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PREFACE

The final report of the Optical Technology Apollo Extension System pre-

pared for NASA/Marshall Space Flight Center under Contract Number NAS8-

20256 is presented in three volumes. The study was a team effort by

Chrysler Corporation Space Division (prime contractor), Kollsman Instru-

ment Corporation, and Sylvania Electronics Systems.

Volume I contains the introduction, the proposedoptical technology ex- /

periments_ and the discarded experiments. CCSD was r-@sponsible for the l
following experiments: ....__j

4.±3

4.14

4.15

Comparison of T_^_ _q_1_
Interferometer System.

Segmented Optics.

CCSD discarded experiments:

5.1

5.2

5.7
5.8
5.9

Spectrograph Development.
Baffle Systems Comparison.

Cyrogenic Cooling.
Photo-Electro-Optical Experiment.

Mirror Coating.

SES was responsible for the following experiments:

&.l

4.2

4.3
4.4
4.8
4.9

Optical Heterodyne Detection on Earth.

Optical Heterodyne Detection on the Spacecraft."
DirectDetection Space to Ground.

Communication with l0 Megahertz Bandwidth,
Phase Correlation Measurements.

Pulse Distortions Measurements.

SES discarded experiments:

Atmospheric Absorption Spectroscopy.
Photon-Photon Scattering.

KIC was responsible for the following experiments:

4.5

4.6

A.?

A.lO

4.Ii

4.12

Precision Tracking of a Ground Beacon.

Point Ahead and Space-to-Ground-to-Space Loop Closure.

Transfer Tracking from0ne Ground Station to Another.

Primary Mirror Figure Test and Correction.

Thin Mirror Nesting Principle and Erection and Alignment

of Large Optics in Space.
Fine Guidance.

• ° °°
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KIC discarded experiments:

5.5 Remote Manual Optical Alignment.

5.6 Visual Tracking Rating.

Volume II contains systems integration. CCSD prepared the sections on

Experiment Grouping (7.0), OTAES Mission Development (lO.O) except for

Ground Stations Concepts (10.&) which was an SES effort, Supporting

Spacecraft Subsystems (ll.0), Experiment/Mission Time Phasing (12.0),

and Typical OTAES Subsystem Component Summary (13.0). The section on

the Stellar Oriented Experiment Group was prepared by CCSD and KIC.

The section on the Optical Communication Experiment Group was prepared

by SES (8.0 and 8.1) and KiC (8.2, 8.3 and 8._). Volume Ill containing

the Technology Development Plan was the responsibility of CCSD. Study

recommendations appear in the separate summary volume.

The OTAES team gratefully acknowledges the help given by the NASA Ad

Hoc working group during the course of this study.

iv



Volume

I

II

III

MASTER

TABLE OF CONTENTS

Title

Section I - Introduction

Section II - Experiment Development

Section III- Systems Integration

Section IV - Technology Development Plan

V



VOLUME I (i of 2)*

TABLE (IF CONTENTS

Section

I

II

Title Page

INTRODUCTION ..................... i-i

1.0 Purpose ..................... I-i

2.0 Technical Approach ................ i-i

3.0 Projected Optical Technology Needs ........ 1-3

3.1 Astronomy .................... 1-3

._ _uru_O_j ................... i-

3.3 Earth Remote Sensing ............... 1-22

3.A Communication .................. 1-31

3.5 Commonality of Technology Needs ......... 1-36

EXPERIMENTS ...................... 1-38

A.O Proposed OTAES Experiments ............ 1-38

A.I Optical Heterodyne Detection on Earth .... 1-38

_.2 Optical Heterodyne Detection on Spacecraft[ . . . 1-123

_.3 Direct Detection Space to Ground ......... 1-135

4.A Communication with lO Megahertz Bandwidth .... 1-201

A.5 Precision Tracking of a Ground Beacon ...... 1-221

A.6 Point Ahead and Space-To-Ground-To-Space
Loop Closure ........... 1-2A9

A.7 Transfer Tracking from One Ground Station ....

to Another .................. 1-282

*See Volmme I (2 of 2) for Paragraphs _.8 through 6.0.

,.h.,:C._,.,ii',i'.] _,_GE bLANK NOT FILI_AED.
vii



SECTION I

INTRODUCTION

i.0 PURPOSE

Success in future NASA space missions depends on technological development

today. This implies the need for well planned research and development pro-

grams. Such programs need to have a broad scope because (a) although some

of the problems are completely identified, more are only partially defined

and most are probably not yet even known, (b) as technology advances, new

problems are uncovered that require research.

The OPTICAL TECHNOLOGY APOLLO EXTENSION SYSTEM is one technological pro-

gram. The purpose of OTAES is to identify the problems in the field of

optical technology and develop alternative solutions in terms of develop-

ment programs and space experiments. To achieve this, first the necessary

technological requirements associated with the NASA objectives have to be

identified. Then these requirements are compared to the technology state

of the art. The gaps between the state of the art and the technological

requirements dictate the problem areas that must be researched. Some of

the alternative approaches to the problems can be finally evaluated on the

ground; but to achieve complete evaluation for some of the solutions, the

ground development program must culminate in space testing. To this end

the 0TAES study proposes a series of experiments to be performed in space.

The successful completion of these experiments will make it possible to

develop technology further and will give NASA a greater understanding of,

and a wide range of solutions to some of the problems of space optics.

2.0 TECHNICAL APPROACH

The technical approach of this study proceeds logically step by step

starting with future NASA objectives and ending with a development plan

which, if followed, will lead to the ability to achieve these objectives.

The steps are:

a. Determine and document future NASA objectives in the application

areas of astronomy, meteorology, earth remote sensing and commu-

nications. Scientific articles and industrial reports were the

sources for the objectives. (This material appears in Vol I.

_ection, 3.0)

b. Determine i£ i_ is possible to satisfy the objectives with pre-

sent instruments. If i£ is not possible, determine the areas

where optical technology development is required to improve

present instruments or create new instruments which will satisfy

the objectives. (This material appears in Vol I., section 5.0)

c. Develop space experiments which, if successful, will advance o_ti-
cal technology. (This material appears in Vol. I, section &.O)

1-1
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e.

fe

g.

Justify each experiment on its own merits in terms of:

(1) Contribution and Need.

(2) Need for Space Testing.

(3) Feasibility.

Some experiments were considered and it was determined that they

did not require space testing. However they are still important

to the development of optical technology. The ground development

program of these experiments and the reasons why they do not re-
quire space testing are discussed. (This material appears in

Vol. I, section 5.0)

Consider possible future OTAES experiments, which were not exten-
sively studied for this phase of the study. (This material appears

in Vol. I, section 6.0)

Justifying each OTAES experiment in terms of feasibility implies

a study of the expmriment subsystems. This includes:

(1) Optical subsystems.

(2) Control subsystems.

(3) Laser subsystems.

(This material appears in Vol. II, sections 7.0, 8.0 and 9.0)

Consider each experiment in context with the other experiments and

the entire OTAES system, for example, thermal control and power.

This leads to evaluation of different means of operation and recom-

mendation of preferred systems. (This material appears in Vol. II,

sections lO.O, ll.O, 12.0 and 13.O)

The final step is the development of an overall technology plan

which will start at the present day and end when the technology
level satisfies the objectives of step a. Included in the plan

are key development milestones in the earth based program, sche-

dules for each individual experiment and master plan alternatives
for overall OTAES. (This material appears in Vol. III)
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_.0 PROJECTED OPTICAL TECHNOLOGY NEEDS

The beginning of a development program is the recognition of the technology

needs. The needs may be identified only by considering future NASA appli-
cations. The beginning of this OTAES study was therefore directed toward

considering future NASA applications. Four application areas were con-

sidered: astronomy, meteorology, earth remote sensing and interplanetary

missions. Each application area was considered, first in terms of obser-

vatlona± objectives and _econd in terms ^_ _^_i_ _a_ +_ _+_fv

these objectives.

_.i ASTRONOMY

"But it does move". Galileo said to himself after recanting his theory

that the earth moves around the sun. Galileo was an empiricist. He had

a theory and he tested it. He saw the moons of Jupiter move, he saw the

phases of Venus, and knew that the Earth with its moon was not the center

of the universe. For centuries before, men had looked at the stars, won-
dered, and then constructed vast theories far beyond the range of what

they saw. They were disciples of Aristotle. Philosophy was the measure

of truth and all speculations about the universe were judged by their philo-

sophical coherence. But with Galileo and his telescope it became possible

to verify a theory through observations. Astronomy was no longer specula-
tion by itself.

Today the matching of theory to observation is the measure of acceptance,
but speculation is still far ahead of observation. There are still vast
theories that need to be tested. Observations are made and data collected

but the quality of information is never quite good enough to prove one

theory at the expense of another. Technology tries to keep pace by creat-
ing more advanced telescopes and instrumentation, but as the theories be-

came more sophisticated, the atmosphere increasingly frustrated the attempts
to verify the theories. Much information that the astronomer needs is con-

tained in the parts of the spectrum blocked by the atmosphere. The infor-

mation he needs is in the stars so distant that they are too faint to be

seen without going beyond the Earth's sky fog and in the stars and galaxies

packed so close together that the turbulence of the atmosphere prevents
their resolution.

An astronomer and his telescope above the atmosphere -- this is a change in

kind as radical as that when Galileo first saw the moons of Jupiter.

1-3



_.i.i Observational Objectives

The end goal of astronomy is a constant. It is to understand the history of
the universe -- what was in the beginning, the mechanism of evolution, and

what will happen in the future. What is the stuff that stars are made of?

And what is the dynamics of their change? With space astronomy the answers
come closer.

Astronomers, fascinated by the potential of space, have been preparing for

space astronomy long before the potential was close to becoming a reality.
Leo Goldberg(l) says that his first encounter with space astronomy was in

1937 at the Harvard College Observatory when M. N. Saha described the advan-

tages of solar observations from space. In articles over the years, astrono-
mers have looked ahead and developed their ideas on what could be done with

telescopes in space. Some of their ideas for observations are presented in
tables 3.1.1-i. The list of observations is not intended to be or serve as

a guide for an observational program but is intended to serve as a basis for

indicating the technology needs of the coming space years. For each observa-
tion there is one or more figures of merit that characterize the observation.

These are called performance parameters. As an example take the observa_iqn

of the profile of the Lyman _ absorption line of interstellar hydrogen.Q 2)

The performance parameters for thi_ 9bservation are wavelength, spectral
resolution and spatial resolution.Q3) Each of the performance parameters

has a value or value range necessary to complete the particular observation.

Usingothe same example; the wavelength of the Lyman a absorption line is _ .

1216 A, the spectral resolution needed to obtain a good(_ofile is i0 _ (k/AA)
and the necessary spatial resolution is .i arc seconds.

The observations have been compiled from various scientific articles and

industrial reports, and arranged into a chart by source. For each source
there is the list of observations, extrapolated from the text, that the

author considered important for space astronomy. For each observation the

attendant performance parameters with their value range are listed, also

as stated by the author. The chart is not complete. For some of the obser-

vations, there are no performance parameters or values; since the authors'
intention was not necessarily the same as ours i.e., the neat lineup of

observation, performance parameters and value range.

(i) Leo Goldberg, "The New Astronomies", International Science and Techno-

io__, pp. 18-28, August 1965.

(2) Orl Experiment Program, Volume B, Part XI. Astronomy/Astrophysics,

p. 16-21, Feb. 1966, Federal System Division, International Business

Machines Corp., Rockville, Maryland.
(3) Ibid.

(A) Ibid.
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_.I.2 Technology Needs

Given the value range of the performance parameters and comparing this range

with the current state of the art, it is then possible to determine the tech-

nology needs required for future space astronomy missions.

By inspecting table 3.1.1-1, it can be seen that the principal performance

parameters are spatial resolution, spectral resolution, bandwidth sensitivity

and limiting magnitude. Each of these performance parameters is, in turn,

dependent on a number of interrelated parameters. For example, many future

space astronomy applications are heavily dependent on the ability to achieve

high spatial resolution as indicated in table 3.1.2-1.

TABLE 3.1.2-1

OBSERVATION

a. Angular diameter of hydrogen emission regions

around early type stars.
b. Structure of nuclei of galaxies.

c. Resolution of quasi-stellar radio sources.
d. Photometric measurements of faint end of galaxy

and star clusters.

e, UV images of early type stars.
f. Resolution of binaries.

g. Search for small stellar companions.

The estimated required spatial resolution to achieve these observations ranges
from 1 arc second to .03 arc second. Thisspatial resolution is, in turn, de-

pendent on several design parameters as shown in figure 3.1.2-1 which is a

system resolution implication diagram.

In this implication diagram the errors contributing to resolution degradation

are placed into four catagories. By considering each of these in turn it is

possible to isolate the technology needs for a high resolution application.

The optical system degrades the resolution due to the usual aberrations, (coma,

astigmatism, etc.) diffraction (1.22 k/D) and mirror figure distortion. The

error due to diffraction can be improved by decreasing k or increasing D. The

former can be achieved by developing a detector which is sensitive only in the

ultraviolet. An increased telescope diameter inplies the need for light weight

mirror materials to avoid excessive weight penalties.

Two areas of technological development are implied by the need to maintain

mirror figure. These are: improved passive thermal control and mirror figure

control. In the latter case, there are several competing techniques which

must be evaluated, as for example, thermal actuation, mechanical actuation,

and segmented optics.
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Detection error contribution requires improved photographic and photoelectric
resolution. However, this improvementmust be consistent with low sensitivity
requirements. A dry development emulsionwith high resolution capability is
a technology need which will eliminate the weight penalty associated with
development liquids. Furthermore, the high resolution detectors, whether
photographic or photoelectric, should be compatible with ultraviolet detec-
tion requirements.

The pointing error contribution can be minimized by development of control
and stabilization subsystems. The major areas requiring development are
the fine error sensors and the fine beamdeflectors. The fine error sensors
must be compatible with various meansof detection (spectroscopy, photometry,
imagery, etc.) and the beamdeflectors should be compatible with ultraviolet
detection (non-refractive). Associatedwith the improvement and control and
stabilization subsystem is the development of isolation systems which would
• _o±_L__L_ __ e_ a_+__ g_n_rated in the s_acecraft.

This problem is more acute for manned missions.

The technology needs implied by improved focus and alignment capability in-

cludes the development of small displacement actuators (O.O001 inch incre-

ments over dynamic ranges up to 0.5 inches), small displacement sensors,

defocusing sensors and improved passive thermal control. Each of these areas

involves the evaluation of materials, fabrication and integration int_ the

telescope system.

In summary, the technology needs implied by improving the spatial resolution

of present telescope systems are:

a. Detectors sensitive only in the ultraviolet.

b. Lightweight primary mirrors.

c. Mirror figure control.

d. Improved passive thermal control.

e. Photographic resolution.
f. Photoelectric resolution.

g. Fine error sensors.
h. Fine beam deflectors.

i. Isolation techniques.

j. Small displacement actuators.

k. Alignment and focus sensors.

The above listed needs apply specifically to the performance parameter, spatial

resolution. Further technology needs arise from other performance parameters

such as bandwidth sensitivity, spectral resolution, etc.

Improved spectral resolution is dependent on development in fine pointing, high

resolution sensors, mechanical support to survive launch, improved thermal con-

trol, and high density diffraction gratings.
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Bandwidth requirements impose the need to develop detectors sensitive from
10Omicrons to approximately 900 angstroms. These in turn require develop-
ment in cryogenic cooling (0.25 to A degrees Kelvin), multi-layer interference
reflection filters for far ultraviolet detection, broadband photoelectric
detectors, and for infrared detectors between 20 and lO0microns.

In addition there is considerable technology development implied by specific
observations. For example optical interferometry establishes the.need for
long stable beams(up to 50 feet) and fine positioning actuators (.O001 inches).

A summaryof the technology needs to support specific astronomy observations
are presented in table 3.1.2-2.

_. 2 METEOROLOGY

The first goal of meteorology is to understand the atmosphere and its variable

products. The final goal of meteorology is to control or createthe products.

The goals of meteorology are social -- with the understanding of the atmos-

phere, it will be possible to predict the weather and protect people from

approaching disasters; with the control of the atmosphere, it will not only

be possible to eliminate such disasters but also improve the efficiency of

production.

For an astronomer, the atmosphere is a hindrance and in space he turns his

instrument away from Earth and toward the stars. The meteorologist above

the atmosphere turns his instrument towards Earth for a comprehensive and

detailed examination of the atmosphere. To fully exploit the advantages of

being above the atmosphere, the meteorologist, as well as the astronomer,

needs better tools.

_.2.1 Observational Objectives

The nation's overall goals in meteorology are indicated by the results of a

recent study conducted for the Interdepartmental Committee on Atmospheric
Science of the Federal Council $o? Science and Technology by the U. S. Weather

Bureau and the Rand Corporation (1) • The three overall national objectives

for meteorology as determined by this study are:

a. Protection of life and property.

b. Preservation of health, promotion of safety and contribution to

convenience and general well being.

c. Increased efficiency in the production of goods and services.

These three overall socio-economic national objectives have been translated

into four specific technical objectives by seven Federal agencies (Depart-

ments of Commerce, Defense, HEW, Interlor," and Sta_eJ[2)plus NASA and NSF) to
define a national research program in meteorology.

(i) Referred to in the NASA-ORL Experiment Program, Vol. B, Part V, Atmos-

pheric Science and Technology, IBM, Feb. 1966, p. V-3.

(2) Ibid, 9_. V-3 and V-5.

1-18



TABLE3.1.2-2

ASTRONOMYTECHNOLOGICALNEEDS

TECHNOLOGY
SPACETELESCOPETECHNOLOGY

g
-H

oo
o (D

-_ 0

_ o -__ o

M&rror Su_zaqe Degradation

_Mirror Fi_ura Control

!hermal Compensation

Beam Stability

Precision Deployment
Baffles

g
> .H

+_
0

-p G]

r---t _1 ID

0 O

% % 0

•H o m

Munch Isolation

Small Displacement_Actuators
CONTROL AND STABILIZATION

F_ne _rror Sensors

Wine Beam Deflectors

Isolation Techniques
Acquisition .......

_ o o o o o o

_ _ o _ o _ o

_ _ o _ o o o

_$ _ o _ o o o

o o o o o _ o

_ _ o _ o _ o

DETE CTORS
High Resolution Image Tubes

%_ %_ _$ o o

_ _ o o

_ _ o o o _ _

L,ow Level Image Tubes
Broadband Photoelectric Detectors

Large Area Photocathodes ..

Far Infrared Detectors

DryEmulsions

High Data Capacity Photographic Recording

X/UV Sensitive Photographic Emulsions

AUXILIARY DEVICES

Dissector ....
Objective Grating Mosaic

M_jchelson Interferometer

Fabry, Perot Interferometer

Phosphor Camera

UV Coronagraph

Slit SDectrograph

'"U

o _

_ o ¢_ o

_ _ _ o

-y

_' 05C

_,_ o

u WEAK RELATIONSHIP * MAJOR REQUIREMENT o SIGNIFICANT RELATIONSHIP

1-19



a. Accurate warning of meteorological disasters.
b. Improved length and accuracy of w_ather forecasts.
c. Weather and climate modification and, ultimately, control.
d. Prediction, modification and control of atmospheric pollution.

Fulfillment of each of these four technical objectives requires an expansion

of knowledge of phenomena in the atmosphere and space. This is our most
pressing problem in meteorology.

It is generally agreed by meteorologists that the ideal weather observation

system should provide measurement of cloud and surface fog, vertical and

horizontal wind, Jet stream temperature, pressure, tropopause and water

vapor content, as well as measurement of the heat budget and the concentra-

tion of the principal abosrbers and emitters of radiation (C02, H20j and 03) ,

on a global grid of about 250 to 300 kilometers from the surface up to lO0

kilometers. Conventional surface and upper-air balloon meteorological obser-

vations provide adequate coverage over less than l0 percent of the Earth's

surface, and only up to 30 kilometers. This coverage could be expanded some-

what, but economic and physical limitations prohibit adequate global measure-

ments with the conventional techniques. The solution to this problem awaited

recent developments in space technology.

The Tiros series of experiments, now complete, and the Nimbus series, still

in progress, have enabled the U.S. to loft two currently operational meteoro-

logical satellites, dubbed ESSA-1 and ESSA-2.

ESSA-1 and ESSA-2, and their successors, will provide near-synoptic day and

night coverage of the visible and infrared parts of the spectrum over the

entire globe from near polar, sun-synchronous, circular orbits at altitudes
of about 800 miles. For example, ESSA-1 is now in a sun-synchronous orbit

which allows the vidicon camera system to tape a virtually continuous picture

of clouds in the late afternoon (local sun time) over the entire globe. ESSA-

2 follows close behind to transmit a live TV picture to properly equipped

ground stations. ESSA-1 and ESSA-2 vidicon camera systems operate only in

the visible part of the spectrum.

Continuing research and development in the Nimbus series will also provide

infrared sensor systems which will measure the temperature of earth or cloud

surfaces as well as the mean temperature over certain layers in the atmos-
phere.

The next generation of meteorological satellites will carry at least these

four measuring systems as noted:

al Advanced Vidicon Camera System (AVCS)

Three cameras jointly covering 105 °

½mile resolution at picture center

Data recorded and later transmitted to ground receiving station
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be

Ce

de

Automatic Picture Transmission (APT) System

Two-Camera, Cross-strapped
System, 108 ° field

Transmits live TV picture to ground receivers. Resolution 2miles

at picture center. Each picture roughly 800 miles square.

High Resolution Infrared Radiometer (HRIR)

Operates at wavelengths of 3.A to 4.2 microns in the infrared spec-
trum. Provides resolution of 5 miles at picture center.

Measure temperatures differences of 2 deg. F.

Medium Range Infrared Radiometer (MRIR)

Measures heat balance of the entire 200 million square miles of

the earth's surface each. Resolution about 30mi from 690 and
altitude of miles

(1) 6.5 - 7.0 microns

(2) i0 - ll microns

(3) 14 - 16 microns

(4) ? - 30 microns

(5) 0.2 - 4microns

water vapor absorption

atmosphere in trans-

parent

emission from the

CO2 abosrption band
thermal emissions from
earth

earth's albedo

temperature
& relative

humidity pro-
file

earth's pro-

file, low

atmosphere

radiation, &
cloud cover.

Stratospheric

temperature

energy budget
of earth

solar energy

reflected by
earth and its

atmosphere.

Additional details concerning instrumentation which is now on the ESSA-1

and ESSA-2 satellites or which is expected to be carried as part of the con-

tinuing Nimbus series of experiments are listed in the following tabulation
below.

TIROS-ESSA SERIES

TV Pictures

Wide Angle Medium Angle Narrow Angle AP__T
105 ° 78° 12 ° 105 °

Area (miles) ' 700 X 700 420 X 420 70 X 70 800 X 800

Number of lines 500 500 500 800
Resolution

mi/line 1.5 0.8 0.15 1.0

1-21



NIMBUS SERIES

AVCS

3 cameras

105 °

Re soluti on 0.5 mi.

