earth's surface the
spectrgl distribution is modifled by the transmittance of the
atmosphere.

b} Sunlight Reflected from Moon, Earth, and other Planets

The spectral distribution of reflected sunlight is
identical to that of sunlight only if the reflectance of fthe
cbject is independent of wavelength. This sppesrs 0 be a falir
approximation for several cases.

i) Moon.

The lunar irrsdiance of the full moon is agw
proximately 1/h65,000 that of the sun, or 3.0 x 10-3 watt/m
jusgt oubside the esgrth's atmosphers and its spectrum iz es-
sentially the same as sunlight.

The irradiance falls off rapidly as the slonga-
tion angle (phase) goes from 180° {full moon) to 0° (new moon
The half moon (90°), though apparently half the srea of the full
moon is 11% as brzght. This rapid fall off is due mostly to
the rough character of the surface which causes it to0 be wmore
or less darkened, except when full, by shadows cast by surfsce
irregulsrities. The nonwunlfcrmlties of the surface are an
important factor when the receiverfs field of view is small,

ii) The Earth

The earth's glbedo {reflsction coefficient)
may be determined from measurements of the earth-shine on the
moon, and also from estimates based on individual albedo of
ground, sea, forest, snow and clouds. The actual albedo is
strongly affected by cloud cover. A value of 0.39 will be
gssuymed., With ithis value, the lrradiance of the full earth
at the mean moon distance must be 0.22 watts/mZ.

The specirum of reflescted sunlight from the
earth is accentuated in the blue region. This is due to the
fact that there is an increased contribubtion of atmosphere
scattering at ths shorfer wavelength.
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{31} Other Planets

The albedo of various planets is presented in Table
IX. Venus, the brightest planet seen from the earth, has an
irrad?ance outside the earth's atmosphere of from 0.6 %o 1.15}4
watts/m*.

Table IX

Albedo of Various Planebs

Planets Visual Albedo
Mercury 0.069
Venus 0.59
Mars 0.15k4
Jupiter 0.56
Saturn 0.63
Uranusg 0.73

¢) The Day Sky

The day sky will exhibit wide varistions in radiance
and in apectral content depending upon the sun's ‘position,
weather conditions, and receiver orientaetion.

When the sun is near its zenith on a clear day,
the sky is predominantly blue, due to Raylelgh scattering. When
the sun is near the horizon, the blue .component in the sunfs
rays is severely abtenuated from Reyleigh scatbering by the time
they reach an ares overhesd. Rays are now rich in red-yellow
portion of the spectrum. OClouds and dust- particles illuminated
by this light make the sky sappesar red or yellow in hue.

The flux densgity per steradian of thé receiver's
rield of view i& of the order of 10 to 30 wabts/m®-ster., for

g clegr day sky.
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d) The Night Sky

The spatisl distribubtion of stars has been well
documented in the literature. Combining this data with soms
assumpktions on the agverage spectrum of stars allows a deter=-
mination in a statistical menner of the effect of this back-
ground noise. Refer to Ref. (50) for further dstalls on this
source of nolse, as well as a summary and description of the
phenomena of zodiseal light and gslactic light which constitute
components of the space background.

C. LASER BEAM ANGLE OF ARRIVAL FLUCTUATIONS

. This section will desl with the determination of the
angle of arrival fluctuations of the laser beam due Lo atmos-
pheric turbulence and the dependence of these fluctuations o©on
various system parameters.

Hufnagel in Ref. (51) has shown that the rms one-
dimensional position deviations {at the image plsane) of the
instantaneous center of gravity of the image of a peint is
given approximately by

cw o O] % F | (1)
_.[<s ©)] =

where £5%*> is s function deseribing the random optical path
length fluetuations between the object and the image, f orming
gysten

r
D

focal lengkh of the recsiver optical systenm
aperture diameter of the image forming system

o

The tobsl rms deviation in two dimensions is \E?a'

.The function <s*(P)> is the mean squared valus of the
fluctustions of the différence in optical path lengths as
measured along straight lines from the object to two polnts
in the entrance pupll which are separabted by a distance p. In
egquation 5.9 of Ref. (52), Hufnagel expresses <isz<p)>> in terms
of statistics of the intervening index of refractlon.’

L 0
<$a(p)>=5 dzlj [bﬂ(""zz')“bn(z"sz'ﬂ dz" (2
0 ~p0
whers - [Pl(f ”%)1_# (zu)z"(fé,

52



kolisman instrument corporation

"The varigble z' is the distance from the imaging system Lo the
object at a distance L.

The atmospheric structure function Dyl(q;z) is the wmean
squared fluctuation of the difference in index of refrasction at
two polints sgeparsbed g distance g apart at an average distance
z from the imaging system. The structure function is related
to the correlation ¢ betwesn the index fluctuations at the two
points by the relationt

D ' B
¢ = = Duld:2) (3)
By {o0;2")
Difos;z') is identically zero.

At this step in the snalysis, Hufnagel appeals to the -
ratheyr large, but still inadegquate body of theoretical knowledge
and experimental data concerning atmospheric turbulence to
evaluate Dylasz!). .

For the g values of interest, Dy is approximsfaly of

the form
| CN&I quawéfzfsj for “q z {
DN(“liz)= s 2% ron _ ()
é‘ﬁn 9 { 45;6

Where CN and { are in genergl both functions of zt,
and the local meteorological conditions, Oy is called the
structure congtant, and » the inner scale length of tur-
bulence. Upon substitution of equation (i) into equation (2}
and subssquent numericsal integrations one obtains

< Sz(]o)> =2.91 P%XLC.‘: (Ei){[-z%)] dz’

, o U(2) < ()

where ; =

0_92({;)% for  {(2) 3> p
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This is the case of zenith viewing of a far extra-
atmospheric object (plane wave soures), Oy(z!') #0 for z'<< L.

Bigures 11 and 12 are plots of the average structure
constant and average inner scale length versuys altitude, res-
pectively, computed from empiricsl data. These curves gre
averages for the conditions gtgted, and considerable departures
may occeur in indlividual slituations especilally near atmospheric
inversion layer boundaries. The rapid decrease in Oy and the
rapid increase in at gltitudes gbove a few kilome%ers are
both caused mostly by the decreased atmospheric density at
these slevations.

The following exanmple is presented to show the
applicability of the gbove theory to the determination of the
rms sbellar image motion for a 30 cm. diameter sgstronmomical
telescope under zenith viewing conditions.

A numerlcal integration of equation (5) for the values

of intereat and the CNW and velues glven in figures 11 and 12
give the result (in cgs units).
-lo 5‘/3

L7 Xlo b y P2 acm
<s*(p)> 2 (6)

-1 2
L35 A)e < , P L 2evn

Subgtitubtion into equation (1) for D = 30 cm. gives

-fez !
L O - )

= o= 7:(10 radiansg=l.4 sec.
30

Tiig

This result is in excellent ggreement with Hosfeld's
photoslectric observationsg, Ref. (53), with the 31 em. aperture
MeMillin Observatory telescops. Hosfeld reports an rms image
motion of 1.5 seconds.
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For a path bthrough the entire atmosphere at an angle of
from zenith (neglecting Earth curvature effect) one has
L-2'= hsecx (8)
Where h is the altitude of the sarth based observatory

and L 18 the z-coordinate of the system entrance pupil < s*(D)>
cann then be expreased &s:

5 -]
L (O =291 0% secx | o2 di (9)

[ o
2
‘The integral g <, dh  has been numerically integrated and is
o

egual o 6 x 10-1l cml/3. Substituting equation (9) intd the
equation for angle of arrival fluctuations, one obtains

% - e—
v D B v %

where D in egquation {9) and (10) is expressed in centlmeters.

Refer to Teble X for the rms angular jitter (angle of
srrival fluctuations) under average seeing conditions for varlous
zenith angles., It is assumed that diffraction limifed opties
are employed and the wavelengbh A iz equal to 6328A. It is of
interest to note that the angular jitter for viewing through the
entire astmosphers will be larger than that encountered Trom
mountain top observations, so that the data in Table X are
conservative upper bounds. In order to evaluate the angular
jitter experienced at wmountain top elevations it would be
necesgary to modify equstion {9) by numerically integrating Uy
from that elevetion to infinity rather then from zero to
infinity.
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Table X

RMS Angle of Arrival Fluctugtions versus Zenith Angle
and Receiving Aperture Diameter

Diffraction Limibed
Ragmwidih 1.0 0.1 0.01

Receiving Aperture ;
Diameter {Meters) 0.131 1.31 13.1

Zenith Angle

in Degrees RIS Angular Jitter {arc-sec)

C 1.75 0.76 0.51
30 1.88 0.82~ 0.55
b5 . 2.08 0.91 0.61
60 2.5 1.08 0.72

D. ATMOSPHERIC TURBULENCE TLIMITATIONS ON GAIN AND
DIRECTIVITY

The gain of a laser transmlitter 1s delfined as the ratio
of the peask illumination -produced by the beam In the far field
to that of the illuminsastion produced at the same spot by an
isotropic radiator. The peak gain of a laser telescope system
can be related to the 3 db beamwidth., This may be done by
assuming that the radiation emerging from the telescope has
approximately the same angular distribution in the far field
as would be obtained by diffrasction from some uniformly illuminat-
ed circular aperbure. For thisg typé of aperture the peak gain

is
G = i}'ﬂ\_’r& (1)
2
where A i3 the area of the aperture ==35§L- and D is the dlameber
of the aperiure. “4
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The beamwidth € is related to the diasmeter of the
aperture by the relation

Qz’_‘gﬁ. = divectivity (2}

Therefore the -peak gain is equal to
G m-(m)zw(fﬁ)“ (3)
2] A

Usge of present state-of-the-art ggs lassr and high quality
optics have already made possible beamwidths of the order of
2 arc-seconds, Ref, (L3). Assuming uniformly illuminated
sperturs (K = 1.03), the gain of a combined laser telescope
system with this beamwidth is 1.5 x 1011, The gain will be de-
graded by a factor of two or three due to brosdening of
directivity by etmospheric seeing disturbances. If a nonuniform
illumination pattern is used, further degradation in dirvectivity
will be observed. This factor would limit .the regl gain in g
present state-of-the~art laser transmitter telescope system to
g value of & = 3 x 1010, 4An inorease in aperture size may not
improve the gain to any significant degree.

For the Beam Pointer Program, gains of 101l ¢g 1015
may be required. From the gbove considerations, a coherent
optical array concept (distributed system) may provide-a
solublon to the limitstions imposed by random atmospheric tur-—
bulence as previously discussed in Section IIF.

In s free space enviromment, the gain and dirvectivity
are limited only by the optics. For example, the Mount Palomar
200" reflector telescope is asccurate .to within 1/20th wavelength
over the entire surface. In free-space this teleacope would
have a directivity of 1.5 x 10-7 padisns or approximately 0.03
arc-seconds, and a2 gain of 6.25 x 1014, ’
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E. LASER BEAM INTENSITY FLUCTUATIONS

As mentloned in'Saction I1T A, atmospherle turbulence
will cause fluectuations in Intensity of s recelved laser beam.
The case of transmission from a deep-space vehicle to an earth
receiving station is now considered.

For theoretical and experimentsl investigations, it
has been demonstrated that as the diameter of a receiving aperture
increoases, inten91ty fluctuations decresse, With a decrease in
dlameter of 8 receliving aperbture bthere is & shift of scintillsgfion
Tfreguency to higher values.

Scintillation is due primarily to turbulent atmoapheric
elements at some distence from the observer as opposed 1o image
daneing and pulsation which are dus to turbulent elements closer
to“the observer, From high gltitude experimental flights it has
beon noted that scintillation is highly correlated with winds
neasr the tropopause and that scintillation frequency is a.
function of wind veloclty near the tropopause and turbulence size.

Refer to Figure 13 for a. listing of the pertinent
atmogpheric environmental factors and Figure 1l for s sketch of
the turbulent effects encountersd at various altltudes sgbove the
earth, Ref. (54).

Seintlllation is also time of day dependent. A maximum
of scintillation occurs at noon; 3 minimum near sunset and sun=
rise, - A secondary maximum occurs at night which is substantially
less than the daytime cgse. "Seeing" also shows fluctuagtions
with weather systems., The poorest "seeing” usually occurs during
cyclone {(low) conditions.
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Environmental Parameters

Seeing Conditions - Seelng Disc Diameter
Index of Refiraction Corrslatlon Function
Atmospheric Structure. Function

Iinner and Ouber Scale Lengths of Turbulence, Shadow Band Patterm
Tomperature Gradients

Presgure, Humidity, Air Density

Wind Velocity, Shear, Richardson Number
Segson, Mime of Day

Observer Altibuds

Terrgin

Lapse Rate, Gravity Waves

Figure 13. Atmospheric Environmental Factons

Tropopause 15-20 KM (High Frequency Scintillation}

ALAANS Turbulence Carried Thin Layer, Scintillation
e By Windsg

Inversion Laver / . 1-10 XM (Some Times Lower)
A -
Turbulent Mizing of Layers Defocusing, Dancing,
Large Turbulent Convection Cells
1-2 XM Vertieal
2-6 KM Horizontal

Wind Forces.{(All Levels)

{%2} Qceasional Buoyant Levels

e Buoyancy Acting on Thermal Turbulence

Thermal Turbulencs {Image Jister)
*I-VU”“N““N Near Ground

Figure 1lL. Turbulent Effects Encountered ét Various Altitudes
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1. Sources of Poor Seeing

The followlng list of four sources of poor "seeing" will
gstsblish the environmental conditions that an sarth-based ob-
servabory may have 10 work under.

a) Turbulence caused by convection currents -
daytime phenomenon can occur at night in
poorly chosen locations,

b) -Winds.give rise to turbulence near surface
of the ground - day or night phenomenon.

¢} Strong tempersture inversion and motion of
air, Wave like turbulence exists st bthe
interface of two alr masses.

d)} ‘Turbulence caused by air moving past an
obstacle such as an observabory dome.

2, RM.S. Intensity Fluectustions of Received Lazser Bean

As atated in Table VII, in the transmission cagse - from
sn egrth station to & deep-spgece vehlcele, cumulative phase
fluctuations which cause angular divergences are important. In
roceptlion at the sarth station, only the cumulstive amplitude
fluctuations produced by phase fluctuations near the top of the
atmosphere are significant.

The rms ‘Intensity fluctuation due to burbulence as g
funetion of zenith angle and receiving aperture have been com-
puted for the case of recepbtion of transmiassion from g deep-spacse
vehiclie.

Tatgrski in Ref. (L1) has shown that the rms fluctuations
in received intensity of starlight can be given by:

-;3 3,
.&-} = e,x.p[dD 28] (1)
A

rms
where P i3 the flux incident on g telescope spsrture having g
diameter D at g zenith angle o . Po is.the logarithmic timse
ayerage of P, 1. 8., ln R = ln ; and @ is an empirical atmosphesre
doristant 2% 3. 16r{éavt1ms conditions),

Table XI gives the rms intensity fluctuations versus
the varlous system paramsters of interest. The scintillation
will not be appreclable for a large aperture diameter receiver
provided the signal strength is made large enough. Various por-
tiona of a5 message could be missed on account of fading if this
is not the case, Ref. (}8).
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Tgble XI

FMS Intensity Fluectuatlons versus Zenlth Angle and
Heceiving Apsriure Diamester

Recelving Aperture

Diameter (Met.) 0.131 1.31 13,1

Zenith Angle .
(Degrees) RMS Intensity Fluctuation Wgu RMS

) )

0 _ . 1.6 1.4 1

30 ~ 1.8 1.5 1

L5 _ 2.2 S o1

60 N }_l_.l - 255 . l

¥. ATMOSPHERIC TURBULENGE LIMITATIONS ON OPTICAL
HETERODYNE RECEPTION

Tt was previously indicated in Section IT F that "In
Vivo" operation gives rise to conflicting constraints on the
Beam Polnting System in terms of. exiraneous noise sources on the
one hend, and the effects of atmospheric turbulence on the other.
The former constraint lssds to the conclusion that narrow band-
width optical hebterodyne reception is desirgble. The latisr con-
straint dictates the use of layer telescope recelving apertures
to reduce "image dancing" asnd "scintillation”., These conclusions
are in opposition zs the following sections will demonsirate. .
Hence it was further coneluded in Section II F that "distributed"
systems should be considered as well as "lumped" systems in order
t0 medlate the opposing reguirements.