HRIR

3.4 - 4.2 microns

5 miles

2 deg.F
I000 ft. cld ht

30 miles

0.2 - 4 microns

6.5 - 70 microns

i0.0 - Ii.0 microns

14.0 - 16.0 microns

7 - 30 microns

Near synoptic coverage, as now provided by ESSA-I and ESSA-2, and ultimately,

by their successors is sufficient for most meteorological purposes. However

in the case of certain short-lived or rapidly occuring meteorological events

continuous surveillance may be required. For example a severethunderstorm
with a tornado or tornadoes could build to maturity and dissipate between

successive passes of a polar orbiting satellite or a hurricane could develop

between passes.

_.2.2 Technology Needs

Continuous surveillance requires a satellite in equatorial synchronous orbit.

Assuming that the ground resolution requirements are not relaxed the angular

resolution requirements are considerably more severe than they are for the
satellites in 800mile orbit.

Table 3.2.2-1 indicates ephemeral meterological phenomena which require con-

tinuous surveillance from an equatorial synchronous satellite. Measurables

and their sensing requirements are shown. The linear resolution require-

ments are the same for the synchronous orbit as for the lower orbit; thus

the angular resolution requirements are thus more severe.

The technology needs associated with these high resolution requirements are

essentially similar to those associated with high resolution astronomy obser-

vations. There are, however, additional or different needs. For instance,

non synchronous earth orbit missions will require image motion compensation.

Furthermore the error sensor may be different as it may be necessary to

track an extended source rather than a point source. The meteorology techno-
logy needs are presented in table 3.2.2-_.

3.3 EARTH REMOTE SENSING

To maintain the United States and world economies at their present level re-

quires continued discovery and development of new resources. The supply pro-

blem is compounded by rapid growth in population and by the rise in per

capita consumption of raw materials and energy. For example, the U. S. will
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TABLE 3.2.2-1

METEOROLOGY TECHNOLOGICAL NEEDS

SPACE TELESCOPE TECHNOLOGY
Mirror Surface Degradation

Mirror Figure Control

Alignment & Focusing

Thermal Compensation
Beam Stability

Precision Deployment
Launch Isolation

Sm_ll Displacement Actuators
CONTROL & STABILIZATION

Image Motion.Compensation
Fine Error Sensors

Fine Beam Deflectors

._IsolationTechnique s

Acquisition
DETECTORS

High Resolution Image Tubes

Large Area Photocathodes

Far Infrared De,tectors

Dry Emulsions

UV Photography
Mechanical Image Scanning
LASERS

Direct Detection

Hetero_yne Detection
Atmospheric Transfer Function
Scatterin_ & Absorotion
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double its present consumption of most minerals within 15-25 years; it is

a particularly vulnerable position, as its consumption rate is high and it
depends heavily upon materials fr_nmany areas of the world.

NASA has begun a "Natural Resources Program" to utilize sensors in space for

the discovery, inventory, evaluation, development, and conservation of natural
and cultural resources. Resources which can be studied in this manner in-

clude minerala, soils, crops, timber, water, housing, and transportation net-

works. Instruments appropriate to this work in earth orbital spacecraft

possess a number of distinct advantages - rapidity and continuity of obser-

vation, greater freedom from weather disturbances, synoptic views for

regional syntheses, reduced data-acquisition times, reduced costs, and
better quality data of several types.

3.3.1 Observational Objectives

In the past few years, imaging sensors in unmanned and manned spacecraft

have been employed to provide the first true synoptic coverage of the litho-

sphere, hydrosphere and_atmosphere. It has been demonstrated by Tiros,
Nimbus, and Gemini that certain phenomena related to the earth can be under-

stood only when viewed from a great distance. These programs have also

demonstrated that, for the first time, man has the ability to survey large

sections of the earth and its environment within a very limited time frame.

The amount of detail required and the extent to which it is economically

practical to conduct such sensing from space has not yet been determined.

The obvious need for such determinations provides the rationale for the
Natural Resources Program. To date four broad areas related to the earth's

resources have been identified as potentially suitable for the application
of space technology:

a. Agriculture and Forestry.

b. Geography and Cartography.

c. Geology and Hydrology.

d. Oceanography and Marine Technology.

The Tiros, Nimbus and Gemini experiments have demonstrated the potential

use of photographs and TV pictures in the visible and infrared as a means

of analyzing geophysical and geographical features.

The currently operational ESSA-I and ESSA-2 provide a quai-synoptic global

coverage of geophysical and geographical features of the earth's surface.

Successors to ESSA-I and ESSA-2 will provide these four measurements as al-

ready described in section 3.2.1. Meteorology observational objectives.

a. Advanced Vidicon Camera System (AVCS).

b. Automatic Picture Transmission (APT) System.
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c. High Resolution Infrared Radiometer (HRIR).

d. Medium Range Infrared Radiometer (MRIR).

Most requirements _or measurements in each of the four broad areas will be

met by instrumentations now extant or under development. As with the Meteoro-

logy measurement the polar orbiting satellite will not detect ephemeral events

which occur between passes of the satellites. Examples of such ephemeral

occurrences are given in the following tabulation from three of the four

broad "Natural Resource" areas. There are evidently no ephemeral events of

interest within the Geography/Cartography area. As with astronomy there will

be a need to develop space qualified detectors in the infrared region. Table

3.3.1-i summarizes the technology required te support these earth remote sen-

sing objectives.

The table gives indicative phenomena for each measurement which may be ephem-

eral in nature, as well as the desired spectral band or bands. Ground linear

resolution requirements and angular resolution requirements at synchronous
altitude are also noted.

3.3.2 Technology Needs

Continuous surveillance requires a satellite in equatorial synchronous orbit.

Assuming that the ground resolution requirements are not relaxed, the angular
resolution requiremeI_s at the synchronous altitude (22,300 miles) will be

considerably more severe than they are for satellites in an 800 mile orbit.

Table 3.3.2-1 indicates ephemeral or rapidly changing phenomena on or below the

earth's surface which require continuous surveillance from an equatorial syn-

chronous satellite. Measurables and their indication phenomena are shown.

The linear resolution requirements on the ground are the same as that for the

800 mile orbit; then the angular resolution requirements are considerably more

severe.

The technology needs associated with these requirements for high resolution

are essentially the same as those associated with the high-resolution astro-

nomical and meteorological observations.

Table 3.3.2-2 lists the technology needs association with specific earth re-

mote sensing observations.
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TABLE 3.3.2-2

EARTH REMOTE SENSING TECHNOLOGICAL NEEDS

SPACE TELESCOPE TECHNOLOGY

Mirror Surface Degradation

Mirror Figure Control
Alignment & Focusing

Thermal Compensation

Beam Stability

Precision DeploYment

Launch Isolation

Small Displacement Actuators
CONTROL & STABILIZATION

Im_.ge Motion Compensation
Fine Error Sensors

Fine Beam Deflectors ..,
Isolation Techniques

Acquisition
DETECTORS

High Resolution Image Tubes

Large Area Photocathodes

Far Infrared Detectors

Dry Emulsions
UV Photography

Mechanical Image Scann.ing
LASERS

Direct Detection

Heterodyne Detection
Atmospheric Transfer Function

Scattering & Absorption
Range/Rate

q_
bD

O
.H
_o

O

.H

O

O
_D

bD

E-_

0 0

0 0

0 0

0 0

__$ ._. o

0 WEAK RELATIONSHIP * MAJOR REQUIREMENT o SIGNIFICANT RELATIONSHIP
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_. 4 INTERPLANETARY MISSIONS

Interplanetary missions play a prominent role in future NASA plans. The

Mariner and Voyager programs are well established in NASA planning. Beyond
these lies the possibility of Manned Mars Missions.(1) (2) As a result

there will be a continuing evolution of optical needs to satisfy these mis-
sions.

These needs can be classified into two groups; first, observation of planetary

surfaces and atmospheres and second, the technology associated with optical

communications. The technology needs associated withobservations are generally

similar to the technology needs presented in preceeding sections 3.2 Meteoro-

logy and 3.3 Earth Remote Sensing. This section will therefore be directed to-

ward a discussion of the optical needs which arise from optical communication

objectives.

_.4.1 Communication Objectives

A principle technological need in interplanetary missions is the transmission
of high data rates over interplanetary distances. It was recently stated (3)

that near future (1970-1980) requirements in interplanetary communications

would necessitate the need to develop informa$i_n capacities up to 5 times 107

bits/second. This frequently expressed need (4) for real time television band-

width deep space-to-earth data links suggests the use of a wide bandwidth laser

communication system in which all the short wavelength optical energy can be

concentrated into a very narrow diffraction-limited beam.

In fact, the development of laser communication systems was referred to by
the National Academy of Sciences. (5)

Given the potential need for interplanetary optical communication links, it is

then necessary to determine the required technology to implement such capability.

(I) Statement of Dr. D. F. Horning, Director, Office of Science & Technology,
before Senate Committee on Aeronautical & Space Sciences, Aug. 24, 1965.

(2) Statement by Dr. Harry Hess, Chairman of the Nat'l Academy of Sciences,

before the Senate Committee on Aeronautical and Space Sciences, Aug. 25,

1965.

(3) Hearings before the Committee on Aeronautical and Space Sciences, U. S.

Senate, Aug., 1965.

(4) Adams, M. C. Hearings before the Committee on Science and Astronautics,

U. S. House of Representatives, 89th Congress, Feb. 23, 24, 25 & 28 thru

March l, 2, 3, 7, and 8, 1966, Part 4, p. 97.

Kelley, A. J., "Nasa's New Electronic Res. Ctr", Astronautics & Aeronautics_

Vol. 3, NO. 5, May 1965, pp. 58-63. Newell, H. E., Hearings before the

Committee onAeronautical & Space Sciences, U. S. Eighty-ninth Congress,

March 22, 23, 24, 25 & 30, 1965.

(5) S_ace Research Directions for the Future, National Academy of Sciences -
National Research Council, Woods Hole, Mass., Publication 1403, 1965, pp.

8, 61 and 242.
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3...4.2 Technolo_/ Needs

The first basis for determining optical communication technology needs is to

compare optical communicationwithmicrowave communication in order to estab-

lish bounds, on the required systems as for example, telescope aperture.

Taking the ratio of the well-known Friss transmission expressions for optical

and microwave communication gives:

S

N o

S

N m

_ot Ato km 2 Aro kT

_m Atm ko2 Arm 7/q

In table 3.4.2-1 the various terms of this relation are evaluated for the view

point of microwave optimism (e.g._ a lO0 meter, X-band receiving _perture on
the Earth; a 20 meter X-band transmitter on the spacecraft; a lOOA receiver

noise temperature; a 50 per cent_ X-band transmitter efficiency, etc.). These

assumed characteristics are contrasted with 0.6328 micron laser communication

(Helium-Neon components which could be fabricated today. The noise, receiving

aperture and transmitter efficiency ratios (23.5 + 20.0 + 20.5 = 6A.O decibels)

are inherently advantageous to the microwave technology. Only the wavelength
(93.5 decibels) term favors the optical technique. Thus a favorable comparison

of optical communication with microwave communication requires a telescope

aperture of one meter or greater.

A one meter 0.6328 micron aperture will give a diffraction limited bandwidth of

O.1A arc seconds posing pointing accuracy requirements in the order of O.1 arc

seconds. This pointing precision is less than the Bradley effect which can be

expected at planetary ranges. Therefore such a precision pointing system must

be capable of compensation a pointing ahead.

Table 3.A.2-1 is an analytical comparison between microwave and laser communi-

cations. There is considerable uncertainty in this analysis since the effects

of the atmosphere on a coherent light beam are not known. Therefore spaceborne

optical communications data is necessary before there can be a real comparison

between laser and radio frequency communications.

Other technological development is implied. For instance, competing techniques
of detection must be developed and evaluated. It is necessary therefore to com-

pare the efficiency of optical direct detection and optical heterodyne detection.

Since the laser communication offers ultimate advantages at extreme ranges,

verification of this potential, and attendant developmental experiments, should

be considered in a planetary mission context. A typical mission is the Mars or-

biter/lander case depicted in figure 3.A.2-1. For the foreseeable future, such

probes will follow minimum energy trajectories. Launch could be initiated about

four months before opposition.

1-32



O_

O
r-_ O0

CD
O_

_O

CD
H

o

o_

E- c_-

©

©

II

I

c_

_o

©

©

O
r-_

il

c_
c_
_o

_0

.._
0
0

0

%

o

ox

!
0

c3
H
E-_

0

,--I0

o_
rl

©
4-_
©

0

Ii

c_

_0
0 b--

o ,

0o o
o

Cr_

I
0

xO
0
b'-

II

I
0

r_
©

0

c_

ox
I

c_

0

1-33



ORBITER

40 °

APPOSITION

'0.7 EARTH

0.4 MARS YEAR

Figure 3.&.2-i. Typical Mars/Earth Communications Geometry

I-3A



Since Mars takes almost twice as long in its travel around the Sun as the

Earth does, Earth will pass and proceed well ahead of Mars during the flight

time of probe. When the probe reaches the vicinity of Mars, the two planets

will be separated by a distance of about 2 times lO8 kilometers, and the line-

of-sight from Earth to Mars will be only about AO degrees from the Mars-Sun

line. Thus, at Mars intersection, the portion of that planet viewed from the

Earth will be almost fully sunlit. At optical communication frequencies this

means that the probe will be executing its primary mission tasks with an un-

avoidable high noise background.

Furthermore, during much of the viewing time each day, the receiver must be in

a daylight ambient noise environment, and as time progresses, the line-of-sight

will pass closer to the sun admitting more energy directly from this intense
noise source.

_Qliie i_ _ght appear _u-_ "'_^-_...... 7_ +_>_ _]=_ a_n_ +._ +.wili_ht hours.

atmospheric effects place a 20 degree lower limit on elevation angle. The

conclusions to be dra-_ from planetary geometry are straightforward. Any prac-

tical optical communication link must be capable of operating with a daylight

sky background. For this reason, direct detection will require a very narrow

filter, and heterodyne detection is attractive.

In addition to detection several modulation schemes must be evaluated and com-

pared. In many cases this can be done preliminarily by analytical techniques
and ground tests. The technology need is nevertheless real.

It is interesting to note that the simpler, space-to-ground communication system

concepts are fundamentally inseparable from the atmospheric perturbations.

Knowledge of the atmosphere is then essential to the communication link designer.

Conversely, to measure properties of the whole atmosphere requires the establish-

ment of an earth orbit propagation link. It is only with the addition of system

complexity, such as an orbit-relay-station system concept, that it is possible

to divorce the atmospheric physics problems from communication system problems.

In summary, therefore, the optical needs associated with interplanetary optical
communications include:

a. Diffraction limited telescope of at least one meter aperture.

b. Pointing capability in the order of 0.I arc second combined with

point ahead.

c. Space qualified lasers, modulators and receivers.

d. Comparative evaluation of modulation and detection techniques.

e. Thorough understanding of atmospheric effects on optical propagation.
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3.5 COMMONALITY OF TECHNOLOGY NEEDS

It is apparent from the preceding material on technology needs associated

with each application that technology development to support one application

will in many cases satisfy the needs generated by other applications. This

is due to the commonality of technology needs. This commonality is easily

recognized by developing a matrix which display needs versus application.

Such a matrix is presented as figure 3.5-1. Commonality is indicated by

comparing the needs across a horizontal row.

It can be seen from inspection that high resolution applications have the

greatest correlation in commonality. For instance, mirror figure control

will directly benefit astronomy, meteorology, earth remote sensing and laser

communication applications.

Due to this element of commonality, technology development can be expected

to generate increased needs in the never ending cycle of supply and demand.

1-36



>-

1-37



SECTION II

4.0 PROPOSED OTAES EXPERIMENT

The OTAES study considered four space science application areas. Preceding sections have

described these application areas from the viewpoint of their optical technology needs.

The sections which follow present space experiments relating to particular aspects of these

needs and which, if successful, will advance optical technology and thus constitute partial

fulfullment of important future space objectives.

4.1 OPTICAL HETERODYNE DETECTION ON EARTH

4.1.1 Summary

The atmosphere has been studied for centuries from Earth-bound observatories using the non-

coherent light from stars. Rockets and satellites now permit remote measurements of the

Earth and its atmosphere. Over the past decade, the national space program has accumulated

many such data--and a large portion of these data were measured in the ultraviolet, visible,

and infrared. To make optimum use of remotely sensed data, more must be know11 about the

physics of the atmosphere and the effect of the atmosphere on signals passing through it.

As a tool to advance our knowledge in these areas, the laser possesses two highly useful

properties: spatial and temporal coherence. A laser transmitter can emit an extremely

narrow, intense beam of monochromatic light. Furthermore, since it operates at frequencies

sensitive to atmospheric absorption, scattering, and variations in the index of refraction,

the laser is the most promising instrument for obtaining a better understanding of the tur-

bulent structure of the atmosphere.

To study the physics of the atmosphere using a space-borne light source is to study the

character of a space-ground transmission path. The establishment of such a path is tanta-

mount to establishing an optical communication llnk. Indeed, the most promising operation-

al application for lasers is wideband communication over extremely long distances. By

providing sufficient data transfer rates, the laser may make exploration of the remote

planets feasible--and may thus assist in setting the post-Apollo national goals in space.

But, before such vistas open, a foundation of space-borne optical communication engineer-

ing data must be obtained. The propagation experiments, singly and as a group, are advanced

as a means for studying the Earth's atmosphere and for the development of alternatives in
the field of communication.

Alternatives are developed at several levels. Collectively, the space-to-ground communica-

tion experiments provide a comparison of the two fundamental communication techniques:

direct detection and heterodyne detection. Furthermore, the heterodyne experiment discussed

here has been formulated on a scale sufficient to allow comparison between laser and radio

frequency communication.

Within the experiment (figure 4.1-1), provision is made for combining various signal forms,

coding and modulation methods for test under atmospheric constraints. Such tests require

a space-borne transmitter. From the communication viewpoint, it is necessary to determine

the capacity of the transmission medium. Statistical data must be gathered over periods

of many hours and repeated for many days. Signal distortion measurements must be made

through the entire sensible atmosphere, and results must be correlated with observable

meteorological parameters. The atmospheric physics content of this experiment is predicated

on near-zenith elevation angles.

Tests over horizontal paths on Earth and from high level balloons are prerequisite to the

proposed space-borne experiment--but in themselves would be inadequate. Aircraft tests

are not possible because the turbulence local to a lifting body would mask the effects to

be measured and because of the aircraft vibration environment. Balloon testing eliminates

the upper atmosphere from the transmission medium--an element which is critical _o both
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the atmospheric physics purposes, in which upper air effects and turbulences constitute a

primary class of unknowns, and to the communication theorist who seeks to reduce the total

transmission medium to verify or refine the postulates in his simulations. Simulation of

the space-to-Earth medium (and rigorous correlation of Earth-based test results) can not

be fully credible until the empirical data to be derived from this Optical Heterodyne De-

tection on Earth experiment become available.

4.1.2 Experiment Objective

The objective of this experiment is to establish a heterodyne link from spacecraft to

ground to permit: (a) measurements of the degradation of heterodyne signal strength and

bandwidth capability caused by the atmosphere at several wavelengths simultaneously; and

(b) comparison of potential forms of wideband planetary communication.

4.1.3 Experiment Justification

4.1.3.1 Contribution and Need

Manned exploration of the planets must be preceded by a significant, increase in communica-

tion capability. A single voice channel requires a data,[@re of i0 _ bits per second, which
now appears possible at Mars ranges using RF techniques._ ) However, it was recently stated

that, to meet near future (1970-1980) interplanetary communications requirementsl1$t would

be necessary to develop information capacities greater than i0" bits per second._ zj In

seeking such large advances in capability, it is well to pursue all promising technologies.

In this way it is possible to guard against excessive cost and risk; and, hopefully, to

provide options for the mission designer.

The most promising operational application for lasers is planetary communication. Because

of its high radiant intensity, a laser communication system can achieve wide information

bandwidths at great range. Since these ultimate advantages apply at extreme ranges, the

potential of laser communication, and attendant developmental experiments, should be con-

sidered and evaluated in a planetary mission context. Clearly, it is desirable to conduct

tests in Earth orbit which can be interpreted in the context of planetary mission applica-

tions.

For an Optical Heterodyne Communication System, the transmission equation is

(i) M. C. Adams, Hearings before the Committee on Science and Astronautics, United States

House of Representatives, Eighty-ninth Congress, February 23, 24, 25, and 28 through

March I, 2, 3, 7, and 8, 1966, Part 4, p. 97.

A. J. Kelley, "NASA's New Electronic Research Center," Astronautics and Aeronautics,

May 1965, Vol. 3, No. 5, pp. 58-63.

H. E. Newell, Hearings before the Committee on Aeronautical and Space Sciences, United

States Eighty-ninth Congress, March 22, 23, 24, 25, and 30, 1965.

Space Research Directions for the Future, Space Science Board, National Academy of

Sciences, National Research Council, Part I Planetary and Lunar Exploration, Dec. 1965,

c.f.p. 6, Deep Space Information Transfer; p. 59, Laser Communication Ibid, Part II

Optical Astronomy, Jan. 1966, p. 96, Recommendation II of the Radio and Radar Astronomy

Working Group.
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wherethe local oscillator power is large, and the local oscillator beamfills the same
solid angle as the receiving aperture diffraction-limited field of view. For practical
reasons, it maybecomenecessaryto enlarge the local oscillator beam;and then the equa-
tion for the enlarged field heterodynereceiver is:

wherek = ratio of the actual field of view to the diffraction-limited field of view.

Using these expressions, a series of curves canbe prepared to showthe relationship of
S

the Figure of Merit _ Af to the spacecraft prime powerrequired at earth synchronousorbit
and at maximumMars Distance, for a given _et of as_umption_. Tne_ea_sumption_are Labu-
lated in table 4.1-1 for two important examples: the helium-neon wavelength of 0.6328 mi-

crons and the N2-CO 2 wavelength of 10.6 microns.

Figure 4.1-2 compares the performance at the helium-neon wavelength for the Heterodyne Sys-
tem with the local oscillator beam sized to match the diffraction-limited field of view

and for an enlarged field of view local oscillator beam. Figure 4.1-3 makes a similar

comparison at 10.6 microns wavelength for the same sized transmitter aperture on the space-

craft. The performance of optical heterodyne communication links cannot be accurately

predicted when the receiver is immersed in the Earth's atmosphere. The atmospheric effects

are more severe than for a direct detection system, and they are not known for a long, high
angle, slant path through the entire atmosphere.

TABLE 4. i-I

ASSUMED VALUES FOR OPTICAL HETERODYNE LINK CALCULATIONS

Assumed

Parameters Values Units

Wavelength 0.6328 10.6 microns

D t i00 i00 cm

D 15 150 cm
r

0 t 6.33 x 10 -7 1.06 x 10 -5 rad

0 4.2 x i0 -6 7.1 x i0 -6 rad
r

TA 0.5 0.5 --

T 0.5 0.5 --
O

A_ 2 x i0 -4 40 x i0 "4 microns

k 2 1.2 x 103 400 --

_q 5 x i0 -2 i x i0 -I --

_t 8 x i0 -4 8 x i0 -2 --

Transmitter Diameter i-_i
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The maximum useful size of a ground-based coherent receiver aperture depends strongly on

these variables, and the measurements made with this llnk will give results that are ex-

tremely hard to predict theoretically. If large coherent collector apertures can be used

at 10.6 microns, the efficacy of the highly efficient N2-CO 2 laser is established. Fluctu-

ations in angle of arrival can be measured and separated from scintillation in order to

determine the effects of each. Measurements of pulse distortion and polarization fluctua-

tion can be made. In addition, the optical phase noise over a long vertical path can be

determined if sufficient frequency stability of transmitter and local oscillator lasers

can be obtained. These effects will be established as functions of weather conditions and

wavelength.