A. principsl regson heterodyne receptlon is desirsable is -
thet i% should permit narrow-band, photon-noise-limlted operstion
with solid-state debtsctors. The quanbtum efficiency of thess de-
tectors is higher than that attalnable with photoemissive sur-
faces, and therefore the required sipghal power might be sub-
stantlally reduced. At a wavelength of 6300&, the quantum
efficiency of a silicon photodiode is approximately 0.5 wheresas
the quantum efficiency for .a tri-alkali photosurface is 0,05.

62



kollsman ingtrument corporation.

For au warth-based gystem, heterodyne detection of
transmission from a deep-aspace vehilcle becomes difficult for
large recdiver telescope aperbures, This is because there exist-
random phase differences among.the light wave fronts in various
parts of the tékescope apartgre due to stmospheric Lurbulence.
Heterodyne reception depends upon phase coherence between the
local osclllator snd %the signal, snd it is difficult to com-
pensate for a multitude of different phases across the aperture.
The heterodyns detector system as illustrated in Figurs i5
converts a steady signal intq a much weaker and nolsier signgl
becsuse the voltsge dus Ho various portions of the wave {ront
would add and subtract randomly. Alao,even assuming a uniform
wave front, there 1s the problem of generating a consbani-
amplitude local oscillator signal. Thils, however, is striectly
g technical problem which will eventually be solved in its own
right.

Figure 15, Opticsl Heterodyne Detectlon

1, Optical Hebterodyne Receptlon

Similar to the mlcrowave case, an optleal heterodyne
raceliver provides a signsal amglitude proportional to the integral
of electric Ileld over the aperturs. fonseguently the gftdre~
mentioned random spatlal varigtion in amplitude and phase will
reduce the recelved signel powsr., Following esn analytical ap-
proach by Gardner, Ref. (55?, Ppied and Cloud, Rerl. fSé), the
average 1o0ss in signal power caused by atmospheric turbulence is
determined for an optical hetérodyne recelver, Analytical results
are obbtalined. in terms of the gstatlstical properiles of atmospheric
refractive index, wavelength, size of receiwing aperture.
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Refractive index fluctuabtions as g result of random
temperature variatlons give rise to amplitude and phase fluctua-
tions in 8 received optlcal signsl. For an optical heterodyns
communication system, the received signal level depends upon
phase coherence over the receiving aperture. The random vsria-
tiong in smplitude have besn previously assessed in Ref. (L1}
and these fluctuations can be shown to be lesa effective than
random spabtlsl variations in phase over the aperture.

Referring to Figure 15, By represents the aignal field
and B,n the field produced by the local oseillgtor. At the
lens, the field is: )

Er=Ep, "‘Es (1)

At the detector the field Ejp can be represented in terms
of rectangular coordinates Cq,&) whose origin is located at the
center of the detscitor.

Ep (7, 8) =g:.s~sE’“F(7’ &) dA, (2)

The function an.é) is spproximately a two dimensiongl Fourier
kernel which depends upon coordinates in the sperture plans, and
AT, is the aresg of the recelving lens.

The detector output curvent is

T, = E,EX 44, (3)

PETELTOR

where 3 denotes complex conjugate, and Ap is the area of the
detector. - The current Ip can then be exXpresssed gs:

Lo ""{ JA”H.E

DETEeTOR™ LENS

-
s,.,emh][(m gfﬁ 44, ()

M
Ag3uming that the local oscillator component 1is much larger than

the received signal, the signal component in the oubput current
is:

To {4, [ ESMAJ[{WE:';F*MJ (5)

OETECToR  LENS
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The spatial varistion of the last factor in the right hand side
of esquation (5) in the plane of the debtbglor will consist of a
diffraction 1imited spot, while that of {E,f4A, will become

much broader due o phésa fluctuations. LENS
&s'a first approximation the signal component is:
Is «{ Egdh, (6)
LEHS

Thepefore, the sverage signsgl power recelved is

PS '.-.—..<Is Is*>*= °{< ES JAL{ E:. dAL> {7).
’ ’ L4

LENS LEN

where « is s dimensionless factor and theé brackets denote
ensemble gverage.

. When one considers the case where g detector of the same
gize as the lsns is used in place of the lens the signal component
can be shown t0 be equal Lo, Ref. (55):

Te Ec dA (8)
$ 7 Joereerol | P
This result is identical with that obtained in equation (6).

2, Loss in Signal Power Due to Atmospheric Turbulence

Due to temperature strastification wlth helght, there will
be spatial variabtions in average refractive index, Gardner in
Ref. (B55) considers the case where the receiver is adjusted so
that the pointing angle follows the long bterm variations, bubt-does
not appreciasbly follow the instantaneous angle of the center of
the "dancing! image. |

_The amplitude of the monochromatlc light incident normally
on 8 circular aperture of radius R may be expressed as exp
iﬁ{r,@{], where r, © are polar coordinates in the aperture
plane. The harmonic time dependence has been suppressed and
amplitude fluctuation effecta are assumed 50 be of second order.
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Gardner shows that the oubtpubt signal power is:
ar R zr
P= “5 48, r;dr,( (r dr, cos[ #(r,, (f' , )]> (9
@ s

The power logs factor Y defined a3 the rstio of the
actual received slgnsl power to the power which would be msasured
if phase fluetuations were absent is inbtroduced at this point.

2

2 K R
Y=;;'§:rf49;fnd". (dezf": d eos g, )~ (n, 8)] > (10

At thig stage. of the gnalysis, Gardner sssumes that the phase
fluyctuabions are homogenous and isobtropic in the plane of the
aperture, and possess a8 joint gaussimaénwmabllity density. The

joint density for the phases @ {r:. 8.) ise

(7,9 = L_.fr;]_._m [+irai-2am¢]]
2[i-pg]< %>

where the phgse correlation coefficient‘% is equdl td fgﬁ::i£2
and <?‘> is the mean square phasé fluc %a%ion.

The ensemble average of cos OE in the losas factor
is egual to expL_< >(|~ )] he argumant of thils ex-
ponontial may be expressed in terms of the so-called "structure
function® of the phase fluctuations, since for homogenous and
isotropic fluctuabions the structure function is related to the
correlation functlon by:

Rg () = 29> (1= qu (12)

In general the structure function of g locally lsotrople
random fisld depends only on the magnltude of the difference of

Dq () .-.--<[¢<~n) - ¢(r)] > (13)

The lathter equation can be easily manipulated inta equation (212).
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The loss factor Y can be obtained by combining the
sxpression for <;cos(1§_?5);> and equation {(12). Then

2 2r ! !
7=;’z( dagg dﬁ‘z;x, 41|yzz_nfzze,x.)a[__b?(ﬁ._§)] (1)

where x1 = r1/R 1s a non-dimensional length, and X= }"f:- ﬂi
the magnitude of a vector difference.

To evaluate the agverage power loss information is re~
quired on the specific form of g (r) for sepsrations less than
or sequal to the'diameter, 2R, of the receiving aperture.

Bquation (1L) may be regarded as a two-dimensional con~
volution integral. By msans of a Hankel transform, Gardner
manipulabes squation (1) into:

Y=4 gdk h (k) J;:(k) (15)
where
btk = (T, k) eop [ Re xR (16)
o : -3

The dimensionlesa dummy varisble k 1n equations (15)
and (1€) is related to the corresponding dimensionless wave
number, say k', by k = kK'R.