4.1.3.2 Need for Space Testing

The laser space-to-ground tests proposed for the OTAES vehicle must ultimately be done in

space. One of the important objectives of the OTAES is to develop optical technology for

space communication that is really relevant to future space mission design. If the mission

designer is to have a set of viable alternate approaches to his communication link problems,

OTAES must advance the optical technology to the point where it is technically and econom-

ically competitive with microwave or millimeter wave technology. Only then will a laser
link become a real system alternative, worthy of serious consideration. As will be de-

scribed in section 4.1.4.1 (Experiment Design), this requires that the optical technology

be advanced to the point where at least a one-meter diameter transmitting telescope can be

effectively utilized on board the spacecraft. Smaller apertures will not break even with

projected microwave systems at interplanetary distances.

To measure the performance of a space-to-ground link using a one-meter transmitting aper-

ture, as is proposed for OTAES, it is necessary that the ground receiver be located in the

far field of the transmitting telescope. Taking the Rayleigh criterion, this Fraunhoffer

region occurs at a range of approximately

where D t is the transmitter aperture diameter and _ is the wavelength. For OTAES, this

range is about i000 kilometers. The amount of power transferred from the transmitter to a

receiver in the near field is a complicated function and varies rapidly with angle and

range. The effects of near-field focusing or defocusing as the vehicle changes position

with respect to the ground station would complicate or mask the atmospheric variables to

be measured.

For this reason, a synchronous orbit is desirable; it is well beyond the near-field limit

for a one-meter transmitting telescope.

It is necessary to propagate optical frequencies through the whole atmosphere to measure

its effect on heterodyne link performance. A distorted wavefront will have random dis-

placements which will appear as a phase perturbation to any aperture parallel to the

"average" phase front. For a sufficiently small aperture, the entire wavefront will arrive

at an angle 8 which will cause motion of the entire image in the focal plane of the lens.

When the magnitude of this angle subtends a significant fraction of a wavelength across

the receiving aperture, the advantages of the heterodyne technique are compromised. From

measurements made by astronomers, _ has been found to be up to 8 arc seconds (= 15 x 10 -6

radians) with the wavefront correlated up to a distance of 6 inches (15 cm), or more, under

conditions of great image motion.

l-&4



With these numbersassumed,a short calculation showsthat the phaseperturbation at any
point :

= 2_ .15 15 x 10 -6

A .6328 x 10 -6
2_ (3.5) radians

i

which is greater than an optical wavelength. Because these phase jumps can occur in

second intervals or less, frequency shifts of greater than 30 cycles per second can be ex-

pected under rather ordinary conditions. It is known, for example, that winds at 20,000

to 40,000 ft. contribute to the stellar scintillation observed on the ground and can be

expected to affect the coherence of laser radiation as well. However, there is no con-

clusive proof that the total effect is introduced at these altitudes. From the viewpoint

of space-to-earth propagation, the total effect is of primary importance, including incre-
..... _,._A _m _ _tn_nh_re Once bounded, it is then amenable to detailed em-

pirical analysis.

Because it is desirable to have the aperture parallel to the average wavefront, the tech-

nique of tracking the source in angle was examined. Assuming that it was desirable to
i

keep the tracking noise down to say _ of the expected phase deviation to be measured would

require, for a one-meter aperture, tracking accuracy of better than .25 micro-radians

se which is nearly the goal for the spaceborne precision tracking experiment and

does not seem to be a reasonable objective for ground-based instrumentation.

The effects of the atmosphere in a long vertical path cannot be adequately predicted by the

results of laser propagation tests on long horizontal paths in the lower atmosphere. The

structure and scale of turbulence is very different along the two paths, and present theory

is not yet able to predict all of the effects observed on a horizontal path. A nearly

stationary Earth synchronous satellite vehicle is desired for this experiment. This will

allow measurements to be made over a sufficiently long time to obtain statistically mean-

ingful data, as well as to monitor minute-by-minute changes in atmospheric conditions with

a fixed line-of-sight. Measurement from lower altitude vehicles would be complicated by

large angular tracking rates. This produces sources of excess phase noise, due to both

the physical motion and vibration of the tracking pedestal, and to the movement of the

optical line-of-sight through the atmosphere. Correcting for these effects is difficult

or impossible, masking the true properties of a stationary LOS.

High-altitude balloon tests could give useful results, within the dynamic constraints of

this type of vehicle, for lower atmosphere (<60,000 ft.) effects. Aircraft tests are not

possible because the turbulence local to a lifting body would mask the effects to be mea-

sured and the high vibration environment aboard the aircraft will destroy the frequency

stability of the lasers on board. A realistic test in a space environment will be neces-

sary to obtain data directly applicable to an assortment of eventual operational feasibility.

4.1.3.3 Feasibility

The 10.6-micron link represents the highest degree of technical risk in this experiment.

No element of such a link has been space tested. Present detectors such as gold or mercury-

doped germanium operate, at cryogenic temperatures, with bandwidths less than one MHz.

Modulators for this wavelength are just now emerging, although i00 kHz frequency modulation

of the laser itself is possible using piezoelectric crystals to drive the end mirrors.

Very few transmission materials are available and those refractive elements which have been

tested have proven difficult to fabricate. Although the 10.6 micron link has the greatest

i-_5



potential for deepspaceapplication, from the standpoint of reliability, the Heterodyne
Detection on Earth experiment has been designed to rely most heavily on the 0.6328-micron

link.

Thus, from an experiment viewpoint the critical element is the Helium-Neon link. At 0.6328

microns all necessary components and their coatings are adequately developed and, in the

case of optical elements and beam splitters, have already been proven in _ace. Optical

heterodyne links have been demonstrated under field conditions on earth. (_p Only the laser,

the modulator and the heterodyne technique itself now require space testing.

A technology plan is advocated herein which would test these components, and a rudimentary

heterodyne space-to-ground link, in an early, piggyback experiment. Such a procedure, and

the preceding development efforts which it implies, would serve to eliminate much of the

risk associated with the 0.6828 micron portion of this experiment. It appears that the

highest element of risk may be the frequency stability of the lasers in both transmitter

and receiver, a deficiency which could be partially solved through acoustic decoupling from

their surroundings.

4.1.4 Implementation

4.1.4.1 Experiment Design

A space-to-ground link will be established. The ground-based receiver will use both opti-

cal heterodyne and direct detection of the signal transmitted from the spacecraft. The

spacecraft may transmit several laser wavelengths simultaneously, and they will all be

processed through the same ground receiving telescope aperture.

Several parameters will be measured at each receiver. They are:

(a) amplitude fluctuation of the heterodyne signals;

(b) intensity fluctuation of the direct signals (total received energy fluctuation);

(c) frequency (or phase) fluctuations in the heterodyne signals;

(d) receiving aperture size and field of view;

(e) atmospheric conditions such as temperature profile, winds aloft, haze conditions.

These parameters can be combined to give further results:

(a) heterodyne mixing efficiency: the degradation of heterodyne efficiency can

be found by normalizing the instantaneous heterodyne signal to the total

received power level;

(b) polarization fluctuation: since each direct and each heterodyne receiver

is sensitive to orthogonal polarizations, any differential treatment by

the atmosphere can be detected.

The block diagram of the equipment required for the Optical Heterodyne Detection on Earth

experiment is shown in figure 4.1-4. The spacecraft transmitter will be made up of the

following subsystems: i) single frequency laser with its power supply, mode stabilization

(2) R. F. Lucy, C. J. Peters, E. J. McGann, and K. T. Lang, "Precision Laser Automatic

Tracking System," Applied Optics, April 1966, Vol. 5, pp. 517-524.

l-A6



I'-

[= -,
+
1.1.1
I--

ii

t
u

r_ Z Z
zd

A

,_Z _

'1"

' I 1

I

! /

i / 0 0

d z z
I-,- a_ I-.,-

i 0

U o.._
NO r`

• g

il

L)

U
.<

c-

O

e-

o

u

4.,-

ID
E ::I.

IUO
"1" I

E _
o E
N'r"o__

.r-

L_

U

ot

!

3

of..
L_

1 -_7



controls, and automatic frequency control; 2) electro-optic modulator with the modulator

driver, power supply, and signal source; and 3) telescope, including secondary optics,

beam deflection subsystem, and pointing and tracking controls. The ground receiver will

be made up of the following subsystems: i) ground telescope, including its secondary

optics, beam deflection subsystem, and pointing and tracking controls; 2) dichroic mirror;

3) optical filter; and 4) duplex heterodyne receiver.

The single frequency laser configuration is shown in figure 4.1-5. The cavity length will

be 50 centimeters, giving a spacing between axial modes of about 300 MHz. The current-

regulated power supply for the discharge tube will operate at about 1500 volts and provide

20 ma of current. The phase modulator will be driven by an oscillator operating at slightly

higher frequency than 300 MHz to provide energy coupling between the modes of the laser.

The interferometer mirror is spaced from the end mirror by about one millimeter to form a

Fabry-Perot etalon output coupler that will be tuned to transmit only the selected frequency

occurring near the center of the resonance band. The automatic frequency control drives

the moveable mirror to adjust the cavity length so that the single mode output occurs near

the center of the resonant band and may also be used to control the etalon. The output of

the laser will be a single wavelength, plane polarized and centered in the fluorescence

band of the excited gas.

Referring again to figure 4.1-4, the electro-optic modulator contains an electro-optic

crystal and quarter-wave plates arranged so that the application of the modulation signal

alters the optical properties of the crystal. The output of the modulator will be plane-

polarized light. The output may be amplitude modulated or polarization modulated. The
modulation bandwidth will be in excess of i0 MHz.

The one-meter diameter telescope will contain the necessary secondary optics to circularly

polarize and position the beam and to diverge it to fill the primary mirror. This will

form a collimated beam, diverging at the diffraction-limited rate.

The need for a one-meter, diffraction-limited aperture on the spacecraft is derived from

the second objective of this experiment: to demonstrate a potential form of wideband

planetary communication. Taking the ratio of the well-known Friis transmission expressions

for optical and microwave communication gives:

o Eot Ato m ro

m m tm o rm

In table 4.1-2 the various terms of this relation are evaluated from the viewpoint of

microwave optimism (e.g., a 100-meter, X-band receiving aperture on the Earth; a 30-meter

X-band transmitter on the spacecraft; a I00 ° receiver noise temperature; a 50_, X-band

transmitter efficiency, etc.). These assumed characteristics are contrasted with 0.6328-

micron laser communication components which could be fabricated today. The noise, receiv-

ing aperture, and transmitter efficiency ratios (23.5 + 20.0 + 20.5 = 64.0 dB) are inher-

ently advantageous to the microwave technology. Only the wavelength (93.5 dB) term favors

the optical technique. Thus, a favorable comparison of optical communication with micro-

wave communication cannot be made with apertures less than one meter, and this choice im-

poses the 0.i arc second pointing requirement. The Helium-Neon, single frequency laser,

the one-meter diffraction-limited aperture and the 0.i arc second pointing system combined

in a single earth orbital test, will make a significant basis for comparison between micro-

wave and optical techniques for wideband planetary communication.
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TABLE 4.1-2

COMPARISON PARAMETERS

OPTICAL

MICROWAVE

KT Aro E° A m A. o

E AArm m o Arm

A t 6328_
-19

h_ = 3.12 x i0

Joules

q= 0.05

AT 100°K

1.38 x 10 "21

Joules

D = I0 Meters
A = 78.5m 2

ro

D = i00 Meters

A = 785m 2
rm

0.0045

0.5

= i0 "13A 2 4 x
o

2
m

= -42A 2 9 x 10 m
m

A

D = i Meter

0.785 m2

D = 30 Meters

= 706m 2
rm

dB: +23.5 +20 +20.5 -93.5 +29.5

= transmitter efficiency

A = Aperture area

A = wavelength

k = Boltzmann constant

h = Planck's constant

= frequency

q = quantum efficiency

T = receiver noise temperature

r = receiver

t = transmitter

o = optical

m = microwave
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Thereceiving telescope will have a diameter larger than the largest coherencediameter
expectedin the atmosphere. Theaperture will be variable to permit matchingof it to the
coherencediameter of the atmosphere. The dichroic mirror will be used to pass the energy
at wavelength#i to receiver #i and reflect energyat wavelength#2 to receiver #2.
Figure 4.1-6 is an optical schematic of the duplex heterodyne receiver. The filter is used

to eliminate most of the background radiation which might otherwise overload the detectors

under high background levels. The filter passband will be in the order of 40 Angstroms

wide. The quarter-wave plate will convert the circularly polarized light to plane-polarized

light. The light entering the polarization analyzer will contain horizontally and verti-

cally polarized light. The analyzer will separate the two planes of polarization, trans-

mitting the vertically polarized light and reflecting the horizontally polarized light.

The detection for each plane of polarization is identical. The light falls on a beam

splitter that will transmit and reflect equally. The energy from the local oscillator will

also be divided by the beam splitter. The light energy then will fall on the photodetec-

tors, and the difference frequency will be produced at the photodetector output. The

photodetectors and the output processing to the summing point must be balanced so that the

output will be an accurate sum of the duplexed signal. Since the light energy undergoes a

_uv _......................................... _ ...... , a ccmpcn=ating 180 ° phase shift is

introduced before summing takes place. The duplexing technique makes total use of the in-

coming signal, providing improved signal-to-noise performance.

The major equipment necessary for this experiment (figure 4.1-7) is listed below:

Spaceborne Equipment:

Single-frequency laser transmitters operating at 0.6328 and 10.6 microns with

minimum power outputs of i0 milliwatts and i0 watts, respectively.

3 High-voltage DC power supplies, one for each laser

3 Cavity tuning control and stabilization circuits for mode-lock

or single-frequency operation

I In-cavity modulator for mode-locked operation at 0.6328 microns

i Modulator driver amplifiers for mode-locked operation

2 On-board video detectors and preamplifiers for 0.6328 and 3.39 microns

2 Output power monitor detectors, one for each wavelength

2 Video modulators for I0 MHz communication

2 Transmitting telescopes: i meter diameter at 0.6328 microns, 0.3 meter

diameter at 10.6 microns

Ground-Based Equipment:

Tracking telescope of nominal one-meter aperture, having all reflective

optics. Tracking and fine pointing to ! 5 microradian capability

2 Heterodyne receivers, mounted on the telescope

3 Single-frequency laser local oscillators, operating at 0.6328 and 10.6
microns

3 High-voltage DC-laser power supplies for each laser

(Cavity control and stabilization circuits for each laser )

4 High-speed photodetectors for each wavelength

(Amplifiers and signal processing circuits for each channel )
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10.6 _ LASER

Figure 4.1-7. Telescope Numbers i and 2
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4.1.4.2 Operational Procedure

Tasks:

(i) Begin recording atmospheric conditions above ground site.

(2) Turn on spacecraft lasers, allow to come to thermal equilibrium with

telescope and spacecraft. (Est. 4 hours.)

(3) Turn on ground-based laser local oscillators for warm-up. (Est. 2 hours.)

(4) Turn on in-cavity modulators, allow to come to thermal equilibrium.

(Est. 1/2 hour.)

(5) Turn on video modulator(s) for thermal equilibrium (Est. 1/2 hour)

if 10 MHz communication experiment is to be performed.

(All thpvmA] delay times depend strongly on spacecraft package design.

It may be preferable to leave the lasers running all Lh= time, if pc=_ib!e.)

(6) Select the combination of beams to be transmitted. (!0 seconds.)

(7) Orient spacecraft telescope(s) toward the Earth, acquire ground beacon,

begin fine tracking. Acquire and track at the ground station. Reduce

the spacecraft angular rates as close as possible to the tracking rates

so that no corrections are needed from vibration-producing thrusters

(see timeline) .

(8) Turn on laser cavity AFC control. (i0 milliseconds.)

(9) Turn on laser mode-lock and single-frequency control circuits.

(i0 milliseconds.)

(i0) Select (tune) operating frequency of each laser. (One minute.)

(ii) Begin recording of data from ground-based receivers. (Up to 24 hours,

as indicated in time line, see figure 4.1-8.)

4.1.5 Supporting Analyses

4.1.5.1 Optical Propagation Measurements

The development of experiments involving the propagation of electromagnetic energy at op-

tical wavelengths is logically followed by an evaluation of means for performing the ex-

periments. During the concept stage, the feasibility of performing the experiment was

considered, and a cursory estimate was made of the equipment required. To advance an ex-

periment to Level II, it is necessary to determine the experimental equipment that will be

needed and to develop an overall system concept for the implementation of experiments.

The following sections record the extent of these studies.

The need for a laser source is inherent to several of these experiments. These needs have

been reduced to performance characteristics. Several laser types have been evaluated, and

recommendations have been made for their application. The tentatively selected laser wave-

lengths cover a frequency spectrum of over 4 octaves.

For purposes of comparative evaluation, the Heterodyne Detection Communication System has

been defined, based on the assumption of a 1.0 meter primary mirror on the spacecraft, and

a somewhat smaller primary mirror on the ground, for space-to-ground communication. The

useful size of the ground mirror is limited by the atmospheric effects on the spatial co-

herence of the communication beam. For ground-to-space heterodyne communication, a 1.0
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meter mirror should be adequate for the transmitter on the ground if the same 1.0 meter

spacecraft down-link mirror will be used for the receiver. It is planned to implement the

receivers with duplex polarization detectors to provide the capability needed to measure

atmospheric effects on propagation.

The Direct Detection System has been developed primarily for the space-to-ground link.

This will use the spacecraft transmitter for the Heterodyne System although the Direct De-

tection System transmitter requirement is not as stringent as the heterodyne requirement.

The ground receiver will, typically, use an 8-meter diameter collector. It will be a crude

optical system made up of a number of identical segments which can be aligned to provide

a circle of confusion of about 5 millimeters. Performance of the Direct Detection System

during Earth Orbit experiments will be significantly better than the heterodyne system,

when the background is negligible.

4.1.5.1.1 Optical Communication Analyses

The per_nrm_nce of the Heterodyne and Direct systems can be compared by using a normalizing

Figure of Merit: the product of "Bandwldtn _' _f and "Si_al-t_Noise" (S/N_ This Figure

of Merit is particularly useful since it can be derived directly from system requirements.

Heterodyne detection at optical frequencies is possible only with laser radiation, and uses

a second laser at the receiver to act as a local oscillator, in exactly the way that heter-

odyne receivers at lower RF frequencies are operated. AM or FM modulation on the light

is converted to the same modulation on an intermediate frequency carrier, and processed by

conventional electronic techniques.

In direct, or energy detection, AM modulation on the light beam is detected directly by a

photocell that is sensitive to changes in input beam power. This is analogous, in the RF

spectrum, to the early crystal sets.

The heterodyne technique has all of the advantages at optical frequencies that it does at

RF: higher sensitivity and selectivity than direct detection, but it is also limited in

performance because of atmospheric turbulence effects, which is not true of direct detec-

tion systems.

The choice of which technique to use depends on several factors, such as:

a) required channel bandwidth

b) background radiance levels

c) wavelength of operation

d) atmospheric turbulence.

It will be shown where these factors affect the choices to be made.

4.1.5.1.2 Achievable S/N x Af for Various Systems

4.1.5.1.2.1 Case i_ Direct Detection

As Case i, the S/N ratio for an optical communication link using Direct Detection is given

by

i/2(_qe/hv)2 p2s M2Req

kTAf + 2eAf(_qe/hv)[Ps + Pbl M2Req
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where

_q = detector quantum efficiency, charge carriers released per
incident photon

e = electron charge {coulombs)

hv = energy of a photon of frequency v {Joules)

P = received signal power at the detector {watts)
s

M = detector multiplication gain, if any

R = detector equivalent output resistance {ohms)
eq

k = Boltzmann's constant (joule/degree Kelvin)

T = absolute temperature of the detector, including its equivalent

output resistance

Af = information bandwidth {hertz)

PB = received optical background power {watts)

The product of S/N and Af will be used as a Figure of Merit for the link.

It can be shown that the thermal noise term in the denominator can be neglected, to get:

p2s

N x Af = 4hv (Ps + PB)

PS is related to the transmitted optical power, Pt' by geometry and losses in the atmosphere

and the receiving optical system

D2 TAT
r o

Ps = Pt x R2 02
t

where

D = diameter of the receiving aperture (cm)
r

TA = atmospheric transmission

T o = optical system transmission, including filters

R = range from transmitter to receiver (cm)

8t = transmitted beam angle; the full cone angle between half power
points {radians).
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While PB is a function of backgroundradiance andreceiver "throughput," which is the prod-
uct of collector area and solid angle:

2

PB = _ D2 82 N_ _A16 r r

where

8 = receiver angular field of view (radians)
r

NA = background spectral radiance (watts/cm2-ster-X)

AA = receiver optical filter bandwidth (X)

So that the expression for S/N x Af becomes

_q D 4 2 T2 p2r TA o t

t R 2 02 + _ r NA
t

This complicated expression can be viewed rather simply. There are two alternative "modes"

of operation for such a direct detection system: (a) background light dominates the noise,

so that the first term in the brackets of the denominator can be neglected; or (b) the sig-

nal energy itself is the source of the limiting noise in the system, and the second denom-

inator term is negligible. The region where received signal and background power levels

are nearly equal is a smooth transition between two extremes.

For case (a), large background or small signal powers, S/N x Af is given by

 fOrS Af ..... AT-----q-° Pt

2 2 2 2 2 82 N_

For case (b), small background or large signal powers, S/N x Af is given by

S
m X _f

N

_q D2 TATr o

4hv R 2 02
t

which is independent of receiver field of view, 0r, as expected. These relations are

plotted in figure 4.1-9 showing Log S/N x Af vs log Pt for various background power levels.

The units are arbitrary, and the figure is intended only to show the form of the dependence.
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4.1.5.1.2.2 Case 2 a Heterodyne Detection

For Case 2 the same type of analysis is done for a link using Heterodyne Detection.
general expression for S/N is:

The

Wqe/hP) 2 2Ps PLO M2 Req

kTAf + 2eAf(_eq/hV) Ips + pB + PLOI M2 Req

where PLO is the optical local oscillator power incident on the detector (watts).

As before we may neglect the kT noise term to obtain the S/N x Af product as

S Uq Ps PLO
--xAf =

N hV(Ps + PB + PLO)

When PLO is large compared to the other terms in the denominator, which is the only case

of interest in heterodyne detection, the expression reduces to

s
x Af = hv Ps

or, in terms of the link geometry,

S
NxAf=

Uq D2r TATo Pt

It should be noted that this result is very nearly the same as the low-background case for
direct detection.

The result above assumes that the receiving aperture is fully utilized, i.e., that the

arriving laser signal beam is concentrated into a spot on the detector that is as small as

the diffraction limit for the receiving aperture, and, further, that all of the laser local

oscillator light is concentrated in the same spot and mixed with the signal with full ef-

ficiency. These conditions can never be met in practice for a receiving system immersed

in the Earth's atmosphere. Fluctuations in atmospheric density and index of refraction

cause variations in the phase coherence between points only a few centimeters apart. The

receiving system sees the result as fluctuations in mixing efficiency, due to either momen-

tary phase cancellation between different sections of the beam or changes in the angle of
arrival.