At this stage of the asnalysis in Ref. (55}, a result
of Tatarski,.Ref. (Li1), is utilized for the phase structurs funec-
tion for horizontal line-ofsight ftransmission sbove the egrth over
a specified range. We will depart from this case to.consider
laser transmission at a wavelength of 63284 from a deep space
vehicle. Vertical downward transmission through the atmosphers
to an earth receiving station is analyzed.

Fried and Cloud, Ref, {(56), starting from a scalar
version of Maxwell's equation in a turbulent medium, solved the
equation which then led to g determinagbion of the phasge and
amplitude fluctuations. The correlation functions for phase and
Jogarithm of the amplitude of a monochromatic plane wave traveling
downward through the atmosphere have also been obtalned analyitlcal-
ly. The solutlons are based on Ryter's method for propagation in
an inhomogenous medium and Kolmogoroff'!'s bheory of correlstion in
a burbulent fluid, Refs. {41}, {(h2). Various sxperimental messure-
ments of atmospheric turbulence have also been collected to pro-
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vide the dats for gn analyticsl model.

o
For @ monochromatic wave wlth wavelength A = 63284,
traveling vertidaslly downward through the atmosphere, the siruc-
ture funcbion for the phase fluchbuations was found to be approx-
imately squal to, Ref. (56):

5,

bq,(r):_—"?ror* “ (17)
To aimplify the compubstion of the power lossg 7‘,~r2 will e
used in the structure function instead of 2 , Since p

does nobt differ by very much from .r ™%,

Substituting b?(ﬁ“:"qmr'z' into equation (16) and-
performing the necessary integration one obimins, Ref. (51):.

1 K- (18)

Now substitubing h{k} into equation (15), the power loss Ffachor
'1 becomes .

4 (™ ak TR K>
1= a0 R i K P e B2 %)

This equabtion hgs been numerically integrated. The signal power
1oss in db is shown in Figure 16 as a funciion of recelving

aperture dismeter. For \aa' R 33> | , the loss factor is
1
A - (20)
¥ 455 R*

Due to restrietions upon the phase structure function, the

above results will be valid only if the diameter of the recsiving
aperture 1s much less than ths ouber scale of turbulence. The
outer scale of turbulence is the range in which the index of
refraction corrslastion funchtion decays Ho half of its zero range’
value.
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.
Y =455R2
R=Aperture
Radius

Signal Power Loss-db
-3 ) 10 LOGIO {(7)

2 z L L L L

88 L3z - 2.64 356 528 66 3.2 264 396 52.8 66
APERTURE DIAMETER IN CM

Pigure 16. Signal Power Loss Vs. Aperture Diameter for a
Vertical Downward Path, With A = 63284

¥ = Power Losg Pactor = Acbusl Revd. Power
RBcvd: Power with no Phase Fluctuatlons

‘ The results presented above tend to bt in good agreement
with that based on typical astronomical resolution. For the
astronomical cass, & diamebter of 10 to 15 em. is the point for
which diffraction-limited resolution approximates atmospherically..
limited resolution.

It 1f of intsrest to note that Fried and Cloud, Ref., {56},
have suggested that 1If the local osclllator wavefront 'in an optieal
heterodyne detection system could be made to track the average
t1lt of the distorted wavefront, efficiency of heterodyne re-
ception could be made 0 siturabe st larger receiving aperture
diameters than predilcted.
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The aversasge signal power loss computed above neglects
gll effects caused by motion of transmiitter-and rsceiver. There.
fore a calculation of average signal power loss based upon this
atatic model represents an optimistic estimebte since any motion
can only result in further loss of signal Information, Also
zonith angle dependence must be taken into account to evaluate
performance undey slant path conditlons.
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IV. BEAM MEASURING AND POSITIONING

In the disecusgsion of genersal considerations of the Beam
Pointing System, Section II E, it was concluded that fine beam
positioning or beam steering control was required, Sectlon IT E,
Figure li, This coneclusion has slso been resached in other studiles,
Refs. (6), (19), (31). Because the flne beam deflection ls
principally employed in the sberration and transit time compensga-
tion (lead prediction} subsystem, which is essentially an open-
loop process in its simplest approach {(Section IT R}, its
linearity, sccuracy, and.- stability requirements sre very high.
(However, the possibility of enclosing this subsystem within a
feedback loop exisbs and is being investigated).

The following two subsections gre devoted to discussions of
the general principles of laser beam steering and possible
specific phenomena which are currently being exploltéd or else
have potential for this gpplication.

A. GENERAL PRINCIPLES OF OPTICAL BEAM DEVIATTION

The deviation or steoring of a light beam can be achiev-
ed by a) sending the beam through.a medium in which the .index of
refracbion has been changed, -the refraction approach, b) rotation
of a reflecting mirror, reflecting approasch, c¢) diffraction,

1. Refraction

The principle on which the refraction approach 1is based
is the following: A beam of light crossing s boundary between
two media of different indexes of refraction, will be devigiagd
from the incident direction., The deviation is proportional %o
the ratio of the indexes of refraction of the two medisa.

If wo indlegte with $o, 1, @, , h, -, respectively the
angle which the beam direction make with the normal and the index
of refraction of the incident and refracted medium, from the law
of refractlon, we have

%, < sin T [{{- s:n?;] (1)

that 1s, for a given angle of incidence, ¢, , and index of re-
fraction, n, , any variation in n, will produce a variation
in the angle of refraction, ¢, .
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Prom the 1law of refrasction

(n, - An,) sin(ﬂ + Acf,) = hn, s:m %o (2)

(ﬂ"" A“i) (5‘!'0 CP; o+ AT‘ cos T') = n, 5?n g?ﬂ (3)
where We have assumed

_]_$m, Sin A‘T' — A’-‘j’;
Aeﬁ--ra

fim . zes A —
Dpws T

From eq. (3), we have

A ',m—m}—ﬂ- _"’.‘*_'i‘.”_‘f: — Sin ()
? cos @, [n{-r An; sﬂf'] *

Butb

=i Ti - fﬁ.fi“_‘f:

n

2, 2 Y

cos 4, =.-[|.._“i_$f.ﬁ__ﬁ=‘:]2-
nﬁ-
H

substitutlng in eqg. (L), we have

A Vi, fa $in Fo ! )
¢, =2 : [ - -J ()
[n?'_n:is'n;?o]é "]{.Aﬂ]. nl
] L M- An,
n+ Anp w2l Ny

But Kn; 1s of the order of 10”3‘0 or smaller, so can be neglacted
respect to nF

Substituting in eq. (L) and simplifying we obtain

Ao =. Y, Sin Pe &)
= nJ(n? -n? sin* 4 ,) %] A??' (
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The light refracted will have a phase different from
the one of the incldent .light.

For a medium of 3 glven thickness gnd for a fixed angle
of incidence, the phase variabtion of the refracted light is func-
tion of the Index of refraction of the medium, 1l.,e., any changse
in index of refrasction will produce a change in the phase of the
output light.

Let us suppose a beam of light going through a medium,
as in PFlgure 17. . )

y m - "

L

IS S

Figure 17. Opbical RelfracHlon

For a given thickness, 4§, and 'index of refraction,
real or complex (the medium is dielectric or absorbing) #,
gnd for wavelsngth A , 2 medium can be reoresented bv a tWo~-
by-two matrix of the type

case . i sin 8

(7)

i.’rl Sa'r'ig * cosf
wiere

m )
=”%i—.7 o cos P,
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Using the elements of the matrix, the amplitude trans-
mittance 1ls derived

Te - - — (8)
~(n, + n,) cos B 4 L(-Yijq.ﬂ.’. 4-1'{) sin O
or ‘ .
T=A-iB (9)
where

z2n, (n,+n,) cos 8

[(n, +n,) cos 9]24-[( -2‘-’;1-9-'- + ‘)7) jsin 9]2

and

N, .
( LI 5m b

[(n,m)me] TG

Equation (9) can be put

T:A.—LB:?&_'L? (10)
from which we derive
[A*+ Y% (11)
and
Al A

"\f}"“.": cos’ - m (12)

From equation (6) it appears that if the subsbrabec-is
known and 80 the thickness of the medium snd the wavelengths of
the light, the phase is function only of the index of refraction
of the medium,
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2e Reflection

In the reflection approsch, the beam direction is chang-
ed by means of a tilting mirror., The principle is based to the
law of reflection of g light beam. The angle of incidence ls
gqual to angle of veflection. By rotating the mirror, the angle
of incldence is changed, thersfore the angle of reflection is
changed,

3. Diffraction

In the diffraction approach, the beam direction is
changed by electronically controlling the frequency of an opticsel
grating which is achieved by means of ‘ultrasonic waves set up in
g liquid or solid.