The field of view of an ideal diffraction-limited heterodyne receiver is equal to the limit

of resolution of the collecting optical system, and this becomes impractically small if

the aperture diameter is more than a few centimeters. It is, however, possible to enlarge

the field of view by spreading the local oscillator beam so that it fills a solid angle
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larger than the diffraction limit of the aperture. This technique allows the receiver to
operate reliably with reducedsensitivity, and largely eliminate the susceptibility to
angle of arrival fluctuations. Only a fraction of the local oscillator light will mix with
the signal at any one time.

The S/N x Af achievable under these conditions is given by

s
_x Af = _hv s

where k is the ratio of the actual field of view to the diffraction-limlted field of view.

Figure 4.1-10 shows the relation between log S/N x Af and log Pt for the ideal heterodyne

and enlarged field heterodyne receivers. It is seen that there is no dependence on back-

ground radiance as would be expected, and which is one of the great advantages of hetero-

dyne detection.

4.1.5.1.3 Comparison of Direct and Heterodyne Detection

The table below summarizes the results obtained so far:

Case i D 2 TA T
No Background _ Af = _q r o

Diffraction N hv R 2 2
Limited Operation at

S __ D2 TATo
Pt _ Af = r Pt

4hv R 2 2
8t

Case 2 _ _ _q D 2 TATo
No Background S Af - r
Enlarged Field N hvk 2 R 2 2 Pt
of View at

Case 3

High Background
Diffraction

Limited Operation

Case 4

High Background

Spread ID for

Wider Field

Same as above

S Af = _q D2 TATr o S

N h v R 2 2 Pt
Af

0 t

S Af = ___q_ D2r TATo

hvk 2 R 2 2 Pt
0 t

2 2 T2 2
TlqDr TA o Pt

4hv R4 4 zr2 82 N_.Ot_-f r

Same as above

Table of Operatin_ Modes

There are three important conclusions that come out of this comparison. They are:

a. The difference in performance between direct and heterodyne receivers is

small whenever the S/N x Af requirement for the llnk is large. That is,

in these cases the arriving signal power is larger than the total collected

background power, and the background problem disappears for the direct as

well as the heterodyne system. This can be seen in the following sections

where the curves for large Pt or large S/N x Af differ by only 6 dB. The

system to be implemented should be the simplest, most reliable, and cheapest,

which points to a large aperture direct detection system.
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b° The heterodyne detection receiver outperforms the direct system whenever

S/N x Af requirements on the link are low, and background levels are not

negligible. This indicates that a heterodyne system would be best used

for beacon tracking in the presence of Earthshine, or for low data-rate

command, control, and telemetry signals.

C. The performance of either kind of optical communications link depends

very strongly upon the choice of operating wavelength. An inspection of

the equations for signal-to-noise and bandwidth product show that almost

every parameter is wavelength dependent, quantum efficiency, optical fre-

quency, transmitted solid angle, and most especially the laser transmitter

efficiency. It will be shown that operation at a far infrared wavelength

of approximately i0 microns will provide better link performance than will

the visible laser system. This is due primarily to the fact that the i0

micron lasers, which have been recently developed, have efficiencies that

are on the order of i00 to i000 times larger than previous lasers in the

visible spectrum.

In the case of heterodyne reception, the diameter of the receiving aper-

ture becomes dependent on wavelength, in that the atmospheric transverse

coherence diameter depends on the wavelength. Perturbations caused by the

atmosphere are less significant at longer wavelengths and, consequently,

a larger collecting aperture can be used at longer wavelengths with good

efficiency. It is important to note that the actual atmospheric trans-

verse coherence diameter has not yet been measured in the I0 micron region.

It can safely be assumed, however, that the diameter will increase approxi-

mately a factor of ten over that available in the visible region.

Comparisons between laser communications links operating at different wavelengths are best

made using prime power required from the spacecraft as a basic parameter. Let the trans-

mitted optical power be related to the spacecraft power by Pt = _t Pp; where Pp is the

spacecraft prime power requirement, and _t is the laser transmitter efficiency. The signal-

to-noise bandwidth product obtainable with different systems at different wavelengths can

be compared by taking the ratio of the two quantities.

4.1.5.1.3.1 Comparison of Heterodyne Links

The ratio of signal-to-noise bandwidth products for heterodyne systems operating at dif-

ferent wavelengths is given by

(S/N x Af) l _ql hi D2 2= rl TAI Tol 8t2 _tl PpI

(S/N x Af) 2 _q2 _2 D2 2 pr2 TA2 To2 8tl _t2 p2

Assume that TA and T o are the same for each wavelength; and assume also that the trans-

mitter aperture diameter, Dr, is constant for either system. For equal spacecraft power

P the ratio becomes
p'

(S/N x Af) l = _ql _2 D2rl _tl

(S/N x Af) 2 hi D 2_q2 r2 _t2
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It is seenhere that the receiver diameter D is a wavelength dependentquantity becauseof
atmospheric turbulence limitations, r

4.1.5.1.3.2 Direct Detection

For the signal-shot-noise-limited region, the ratio of signal-to-noise bandwidth product

for the two systems is as given for the heterodyne case. But for the background-noise-

limited region, the ratio becomes

(S/N x Af) l = _ql _i D2 4 82 _2 2 p2rl 8t2 r2 NA2 _t2 pl

(S/N x Af) 2 _q2 A2 D2 4 82 _ 2 p2r2 8tl rl NAI i _t2 p2

Assume a large receiver aperture equal in bouh cab=s, a large field of view equal for both

cases, and for equal spacecraft power, the expression becomes:

(S/N x Af) 2 Nq2

3 2

NAI _i \_t21

4.1.5.1.4 Calculations for OTAES Links

This section assumes values for the important parameters shown in the previous section,

and the performance of space-to-ground OTAES links is calculated for the 0.6328 and 10.6

micron wavelengths. Link assumptions are given in table 4.1-3.

TABLE 4.1-3

ASSUMED VALUES FOR OPTICAL LINK CALCULATIONS

Heterodyne

Detection Direct Detection Units

Wavelength 0.639.8 i0.6 0.6328 i0.6 microns

Uq 5 x 10 -2 i x i0 -I 5 x 10 -2 i x i0 -I --

D t i00 i00 i00 i00 cm

D 15 150 i000 i000 cm
r

8t 6.33 x i0 -7 1.06 x i0 -5 6.33 x i0 -7 1.06 x i0 -5 rad

8r 4.2 x 10 -6 7.i x 10 -6 i x 10 -3 i x 10 -3 rad

TA 0.5 0.5 0.5 0.5 --

T O 0.5 0.5 0.5 0.5 --

NA .... 2.6 x i0 -7 8.0 x i0 -9 watts/cm2-ster-A

n_ 2 40 2 40 A

k 2 1.2 x 103 400 __

_7t 8 x i0 -4 8 x i0 -2 8 x i0 -4 8 x i0 -2 --
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Development of System Parameters

Assume R = 3.6 x 109 cm--earth synchronous orbit

R 2 = 1.3 x 1019 cm 2

D t - i meter, nominal, at all transmitted wavelengths

A

Take 8t = D_ ; neglecting the usual factor of 1.2, then the transmitted angles and solid

angles are, for various A's:

Wavelength (m)

0.6328 x 10 -6

i0.6 x 10 -6

2
OT (rad) Arc/Sec 8T (rad 2)

6.33 x 10 -7 0.131 4.0 x 10 "13

1.06 x 10 -5 2.2 I.i x I0 "I0

For atmospheric transmission, take:

TA = 1/2

For receiver optical system, take:

T = 1/2
O

Background: clear blue sky, 31 ° elevation, sun ii0 ° left, II ° high, Mr. Wilson, California,

A NZ

Wave length (m I (W/cm2-ster-Al (A)

0.6328 x 10 -6 9.6 x 10 -8 2.0

10.6 x i0 "6 1.5 x 10 -8 40

5650 ft. (3)

NX_X

(,W/cm2-ster)

1.9 x 10 -7 day only

6.0 x 10 -7 day and night

For the visible spectrum, let the ground receiver aperture be:

D r = 15 cm, restricted by "transverse coherence length"

D 2 = 2.25 x 102 cm 2 in the visible.
r

The dlffractlon-llmlted half-power beamwldch, @r' is then, for these calculations:

=
r D

r

(3) AeroJet General Report No. 798, "Final Engineering Report on Target and Background

Studies for the Development of Infrared Homing Equipment," Vol. I, May 1954, Contract

No. NOAS-53-424, ASTIA #AD-47464.
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Wavelength (m) 8r(rad) Arc/Sec 8r2(tad2)

0.639.8 x 10 -6 4.2 x 10 -6 0.87 1.8 x i0 -II

However, let D r = 150 cm for 10.6-micron radiation because of reduced atmospheric pertur-

bations:

D 2 = 2.25 x 104 cm 2
r

82 = 7.1 x i0 "6 tad. (1.5 arc/sec)
r

82 = 5.0 x i0 "II rad 2
r

Values for hv (joules) are: 3.1 x I0 "19 at 0.6328 x 10-6m

1.9 x 10 -20 at 10.6 x 10-Vm

quantum Efficiencies of Detectors:

S-20 Phototube

_q = 5.0 x 10 -2 at 0.6328 x 10-6m

Doped Ge Photoconductor

_q = i0 "I at 10.6

Conversion Efficiencies of Lasers:

Ut = 8 x 10 -4 at 0.6328 x 10"6m

8 x 10 -2 at 10.6 x 10-6m

Development of System Performance

In this section are developed the system relationships using the parameters developed in

the preceding section. For simplicity, 7 is substituted for S/N x Af.

Direct Detection--Large Signal

For the Direct Detection System where the signal shot noise is dominant:

_ _q D 2 TAT D 2 TAT °r o __ r

7 - 4hv R2 2 Pt = 4hv R 2 82 UtPp
8t t

i0 II
= 4.4 x Pt at 6328 A (15 cm rcvr)

= 3.5 x 108 P at 6328 A
P

= 5.2 x 1012 Pt at 10.6 _ (150 cm rcvr)

I0 II= 4.2 x P at 10.6 _.
P
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Direct Detection--Small Signal

For the Direct Detection System where the background is dominant:

_ _q D2r TATo

7 - 4hv R2 2
0 t

TATo 16

R 2 8t2 2 _2 N_

2
Pt

2p= C.................. ) _t P

9.95 x 1021 2
= Pt at.6328 . (15 cm rcvr)

= 6.35 x 1015 p2
P

1019 2
= 4.9 x Pt at 10.6 _ (150 cm rcvr)

= 3.14 x 1017 p2
P

Heterodyne Detection--Diffraction-Limited Local Oscillator Field

For the Heterodyne System where the local oscillator beam size is equal to the diffraction-

limited signal image size:

_ _q D2 TAT D 2 TATr o _q r o

7 - hv R 2 2 Pt = hv R 2 2 _t Pp
e t 8 t

= 1.8 x 1012 Pt at.6328 _ (15 cm rcvE)

= 1.4 x 109 P at .6328
P

= 2.0 x 1013 Pt at 10.6 _ (150 cm rcvr)

= 1.6 x i012 P at i0.6 _ .
P

Heterodyne Detection--Spoiled Local Oscillator Field

For the Heterodyne System where the local oscillator beam size is larger than the diffrac-

tion-limited signal image size:

_ k 2z _m= _ k _

1.4 x i0 I0 Pt for i0 arc/sec at.6328 _ 11.5 1.3 x 102

1.5 x 109 Pt 30 sec 34.5 1.2 x i03

4.5 x I0 II Pt for i0 arc/sec at 10.6 _ 6.9 45

i0 I0 20 400
5.0 x Pt 30 sec
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Direct Detection--Large Receivin_ Aperture

For the 10-meter diameter receiving aperture to be used for direct detection, the attain-

able _ is determined as follows:

For all wavelengths:

D = 103cm
r

D 2 = 10 6 cm 2
r

Assume a field of view: 8 = 10 -3 rad
r

_2 = 10-6 rad 2
r

Then _or sl_nai shot noise dumiuaL;£.

1015
7 = 2.0 x Pt at .6328

= 1.6 x 1012 P at .6328 .
P

= 2.3 x 1014 Pt at 10.6

= 1.8 x 1013 P at i0.6
P

For background shot. noise dominant:

7 8.0 x 1020 2 at .6328 -
= Pt

= 5.1 x 1014 p2 at .6328
P

1 1 x 1017 2
= " Pt at i0.6

= 7.0 x 1014 p2 at 10.6
P

System Characteristic Curves

Using the data developed in the preceding sections, characteristic curves have been plotted

for comparison of the Heterodyne Systems and comparison of the Direct Detection Systems.

Figure 4.1-11 shows the relationship between the Heterodyne diffraction-limited local

oscillator field-of-view system (A) and the spoiled local oscillator field-of-view system

(B) for 0.6328-micron and 10.6-micron wavelengths. Figure 4.1-12 shows the relationships

for the Direct Detection System for three aperture sizes used at two wavelengths. The

10-meter aperture is shown for 10.6 microns (Curve A) and 0.6328 microns (Curve B). An

aperture of 1.5 meters is shown for 10.6 microns (Curve C), and an aperture of 15 centi-

meters is shown for 0.6328 microns (Curve D). The unusual performance shown by Curve C

is explained by the fact that it is a diffraction-limited collector where the lO-meter

aperture in Curves A and B is not.
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A- DIFF. LIM. FIELD
B = WIDE FIELD

-11 -!0 -9 -8

LOG Pp
! I I

-2 -1 0

LOG P
P

CONDITIONS:
TRANSMITTING APERTURE 1.0 M

AT ,6328 x 10-6M

-7 -6 -5 -4 -3 -2 -1 0 1

- WATTS - EARTH SYNCHRONOUS ORBIT

I I I I I I I I I

1 2 3 4 5 6 7 8 9

- WATTS - MARS MAXIMUM DISTANCE

AT 10.6 x 10-6 m

D • 15cm. D • 150cm
r r

n • 5 x 10 "2 n = 1 x 10"!
q q

nt = 8x 10-4 nt • 8x 10-2

DIFF. LIM. FIELD. 87 ARC SECS DIFF LIM FIELD • 1.5 ARC SECS

WIDE FIELD = 30 ARC SECS WIDE FIELD • 30 ARC SECS

2 3

I

10

Figure 4.1-11. Heterodyne Detection System
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LOG Pp WATTS EARTH SYNCHRONOUS ORBIT
I I I I I I I I I " I I
0 I 2 3 4 5 6 T 8 9 I0

LOG Pp WATTS MARS MAXIMUM DISTANCE

CONDITIONS:

TRANSMITTING APERTURE 1.0M

At .6328 x 10"6m At 10.6 x 10"6m

n • 5x 10-2 n . lx 10"1
q q

nt -8x 10-4 nt -8x 10-2

Figure 4.1-12. Direct System
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4.1.5.2 Laser Evaluation

The design requirements for the OTAES spacecraft and ground-based lasers have been compared

with the performance and theoretical capabilities of existing laser forms. These laser

forms have been analyzed and catalogued; they provide a variety of wavelengths for use as:

a) transmitter supermode single frequency light generators, b) receiver single frequency

local oscillators, c) transmitter multimode oscillators for direct detection applications,

and d) signal sources for physical measurement systems.

4.1.5.2.1 Requirements

Transmitter lasers for the optical heterodyne detection experiments must provide high power

in a single narrow beam at a single frequency. The spatial coherence required for forming

the narrow beam is achieved by designing the cavity for TEM00 oscillation. For lasers

where the fluorescent line is narrow in comparison to the spacing of the cavity modes,

single frequency operation is obtained by tuning the cavity to the fluorescent line. For

lasers where the fluorescent line is broad, supermode operation will be used to impose

temporal coherence on the oscillation within the cavity and provide maximum output at

single frequency.

Local oscillators for the optical heterodyne detection experiments must have a single fre-

quency output and a coherent phase front that can be matched to the phase front of the

received signal at the surface of the detector. These requirements are fulfilled by using

a short laser of small bore so that the gain exceeds the loss at only one cavity resonance.

The mode separation increases as the length is decreased and the small bore discriminates

against higher order TEMmn modes. The cavity length is adjusted so this resonance has a

frequency well within the fluorescence llne. This cavity length adjustment will require

servo control to maintain constant frequency or to track the carrier frequency of the

transmitter.

In some instances, it may be necessary or desirable to use the supermode technique for

local oscillator lasers. Consideration is being given to high sensitivity optical receiver

systems using i0 by i0 arrays of 12.5-cm aperture heterodyne detectors on a glmbal mount

(the maximum size of each aperture is limited by the coherence diameter of the signal

phase front after passing through the atmosphere). Each detector requires about 0.i mW of

local oscillator power, and the local oscillator frequencies for all of the detectors must
be controlled to track the incoming signal frequency. It is much more practical, therefore,

to use one local oscillator, dividing its power among the detectors, rather than use sepa-

rate local oscillators for each of the detectors. The required total local oscillator

power, which exceeds that attainable from the short single frequency generating lasers,

could be obtained from a supermode single frequency laser.

The transmitters for the direct detection experiments do not require single frequency

carriers, but do require the spatial coherence achieved when the laser operates in one or

more TEM00 modes.

For all of the OTAES lasers, except beacon light sources, maximum spatial coherence is

required so that diffraction-limited performance can be approached for both transmitters

and heterodyne receivers. The transmitter lasers should provide output beams that are

collimated and of a diameter of about 1.0 mm to match the requirements of the electro-

optic modulators. All of the OTAES lasers must incorporate polarizing devices to orient

the output beam in the prescribed plane of polarization. The output of all lasers must

be steady and free from hum, spiking, and pumping noise.

In terms of mission performance, the laser must be started and stopped by remote switching,

operate continuously for extended periods of time, and restart after long periods of shut-

down. Turn-on and stabilization must be accomplished in not more than one hour after long
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O O
duration shutdown at any temperature in the range of -50 C to +50 C. During operatlon,

o
the external temperature of exposed surfaces of the laser package will not exceed 50 C.

The availability of prime power on the spacecraft is limited and requires that input power

of the laser be coordinated with operating periods of other lasers and equipment so that

power consumption will not exceed the limits shown below:

a. 200 W - Continuous.

b. i000 W - Maximum of 60 minutes per 24-hour period.

c. 2000 W - Maximum of 20 minutes per 24-hour period.

Provision must be made to obtain and maintain alignment of the beam with the optical system.

As is customary for spacecraft equipment, the weight and volume must be minimized; however,

for the OTAES, volume reduction is the more important of the two.

In order to operate reliably, each laser in the spacecraft _r_st P_ve a system that will

maintain the mirror alignment automatically. The differential thermal expansion of the

laser interferometer will be enough to produce misa!ignment. Also, a search-for-alignment
mode must be available when the laser is turned on.

The range of motion for the mirror alignment controls that would be required depends on

many factors. The structure of the laser interferometer is very significant as it deter-

mines the rigidity of the mirror alignment and the response to vibration and acceleration.

Changes of mirror alignment with changes in temperature on passing from the laser-off to

the laser-on condition will depend strongly on the symmetry of this structure. A good

approximation to axial symmetry of heat producing, heat storing, and heat conducting ele-

ments is desirable so that rising temperature causes the structure to expand without bend-

ing.

To estimate the ranges required on the alignment controls, a thick walled aluminum pipe,

0.5 m long and 0.i m diameter, was taken as the model for the interferometer. This shell

was assumed to be cooled by conduction through a close fitting collar that is in intimate

contact with a constant temperature Bulkhead. For a laser dissipation of 20 watts and a
coefficient of expansion of 23 x 10"u/°C, the mean temperature rise of the shell would be

about 4°C and the length would increase by 46 x 10 -6 meters, on warming from the bulkhead

temperature to the equilibrium operating temperature.

If the laser and interferometer were axially symmetrical, no misalignment would result

even though the expansion is some 70 wavelengths (or 140 cavity modes). If the laser

cathode were off-axis, or the contact of the collar to the shell were imperfect and non-

symmetrical, the expansion of the interferometer would be uneven. One side would expand
somewhat more than 46 x 10 -6 meters, while the other side would expand somewhat less.

Thus, the differential expansion might be about i0 percent of the total, or about 5 x 10 -6

meters. During operation, the differential expansion and contraction would be even less

because a period of time has been allotted for warm-up. Thus an alignment mechanism with

5 to i0 x 10 -6 meters movement would safely control the differential expansion. For com-

parison, the differential expansion range over which such a laser would lase is estimated
as 2 x 10 -6 meters.

During the operation of the laser, thermal changes will probably be the main cause of mis-

alignment. Since the thermal changes are slow, the response time of the transducer may be

slow, less than a cycle per second. A slow mirror alignment system is an advantage if an-

other servo system is used for fast automatic frequency control.
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Moving the mirror to maintain alignment will changethe laser frequency. The frequency
changescanbe minimized, but probably cannot be avoided. Thesechangesmust be so slow

that the automatic frequency control can easily handle them. A suitable mirror actuator

is a differential screw driven by a small (0.8-inch diameter) servo motor. Two axes of

adjustment are required.

When the actuators are used in the search mode, the time required to complete a search

pattern is determined by the actuator speed. Conversely, the time allowed for the search

(and also the pattern of the search) determines how fast the actuators must go. If one

second is required to close the servo loop when lasing occurs and the sweep is 3 times

the lasing range, then one axis will sweep across and back in six seconds while the second

axis will make one sweep in 18 seconds. The sweep would take about 200 seconds if the

pattern must be i0 times the lasing range in each dimension.

Figure 4.1-13 is a schematic diagram of the servo and search loops that keep the laser

aligned. Only one axis is shown. If the laser is not lasing, the switch is in the search

position. When lasing occurs, the signal from the photo cell is also fed to the phase
sensitive detector. The linear actuator controls the tilt of the laser mirror. The dither

signal from the oscillator causes the linear actuator to make a small oscillation in the

laser alignment. The presence and phase of the dither signal on the laser beam contains

the necessary information about the alignment of the laser. This information is processed

in the phase sensitive detector, and the resulting signal is fed to the linear actuator to

correct any misalignment. In the search mode, the contactor with hysteresis provides a

signal that causes the linear actuator to sweep the mirror through the entire search angle.

When the limit is reached, the sign of the signal from the contactor is reversed and the

sweep of the mirror is reversed.

4.1.5.2.2 Environmental Factors

Storage of up to six months may occur after final tests have been performed and the equip-

ment is awaiting assembly to the launch vehicles. The storage temperature will be in the

range of 0°C to 30°C at controlled low humidity. The lasers must perform within specifi-

cation limits following this storage period.

During transportation and launch, the equipment will be subject to noise, vibration, shock,
and acceleration that will not exceed the limits shown in table 4.1-4.

The lasers will be designed to withstand these forces or will use special mountings to

isolate them from critical frequencies.