Tt is inefficient to steer a beam using this phenomenon
hecguse s} the major signal enerzy 1s conbtalned in the zsro order
diffraction pattern, which does not scan as the grating frequency
is changed, b} the secondary orders of thé diffraction pabtlern
which do scan as the frequency ls varied, are modulated abt twice
the ultrasonic frequency {for standing waves in ths medium).

Techniqueé based on the principles of refraction and
reflectlon will be discussed- ln the next section.

B,  EXAMPLES OF BEAM STEERING THECHNIQUES

The previous sectlon discussed the principles on which
the steering techniques are based. It was noted that the dif-
fraction prineciple is not efficient for use in beam steering.
Therefore we wWwill congider the techniques which make use of the
principles of refrgction and refflection,

Beam steering using the refrection principle, which
changes the beam direction by means of change in refractive index
which is induced by means of sn applied field or an appliled
?ressure, makes use of the following effects, Refs. (6}, (31},

58), (59):

a) Kerr EBfiect

b} Pockels Effect

¢} Variasble Density Effect
d} Photoelastic Effect

e) Perroelectric Effect
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The technigue which makes use of the reflection prin-
ciple, that is the technique which changes the beam direction by
meang of tilting mirror, make use of the Shear Strain Effect.

In 'Pable XIT are listed the Effects, their sensitivities
and ranges. Table XIII summsrizes their advanbtages and dis-
advantages.

Table XITI

Performance Characteristicsg oOF Besm Steering'Techniques.

- n%_k Lo
. - tx)
Effect  Medium - Sensitivity _Control  Range

Kerr Nitrobsnzine 1.6(10“1@)Pad/(v/om52 1-40 Kv/em 0.025
Pockels KDP (20°0) 7.5(10~9 )fadfivfcm) 0 Kv/em 0.6
Pockels  KDP (»lOOOG) 2.3(10- 7)rad/(V/cm) 0 Kv/em 18

Ferro BaTLOBGrystal 2. 5{1@“6)?3d/bv]am} i5+5 Xv/em 25
Blectric ( v 130°0)

Density GSg (Gag).-; 1.8(10-3)rad/atm 1+l atm - 3.6
Density CSp (Liguid) 1.5(1074)729 /atn 10£10 atm 3.0
Photo Glass 2.0(10-6)rad /agpy 100+£100etm  C.L
Hlastic

Shear  BsTLO 6.0(10-8)72¢ /(v/em)  #0 Kv/em 1.8
Strain (Ceraéic t

Note: {1) The unibts of Range gre milliradians
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Table XIII

Advantages and Digsadvantages of Beam Steering Technigues

Bff'eect Advantages +  Disadvgntages Hotes
Large cell may be Small varistions in Electriecally
consbructed index of refraction- induced bire-

Kerr Short Risebime 100 v/mél appros. fringence in
Wide Angular 2.8x10" (28 N unitsg). a medium.

aperture The liquid tends to
decompose when. in con-
taot with foreign mat-
erial, heat, high elec-
trie field. . High

voltages,

Change in index of Diffieulty to shape and

r@fractlon for polish the crystal.

100 V m&l appr. - The phosphatesuszed are Direct effect

1421074 {10 N solukle in waber and”  ."of sn eleckric

units). .Linesarly must be protected from field on the

proportional fto moisture. The crystals optical

the electric  -field.are very sensitive %o properties of
Pockels Minimum prism de- thermal stress when a Piezo-

viation would be heated or cobled to electric

capable of scemningrapidly. Psair of crystal,

gbout 1 min. of arcprisms must be used to
at room temperaturegencel the effect of
An increase by a temperature coefficient
factor of 30 is ex-on the index of wve-
pected when proper-fraction.

1y cooled.

Gasea have height Ligquidshave a small
compressibility-- compressibllity and
Fariable A variation of the therefore the maximum
Denaity order of 10-3 in  change in index of
vafractive index  refraction for aibm.
for atm. can be of the order of 10‘h
expechted. Elsctrical control of
pressure with reason-
able response aspeed 1is
difficult or impossibls
to achievs.

- Cont'd. ~
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Table XIII (Cont'd.)

Bffect . Advantages .Disadvantages Notes
Glass can support -Change of about 10-6 Change in the
Photo  compressive stress (1N units) for atm. optical prop-
elastic of 1000 atm. very Difficulty in generat- ertieg of &
low power require- ing high stress by erystal when
ments electrical means. a strain 18
applied. An
eilectricsl

field is often
used to pro-

duce the
stralin.
Ferro Though poten-
electric tially good
is sbtill under
study.
Shear strsin pro- The besm de-
duced in a Barium viation pro-
Shegy  Tibanate Crystal duced by re-
kpgin by 100 V/mil give flection from
about 10~3 radians. the deflected

surface of
such a crystal
would he”about

Tims of arc.

The previous bechnigues gre capable of beam deflection
of the order of winutes of arc at normal conditions.- At low
temperatures, around -100°C, may extend thisg capebility to one
degree of arc. ‘ ‘ -

Dne.. way to obtain this is by multiple reflections.
between s reference surface and a moving one.

By increasing the angle between the two surfaces, bthe
deflection angle can be incraassed. The magnification is function
of the sngle between the two surfaces and the number of internal
reflections.
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The exit beam will rotate through sn angls

Dﬁg(Nﬁ-MS) (1)
whers

number of reflections from moving surface
number of reflections from reference surface
angle of rctation of moving surface

angle of rotation of reference surface

N3
[

The limitetions to the number of internal reflections
are imposed by the size of the two surfaces and by-the loss in
light intensity.

Another way to obtain angular magnification 1ls by
multiple refractions, applicable to0 those beam steering devices
employing solid prisms. It consists in sending light through
a chain of prisms or through a prism several times. The maximum
exit beam robation is probably limited o 10 dsgrees.

One of the characteristlcs that a beam steering device
must satisfy id fast response, especially important in the beam
pointing system.

Many optical beam steering techniques utilize piezo-
slsctric materials for producing mechanical displacement or stress.
Tn thése cases, the response speed could be limited by the electric-
al impedance of the material and. that of the electrodes and leads,
and by incapability of the transducer %o produce displacements
at frequencies above the mechanical resonance frequency.

Sources of errors for the beam steering techniques srise
when the system environment 1s changed. Temperature change,
mirrors or lens system misglignment due to shock and gcceleration
are some of the reasons. The temperature change will produce
change in the index of refraction, in the optical path and in
the focel length of the lenses.

This negative effect can be reduced by using a thermist-
or or similar sensor to correct the deflection., The misalignment
will produce larger aberrations with the resulb of decreasing.
the overall resolving power. '
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Beside these -sources of -errvors, bthere are a large
number of random and progressive errors which affect the amplitude
and {or) the phase, such ags: )

g) Amplitude srror due to the change in re-
flectivity at interface of two media due
to temperature change.

k) Random phase error due %o the change in’
thickness and refractive index of lens
material with temperature.

There are, of course, a number of opticallosses due to:
surfaee reflection, internal absorption, internal scattering,
mirror reflection, interference filter, etc. Many of thess
logses can be reduced by, for example, properly coating the lenses
surfaces, wmirrors, etc, )

The beam stesring is evidently a very involved problem.
Many parsmeters must be controlled.to obtain a workable system.