Energetic particle exposure of the spacecraft will be a function of orbit parameters. In

near earth equatorial orbit (50_-mile altitude), electron intensity for energies in excess

of 500 keV will be about i x 103 electrons/cm&/s. The p_oton intensity for energies
greater than 40 MeV will be about i x 102 protons per _m /s. For synchronous equatorial

orbit electron intensities, there will be about 5 x 104 electrons/ cm_/s, with energies

above 500 keV; and proton intensities will be negligible. For highly elliptical orbits,

electron intensities may Teach peaks _f 2 x 108 electrons/cm2/s; and proton intensities

will be as high as 2 x 104 protons/cmZ/s.

The laser exposure to energetic particles will be altered by the presence of the surround-

ing walls of the telescope well. The lasers are not to experience any degradation during

a one-to-two-year period of exposure to the above levels of radiation.

During ground checkout, the lasers will be operated in air at atmospheric pressure. In

orbit, the lasers will be operated in vacuum at pressures below i x i0 -Q torr. The lasers

must be able to operate at both pressure extremes without manual readjustment during a

one-to-two-year period.
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TABLE 4.1-4

a.

LAUNCH ENVIRONMENT

Noise (Any Direction) Relative to 2 x 10 -5 N/m 2

Overall External Sound Pressure Level: 175 dB

b. Random Vibration (Any Direction):

20 c/s - 200 c/s at 2.0 dB per octave

200 c/s - 700 c/s at 0.65 g2 per c/s

700 c/s - 900 c/s at 0.18 dB per octave

900 c/s 2000 c/s at 0 15 g2 per c/s

c. Sinusoidal Vibration (Any Direction):

5 c/s - 33 c/s at 3.5 mm double amplitude displacement

83 c/s - 140 c/s at 8.0 G's peak

140 c/s - 240 c/s at 0.2 mm double amplitude displacement

240 c/s - 2000 c/s at 24 G's peak

d. Shock IAny Direction}:

20 G's peak at half sine pulse of i0 milliseconds

e. Acceleration:

5.1 G's in longitudinal direction of vehicle

1.5 G's in lateral direction of vehicle

0.04 rad/sec 2 rotational acceleration in all directions

4.1.5.2.3 Evaluation Basis

The discussion of the last two subsections has covered a wide variety of factors involved

in the selection of laser forms and conceptual designs for the OTAES. The importance of

these factors in selecting lasers for the various specific OTAES applications will be dis-

cussed in this section.

The first and foremost requirement for every laser now under consideration for use in the

OTAES is that it has already been shown to be capable of achieving continuous operation

as a laser oscillator. This requirement will cause several developmental laser forms to

be rejected at this time. However, these lasers could be reconsidered in later phases of

this program if CW operation is obtained and if they offer distinct advantages over selec-

ted laser devices.

Proposed OTAES experiments will be designed for operation at a variety of optical wave-

lengths to provide comparisons of the effectiveness of these wavelengths for various ap-

plications, including optical communications, meteorological measurements, space astronomy,

and optical navigation and tracking. Therefore, lasers of comparable wavelengths will be

compared for use in specific portions of the spectrum; but lasers of widely different

wavelengths will not compete with each other since active consideration of a variety of

wavelengths must continue during the evaluation of optical technology experiments.

Table 4.1-5 identifies the significantly strong and the major relationships between the

laser characteristics and the OTAES applications. Various important output, drive, and

physical characteristics are listed in rows. Lasers for heterodyne experiments, direct

detection experiments, beacon use, and other spaeeborne applications are listed as column

headings.
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0utput Characteristics

Spatial Coherence

Beam Axis Stability

Intensity Stability

Low Atmosph. Atten.

Output Power

Temporal Coherence

Detectability

Operational Life

Shelf Life

Warm-up Time

Drive Characteristics

Efficiency

Operating Temp.

Dissipation Capacity

Input Power

Conduction Cooled

Physical Characteristics

Weight

Length

C-S Dimensions

Weak

Relationship
E3

TABLE 4.1-5

EVALUATION BASIS FOR 0TAES LASERS

Direct

Heterodyne Detection

Experiment Experiment

O O

0 _ _ _ _ .._ _:_

r._ _ _ _ _ _ _ O_

A A A A A A

A A A A A A

A A A A A A

A A A A A A

A A A A

A A A A

A 0 0 A A 0

0 0 A A 0 A

0 0 A n 0 n

A 0 A

A A 0 A

A A A

A A A

A 0 A

0 0 0

A A

A 0

0 0

Significant D
Relationship

A

A

0

A

A

0 A

A 0

A

A

0

0

0

A

A

A

A

A

A

0

0

Major

Requirement
G
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The strongest evaluation bases are four output characteristics of importance to all but the

beacon laser applications. These are:

a. _atial coherence, needed to achieve the principal advantage of the laser

for long distance propagation.

b. Beam axis stability, without which the narrow laser beam would be useless.

c. Intensity stability, essential to wideband transmission of information.

d. Low atmospheric attenuation at the output wavelength.

High output power is of importance for transmitter and beacon lasers but not for nonpropa-

gation applications, such as local oscillator uses and telescope figure measurements.

Temporal coherence is a strong requirement for all lasers used in heterodyne experiments

and unimportant for the other lasers. Detectability refers to the achievement of quantum

noise limited signal thresholds with uncooled 10-MHz bandwidth detectors. Since cryogeni-

cally cooled detectors that are required at the longer wavelengths cannot be provided for

the spacecraft receiver, except with a severe weight or power penalty, detectability of

the wavelength becomes important in the selection of the ground-based transmitter lasers.

Operational life becomes a major factor when it is not extremely large compared with the

total duration of the spacecraft laser experiments (for spacecraft lasers), or large com-

pared with the duration of individual experiments (for ground-based lasers). Similar re-

marks apply to shelf life, which, in general, must be large compared with the duration of

the spacecraft mission. Short warm-up time is important for spacecraft lasers, particu-

larly at high power levels, and where long operational life is difficult to achieve.

The laser drive and physical characteristics are of importance principally for spaceborne

lasers. High laser efficiency, low operating temperature of the laser package, and good

dissipation capacity for extracting laser pumping heat by conduction offer a basis of com-

parison for laser constructional techniques as well as different laser forms. The lasing

threshold and pumping efficiency must permit operation from a level of input power that
can be obtained from solar cells and storage batteries on the spacecraft. Weight is an

important basis of comparison only for those lasers for which very heavy power supplies,

magnets, or cooling systems are needed. For the present concept of the spacecraft laser,

length is at a premium; but it is easy to accommodate the cross-sectional (C-S) dimensions

of existing lasers.

4.1.5.2.4 Laser Characteristics

In this subsection, the characteristics of present laser forms are described; and signifi-

cant factors in the use of lasers for various OTAES applications are discussed.

The laser characteristics achievable for ground-based operation are listed in table 4.1-8

for convenient comparison. This table covers lasers best suited to applications for which

no severe environmental constraints are imposed or limited on weight, volume, and length.

A more restricted listing is presented in table 4.1-7 applicable to lasers for possible

use on-board the spacecraft. For all of the lasers listed, operation is in the lowest

order transverse mode (TEM00).

Some of the lasers provide simultaneous outputs at several close-spaced frequencies within

one fluorescence llne. These lasers, designated by footnote (I) in the tables, can provide

their output at a single frequency through the use of the supermode technique. These

supermode single frequency lasers would be used as transmitter lasers or as receiver local

oscillators for driving arrays of heterodyne detectors. The supermode operation would not

be needed for laser transmitters involved in direct detection experiments. Single hereto-

dyne detectors for use on the spacecraft would use small single frequency lasers, desig-

nated by footnote (2) in the tables.
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TABLE4.1-6

lASERCHARACTERISTICS ACHIEVABLE FOR GROUND-BASED OPERATION

He_Ne CI) He_Ne C2) Argon C1) N2-C02 C2)

Wavelength (P) 0.6328 0.6328 0.4880 10.6

Power Output (mW) i00 0.2 i000 I0

Length (cm) 200 12 i00 20

Width (cm) 15 6 30 i0

N_ight (cmJ 15 6 30 i0

Weight (kg) 50 2 50 5

Power Input (W) 112 8 ii,000 Ii

Discharge (V) 2000 i000 200 1500

CA) 0.05 0.004 30 0.005

Cathode (V) 12.6 6 15 6

CA) 1.0 0.7 40 0.7

Solenoid (V) - - 35

(A) - - 125

Lamp (V) - -

CA) - -

Coolant Flow - - 5 5

Water (gal/min)

YAG:Nd

1.065

50O

20

20

20

3

2,200

110

20

2

Cl) Multiple Frequency

(2) Single Frequency
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TABLE4. i- 7

lASERCHARACTERISTICSACHIEVABLEFORSPACEBORNEOPERATION

Type He.Ne (l) He.Ne (2) Argon (1) Ari_on (2) N_2=_02

Wavelength (_) 0.6328 0.6328 0.4880 0.4880 10.6

Power Output (mW) 10 0.2 100 0.1 10,000

Length (era) 50 12 50 30 50

Width (cm) I0 4 15 5 i0

Height (cm) i0 4 15 i0 i0

Weight (kg) 15 i 25 i 15

Power Input (W) 30 4 500 225 200

Discharge (kV) i. 5 1.0 r.f. 0.3 9.

(ms) 20 4 27 MHz 500 100

Cathode (V) 12 8 .- 6 6

(A) 1 0.7 -- 4 4

Solenoid (V) ...... _. .-

(A) ....

Lamp (v) .... ._ .. --
(A) ....

.- I I 2
Coolant Flow --

( ga I/rain)

YAG:Nd

1.065

5OO

20 (3)

zo (3)

20 (3)

3 (3)

500 (4)

mm

(i) Multiple frequency.

(2) Single frequency.
(8) Laser cell only, not including sun pump mirror and mount.

(4) From 1.0 meter sun pump mirror.

1--80



Helium neon lasers, in addition to characteristics listed in the tables, have operating

life of i00-i000 hours and extended shelf life. The 0.6328-micron wavelength is in the

visible and in the range of photocathode detectors, such as photomultiplier and traveling-

wave tube photodetectors. Modification of 0.6328-micron lasers, by change of mirrors,

gives outputs at 1.153 microns or 3.39 microns. Modification of the laser to suppress the

0.6328-micron oscillation, by the use of a dispersive element such as a prism in the cavity,
gives lasers that have outputs at 0.6118 micron or other visible wavelengths with reduced
efficiency.

Failure modes include loss of gas, mirror misalignment, mirror damage, electrical failure,

and cathode failure. Several configurations of helium neon lasers are being considered

for use in both ground-based and spacecraft operation because of the advanced development

of this laser device and proven operation in various configurations, including single fre-
quency, high output, and supermode oscillation.

The argon laser has a high threshold input power requirement but a high power output cap-

ability. The ground-based transmitter would provide high signal power for a wideband un-

cooled detector on the _p_c_c_fL. _- _ ......... _- using L ..... _._^ _^_^^_ +_o

wavelength (0.4880 micron) on the spacecraft has required that an estimate be made of

characteristics achievable in a low output laser for the local oscillator. Therefore,

there has been listed a spaceborne argon local oscillator laser that appears practical

from the point of view of providing adequate output power from a limited input power.

However, this input power is not only unusually high for a local oscillator, but is

high in terms of available power aboard the spacecraft, suggesting a need for developmental

effort. In addition to the He-Ne failure modes, argon lasers can fail from disrupted
cooling and loss of magnetic field.

The nitrogen carbon-dioxide (N2-CO2) laser is a new form showing great promise because of

its high power and efficiency and favorable wavelength for operation in the atmosphere.
Significant advances in detection and modulation devices will be required before this

laser can be applied in wideband systems. Threshold of oscillation is about one-tenth

that of argon lasers of comparable power. For the proposed optical heterodyne detection

experiment at a long optical wavelength, the transmitter is aboard the spacecraft and the

receiver is at the ground station, where it is practical to use cryogenically cooled de-

tectors. The width of the fluorescent line compared to the mode spacing of the resonator

is much less than for the visible lasers of comparable dimensions so single frequency

operation of transmitter lasers would probably not require the phase locking modulator of

supermode lasers. Additional space may be required for nitrogen and carbon dioxide re-
servoirs.

The local oscillators for the receivers will have a low threshold so that adequate output

can be obtained with 1-watt input. Because of the longer wavelength, the tuning and align-

ment problems are less severe than for the helium neon local oscillator. However, the out-

put will have to be maintained at specified frequency in a single TEM00 mode. Nitrogen

nitrous oxide lasers have similar characteristics except that the wavelength is 10.9 microns,
and the efficiency is somewhat lower.

The types of lasers listed in tables 4.1-6 and 4.1-7 do not exhaust the possibly useful

types for OTAES. The pulsed lasers and giant-pulse lasers (ruby, neodymium-glass) are not

listed because they are not suitable for the experiments that are being considered for in-

clusion in the OTAES. There are a number of solid-state lasers (CaF2:Dy , YAG, Nd:Cr) that
have been operated continuously, and some (ruby) have been used in resonators that give

TEM00 output. The YAG:Nd laser is listed because its reported characteristics are repre-

sentative of solid-state lasers. In some respects its characteristics are more suitable

than those reported for other lasers, especially with respect to the absence of spiking,

low power input for reaching the threshold of oscillation, and the ability to operate at
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temperaturesas high as 20°C. A number of ion lasers have been reported, but the argon

laser has been more fully developed as a high power laser source for visible output. Loss

of the gas is a problem even with argon, and would be presumably more of a problem with

more reactive gases.

The semiconductor lasers, such as GaAs, have not been listed because of the cryogenics

problem in CW operation and the relatively poor collimation of the laser output. Liquid

lasers have been excluded because of low temperature requirements and unsatisfactory CW

operation.

4.1.5.2.5 Application Recommendations

In this section is presented a list of specific lasers for the proposed OTAES experiments

and a discussion of problems involved in their application to OTAES. These lasers cover

the requirements for the heterodyne and direct detection communication experiments present-

ly under consideration and other applications, such as illuminators for spacecraft tele-

scope figure measurements and as ground beacons for optical tracking tests. These lasers
were described in detail in subsection 4.1.5.2.4.

The set of candidate lasers is presented in table 4.1-8. This set includes lasers at 1.06

microns which could be employed if further study defines a need for an intermediate wave-

length. Laser forms specifically being rejected at this time are listed in table 4.1-9

along with the principal reasons for their rejection.

The laser mounting should determine the position and direction of the laser beam to close

tolerances. The aperture of the modulator is only i to 2 mm in diameter; the laser beam,

which will be of nearly the same diameter, must pass through this aperture before being

expanded to the 1-meter diameter of the transmitting telescope. Laser resonators will be

constructed with a plane exit mirror, and the direction of the beam axis will be constrained

to be normal to this mirror and thus fixed with respect to the mounting. By using a limit-

ing aperture in the laser resonator of such a diameter as to permit oscillation only in

TEM00 modes, and by rigidly mounting this aperture the position of the beam axis will be

approximately fixed with respect to the mounting.

Only to the degree that the diffraction losses introduced by the internal aperture pre-

dominate over other losses will the aperture determine the location of the resonator mode.

Therefore, to assure single frequency operation along a prescribed axis, a high degree of

uniformity is required to laser mirror losses, window transmissions, and reflection losses

of any internal modulators. Laser construction will be such that the orientation of the

exit plane mirror and the position of the limiting aperture are rigidly determined by the

attachment of the laser package to the primary support for the package and ultimately to

the other fixed components of the optical train.

The outer shell of each laser package must be of good thermal conductivity and mounted to

a support plate that conducts the heat from the shell to the heat sink. These shells must
function as a structural element as well as functioning to prevent undesirable transfer of

radiation into the telescope well, which would otherwise produce thermal distortions of

the optical surfaces and their support structures. The shell will provide the support for

the laser, rigid alignment for the output mirror, and rigid positioning of the limiting

aperture within the resonator cavity. Such construction is illustrated in figure 4.1-14.

For those lasers that have low power dissipation, the shell will serve as the principal

means for removing heat from the laser package without the surface temperature and the

temperature gradient rising to intolerable levels. For higher power dissipation, inner

shells may be used to surround the discharge tube or other dissipative element. These

shells would conduct the major portion of the heat to the mounting plate through a short

span of the outer shell with a minimum temperature rise on the outer shell. For lasers
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TABLE 4.1-9

REJECTED LASER FORMS

{Reported CW Operation)

Type

He-Ne, i00 mW Output

Argon, High Power

He-Ne

He-Xe

N2-CO 2

YAG:Nd Tungsten Lamp

Ruby

Glass:Nd

CaF2:DY

CaWO4:Nd

GaAs

InAs

Europium Chelate

Liquid

HeNe

0.6328

0.4880

1.15

3. 508

10.6

1.06 _,

0. 6943

1.06

2.36

1.065

0.843

3.11

1.61

3.39

Location

S-C

S-C

All

All

GND

S-C

All

All

All

All

All

All

All

All

Reasons for Rejecting

Tube too long for telescope well

Too much power and weight

Not competitive with YAG:Nd; strong

absorption by water vapor

Strong atmospheric absorption

Requires cryogenic cooling of

detector on spacecraft

Too much electrical input power

Spiking, high threshold, low power

Spiking, higher threshold than

YAG:Nd

Low temperature operation, spiking

High threshold

Poor spatial coherence, low

temperature operation

Poor spatial coherence, low

temperature operation

Low temperature operation

Strong atmospheric absorption
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that have dissipations in the hundreds of watts or k%lowatts range, cooling by circulating

liquid would be required to prevent internal temperatures from rising to destructive levels.

In these cases, conductive heat transfer to the liquid coolant would occur within the pack-

age. The line for the liquid coolant would be required to pass from the package through

the shell at a point near its attachment to the support plate to minimize mechanical strains

from the coolant lines.

The nearly isothermal shell of the laser package will serve as the principal structural

element in determining the dimensions of the resonator cavity. The mirror spacing is the

determining factor in tuning of the cavity mode to the desired wavelength. It is generally
near the center of the fluorescent line of the laser medium. The fundamental frequency of

a half-meter cavity is 300 MHz, and an expansion of these multiwavelength cavities by as

little as one-half wavelength of the fluorescent line center brings the oscillating modes

to new frequencies that are lower by almost 300 MHz. The tuning rates df/dL for the modes

of a half-meter cavity are given in table 4.1-10. Approximate values of the doppler width

of the respective fluorescent lines are also given. It is to be recognized that the gain

for a given mode is high when near the center of the line and low near either edge, and that

changes in the cavity length will result in modulation of the gain.

Lasers for use in heterodyne detection experiments must have constant length to avoid rapid

changes of frequency that would be difficult to track. The dimensional stability require-

ment is more severe at shorter wavelengths because of the higher tuning rate. On the other

hand, the doppler width is much narrower for the longer wavelengths; a small change in

length will cause the oscillation to stop. This does not occur at the shorter wavelength,

where expansion that takes one mode out of oscillation brings the next higher frequency

mode in. For the lengths under consideration, expansion of metal or quartz mirror spaces

will greatly exceed tolerable limits during warm-up. Therefore, length compensation under

servo control will be required of single frequency lasers even if long warm-up periods are

allowed.

Several techniques are available for tuning an oscillating cavity mode to a frequency near

the center of the fluorescent line. These techniques vary in precision and complexity.

For spacecraft transmitter lasers, it may be sufficient to have a servo system that adjusts

the cavity length to maintain a maximum laser output and use automatic frequency control

to make the heterodyne local oscillator laser track the carrier of the received signal.

TABLE 4.1-10

LASER TUNING RATES AND DOPPLER WIDTHS

Wavelength df/dL Doppler Width

MHz/_ MHz

Ne 0.6328 970 1500

Ne i. 153 520 750

Ne 3.39 180 250

CO 2 10.6 180 80

A + 0.4880 56 3500
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In the past few years several frequency stabilized lasers have been constructed. A variety
of methods are now suitable for the development of a frequency stabilized local oscillator

laser to be used in the spacecraft. (4'5'6'7'8) The most common laser is the short single

frequency laser with about 0.25 mW output at 0.6328 micron, l_Ulti-mode lasers may also be
stabillzed.(9) Typically line widths of about 2 parts in 10 or 0.I MHz late ordinarily

obtained.(5, 8) The methods which employ a frequency dither will have a residual FMmodu-

lation that can be about 5 MHz.(4,5) .........._ .....................

4.1.5.2.6 Recent Technological Advances

Advances in laser technology continue to be reported at a rapid rate. The developments

that are bringing the ion lasers and molecular lasers to higher levels of power clearly

extend the range of distances over which laser communications in space will be possible.

A liquid laser[ I0) having high efficiency and low threshold has been operated in the pulsed

mode; if it can be developed as a CW laser it would make the power levels and efflciencies
that are now available at i0 microns also available at the 1-mlcron wavelength. This would

be of immediate advantage as the wideband photoelectric detectors can be used at this

shorter wavelength.

4.1.5.3 Heterodyne Detection OTAES Link

Experiments to be conducted with the heterodyne system will include communication at wide

bandwidths, and measurements to determine thepolarization, scintillation, and phase effects

introduced by the atmosphere. To this end, statistical data will be gathered over periods

of time and correlated with atmospheric conditions. The system parameters to be recorded

will include transmitted power, received power, bandwidth, and slgnal-to-nolse ratio.

These experiments will be made using several wavelengths of light energy to evaluate system

performance over as much of the optical spectrum as is feasible.

(4) W. R. C. Rowley and D. C. Wilson, "Wavelength Stabilization of an Optical Laser,"

Nature 200, 745 (1963).

(5) Koichi Shimoda, "Frequency Stabilization of the He-Ne Laser," IEEE Trans. on Instru-

mentation and Measurement.

(6) A. D. White, E. I. Gordon and E. F. Labuda, "Frequency Stabilization of Single Mode

Gas Laser," Appl. Phys. Letters _, 97 (1964).

(7) M. S. Lipsett and P. H. Lee, "Laser Wavelength Stabilization with a Passive Inter-

ferometer," Appl. Optics _, 823 (1965).

(8) A. D. White, "A Two-Channel Laser Frequency Control System," IEEE J. of quantum

Electronics (Correspondence), QE-I, 322 (1965).

(9) S. E. Harris, M. K. Oshman, B. J. McMurtry, and E. O. Ommann, "Proposed Frequency

Stabilization of the FM Laser," Appl. Phys. Letters _, 185 (1965).

(I0) Adam Heller, "A High-Galn Room-Temperature Liquid Laser: Trivalent Neodymium in

Selenium Oxychloride," Appl. Physics Letters, (New York, August i, 1966).

Alexander Lempicki and Adam Heller, "Characteristics of the Nd+3SeOCI2 Liquid Laser,"

±bi__A.
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The heterodyne technique provides a unique signal detection capability under conditions of

high background illumination. Thus, a heterodyne detection optical communication system

will be particularly valuable where the transmitter may be located in a high radiance back-

ground. The transmitter signal is modulated with the information to be communicated. In

the receiver this composite signal is compared with a local oscillator operating at the

transmitter frequency. The difference frequency is a reconstruction of the modulated in-

formation. For this reason the transmitter laser must operate at a single frequency. The

development of the super-mode laser technique is essential for this capability. Its out-

put will be spatially and temporally coherent and linearly polarized.

The heterodyne detection system recommended for OTAES will be composed of two communica-

tion l_nks: space-to-ground and ground-to-space. The spaceborne transmitter will have a
single frequency laser (super-mode), a wide bandwidth modulator, secondary optics, and a

primary mirror to form the transmitted beam. The modulator must be capable of wide band-

width performance and must not distort the spatial coherence of the beam. The output op-

tics must be diffractlon-llmited in their performance to assure that the output energy

density will be maximum.

The ground-based receiver will consist of a receiving aperture, secondary optics, and a

duplex heterodyne detector. The energy received will be polarized light. The duplex re-

ceiver will provide a capability for detecting both vertically and horizontally polarized

light. The super-mode local oscillator laser beam will be mixed with the incoming signal

and be detected, in accordance with the transmitter frequency, by either photomultipliers

or cooled semiconductor detectors. The detector output will be a function of the differ-

ence frequency.

The performance of this space-to-ground system is affected not only by the efficiency of

the transmitting lasers, but also by the efficiency of the detectors on the ground. In

the visible wavelengths, photomultipliers will provide reasonable efficiency plus gain

through the multiplier sections, raising the output level above the thermal noise level of

the electronic system. In the infrared region, photomultipliers are not available, and

diode detection or photoconduction detectors will be required. The output of these detec-

tors will not have the benefit of photomultiplication, and their output level may be con-

siderably lower than the thermal noise level at the input of the electronics.

The ground-to-space link will be similar in performance requirements except that the ground

receiving aperture may be considerably larger than the ground transmitting aperture, and
will be about one meter in diameter. The transmitted beams will be received on the space-

craft by the 1.0-meter and the 0.3-meter receiving apertures. It is planned that the trans-

mitting aperture for the down-link will be one of the receiving apertures for the up-link.

Detection on the spacecraft will be accomplished by a duplex receiver similar to the one

on the ground.

Input power on the spacecraft is limited, and this will limit the maximum output power for

some types of lasers. The expected laser output power that can be obtained in the space-
craft will be in the order of i00 milliwatts. It is planned to use several wavelengths in

the spacecraft transmitter. These will be helium neon at 0.6328 micron and N2-CO 2 at 10.6

microns. All power not transmitted will be dissipated as heat. Provision will be made
for the conduction or radiation of this heat from the exterior surface of the laser assem-

bly to the exterior of the spacecraft for radiation to space.

The principal environmental hazards to the operation of the heterodyne link are atmosphere

and vibration. Although the heterodyne system is not affected by background illumination,

the transmitter and receiver apertures must not be pointed to within i0 ° of the sun since

the solar energy collected will create a temperature in excess of 500°C at the focal point

of the 15-cm. aperture.
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For a heterodyne system, transmission of the optical beam through the atmosphere is of

special concern. Lateral spatial coherence of the beam is restricted to approximately

15 to 25 centimeters under normal conditions, due to turbulence in the atmosphere. Use of

the receiving aperture larger than this coherence diameter will cause a reduction in the

total received signal because of destructive interference between out-of-phase components.

Furthermore, atmospheric constituents and impurities will attenuate the signal. Measure-

ment of the system performance will be correlated with the atmospheric conditions to de-

termine the proportion of signal degradation due to each separable characteristic.

The requirement for a temporal and spatial coherence of the beam places serious constraints

on the allowable magnitude of vibration in the spacecraft. The structural assembly and

alignment of components must be adequate to assure diffraction-limited performance of the

beam while the necessary attitude control devices are operating. The spaceborne receiver

will be particularly sensitive to on-board disturbances because of the extremely precise

alignment requirements for the duplex receiver. The elements of the receiver must be

aligned to within fractions of minutes of arc to assure effecient heterodyne detection.

In fact, all of the system electro-optical and secondary optical elements will require

rigid or stiff mounting relative to their respective primmLy optics to maintain a!ignme_r

for diffraction-limited performance throughout the system. It must be emphasized that the

diffraction-limited performance requirement is imposed to obtain a maximum energy density

in the transmitted or received beam. Any disturbances such as vibration or shock that

will cause optical misalignment will reduce the energy density of the beam.

The operation of the spaceborne equipment will be remote-controlled, and will consist of

turning on and turning off appropriate lasers and the associated frequency stabilization

circuitry, turning on and off the modulator, and selecting the several signal sources to

be used with the modulator. Control of the transmitting optics will be handled through

the telescope control. Although the laser will be designed to be automatically tuned and

adjusted, remote adjustment of the laser cavity may be required.

4.1.5.3.1 Spaceborne Transmitter

The requirements for spaceborne transmitters in the heterodyne detection case are more

severe than for the direct detection case. A heterodyne receiver with its narrow inherent

bandwidth must have a single-frequency transmitter, or it must use only one of the several

frequencies that a transmitter laser may be generating as its signal source. In addition,

the frequency stability of the transmitter laser is most important, whether it be a multi-

mode or a single-frequency laser.

The spaceborne transmitter system, which will consist of single-frequency laser trans-

mitters at 0.6328, and 10.6 microns, will be capable of broadcasting at these two optical

frequencies simultaneously, so that comparison of the effects of the atmosphere on these

two wavelengths could be made simultaneously at the ground receiver station. The selec-

tion of radiating wavelengths and their frequency offset from llne center in the case of

the mode-coupled single-frequency laser will be controlled by a radio command from the

ground station.

Circularly polarized radiation will be transmitted to allow any atmospheric depolarizing

effects to be detected.

Each of the spacecraft transmitter lasers can be expected to drift in frequency at rates

of a few megacycles per minute because of thermal changes alone. These slow drifts are

caused by expansion or contraction in the supports that separate the cavity mirrors.

Good mechanical and thermal design can minimize, but can never eliminate, these motions

in the presence of diurnal heat input fluctuations and the turning on and off of other

equipment.
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In addition, there are morerapid disturbances to be contended with because of acoustic

vibrations carried to the laser structure from other parts of the spacecraft. Mechanical

actuators, gyros, reaction jet valves, transformers_ etc. all can generate disturbances at

audio and ultrasonic frequencies, causing frequency jitter in the transmitter lasers if

they are not compensated.

For these reasons, various laser stabilization techniques must be used. In the case of

the helium-neon laser at 0.6328 micron, the FM laser-supermode laser technique can be used

to convert the output of a multlmode laser to a single frequency, and simul_aneously to

stabilize the output frequency to a point near the laser llne center. (II,12) In the case

of the carbon dioxide laser at 10.6 microns the inherent linewidth of the carbon dioxide

fluorescence is only about 50 MHz, and the laser will operate at a single frequency without

the necessity for mode-coupllng schemes. It will, however, need to be stabilized near line

center to keep the output at full power, and to keep acoustically-induced frequency jitter

in the transmitter from showing up as a spurious signal in a heterodyne ground receiver.

The optical configuration of a frequency-stabilized, multimode, single-frequency output

laser is shown in figure 4.1-15. The resonant cavity of the laser system is formed by an

opaque mirror at one end and two highly reflective mirrors at the other end, which together

act as a frequency selective output coupler. The two mirrors form a Fabry-Perot etalon,

which will pass only a very narrow band of frequencies. Inside the cavity formed by the

mirrors is a laser tube that provides gain, and a phase modulator that is made of a mate-

rial such as KDP, which has a high electro-optic coefficient. When the phase modulator is

driven with a frequency that is very near to the frequency spacing between the axial modes

of the laser itself, the modes become coupled together and are converted from independent

free-running oscillations into mutually-dependent coupled oscillations at nearly the same

optical frequencies. The amplitude and phase of each of the previously independent oscil-

lations is altered by the presence of significant coupling between the modes, so that the

laser modes become sidebands of a single, coherent signal. Both AM and FM coupling have
been observed.(13, 14)

The Fabry-Perot etalon output coupler at one end of the cavity can then be tuned by varying

the spacing between the two mirrors in the etalon to select only one of the oscillating

frequencies in the laser. Power extracted at any one frequency acts as a power drain on

all of the oscillations going on within the laser cavity. It is thus possible to obtain

essentially all of the power of the multimode laser in a single-frequency output.

(ii) S. E. Harris, M. K. Oshman, B. J. McMurtry, E. O. Ammann, "Proposed Frequency Stabili-

zation of the FM Laser," Applied Physics Letters, October I, 1965, Vol. 7, No. 7,

p. 185.

(12) S. E. Harris, and B. J. McMurtry, "Frequency Selective Coupling to the FM Laser,"

Applied Physics Letters, November 15, 1964, Vol. 7, No. i0.

(13) S. E. Harris, and O. P. McDuff, "FM Laser Oscillation--Theory," Applied Physics Letters

November 15, 1964, Vol. 5, No. i0.

(14) E. O. A_mann, B. J. McMurtry, and M. K. Oshman, "Detailed Experiments on He-Ne FM

Lasers," Journal quantum Electronics , September 1965, Vol. QE-I, No. 6.
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This passive etalon output coupling system will work with either AM or FM coupled multimode
lasers. The FM mode coupled, or "FM laser", has an additional advantage, however: the

light inside the cavity is effectively frequency-modulated at a rate controlled by the

intra-cavity phase modulator, and the amount of AM distortion on this signal strongly de-

pends on the optical frequency difference between the center of the FM mode pattern and
the center of the fluorescence line. This dependence can be used to measure the absolute

frequency drift of the mode pattern, and thus the drift in the cavity mirror separation,

and to provide an error signal to correct drift or jitter as it occurs. An FM laser can

thus be stabilized and deliver its full power into a single frequency simultaneously.

Two feedback control systems are needed in order to operate the laser in this way. They

are:

a. The Laser AFC Subsystem. This subsystem monitors the AM distortion on

the FM light within the laser cavity and adjusts the cavity length to

the correct value. This is accomplished by moving one end mirror (the

single end mirror) with a piezoelectric transducer. In this fashion

the spectrum of oscillating modes can be placed on the center of the
resonance fluorescence line of the laser.

be The Selective Output Coupling Subsystem. This subsystem monitors the

output power. The Fabry-Perot selective output coupler is then tuned

to take power out at one of the oscillating frequencies. Tuning is

again accomplished by moving one of the ,talon mirrors through a small

distance by use of a piezoelectric transducer.

It is not necessary to couple power from the multimode FM laser at the frequency of the

oscillation that is nearest to line center. The power can be coupled out at any one of

the oscillating frequencies that may be spaced, in the case of the helium-neon laser, as

far away as 500 to 800 MHz from line center. In this way some simulation of or correction

for a vehicle Doppler shift can be accomplished in increments of 300 MHz.

4.1.5.3.2 Ground Receiver

The heterodyne ground receiver system will have its useful collecting aperture diameter

limited by atmospheric turbulence effects.(15,16) The atmosphere produces random phase

variations on the order of _/2 or more between optical paths separated from each other by

no more than a few inches, during usual clear weather conditions. For this reason, a

0.6328-micron heterodyne receiver immersed in the atmosphere will have a useful collector

only 15 to 25 centimeters in diameter. It is anticipated that a larger diameter could be

used in the far infrared at the 10-micron band, and this remains to be experimentally

verified.

(15) Goldsteln, Chabot, and Miles, "Heterodyne Measurements of Light Propagation through

Atmospheric Turbulence," Proc. IEEE, September 1965, Vol. 53, No. 9, pp. 1172-1180.

(16) D. L. Fried, "Optical Heterodyne Detection of an Atmospherically Distorted Signal

Wave Front," Proceedings of the Conference on Atmospheric Limitations to Optical

Propagation, 1965, National Bureau of Standards, Boulder, Colorado.
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Thegroundheterodynereceiver systemwould consist of a collecting aperture, which, for
purposesof finding the dependenceof receiver diameter on atmosphericconditions, would
be on the order of 1.0 meter in diameter. The full aperture of this systemwould not be
effectively used at short wavelengthsor perhapsunder poor conditions, but it will provide
an aperture large enoughto maketests of the atmosphericturbulence wavelengthdependence.
A set of two laser heterodynereceivers will be mountednear the focus of the optical sys-
tem, and a set of dichroic mirrors or prisms will be used to separate the incomingwave-
lengths and direct themto their respective heterodynereceivers. The operating wavelengths
will be at 0.6328micron and 10.6 microns. Theinstantaneous field of view of each re-
ceiver systemcould be as small as the diffraction limit of the receiver aperture, which,
for the case of visible radiation, is on the order of 0.2 secondof arc, but this narrow
a field of view would not be usable in general becauseof the atmospherically inducedvari-
ations in angle of arrival of the signal as seenby the receiver.

Thereceiver must either: (a) track the incomingsignal in angle; or {b) operate with a
larger instantaneous field of view and operate with somesacrifice in sensitivity. The
latter methodwill be used. Thefield of view can be increased over the diffraction limit
Dydeiibera_eiy spreadin_ th_ iuu=l uo_llator _,....._ _o+..._._v_g__..........._ p]_r_ ovpr a

larger angle. This is fully equivalent to masking the aperture size down to that having

an equal diffraction-limited angular resolution.

The heterodyne receiver configuration is shown in figure 4.1-16. The received circularly-

polarized energy is divided by dichroic beam splitters and sent to the appropriate receiver

units. Within each unit, the received energy is pre-filtered and then analyzed by a quar-

ter-wave plate, which converts right- or left-circularly-polarized input radiation into

orthogonal plane polarized beams. These are then separated by a polarization-sensitive

prism and sent to one of two basic heterodyne receivers. Both basic receivers are fed by

the same laser local oscillator, but are sensitive to opposite polarizations. This con-

figuration is called a polarization diversity optical heterodyne receiver. It is capable

of processing the two polarization channels simultaneously. The local oscillator's power

is divided equally by a beam splitter between the two channels. The beams are superimposed

at the two mixer beam splitters. Their directions and phase fronts are matched so that

they will beat coherently to produce a signal at their difference frequency at the output

of the detector. This is then amplified by the IF amplifiers.

Each of the polarization channels uses two detectors in a balanced mixer configuration.

The signals from the two detectors are out of phase because of the phase reversal produced

on the light by reflection at the beam splitter. One of the legs of the circuit has an

inverter that restores the signal to its correct polarity. Then it is added to the signal

from the other leg, and a heterodyne signal of full amplitude is obtained without wast-

ing any of the incoming signal light or any of the local oscillator power. This basic

configuration is used for heterodyne reception at each wavelength. The details of the

implementation will differ, particularly in the case of the detectors that at longer wave-

lengths require cooling and the attendant cooling equipment.

The frequency of the laser local oscillator must be stabilized to a fixed frequency offset

from the frequency of the optical signal being received. The difference frequency to be

detected must lie within the bandpass of the photodetector.,l_ _ the visible and near in-
frared spectrum, there are available broadband detectors C17 that permit the laser local

oscillator to operate as far as 3 GHz away from the frequency of the incoming signal. A

second electronic conversion with a tracking local oscillator can always move the signal

to a convenient intermediate frequency. At 10.6 microns, the available detectors have

bandwidths of only about I MHz, thus requiring the laser local oscillator to track the

(lq) M. B. Fisher, "A Multiplier Travelling Wave Phototube," Presented at the Conference

on Electron Device Research, University of Illinois, Urbana, Illinois, June 23, 1965

(to be published).

(18) L. K. Anderson, L. A. D'Asaro, and A. Goetzberger, "Microwave Photodiodes Exhibiting

Microplasma--Free Carrier Multiplication," Applied Physics Letters, Vol. 6, No. 4,

February 15, 1965.
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signal. It is necessary that the length of the laser cavity be adjusted with a piezoelec-

tric mirror control.

A block diagram of the signal processing system following the photodetectors is shown in

figure 4.1-17. The IF signal from each balanced photomixer pair is amplified at the IF

frequency. An AGC circuit compensates for large changes in received signal strength.

The IF signals from the two channels are processed in several ways, depending on the type

of experimentbeing performed:

a. A limiter-discriminator combination is sensitive to optical frequency

modulation, and is also used to control the frequency of the laser local

oscillator to the desired fixed offset. The frequency offsets due to

Doppler effects aboard the OTAES will not be large compared to those

obtained on an inter-planetary mission. It is therefore very difficult

to simulate them on a stationary satellite-to-ground-station experiment.

The ground receiver, however, should be capable of tracking Doppler shifts

over a bandwidth well above that required so that experiments with dif-

fig I ,£erent orDlt con ura_iuu_ _uu_u be .....'_ ^"_

b, A set of gated second detectors followed by a PCM demultiplexing system

is used for digital transmission tests. It should be noted that if alternate

pulses of right- and left-circularly polarized light are used, the received

pulse will always be present in one channel or the other.

C. A set of video bandwidth AM detectors for analog AM transmission tests

and beat amplitude scintillation measurements. The heterodyne receiver

can also be used for angle-of-arrival fluctuation measurements.

The receiver packages will be small and light enough to be mounted aboard the tracking

telescope. The helium-neon receiver package is estimated to weigh 18.6 kilograms and

have dimensions of 25 x 12 x 7 centimeters. The CO 2 receiver package will be bulkier be-

cause the detectors must be cooled to 30 ° Kelvin or less, and dewars for liquid hydrogen

become part of the package. The weight and size become about 20 kilograms and 25 x 12 x 15
centimeters.

4.1.5.3.3 Experiments

Several important kinds of experiments can be carried out with the optical heterodyne

receivers in the satellite and on the ground. They are:

a. Atmospheric effects measurements. This group of experiments is designed to

determine the atmosphere properties that significantly affect space-to-ground

laser communication links. These are experiments that can only be made from

a satellite vehicle that is well above the Earth's atmosphere and moving at

angular rates slow enough to simulate those that will be encountered on inter-

planetary probe missions. The objective is to determine experimentally the

types and rates of modulation that the atmosphere will support. Heterodyne

receivers at the spacecraft will measure:

C l) Scintillation in received signal amplitude. Predictions have been

made (19) that the power spectra of amplitude scintillation observed

from a satellite will be larger and peaked at higher frequencies

than that observed at the ground. Verification of theoretical pre-

dictions will establish the useful bounds on fade rates for an opti-

cal up-link.

(19) R. J. Munick, "Turbulence-Produced Irradiance Fluctuations in Ground-to-Satellite

Light Beams," NAA--Space & Information Systems Division, Report No. SlD 64-2922,

December 28, 1964.
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C2) Fluctuations in optical phase on a coherent signal passin_ through

the entire atmosphere. The magnitude and rate of such phase fluctua-

tions will establish the usefulness of optical FM modulation for com-

munication. The frequency, or phase stability of the spacecraft local

oscillator, may not be good enough to permit definitive measurements

to be made except when acoustic disturbances aboard the vehicle are
absent.

(3) Polarization fluctuation. The spacecraft heterodyne receivers can

detect any differential in amplitude or phase fluctuations between

orthogonally polarized input beams. Correlation between any of the

fluctuations in the two channels will allow estimates of atmospheric

depolarizing effects to be made.

Each of these measurements can be carried out in the visible and in the

infrared regions to obtain the wavelength dependence of these effects.

Heterodyne receiveru uu Lh= _LUULIUJ --_11w_& _^_--":_o &_

Cl) An_!e-of-arrival fluctuations. The extremely narrow beamwidth of a

heterodyne receiver makes it useful for detecting small changes in

angle-of-arrival of a signal from the spacecraft. The fluctuations

in receiver output due to angle-of-arrival cannot be separated from

those due to amplitude scintillation. A second detector with a wider

field of view is necessary to separate the effects. When this is

done, the fade rates for ground-based heterodyne systems of varying
beamwidths can be measured.

C2) Phase fluctuations on the received signal. The phase noise generated

by the atmosphere on the down-link can be measured when both the space-

craft transmitter and the local oscillator on the ground are undis-

turbed by external vibrations.

(3) Polarization fluctuations. These ground-based measurements will be

made in the same way as done aboard the spacecraft.

C4) Wavelength dependence of receiver diameter. The effective collecting

area of an optical heterodyne receiver can be measured as a function

of wavelength over the range from visible (0.6328 micron) to the far

infrared (10.6 microns). These experiments will determine whether

the gain in system performance that is predicted for the infrared

system can be achieved.

b. Optical communications experiments. This group of experiments will test

alternative modulation techniques, with the objective of testing their

capability for communication with 10-MHz bandwidths over a space-to-ground
link.
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4.1.5.4 Optical Modulation

Implementation of pulse code type modulation methods requires the optical modulator and
modulation driver to be capable of much wider bandwidths than the suggested ultimate ana-

log bandwidth of i0 MHz. A study has been concluded which shows the feasibility of a 100-MHz
bandwidth modulator and driver that is applicable. During the past several years, several

optical modulators have been developed. The first was a travellng-wave phase modulator (20)

with a bandwidth of about 1.0 GHz, requiring 50 watts to achieve a modulation index of

unity. The next type was a traveling wave amplitude modulator {21) which has a bandwidth

of 1.0 GHz and produces I00% modulation with a drive of 50 watts. This modulator is shown

in figure 4.1-18.

The optical design principles developed in connection with this 1.0-GHz bandwidth modulator

were applied to the design of a video bandwidth modulator {22) shown in figure 4.1-19. This

video modulator is optically efficient, rugged, and simple to operate. It has been used

in the transmission of TV over long paths through the atmosphere.

These three modulators are the products of a continuing research and development program.

In this program, which includes the investigation of all the available electro-optic mate-

rials, it has been determined that the optimum choice of material depends not only upon its

electro-optlc coefficient but also upon its electrical, thermal, and mechanical properties.

There have been developed thermal design techniques that minimize the effect of internal

losses upon the deflection and decollimation of the beam. Optical finishing techniques

that produce high optical efficiency have been developed. All these factors are directly

applicable to the development of a 100-MHz bandwidth modulator.

4.1.5.1 Modulator Design Approach

Two design approaches have been investigated for the 100-MHz bandwidth optical modulator.

One approach applies the travellng-wave techniques used in the construction of the I.O-GHz

bandwidth modulators. This approach was modified by the inclusion of loading coils in the
modulator transmission line structure to increase the characteristic impedance of the mod-

ulator. By increasing the characteristic impedance of the transmission line structure,

the drive power requirement is reduced significantly while still retaining velocity match

between the modulation and the light.

In the second approach, the modulator is treated as a lumped circuit element with a capaci-

tive reactance. Measurements on the video bandwidth modulator have proved that this ap-

proximation is valid up into the GHz frequency range. The frequency response of the modu-
lator and modulator driver is extended in this approach by paralleling the capacitor with

an inductance so that the circuit is resonant near the upper frequency limit of the modu-

lator. Comparison of the modulator design resulting from the two approaches indicates

(20)

(21)

(22)

"Gigacycle Bandwidth Coherent Light Traveling-Wave Phase Modulator," Proceedings of

the IEEE-Special Issue on Quantum Electronics, January 1963, vol. 51, no. I,

pp. 147-153.

"Gigacycle-Bandwidth Coherent Light Traveling-Wave Amplitude Modulator," Proceedings

of the IEEE, May 1965, vol. 53, no. 5, pp. 455-460.

Peters, C. J., et al, "Laser-Televislon System Developed with Off-the-Shelf Equip-

ment," Electronics, February 8, 1965, pp. 75-78.
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Figure 4.1-19. S2A Video Bandwidth Modulation 
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that the second approach yields a more economical modulator design. Although a description

of the traveling-wave approach is not directly useful, it is significant in that it indi-

cates that the transit time considerations for the light and the modulation through the

modulator are adequately fulfilled. A description of the travellng-wave approach is given
in section 4.1.5.4.1.4.