Among the technigues listed, the one .making use of the
Pockels effect geems very promising. Using this Sechnique, a
device hags been developed that is. temperature independent, Ref.
{31). A beam deflection of 30 spot diamebers has been obtained,
and the device produces modulation as a function of the driving
voltage. )
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V. BORESIGHT MAINTENANCE

AL - KOLLEMAN: BORESIGHT MATNTENANCE TECENIQUES

Tn consideration of Kollsman's long asaociation wilth the
stagte-of-the-grt in-the relating. of optical lines of slight %o
most of the - standard reference systems, 1% is important to review
some of these proven techniques of establishing, maintaining, and
monitoring these boresight relatiovnships.

Boresight stebility or maintenance is important to all of the
modern, astronavigetion ingtruments in whose evolution Kollsman
has played a historical role. The earliest astro-trackers with
their "minubes-of-are™ sccuracies could rely on the stability of
the mechanical and structural design to stay-within the boresight
deviasftion tolerance.

Today, bthe latest versions of %these astronavigation instru-
ments are approaching accuracy requirements where seconds of arc
have the same significance that minutes of arc had %o the earlier
instruments of ten years ago. Hence, boresight maintenance and
monitoring techniques with thelr accessory components and sub-
systems have had to evolve rapidly to-meet the needs of the stete-
of ~the-art- in pointing at the sters.

The use of the term boresight maintensnce, as above, implies
.a general agreement as to 1ts meaning. "Boresight", a word de-
rived from ordnance usage relating gun bores to their aiming de-
vices, is now widely applied to the relation of the optical axis
of an optical system to some mechanical or functlonal reference
gxia {(or axes).

Theorstically the optical axis of the optical system designed
for objects et infinity can be dsfined in terms of the normal to
a particular plane wave front. The reference wavefront has 1ts
source in a point at infinity, identified by the unique direction
of all the normals to the 'particular! wavefront. One of these
parallel 'normals' intersects the image of the reference point
aource at the foeal point in the focal plane. This 'normal! or
line is the optical axis of the system. In the ideal system,
the diffraction pattern which consfiitutes the ‘star image will
be radislly symmetrical about this inbtersection of -‘the opticsl
axis in the focal plane. O0ff-axis aberrations (e.g., coma) will
be, dimensionally, some function of the radlal distance from this
focal point. In practice, it i1s this radial symmetry bthat is
used to identify the optical axis.
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The design and assembly. of a T"pointing' optical system at-
tempts HTo assure, as closely as possible, the coincidence of the
optical axls with some functiongl sxls of the instrumeni. A4 test
for this coincidence is to physically rotate the unit about the
optical axis with the on-axis star image in focus. Zero-deviation
of the diffraction pattern 8% the focsl point csn be ons of the
simpleat proofs of boresight maintenance (when the relisbility of
the mechanical axis of rotatlon can be simulbtaneously proved).

For a description of some of the other classical methods of
optical instrument alignments, see Ref. {60).

In the simplest case of the typical star tracker, the tele-
scope axis will coincide as closely with the theoretical optical
axis as the accuracy of fabrication and sgssembly permits {within
a few thousandths of an inéh).

Practically, then, 'the optical axis' is synonymous with 'the
telescope axis'. The telescope axis may be functionally deter-
mined by the center of a precise fisld stop in the {. p., the null
point (or possibly the peak) of some modulating device, light
chopper, or field scanner in or near the foecal plane.

, "In a typical Kollsman star tracking instrument, the telescope
axis will interseect thas ftrunnion {or elevation) sxis at the same
point that it intersects the vertical (or azimubth) axis. That they
actually intersect at a single point is nob important (except for
the case of fthe tracker telescope whose first slement is a fixed,
concentric, spherical, dome-window). It is required that the
opticel axis be precisely orthogonsl with the elevetion axis

(ana3 of course, bthe eslevation axis orthogonal with the azimuth
axis).

The original boresighting, in the simplest case of the
typical astro-tracker, consiasts in establishing the above mention-
ed relationships, very precigely, with some mounting reference.
This is performed with the tracker in an alignment and test stand
which precisely simulates the normal celestlal 'input!'.

The five different techniques which are. discussed below are
used in the Kollsman instruments of which they sre s part to serve
a function related o0 boresight maintenance., They are selected
to illustrate the practical scecuracies which have been achieved,
and to suggest the typs of instrumentation from which may evolvse
those technigues capable of the higher order of accuracy required
fora the spacecraft lgser begm pointing boresight maintensncs.
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The first two of the %teckmiques discussed are somewhat
different versions of the type known as toptical links'. The
optical link is Lypically used to relate the pitch and roll of an
instrument mount to a stable platform. The basis of this test is
autocollimation. )

The fourth illustration of Kollsman boresight maintenance
techniques is one used to monitor the focus of a large space
telescope. The method is unique and potentially capable of a
high order of accursacy.

The last example is the method used in the same large space
telescope to monitor what is celled the telescope’'s 'fine guidance’
(spacecraft pointing). A scanning technique senses the poasition
of g star image with great accuracy.

1. The Opbticel Link of the Kollsman KS8-13l Astrotracker
System

The astrobracker of the KS-13h system was mounted direct-
1y sbove an inertial platform. The tracker ineludes piteh, roll,
and szimuth gimbal systems slaved to the gyro platform by the
optical link, The configuration is illustrated in Figure 18.
Somewhat similar systems are described in Refs. (18), (61):

The gimbal and opbical link arrangement sgtablishes the
vertical reference and true north for the astrotracker. Mounted
on this azimuth gimbal is a relative bearing and elevatlon gimbal
gsystem for positioning the telescope. The telescope consists of
the refractor-objective, accessory optics, scammer mechanism and
sensor required to acquire and track.

The optical link was arranged as shown achematically .
in Pigure 19. The collimabting lens has an apsriure of i* D, and
an effective focal length of 15", The illuminated asperturs in
the focal plane 15.07 inZ. A solld state sensor with an actlve
areg of 0,13"x0.05" on each of two opposite sides of cach rect-
angular apsrbure detect plus and minusihdeviations of the suto-
collimated weference mirrors mounted on the inertial platform.

. This optical arrangement although unsophisticated was
religble and exceeded the accuracy regquirement of fthe astro- '
tracker whibh it monitored, i.e. 1% had the capability to meinbain
these 3 axes of reference to better than 10 seconds of sre.

83


http:0.13"xO.05

"o
ASTRO DOME
,_I____

-ASTRO TRACKER

“[OPTICAL LINK]

—=—

INERTIAL PLATFORM

m———

Figure 18, KS-13) Astro-Inertial System

SENSORS 0.13" X 0.05" [~ MIRROR POLYGON
{1} EACH SIDE OF APERTURE FIXED TO INERTIAL
"7 Y PLATFORM .

(COLLIMATOR ASSEMBLIES
RIGIDLY FIXED:.TO
. ASTRO TRACKER MOUNT)

1"D~1/18
COLLIMATOR LENS

YAW WL ALF “ROLL
AUTG COLLIMATOR ¥ r : AUTO COLLIMATOR
(AZIMUTH) B <> =
T { . .-
RTUR > : . A
gfa.._sos T ILLUMINATOR

PITCHAUTO COLLIMATOR
(APERTURE & SENSORS
AT 90° FROM POSITION SHOWN)

Figure 19. Optical Link Schematic

.8l


http:FIX(EDL.TO

kollsman instrument corporation

The .one inch dismeber aperture of the. objective hasz a
theoretical resolving power of only sbout 5 seconds of arc (the
radius of the Airy disc). However, nulling optical devices:of
this type have demonstrated their reliliability fore requirements
of geccuracy and sensltivity far in excess of their thsoretical
resolving power based on the Rayleigh criteris.

The relatively long focal length (15 inches) of the
KS8-13L optical link autocollitmators was accommodated in the amall
packege by simple folding with flat nirrors. The next zimilsr
system, accomplishes extreme compachbion (optical miniaturization)
in a much more sophlsticated optlcsl manner.