To obtain an optimum system design it is necessary to tailor the modulator drive circuitry

to the modulator. This is important to ensure that the stray capacity is minimized. It

is also important to match the output impedance of the drive amplifier to the capacitance

of the modulator to obtain the desired cutoff frequency. Both the modulator design and

drive design are discussed in the following section.

4.1.5.4.1.1 Electrical Design

In this design approach the modulator forms the capacitive element in a peaking circuit,

as those used in a cascade video amplifier. The frequency response of this peaking circuit

is determined by the parameter _23),'"

RC
(1)

When this parameter is set equal to 1.6, a flat frequency response without overshoot is

obtained. Under these circumstances, the RC product should equal:

RC = TR , (2)

where:

7R = 2.56 x 10 -9 s for the 100-MHz bandwidth case.

The circuit power required to drive the modulator is given by:

V2
e = --

R
(3)

where the voltage across the modulator can be related to the material properties and di-

mensions of the crystals by the expression:

V - Mb* (4)
'

(23) A. V. Bedford, G. L. Fredendall, "Transient Response of Multi-stage Video-Frequency

Amplifier," Proc. I.R.E., 97 April 1939.

* Derived from Eq. (3) of Reference (21).
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where:

b = the thickness of the electro-optlcal material
= the length of the active portion of the modulator

V = the applied voltage

M=
2_ n3r63

X = the wavelength of light

n = the index of refraction

r63 = the electro-optlc coefficient

From the figure of merit for the peaking circuit

Z -

7R TR (_)
C _

o

Substituting Eq. (4) and Eq. (5) into the expression for drive power:

M2b2_
o (6)P -

r R '

which is solved for the length of the modulator:

(7)

The object of the design is to minimize the length of the modulator _. By minimizing the

length of the modulator, a minimum optical loss is obtained, and the sensitivity of longi-

tudinal temperature gradients to angular mlsalignment, plus internal heating, is reduced.

Each of these factors has an important effect on the overall performance of the modula-

tor (21) , as can be seen from Eq. (7). The length of the modulator can be reduced by using

a small cross sectional dimension and by using a material that has a minimum value for M.

A survey of electro-optlc materials was made. Thls survey included a careful review of
the literature and a measurement of those properties not reported in the literature. These

material properties are given in table 4.1-11.

Using these data we have computed the modulator length using Eq. (7) for each of these ma-

terials. The results of this computation are given in table 4.1-12.

Thls table shows that the best material to be used for the IO0-MHz bandwidth modulator is

R_A (rubidium dihydrogen arsenate). The length of the active portion of this modulator is

slightly less than flve inches. It will have an input impedance of approximately 120 ohms,

which makes it adaptable to the impedance level encountered in wlde bandwidth transistor

circuitry.
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TABLE 4. i-ii

ELECTRO-OPTIC MATERIAL PROPERTIES

RDP RDA

Property KD.__P KDA ADP ADA (RBH2P04 ) (RDH2As02

r63 M/Vxl012 10.3 (24) 10.9 (24) 4.9 (27) 5.5 (27) 11! 27 ) i_(27)

n 1.512 (24) 1.5707 (24) 1.525 (25) 1.5766 (27) 1.52" 1.559 (24)
o

n 1.47 (24) 1.5206 (24) 1.479 (25) 1.5217 (27) 1.520 (24)
e

20.2 21.0 (26) 14.3 14.0 (27) 15. (27) 19.

tan 6x104 5. i0. 5. i0. I0.

Thermal 0.0021 (28) 0.0081 0.0071 (28) 0.0043 0.0082

C onduc t ivity

watts/°C cm

Thermal

Birefringence

Coefficient

x 105 °C

Thermal

Refraction

Index Coef-

ficient

x 105 °C

i.i 2.6 4.7

-1.5 -3.1

KD*P

26.4

i. 512"

50.

* Estimated

(24)

(25)

(26)

(27)

J. H. Ott, T. R. Sliker, Journal of the Optical Society of America, vol. 54, no. 12,

December 1964, pp. 1442-1444.

Handbook of Chemistry and Physics, 31st edition, Chemical Rubber Publishing Company.

D. A. Berlincourt, D. R. Curran, and H. Jaffe, Physical Acoustics, edited by

W. P. Mason, Academic Press, Inc., New York, 1964.

W. R. Cook, Jr., E. H. Jaffe, Reference Data on Linear Electro-optic Effects in

KY2_ Type Crystals, a publication of the Clevlte Corporation, October 15, 1962.

(28) D.A. McCarthy, S. S. Ballard, Journal of the Optical Society of America, vol. 41,

1951, pp. 1062-1063.
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TABLE4.1-12

MODULATOR DESIGN

Length Voltage Capacity Resistance

Material (meters) (volts) (_f) (ohms)

KDP 0.25 24 44 58

KBA 0.18 27 34 74

ADP 0.73 17 90 28

ADA 0.47 21 59 43

RDP 0.18 35 21 120

RDA 0.12 35 21 120

KD*P 0. 095 25 42 61

KTN 0. 055 24 490 5.2

A smaller model could be made using deuterated potassium dihydrogen phosphate (KD*P) or

KTN. The KD*P modulator would be only about four inches long. However, the optical ab-

sorption in KD*P is much higher (29) than that encountered in other electro-optic materials.

This higher absorption more than offsets the gain of the shorter length.

KTN could be used for this modulator. The active portion of the modulator would be two

inches in length. However, KTN gives a low circuit impedance, which requires a trans-

former between the circuitry and the modulator. Also, the dielectric and electro-optic

coefficients of KTN are sensitive functions of temperature, so that satisfactory operation

may be difficult to achieve over even a modest temperature range. Although measurements

of the optical absorption of KTN have not been reported, it is likely that because of its

high index of refraction and because of its domain structure there is considerable scatter-

ing within the KTN crystal and hence high optical absorption.

From these considerations it is concluded that the best material to be used in the 100-MHz

bandwidth modulator is RDA.

4.1.5.1.2 Optical Design

The first element in the modulator is a telescope that has an input window of 4mm, so that

the modulator will accept a 4mmbeam. This telescope reduces the beam diameter from 4mm

to inml. It has an optical efficiency of 90_, and the wavefront of the exit beam is dis-

torted less than 0.i wavelength.

The basic configuration of the active portion of the modulator, consisting of the electro-

optic crystals and half-wave plates, is described in Reference (21).

(29) T. R. Sliker, S. R. Burlage, "Some Dielectric and Optical Properties of KD 2 PO4,"

Journal of Avvlied Physics, July 1983, vol. 34, no. 7, pp. 1837-1840.
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The half-wave plates balance the natural birefringence of one part of the modulator against
the birefringence of the other part. In this modulatorweplan to use two half-wave plates
that will divide the modulator in effect into four parts. By this meansthe sensitivity
of the modulator to longitudinal temperaturegradients is reduced.

Theelectro-optic crystals will be RDA,Ixlxl5mm. Theywill be equal in length to within
one-quarter wavelength. The faces will be flat to i/i0 wavelengthand parallel to within
two seconds.

Following the active portion of the modulator is a quarter-wave plate and a polarizer to
develop the amplitude modulation.

4.1.5.4.1.3 Driver Design

The design of the modulator driver is developed on the requirement that it have an output

capability of i0 watts into a load impedance of 120 ohms with a bandwidth of i00 MHz.

There are vacuum tube amplifiers that can supply this output requirement. However, for

_ __,s, the _-_ -- _ -on ...... v_-_ _ a _ - am-

plifier be used for this purpose. Such solid-state amplifiers are not conlnercially avail-

able. Because of the space application, the driver amplifier will be developed using

solid-state techniques.

There are available a number of transistors that have adequate frequency response for this

application. However, no single unit has adequate power capabilities. To obtain the de-

sired power level, it is necessary to parallel a number of transistors. The distributed

amplifier is a common technique for paralleling a number of elements to obtain both wide

bandwidth and power capability.

A block diagram of a distributed amplifier is shown in figure 4.1-20. The input of this

distributed amplifier is a lumped element transmission line. The output circuit for the

distributive amplifier is also a lumped element transmission line. These two transmission

lines are connected by means of active gain elements spanning between the nodal points of
the two transmission lines. Either vacuum tubes or transistors can be used for these ac-

tive gain elements. The problems facing the designer using transistors for these active

elements are that the transistor is not a unilateral element, so that coupling exists from

the output transistor line back to the input. If this inverse coupling is not neutralized,

there is a possibility that the amplifier will oscillate. A second major problem is that

the input impedance of the transistor has a substantial resistive component so that atten-

uation exists along the input lumped element transmission line.

For a first-order analysis, the resistive parts of the input circuits are neglected, and a

constant-k characteristic is assumed for both the input and the output lines. The voltage
gain is given by:

V

A v V.° (n')z o7- - =gm
in

where:

i
I

gm = _-V •
e
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and:

Zo:(Zo) :(Zo) 

The bandwidth is given approximately by the cutoff frequency of the line:

BW -_% =_L_ '

and the voltage gain-bandwidth product of the idealized model is:

1

_w = _ n_ .

The above results cannot be obtained in practice since the idealized model used in the

analysis neglects the presence of the series resistance r_, which is an important factor

in the actual design of transistor distributed amplifiers. The resistance r_ introduces

loss along the base-emitter line, and thus decreases the gain-bandwidth product in the

common-emitter distributed amplifiers.

Various design approaches may be used when r_ is taken into account. One approach is to

consider a constant-resistance characteristic for both the base and the collector lines.

This is the simplest since it avoids mismatching problems. A better approach is to use a

constant-reslstance base llne and a constant-k collector line. This is shown schematically

in figure 4.1-21. In this case r_ = (go) b has been selected. This is by no means the only

choice. For example, r_ = (ZoL/3 may be chosen; then a flat-delay characteristic will

be obtained for the base line.

The gain of the transistor distributed amplifier is:

V iingm_ n (Romc
Av(°) =_ = 2_ 2 1(Ro)c-4 r'

in e

When the loss in the base line is included, the 3-dB bandwidth can no longer be approxi-

mated by 0Jc as is done for the idealized model. The reduction of bandwidth with n is

quite severe for both the constant-resistance and flat-delay cases. For example, with the

constant-resistance base line, the 3-dB bandwidth is only one quarter of _ for n = 5.
C

Based upon the foregoing discussion, a preliminary design of a transistor distributed am-

plifier has been made that satisfies the specified performance requirements. A schematic

diagram of this amplifier is shown in figure 4.1-22, and its design is described in the

following paragraphs.
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A cascaded RC-coupled transistor amplifier, such as those manufactured by C-Cor Electronics,

may be used as the preamplifier stage for the distributed amplifier. The preamplifier

provides approximately 2V rms across a 50-ohm output resistance over a bandwidth of 150

MHz.

Several high frequency transistors such as the 2N706, 2N753, or the more recent Fairchild

2N2884 and RCA 40291 may be used. The preliminary design is based on the RCA 40291 silicon

high-power transistors having a breakdown collector-to-emitter voltage, BVces, of 90 volts.
For the modulator impedance of 120 ohms and 10-watt output power, an rms output voltage is

required:

V 2
o

127 = i0 ,

or

V ° = _-_ _ 35 volts.

Thus the required peak-to-peak output voltage swing is (2_)x(35), which is approximately

I00 volts. To satisfy this requirement on the output capability, the amplifier has been

designed using two 40291 transistors operating in series to obtain the required voltage

swing. This is shown in figure 4.1-22

The bandwidth and the power gain requirements are now considered in order to find the num-

ber of transistors needed in the amplifier. The RCA 40291 transistor has afT = _T/2_ of

500 MHz and a maximum collector dissipation, Pc' of 11.6 watts with infinite heat sink.

For the bandwidth consideration, a reference bandwidth of the llne to be fT of the tran-

sistor is chosen, i.e., 0_c = _T = 2_ (500 x 1061, and the base line is designed to have a

characteristic impedance of (Rol b = 120 ohms. Assuming a base spreading resistance

r_ = 120 ohms, the base llne is designed to have a constant resistance characteristic (see

figure 4.1-20). To provide a 3-dB bandwidth of i00 MHz, we need an n of I0 (each consists

of two RCA 40291 transistors as shown in figure 4.1-21).

The required gain of the distributed amplifier can be calculated as follows: from the

preamplifier an output of 2.2 V rms across 50 ohms is available and the required output

from the distributed amplifier is 35 V rms across a 120-ohm output. Thus the required

gain is:

T YES = = 11.3 ,

where the collector llne is designed to have a characteristic impedance of:

Ro) c = 120 ohms.

I-ii0 '



The transistor transconductance, _, is given by:

I 2 i
!

gm = r' - 120 - 60 "

Using the gain expression presented previously:

V
O

Ao(O) - V.
in

- 2 (Ro)c = 2 2 _ 120 = 11.3 (required).

or

n = 2 x 11.3 _ 23.

Therefore, for the required voltage gain, an n of approximately 23 is needed. However,

the actual distributed amplifier can be built as a cascade of several stages, each of which

consists of a number of sections. Since the same characteristic impedance has been chosen

for both the base and collector lines, no impedance transformer is needed in cascading the
stages. The total number of transistors needed will be reduced.

The distributed amplifiers in cascade are now considered. The complete amplifier consists

of several stages connected in cascade, i.e., the output end of the collector line of one

amplifier is coupled into the input end of the base line of the succeeding amplifier. For

simplicity, consider the case where(Ro) b = (Ro)c, and denote the following quantities:

n = number of sections in a stage

m = number of stages in cascade
N = total number of transistor sections

A = gain of a section

A = gain of a stage
v

Gv = total gain of the amplifier.

Then:

W _ nln,

v 4 gmRo c

and

]mGv = (Av)m = (nA)m = gm(Ro)c

From the last equation for the total gain:

1, _i/m
n =

i-iii I



Thus:

N = _ -

m(Gvl I/m

A

The minimum total number of transistors can be found by setting the derivative dN/dm = 0.

The result is that N is a minimum when:

m = logeiGv) ,

and the corresponding mlnimumN is:

N = n loge(Gv) •

That is, the gain of each stage must be

A = nA = _ = 2.71 (8.7 dB).
V

This minimization represents a method of dividing transistors into identical stages, so

that a given overall gain is achieved using the smallest number of transistors. It is

noted, however, that there is a reduction of the overall bandwidth because of the shrink-

age of cascaded stages. Thus, this must be taken into account by designing the individual

stages to have a bandwidth exceeding the required I00 MHz.

Applying these results on cascading stages to the design of the complete amplifier, it is

noted first that the overall gain required is 20 log (11.3) = 21 dB. Since the optimum

gain of each stage, as shown above, is 8.7 dB, the number of stages is chosen to be m = 3.

Then the number of sections to provide the 8.7 dB gain can be calculated.

We have:

n ( ) =2.71_g_ No c

or

n= 5.42 _6 .

This yields a total of N =nm = 18 transistors. The bandwidth of each stage should be

around 200 MHz to compensate for the shrinkage due to the cascading of three identical

stages. In addition, alternative design is possible using cascade stages that are not
identical in the number of sections. The bandwidth of the overall amplifier must, how-

ever, be calculated to satisfy the required specification.
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Finally, for the powerhandling capabilities of the transistors, it can be assumedthat a
30_ efficiency can be obtained, and that each transistor section (consisting of two RCA

40291 transistors) will provide a minimum of one or two watts with the required output
voltage swing. Then the final amplifier stage with a total of six transistor sections hav-

ing a total of 12 transistors will be adequate as far as power handling capability is con-
cerned.

4.1.5.4.1.4 Traveling-Wave 100-MHz Modulator Design

In the design of the 1.0-GHz-bandwidth phase (30) and amplitude (31) modulators, the dimen-

sions of the modulator structure are chosen to obtain a match between the velocity of the

light in the crystals and the phase velocity of the modulation in the transmission line.

In these very wide bandwidth modulators, the electrodes are the conductors of a distributed

element transmission line. These modulators typically require 50 watts drive to obtain

I00_ amplitude modulation, and have a characteristic impedance on the order of 27 ohms.

........... _ in .,_++ o_p1_r w_ll also be predicated on obtainingThe design ot t_e luu-_nz U_LLUW_u_LL, ..............

an adequate match in velocity of the light through the crystal and the modulation on the

electrode structure. However, in order to obtain the higher characteristic impedance and

thus reduce the drive power requirement, a lumped-element structure will be used.

The analysis of this lumped element modulator will proceed by first defining the velocity

matching requirements. These velocity matching requirements are expressed in terms of the

difference between the transit time of the light through the modulator and the transit time

of the modulation at I00 MHz. This modulation transit time will be computed from the ex-

pressions from the phase shift per section for the filter section.

Tchebycheff, Butterworth, Bessel function, and constant K filters have been investigated,

and it was found that the constant K filter is adequate for this work, and is indeed su-

perior to the other more sophisticated filter designs. An expression will then be written

for the drive power requirement for the modulator in terms of the material properties of

the electro-optic material and the characteristic impedance of the modulator. Combining

these expressions, the transit time inequality is written in terms of the length and width

of the electro-optic material, the drive power, and the electro-optic material properties.

Using the design equations above, we have examined each of the available electro-optic ma-

terials for this application. The most promising material is RDA _.IRbH2As021"

From Eq. (12) of Reference (31) an equation is obtained for the permissible difference in

velocity between the modulation and the light. This expression is obtained by setting M

in Eq. (12) of Reference (31) equal to 0.7 and solving for the argument of the sine func-
tion. This results in:

(3O)

(31)

"Gigacycle Bandwidth Coherent Light Traveling Wave Phase Modulator," Proc. IEEE,

January 1963, vol. 51, no. I, pp. 147-153.

"Gigacycle Bandwidth Coherent Light Traveling Wave Amplitude Modulator," Proc. IEEE,

May 1965, vol. 53, no. 5, pp. 455-460.
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where

= the length of the modulator

VL = the velocity of light

V = the velocity of modulation.
m

Recognizing that _/V m is the transit tlme of the modulation, Eq. (8) can be rewritten in
the form:

tm <= ---_-+1.4 + tL = -_-1"4+ VLn _ 2_1"4x l08 + _3 xX i08m1"54s _ 2.2 x I0 "9 + 5.1 x I0"9_ , (9)

where:

t = the transit time for modulation
m

tL = the transit time for the light.

Evaluating this equation for _ = 2= x 108/second gives the curve shown in figure 4.1-23.

For a constant K filter the phase constant per section is:

-_ (lo)= 2 sin -I 00
c

The transit time through a modulator composed of N sections would then be:

t N 2N _ (Ii)
m - _- _ sln'l _ '

c

where:

I
CO --

N = the number of sections in the filter.

From the expression for the drive power for the modulator, N can be eliminated from Eq.

(ii). The drive power is given by:

V 2

z
(12)

where

V = the voltage on the modulator

z = the characteristic impedance.
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The voltage on the modulator is expressed in terms of the electro-optic properties of the

material and the modulator dimensions by:

_b (13)V=

2 _/2n3r63

where:

= the wavelength of light
b = the cross sectional dimension of the electro-optlc crystals

n = the index of refraction

r63 = the electro-optlc coefficient

= the length of the modulator.

For convenience, let M:

2 vf2n3r 63

so that:

(14)

V =M b
"

(15)

The characteristic impedance of the modulator is given by:

z = - C - '
c T

(16)

where:

C T = the total capacity of the modulator

c = the capacity/sectlon.

The total capacity of the modulator can be expressed as:

C T = c_ ,

where:

C = EE0 ,
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so that rewriting the characteristic impedance of the modulator we get:

N
z -

%c1_
(17)

This expression for the characteristic impedance and the expression for the voltage in

Eq. (15) are substituted into Eq. (12), and the result solved for N yields:

M2b 2
N - _ c .

P_ c (18)

This expression and the number of filter sections in the modulator are substituted into

the equation _or the modulator translt function given in Eq. (ii) to give;

2M2b2_ c
c .-i_

t - sln --
m P_

c

(19)

Thus the design inequality for the modulator is:

(c + sl)P_ _ -i 0_
o > _ sin --

2M2b2 c -- c_ _c
(20)

Satisfying this inequality will assure that the difference between the transit time for

the modulation and the transit time for the light is adequately small. The right-hand side

is a normalized expression for the actual transit time through the modulator. The left-hand

side is an expression for the maximum allowable transit time through the modulator. Fig-

ure 4.1-24 is a plot of the right side of Eq. (20) showing that, for small values of _/_c'

this expression is substantially equal to unity. The left side of Eq. (20) contains all

the material properties of the electro-optic material. These material properties can be

lumped together as:

i

P (to + s_ ) 7'

so that the quantity p = P/2M2c .

Table 4.1-11 lists p for each of the available electro-optic materials. The most attrac-

tive material will have the highest value of p. Thus from examination of this table it

can be seen that" the material RDA is markedly most suited to this application. It is al-

most twice as good as KDP and 50_ better than KDA.

By inserting various values for b and _ into Eq. (20) satisfactory dimensions are deter-

mined for the RDA modulator: a crystal cross-section of i mm and an optical material length
of 20 cm. The characteristic impedance of this modulator will be 50 ohms; there will be

i-i17 i
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i0 filter sections within the modulator; and 20 volts will be required to obtain i00_ am-
plitude modulation.

4.1.6 Required Technology Development Schedule

FY 1967 :

Begin 24-month development of video modulators for use at 10.6 microns.

Study and experimentally evaluate those modulation techniques and materials

that can be used at the CO 2 laser wavelength of 10.6 microns. Optical AM, FM,

PM, and Pol M should be considered. Electro-optic and acousto-optic techniques

should be examined. The objective will be the fabrication and delivery of a

suitable modulator, meeting the following operating specifications;

a. instantaneous bandwidth capability shall be at least i0 MHz.
_,e4_=1 4_q_e_nn loss of no more than 6 dB.

--° v r .......

c. materials must be able to withstand launching shocks and

prolonged exposure to high vacuum.

d. the lowest drive power requirement for a given modulation

index consistent with the above.

(Developments in tunable optical parametric oscillators may make it possible to overcome

the Doppler shift encountered on interplanetary missions if a good video bandwidth detec-

tor is available at 10.6 microns.)

Begin development of stable 0.6328-micron and 10.6-micron lasers (now underway NASA Con-
tract No. NAS8-20631) with emphasis on ruggedization.

The development of a laser package suitable for spacecraft use will be analyzed under the

following topics: Gas Discharge, Optical Resonator, Cooling System, Control System, and

Integrated Package.

a. Gas Discharge: The lasers now being considered for OTAES are gas lasers.

From laboratory versions of these lasers, one has information on the gas

composition and pressure, current densities, and bore diameters that are

suitable for lasers. The problem is one of devising a gas discharge tube

that has long life in both the operating and the on-the-shelf condition.

b. Optical Resonator: The mathematical treatment of the problem of the op-

tical resonators suitable for lasers has been uev=_upe_= _^I^ _ +_LL_;u_6_jkl_,. Th=....

technical methods for making the laser cavities to the high degree of pre-

cision on mechanical and optical tolerances have been perfected so that

laboratory lasers have the characteristics predicted by the mathematical

models. The problem is to devise rugged structures that are resistant to

environmental factors such as shock and vibration. In addition to ruggedi-

zation, compensation for unavoidable changes will probably have to be pro-

vided by servo systems to obtain anything that approaches optimum performance.