2. The Optical Link of the Kollsman KS-16C Agstrotracker
Sysbem ’

This opftliecal link serves the same function as thes one
just described for the Kollsman KS-134 system., However, the
optical system that serves as the autocollimator for this link
has evolved $0 a much more sophisticsated cabtadfopiric optical
design, than the earlier, simple, dioptric .aystem.

The function and .grrangement of the prism mirror refer-
ence mounted on the inertial platform and aubtocoliimators mounted
on the tracker relative bearing plate ls almoast identicgl with
the KS-13l system, Refs. (18), (61}.

In this system, similarly, modulated light is focused
on s source rebticle with a swuare aperiture, The catadioptric
optical system collimates the light, btransmits it to the monltor-
ed, mirror-polygon reference, and then deflects the return beam
to a debector reticle consisbting of two square gpertures. . Balane~
ed and oppositely polerized detector elements are placed behind 3
these apertures. When the reflector is normal to the mddulated,
incident beanm, Fhe reflecited beam strikes the detector reticle
between the two apertures, Diffraction splllover at the edgea’
rosults in equal and oub-of-phase signagls from the detector
elements. These signals-cancel and no resulbtant signal is applied
to the amplifiér.

If the wmirror is deviated from normal.fo the optical
axis, some unbslanced reflected light passes through one of the
apertures. The direction of .the deviation will determine which
aperture receives excess 1llumination snd the amplitude of the
deviation, i.e., the amount of modulated excess illumination,

85



olisman instrument corporation

The subtocollimating optical system of the KS-169 is a
small package whose largest dimension is only one and one-hglf
inches. KNevertheless, it has a resolution c¢apgbilify of 0.1
second of arc when used in a certain mode. It'!'s long term null
stability is better than 0.25 second of arc.

The significance of this advance in the evoeliuition of an
optical component with possible applicsbllity to the probidams of
Boresight Mainbtenance is the possibiliity of smell-fraction-of-a-
second optical monitoring without the impractical, large aperture,
long focal length systems which are convenbtlonally prescribed.

3. The Apollo Optical System Autoccl;imatiﬂg_Tast Fagbure

The Apollo Sextant-?elescape has g bullt in seif-
checking technique which 1s in a sgense g bor651ght monltoring
system. & schematlc diagram of this sysbem is shown in Figurs
20, Refs. (23), (62).

The indexing mlrror,‘which'ls at the space end of the
sextant- telescope has a precise engular readout and although its
normal, scanning, sextant function does not include .the posltion
where thls mirror is at right angles t0 the ‘optical axis, it can
be so positioned by the astronaut for testing the alignment of
the telescope and the sextant readout by aubtocollimation off this
mirror.

Since it is s self~checkling type device, the sensitivity
and the accuracy of this test is that of the. opticgl system
itselif,

It is offered as an example of boresight maintenance in
recognition of the philosophy implied snd slso as an example of g
vigual, non-automatic Tfunction with possible applicability to
borssight mainbteance.

Thig Apollo systaw totally obacures one entrasnce pupil,

but need not, Another version of this technique could sample a
portion or zone of such anaperturs.
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Figure 20. Diasgram of the Apollo Telescope-Sextant
Autocollimation Test

. The Focus Detector of the Goddard Experiment Package

The 'functlon of this detector 1s to monitor the align-’
.ment of the experiment optical gystem. The detector uses the zero
diffrgction order energy from the spectrometer grating while the,
latter is fixed In the cenbter of 1its scamning positions., To de-
tect the magnitude and direction of the focus shift, light modula-
tion on both sides of the normal focal plane is used, and -the
detected signals are telemetered to ground on two analog channels,
Whenever a focus shift beyond the tolsrance is -deliscted, the .
experiment commands an appropriste repositioningoef the secondary
Tlgﬁor(gngll focusing is indicsted by the detector signals, Refs.

16}, 3
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The reflective optical system has a 0,0004 inch (10W )
circle of confusion dismeter in the focal plane. The correspond-
ing dlameter of the bundles at the planes of modulation is dp =
L020 ineh (0.5 mm). For an assumed axtreme focus shift of- .
+ 0.100 inch from the nominal, the maximum light bundle dismeter
in either modulation plane is dmax. = 0,040 inch (1.0 mm.).

The focus detector, shown schematically in Figure 23
makes use of 2 reed which vibrates in s plane perpendicular to
the optical axis. (See Figure 22 Reed Assembly). The mirror
surface is at 5° to the plane of vibration. By means of two
mirrors located at parbticular positions on the reed corresponding
to "L" and "8" (Fig. 21). The light rays are modulated before
end after they pass thru the nominal focal plane Fo, The rays
are bthen reflected to light sensors located in the respective
light paths of the mirrors and the pulse width of the resulting
signale are measured and cowpared. Equal pulse widths from both
gensors indicate that the focus is correct.

If the pulse widths are unequal then their ratio in-
dicates the magnitude and direction of the focus shift. .In the
present design, evaluation of the two signals 1s a funection of
ground equipment. Dependent upon the detected shift, correction
commands are given by the experimenter.

The distance of the light sensors from the optical axis
is kept 5o & minimum, thereby enabling the use of g small gize
light sensor, increasing the signal-to-noise ratio. :However, this
distance 1is large enough to prevent the reed from hitiing the
gensors.

According to preliminary calculastions, the actual focus-
ing error will be at least a factor of 2 smaller than the assumed
range. Honece, an expected signal-to-noise above 10:1 csn be
counted on, when sbars of first magnitude or brighter are used.

An additional improvement in S/N will be obtained when checking
the foeus of shtars with s low color temperature due to the sensor
spectral response. )

5. The Fine Guidance of the Goddard Fxperiment Package

i
Thé fine guidance subsystem of the Goddard Experiment
Package has many of the oslements of a typical horesight maintenance
system. The system has demonstrated the aapgbility of detacting
star image position ervors of the order of 0.1 second of arc,
Refs. (16}, (18), (63).
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) Figure 21 shows an optlcal schematic of the GEP zero
order limit rays for the control grating position. A star image
is formed by the cassegrainian optice in Fy. Considering this.

image as a radiating point source, the spesctrometer mirror
collimgted 1light bundle A upon reflschiion from the grating, con-
stitutes the zepo-order light energy flux Ap. The GEP grating,
blazed st 1200 A in the first order, has approximately 60%
efficlency 1n the zero-order incident energy at the wavelengths
from 05& to 1.1 micron {spsctra) response range of the solid .statbe
gensor).

The spectrometer mirror focuses the zero-order light
energy As in Fp. Due to the spectrometer mirror limitation {(in
diameter% only 70% of the incident energy Ap is reflected.

Tight modulating is performed by the detector scanuner
in two planes: 87 for short focus detection and I. for long focus
detection as ghown in Figure 22, Both sre at a distance of 0.1
inch from the nominal focal plane, i.e., a focus shift detectlon
range four tlmes larger than the expected is here provided.

\\ : PERMANENT
\ \ """ I MAGNET
N .
DRIVE COIL —_ % . PiCKUP COIL
\

el

Pigure 22. Ubtichl Yibrating:ReedyAssembly
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The finé guidance subsystem functions .to give a star
presence or gcquisition signal which denotes that a star is
present in its field of view and sbar position error signals in
the pitch and yaw conbrol axss.- 411 three signals are used by
the OAQ stabilization and control subsystem In the spacecralft to
correct the wvehiecle attitude in such a manner as Lo reduce the
error in pointing towards the star, The system also provides a
star mdgnitude signal which 18 compared with the command star
magnitude. Referring to Figure 2, it is seen that the fine
guidance pleck-off mirror (within the apsrture of the spectrometer
wmirror, rigidly mounted to it, and close Lo ilts vertex) baps off
about 10% of the light of the light diverging from the entrance
slot of the 38" D telescope's foecal plane. This enebgy is re-
flected by the flat pick-off mirror (sbout 2 1/2" in dismeter)
to the aperture of a 5 1/4" D, Cassegrainian system of the Dall-
Kirkham type designed for finite conjugates. The primary of this
system is mildly aspheric {paraxial r = 19,4%) and the 2" D
convex secondary has an approximate radius of -15.7", giving an
e. £. 1. of 16,.258" with s focal plane sbout 1.3" behind the
vertex of the primary mirror,

This relay optical -system-is essentially diffraction
limited over the required #*2 1/i. minutes of arec field.

_iIn the focal plane’ of the Dall-Kirkham Cagsegrain,
there are a pair of reed gcanners (similar to the vibrating reed
shown in Pig. 22), one for each axis, which modulate the light
passing through the focsl plane to the photocathode of the photo-
multiplier tube.

The reed gssembly consists of an gluminim bagse Ni-span
roed, magnetic drive.pick-off coil, and a permanent magnet, Ni-
span was chosen as the reed masterial for its ilsoelastic properties
with temperature.

This medulating reed has an sperture-of 0.035l x 0,0708
ineches and the amplitude of its def@ection 1s 0.050 inch giving
an effective field stop of 0.0708 x .0708 inches, corresponding
to a field of view of It.5 x 1.5 minutes of arc.

The scanner smplibtude stability is %1% (max.) which is
lsas than a half second of arc., Tesats have demonstrated the
device to be sensitive Lo star image deviations as smsll as 0.1
second of arc. The apportioned relisbility factor (i.e.
probability to operate in space for a duration of one yesar with-
out suffering s catastrophic failure) is 0.9960.
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B. GENERAL "CONSIDERATIONS' ON OPTICAL ALLGNMENT

The techniques desecribed In the previous sechtion must
be considered in the light of the discussion previously given
in Seetion II E, The boresight maintenance depends on the con-
figuration of optical measuring snd positioning elements selected
for steering relative to the reference axes provided in the hybrid
open-clpsed cycle system, i.e., cOsrse and fine besm steering,
phased arrays, etc. Although 1t is fegsible to put a closed loop
around the laser beam and the laser mount as described in Section
II B, it may also bas possible to include this &tabilization
feature in the beam measuring and positioning swbsystem which 1s
tied to the reference sxes, This mode of operation ig, of course,

influenced b{ the internal and extermal spacecraft environment
Refs._(éh), 65

. In other words, the more conventional mode is to sample
the laser beam with a beam-splitter pick-off .or a similar devics
to provide the input %o the- boresight maintehance subsystem., This
input replaces the modulated star image in the 0.1 are second
accuracy bechniques previously déscribed, -which are sagtisfachory
for a one arc second beamwidth system. Tor the 0.l-and 0.01 arc
second beamwldths, higher accuracles can be cbtained with mors
gsophisticated correlation techniques based on interferometry,
Moire! fringes, or diffraction phenomens, Refs. (66}, (67).

this mode, the absolubte calibration of the fine beam steerlng
subsystem must be independently guaranteed. sines it is gbrictly
open~100p,

The other theoretically concelvable mode ig to tle a
ecloged loopg from the .lasexr beam directly to the refersnce axes,
This mode is only desirable if it does mnot increase the accuracy
requirements of these axes beyond the limits deseribed in Section
IT E. If, however, at the same time, the closed loop can sen-
compass the fine besm steering control, then some Increase in the
reguired accuracy may be worthwhile in.the trade-off.

For the other end of the llnk, the technlques described
in the preceéing gection can be uiilized by tle Earth station in
larger, more rugged, and more precige configurations to provide
scouracies similsr 50 the more conventional astronomical tech-
niques which aré better than 0.1 arc second under slowly varying
conditions, Refs. (68}, (49). In’'addition, more sophisticated
techniques bgsed on inbterferometric or correlation technigques
can be usged to generate allignment accurscies of the order of 0,01
arc seconds. However, as described in Sectliong II E and IL F,
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the atmospheric problems assoclated with "In Vivo"” operation -add
gnother dimension to the opticasl alignment problem for the Harth
station, cf. the-discussions in Section III. The problems assb-

ciated with lager beam sampling and alignment will be analyzed
in lgter reports,
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VI. CONCLUSIONS

1.

2.

Deep space radio communications in the form of the NASA
DSIF have successfully fulfilled all of the past and
present NASA requirements for asrospace control and com-
munications. However, future missions requiring High '
information rate, regl-time data transmission ftranscend
the performance capabilities of such systems.

An "In Vacuo!" analysis of deep space laser communica—
tions exhibits significant potential for fubure missions.
However, the performance under "In Vivo" conditioms,
which includes the effecta of the atmosphere on the

‘laser beams and interference due 10 extraneous sources.

of noise imposes additional constraints not only on the
communications, 'but also on the pointing system..

‘A factorlanﬁ variable analjsis of the tobtal complex

including the space vehlcle, the Earth station, and the
environment has been prepared, exhibiting the factors,
variables, errors gnd uncervainties which must be
considered,

Although pure open and closed cycle systems are’ con-
ceptually possible (that is, pure non-cooperative and
cooperative systems), the factor and varigble anglysis
indicates that a hybrid open-closed cycle combined
system offers the best compromise between system com-
plexity and component precision.

In the "In Vacuo" case, a bilatersl symmetry exists on
both ends of the communication links. In the "In Vivo"
case, the link is strongly asymmeitrical for very narrow
beamwidths because of the Earth's atmosphere, ~For g
conventional "lumped" system based on-celesfial track-
ing and monostatic radar philosophy, there are con-
flicting demands due to atmospheric random turbulence
phenomena and extraneous noise. This trade-off points
to the desirapility of considering "dilstributed"
systems "similar to radio asstronomical techniques and
bistatic radar.

Preliminary analyses have been carried out on various
aspects of laser beam propagation through the atmos--
pheré such ‘ag -gbsorption, angle of arrival fluctuations,
intensitv fluctuations. backeround radiation..and

96



kollsman instrument corporation

optical heterodyne reception. Their magnitudes sre too
large to be neglected, il.s., the "In Vacuo" approxima-
tion. Actual systems must be designed for "In Vivo"
operation. -

Preliminary analyses have been conducted on various
aspects of fine beam steering and boresight maintenance.
Present-day techniques are suitable fdr a one arc second
beamwldth system, but more sophisticated techniques will
be required for the 0.1 and 0.0l src second beamwidth
systems. )
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VII., PROJECT ACTIVITIES FOR NEX® PERIOD

1.

Project activities for the next period will follow
the task sequence described in Section I, easp. Sect.

‘1 B, Figure 2. BRecause of delaya and personnel

changes, some taks originally scheduled for the first
period have been postponsed to the second snd third
periocds.

In addition, emphasis will be plsced on further
atmospheric propagation analysis,.in both directions
of propagation, i.e., space-to-earth, earth-to-aspace.
A trajectory will be prepared for a Mars fly-by
mission to provide a numerical basis for systems
analysis and preliminary error anslysis. Part of

the trajectory analysis will be devoted to the
gherration and transit time compensations and im-
plementation,

VITI.CONFERENCES

L.

Fred Morrell, NASA Langley Research Center, Instru-
mentation Research Division, visited Kollsman on 17
August 196l to discuss btechnical aspects of the beam
pointing system with project personnel: A, Wallace,
R. Arguello, J. Meader, G. Schuster, J. Eichenthal.

Messrs. H. F., Bohling, NASA Headguarters, snd F.
Morrell, NASA Langley, visited Kollsman on 17 and 18
September 196li to review progress on the program.

A presentation was made covering much of the systems
material, Section II, and beam steering techniques,
Section IV, by A, Wallace, Dr. 3. Monaco, and R.
Arguello.

IX. MANPOWER UTILIZATION

A.

AUGUST-SEPTEMBER, 196k,

Project Divector: A, Wallace -.256 hours
Project Engineer: R. Arguello - 160 hours

OGTOBER~-NOVEMBER, 196l.

Project Director: A. Wallace (1)_ 328 hours
Project Engineer: G. Strauss (1)- 312 hours (2)

Notes: - {1) Full-time program participants.

- (2) Assigned to program on October 5, 196l.
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