C. Cooling System: One of the significant differences between the environment

of laboratory lasers and spacecraft lasers is the loss of convection cooling.

In some cases there will be no air cooling simply because of a vacuum en-

vironment. Even if the laser is in a pressurized environment, convection

cooling would not be effective because of the free-fall condition of the

spacecraft. Radiation of heat from the surface of the laser package must

be restricted because such radiation would give rise to undesirable thermal ex-

pansion of associated elements of the optical system. For low power lasers
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d.

a shell that has good thermal conductlvitymay absorb the radiant heat

from the laser and conduct it to a bulkhead or other heat sink. For high

power lasers conduction cooling will probably have to be supplemented by

some form of forced-flow liquid cooling.

Control System: The inaccessibility of the spacecraft laser for manual ad-

justment requires that automatic or remotely operated controls should be
devised that are capable of getting the laser into operation and for switch-

ing it on and off as the experimental program requires.

e, Integrated Package: In the spacecraft it is necessary to conserve space.

The gas reservoirs, structural elements of the resonator, and conduction

elements of the cooling system are to be confined to a small space and,

where possible, serve several functions.

In summary, laboratory lasers provide a base for the design of specific

spacecraft lasers. Areas where development work is required before hard-
ware will become available that can pass appropriate tests or that could

be used in spacecraft for OTAES experiments are:

{I) Discharge tube llfe

{2) Ruggedlzatlon

(3) Cooling

(4) Controls to replace manual adjustments

(5) Integrated package.

Continue development of laser mode control and stabilization techniques. (Now underway

Air Force Contract No. AF 33(615)-2884, and NASA Contract No. NASS-20558.)

Begin 12-month design/development of space-quallfied He-Ne and N2-CO 2 lasers.

Analyze structural designs for gas lasers capable of remote alignment and

tuning. Analyze the heat transfer characteristics of the various designs.

Fabricate and test those designs that will withstand launch shock and give re-

liable, long-llfe performance. Investigate both dc cold cathode and RF pump-

ing systems. Conduct shock and vibration tests on the completed designs.

Begin 24-month design/development of infrared photodetectors having high quantum efficiency

at 10.6 microns, and having a frequency response extending to at least i0 MHz.

Design and fabricate high quantum efficiency IR detectors, dewars, high-frequency

coupling structures, and cooled optical filters into a packaged unit that will

provide the basis for field tests of optical propagation. The detector package

must be self-contalned, with a coolant boil-off time of at least two hours

{preferably eight hours). It is anticipated that currently available semicon-

ductor materials will be capable of adequate frequency resFonse if properly

packaged, but other newer materials or techniques must be evaluated during the

design phase if they show promise of attaining the same goal.

FY 1968:

Begin 12-month ground-to-ground measurement program of atmospheric coherence diameter at

10.6 microns, and pulse distortion measurement tests at 0.6328 microns, where broad band

phototubes are available.

Establish a propagation test range or ranges, preferably with portable laser
transmitters and receivers, so that measurements can be made over a variety of

test paths. Tests should be one-way only; no mirrors or retroreflectors should

be used. A path length of at least two miles is required.
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Conducttests of two laser systems: a 10.6-mlcronCWand a 0.6328-mlcronfast-
pulse system. Determinethe dependenceof effective receiver coherencediameter
at 10.6 microns on weather conditions, site location, etc. Determinethe upper
limit on bandwidthof signals that can be propagatedat 0.6328microns by making
pulse distortion measurementsof the output of anAM-lockedmultimodelaser.
Conducttests simultaneously at both wavelengthsif possible, for moreaccurate
comparativedata.

Conductground-to-groundtests of a completeoptical communication system of video band-

width, transmitting two wavelengths simultaneously.

Evaluate the con_nunication system capabilities for various modulation and detec-

tion schemes under a variety of atmospheric conditions. This program would be ex-

pected to make use of some of the results and the facilities available during the

propagation test program. Collect data on fading and fading rates for comparison

with theory, for the design of an electronic system to simulate the effects of the

atmosphere in the laboratory, and for comparison with data to be obtained on high

=L,_= o_=L,t paths. =_._I,,.._ in p_.1o_, _h_ p=_ma_r_ _n_ _1_h_l_ty n_
the 10.6-micron receiver system.

Continue development work in laser stabilization and on wideband infrared detectors and
modulators.

Improve the design and begin fabrication of prototype space-qualified modulators and de-
tectors.

Design and fabricate ruggedized video bandwidth detectors for the visible spec-

trum, and video bandwidth modulators for the 10-micron band. Results of previous

development efforts will be applied. The objective of this program will be the

delivery of modulator and detector packages that have been rigorously tested for

vulnerability to shock, vibration, temperature extremes, ionizing radiation,

vacuum, etc.

Begin 30-month design and fabrication of a piggyback space-to-ground propagation experiment

emphasizing pulse distortion measurements at 0.6328 microns, and coherent aperture mea-
surements at 10.6 microns.

Carry out detailed design of an operating laser system or systems that will make

atmospheric diagnostic measurements. The systems will be configured to an AAP

pallet package, allowing some preliminary testing of space hardware, of atmos-

pheric properties, and of pointing and tracking system capabilities.

The experiment should consist of laser transmitter(s) that are carried aboard

the vehicle and that can be trained with sufficient accuracy to illuminate a

ground receiving station.

Signal properties that have been investigated on ground-to-ground paths will be

measured over high-angle, space-to-ground paths.

Begin fabrication of subsystems and components for a piggyback system as the

appropriate design phase is completed.

FY 1969 :

Conduct preliminary propagation tests over hlgh-angle atmospheric paths, using high alti-

tude balloon platforms for transmitting laser signals to the ground. Carry out such tests

with satellites having usable corner reflectors at 10.6 microns.
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Makeuse of existing laser transmitters and of balloon technology to make upper-

atmosphere to ground propagation measurements. Pointing and tracking require-

ments will not be stringent at either end. Wavelengths of 0.6328 and 10.6 mi-

crons should be used, as well as other new laser wavelengths that may be of

value for meteorology or communications.

Many of the same parameters measured in ground-to-ground tests must be measured

over the long path for comparison, for verification of theory and to provide an

intermediate step toward a space-to-ground experiment.

As before, the measurement of atmospheric coherence diameters at 10.6 microns

and of fast pulse distortion at 0.6328 microns will be of most importance, for

comparison under these conditions.

FY 1970 :

Begin fabrication of some OTAES subsystems and hardware.

Fabricate prototype OTAES optical subsystems, from laser transmitter, receiver,

modulator, and transmitting telescope. Fabricate the required optical ground

test facilities and equipment. Conduct test and integration of subsystems with

each other, and with established spacecraft design.
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4.2 OPTICAL HETERODYNE DETECTION IN SPACE

4.2.1 Summary

Earth satellites have opened new areas of investigation in the atmospheric sciences. Op-

tical technology, in applications such as planetology and large scale weather analysis

and prediction, is one of the more important tools in these new investigations. Its util-

ity can be enhanced by a more detailed understanding of the transmission properties of

the atmosphere at the visible and infrared frequencies. One approach to such detailed

understanding is to adapt the techniques of cor_nunication engineering to optical frequen-

cies. A laser heterodyne receiver, for example, can distinguish fluctuations in the op-

tical phase of the received signal. The results of such an investigation would have

several potential applications such as meteorology and space geophysics data interpreta-

tion. If a spaceborne heterodyne receiver monitors a ground-based laser transmitter, the

phase perturbations on the signal due to the atmosphere can be established. The scienti-

fic interest in this kind of experiment is even greater when a ground receiver is simul-

taneously monitoring a laser signal sent from the spacecraft.

Another, most promising, future application for laser technology is space communication,

and one of the most important steps toward exploiting this possibility is the thorough

examination of the communication properties of the Earth's atmosphere from bottom to top.

Alternative approaches are provided in the proposed experiment. Both direct and hetero-

dyne optical receivers will be used aboard the spacecraft for comparison under a variety

of atmospheric conditions (figure 4.2-1).

This experiment can only be usefully performed in space. Data must be gathered for a

long enough time to permit meaningful statistical analysis and correlation with gross

measurables such as winds, temperature profiles, humidity, and seeing. Measurements will

be most valuable at small zenith angles where ground-based measurements provide very lim-

ited data. Measurements from high altitude balloons can give limited but useful prelim-

inary results incorporating much, but not all, of the sensible atmosphere in weather con-

ditions suitable for balloon launching. Aircraft tests are not feasible because of the

high vibration and turbulence environment. Heterodyne measurements made over the ground-

to-space path will aid in the understanding of the detailed properties of an atmospheri-

cally limited down-link.

4.2.2 Objective

The objective of this experiment is to establish a heterodyne link from ground to space-

craft, to measure the degradation caused by the atmosphere, and to compare these results

with those obtained at the same t__me from the down-link.

4.2.3 Justification

4.2.3.1 Contribution and Need

Heterodyne detection onboard the OTAES vehicle can be a useful tool for the evaluation of

atmospheric effects. By implementing a ground to space heterodyne link it will be possi-

ble to determine scintillation spectra, optical phase fluctuations, and polarization

fluctuations in the absence of significant angle of arrival effects, which are always

present in space to ground measurements. By imposing various modulations it will also

be possible to find the types and rates of modulation which can be supported by the atmos-

phere, and these can be compared with down-link measurements. Should future system design-

ers consider adaptive optical communication from space to Earth, an optical up-link could

sense the capacity of the transmission path for adaptive feedback purposes. Polarization

measurements will be useful in evaluating polarized light communication techniques. Phase

measurements can be used to assess optical phase or frequency modulation methods. The
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transmission and S_ equations for the up-llnk are the same as those for the down link,
which are presented in section 4.1.3.1.

Turbulence in the atmosphere can cause variations in the index of refraction. The result-

ing beam bending may greatly affect communication from the ground to the spacecraft. It

may be necessary to sacrifice some of the aperture gain by broadening the transmitted

beam to assure that some part of the deflected beam will be incident on the receiving

aperture. It is not expected, however, that angle-of-arrival effects will be important
at the spacecraft receiver.

Scintillation in received signal power for a ground-to-space measurement is expected to

differ from that observed in a space-to-ground measurement. The data obtained from an

up-link will allow the effects of the atmosphere on an earth-based beacon to be predicted

for longer interplanetary path lengths. Since a heterodyne receiver can detect extremely

weak signals in the presence of earthshine, it will be particularly useful in tracking a

beacon which has been reduced in power to simulate Mars distances, and in analyzing atmos-
pheric perturbations on the beam.

The performance of ground-to-space optical heterodyne conmmnication links cannot be pre-

dicted accurately when the transmitter is immersed in the earth's atmosphere. A hetero-

dyne receiver in space can provide the data needed to determine the types and rates of

modulation that can be supported by the atmosphere. The results of this experiment can

also help to establish the design choices for future laser communication systems since

wavelength, modulation, and detector techniques can only be decided on the basis of a

thorough knowledge of atmospheric effects. For this reason, several wavelengths will be

used and various modulations will be placed on the link. The quantities to be measured

in space are receiver signal power, heterodyne signal power, and fluctuations in both po-
larization and phase.

4.2.3.2 Need for Space TestinK

The effect of transmitting a narrow beam through the whole atmosphere and to a synchronous

orbit satellite cannot be determined from theoretical analyses because of the many varia-
bles and the lack of data on these variables. The beam deflection will occur in a random

manner and prediction of performance can only be made after a large number of samples of

beam transmissions have been made and related to the atmospheric conditions. An orbiting

satellite will provide up-llnk performance data which may then be used to predict perfor-
mance for deep space probes.

As in the case of the heterodyne down-link (4.1.3.2), measurement in the far field will

ultimately be essential (Rf = 2D_ _ i000 Km), and a high elevation angle slant path is

required for adequate simulation of the deep space conm_nication situation. In addition,

a stationary satellite orbit is preferred to minimize the contamination of atmospheric
measurements with tracking noise.

Ground-to-balloon propagation tests are an important first step in a better understanding

of the up-llnk properties. Aircraft tests are not feasible because of the high local tur-

bulence and vibration environments. These effects will mask the scintillation phenomena
that are of interest.

Synchronous satellite altitudes are most desirable since the scintillation observed from

an aircraft or near-earth satellite would be complicated by large angular rates of the

line-of-slght. In addition, measurements should be made over a sufficiently long time

to obtain statistically meaningful data as well as to monitor mlnute-by-minute changes in
atmospheric conditions with a fixed line-of-sight.
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4.2.3.3 Feasibility

The development of ground based optical heterodyne receivers has advanced to a point

where the design considerations can now be extrapolated for use in a satellite borne het-

erodyne receiver. The local oscillator laser has not yet been developed for space appli-

cations, but a reasonable design can be developed based on the present state-of-the-art

of lasers and present knowledge of the space environment. Alignment of the various ele-

ments makingup the heterodyne receiver can be maintained under the rigors of launch, using

standard optical assembly techniques such as drilling and pinning each element in posi-

tion after final alignment has been accomplished. Detectors for spacecraft application

are available for all frequencies of interest, but require cooling to 30°K or lower for

the far infrared wavelengths. The ground equipment and facilities needed for this ex-

periment are within the present state-of-the-art.

For the visible wavelengths of 0.488 microns and 0.6328 microns, critical components such

as modulators, beam splitters, detectors, optical elements and their coatings have been

demonstrated in environments similar to those expected for this OTAES experiment. Design

and space qualification testing of lasers must be started soon since laser reliability

and lifetime estimates are still low. Only the laser and the heterodyne receiver assem-

bly remain to be space tested. However, earth-based optical heterodyne links have been
demonstrated over kilometer distances. The most critical parameter is the frequency sta-

bility of the spaceborne laser local oscillators, which brings about the requirement that

they be acoustically decoupled from their surroundings.

4.2.4 Implementation

4.2.4.1 Experiment Design

A ground-to-space link will be established. The spacecraft will receive 0.488 micron
radiation through a one-meter aperture and 0.6328 micron radiation through a 0.3-meter

_perture (figure 4.2-2). On the ground, both wavelengths should be transmitted through

the same aperture.

Several parameters will be measured at each spacecraft heterodyne receiver. They are:

a. Amplitude fluctuation of heterodyne signals.

b. Frequency (or phase) fluctuations in the heterodyne signals.

c. Polarization fluctuation: Since each direct and each heterodyne receiver

is sensitive to orthogonal polarizations, any differential treatment by

the atmosphere can be detected.

The block diagram of the equipment required for the "Optical Heterodyne Detection on the

Spacecraft" experiment is shown in figure 4.2-3. Each ground transmitter will be made

up of the following subsystems: i) super-mode laser with its power supply, mode stabil-

ization controls, and automatic frequency control; 2) electro-optlc modulator with the

modulation driver, power supply, and signal source. The telescope, including secondary

optics, beam deflection subsystem, and pointing and tracking controls, will be shared by

both wavelengths. Each spacecraft receiver will be made up of the following subsystems:

i) spacecraft telescope, including its secondary optics, beam deflection subsystem, and

pointing and tracking controls; 2) dichroic mirror; 3) optical filter; and 4) duplex

heterodyne receiver.

The requirements for a ground-based laser transmitter are the same, in essence, as those

for the spaceborne transmitters. Stable single-frequency operation is needed, and this

will be obtained in the same way as in the spacecraft transmitter system, i.e., with a

1-126



POLARI ZATION

ANALYZER

X/4FILTERPLATEFILTER _\ \

_ ,-...,,................................................................................................__ ,_,.--.
',. _i ! _,-,:._" :_"!,,- :\

_: i_,.i: .......................................... ill ', i : [....
_', i_.i= rr,---_...............,,_,....,,.,rt;;,;9_

_N.i _|:: ......................................!"rt ' i_:_

_,'_ I ........... '.

I_ : ........... ,

_!_ ! ....
_ _ i ----_.................................................................................................................
I _ _HHt_ISSt_iHHHIS _Ht.'/H_'H/StHtSStSH,

l.ii ........................
bY'�/;;': ........................
_ ........................

....................J _.......................



DETECTOR

(4 PLACES)

,V'2 PEA TE

BEAM SPLITTER TYP 6 PLACES

PUPI L MATCHI NG

TELESCOPE
o

4880A LASER LOCAL

OSCl LLATOR

d

"PUPI L MATCHING TELESCOPE

FINE BEAM DEFLECTOR

GALl LEAN _,_ ,_
OCU LAR

Figure A.2-2a. Telescope Numbers i and 2.

1-127



POLARI ZATI ON ,_,/2 PLA_ i E

ANALYZER. /

/ _ BEAM
FILTER SPLITTER

VIEW C-C

PUPIL MATCHI NG
LESCOPE

I

MIRROR

SECTION A-A

ROTATED 90 ° CW

...................................... i

GALILEAN OCULAR



I "[)ICHROIC

r_LEPHOTO LENS

VIEW B-B

TRANSMISSION MONITOR

TELEPHOTO LENS

i FLI P MI RROR

DICHROIC

PUPI L MATCHI N G
" TELESCOPE

i MIRRORI

_ SHUTTER & MIRROR

_FI NE BEAM DEFLECTOR

O

6328A LOCAL OSCII-_TOR

Figure h. 2-2b. Telescope Number 3



0

+

vz_
_j M

o
V

o_

_o_
i

,T
w

Z

0 •
u
uJ

T

-IT-
I
u.

m

_ z

_ 0 .

I

m

w I I'_1
_J _- o= _ o I Iz,_z l

,_, :_ [ U I d_-z_l

RZ<uI_ _' I 16"_1
-_ "_l [2_2J

4
I

I
I

=_ l.---le _ E I
o_ I I_,_ I

0_- I

---r--'

u

_,_I _ i_
o_ _ _. L I z_
ff-_ I" I 9__ r 1 o_

_ p.-----

_,1 i_l

<

u

e'-

c-
O

i-
0

U
ID

ID
f-

e-

•1- E

0 _

X
LI.I

_SE
u

,._ ID
u u

_o__

_4
I

4

u_

1-129



combination of mode-coupling techniques and acoustic isolation. The operating wavelengths

of the ground transmitters will be 0.4880 and 0.6328 microns. The difference in up-link

and down-link operating wavelengths is caused by the difficulty in implementing (a) an

argon laser transmitter aboard the spacecraft, and (b) a 10.6-micron receiver aboard the

spacecraft. In the first case, the power drain was the limiting factor; in the second case,

it was the difficulty of providing cooling to the long wavelength detectors.

The largest difference in operating conditions between the transmitters at either end of

the link is caused by the atmosphere. The ground-based transmitter is immersed in the at-

mosphere which induces angle-of-departure fluctuations on the output beam, in exact analogy

to the angle-of-arrival variations seen on an incoming beam. The consequence is that the

ground transmitter must either: (a) use a very tight beam and be continually corrected

with beam steering devices; or (b) broadcast into a solid angle large eDough to accommo-

date most angle-of-departure variations - on the order of several arc seconds in diameter.

Of these alternatives only the latter is acceptable, because of path length delay in any

error correcting signal that could be sent from the satellite. This means that the received

power density at the satellite will be down an order of magnitude or more from the received

power density on the ground from the down-link, for equal transmitted power. This is

largely offset by the increased heterodyne sensitivity of the spacecraft receiver as com-

pared to the ground-based heterodyne receiver. Thus the ground-based transmitters will

use transmitted power levels about equal to the spacecraft transmitter lasers.

The super-mode laser configuration is essentially as described previously in section 4.1.4.1,

as is the polarization duplex receiver to be used for heterodyne detection.

The major equipment necessary for this experiment is listed below:

a. Spaceborne Equipment

Single-frequency laser local oscillators at 0.488 micron and

0.8328 micron.

2 High-voltage DC power supplies - i for each laser.

Cavity tuning control and stabilization circuits - i for each
laser.

2 Laser power monitor detectors with preamplifiers.

Wide-band photomultiplier photodetectors - 4 for each re-
ceiver at 0.488 micron and 0.6328 micron.

8 High-voltage power supplies - i for each photomultiplier tube.

Signal processing and demodulation circuits for each receiver.

2 Receiving telescopes - 1 for each wavelength, or

Receiving telescope for all wavelengths, having suitable beam-

combining optics behind the mirror.

b. Ground-based Equipment

Single-frequency laser transmitters operating at 0.488 micron

and 0.6328 micron having 1-watt and 100-milliwatt output power,

respectively.

o.
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b. Ground-based Equipment (continued)

2 High-voltage DC power supplies - i for each laser.

Cavity tuning control and stabilization circuits for mode-locked

or single-frequency operation.

In cavity modulators for mode-coupled operation.

Cavity modulator driver amplifiers.

2 Output power monitor detectors.

2 Local video detectors and preamplifiers.

0.i meter transmitting telescope for both wavelengths, having

suitable beam combining optics behind the mirror.

4.2.4.2 Ground Transmitters

The lasers recommended for an Earth-to-spacecraft heterodyne link include:

lonized Argon at 0.4880 micron

Helium-Neon at 0.6328 micron

The feasibility of developing a low-power Argon laser for a spacecraft local oscillator

for the OTES is being examined, with the expectation that the problems associated with its

development will be resolved in time for inclusion in the OTES program (see sections 4.1.5.2

and 4.1.6).

These two wavelengths will be transmitted simultaneously through the transmitter telescope.

The lasers, beam switching dichroic mirrors, and modulators will all be located on a solid

foundation to maintain alignment between transmitter subsystems, and their combined out-

put(s) will be fed to the transmitting telescope.

A transmitting aperture approximately 0.i meter in diameter will be used. The long wave-

lengths may be able to use the full aperture at its diffraction limit, and the shorter

wavelength must be deliberately defocused before transmission to fill a large enough angle.

Light from the lasers can be piped into the transmitting telescope via a Coude focus since

the angular tolerances are not as strict as aboard the OTES spacecraft, and small misallgn-

ments between the optical beam and the rotational axes can be tolerated.

Circularly polarized light will be transmitted at each wavelength for most experiments, so

that any atmospherically-induced depolarizing effects can be analyzed at the spacecraft.

Various modulators will be used, as in the spacecraft transmitter, in order to evaluate

their effectiveness on an optical up-link, whose scintillation properties are not the same

as a down-link. Optical AM, FM, and Polarization PCM modulation will be used in turn,
under various weather conditions.

4.2.4.3 Spaceborne Receivers

The spaceborne receivers for the heterodyne detection experiments will be, like the ground

receivers, polarization diversity receivers that can process orthogonal polarization states

simultaneously. The spaceborne heterodyne receiver enjoys the immense advantage of being

able to use the entire area of the collector efficiently because of the absence of the at-

mosphere. All optical components can be used at their diffraction limit.
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Theconfiguration of the spacecraft heterodynereceiver systemis essentially the sameas
the ground-basedheterodynereceiver described in section 4.1.5.3.1. Aboard the space-

craft, however, the 0.6328 micron transmitter and 0.4880 micron receivers share the one-

meter-diameter collector in common, so that provisions are made for combining transmitting

and receiving modes on these two frequencies.

Two laser local oscillators will be used, at 0.4880 and 0.6328 microns, for heterodyne

detection at those wavelengths. The satellite can also transmit at the 0.6328 micron wave-

length. Beam switching is not necessary for these wavelengths.

The signal processing electronic subsystems will operate in the same fashion as their

ground-based counterparts; AM, FM, and Polarization PCM signals can be received, and the
laser local oscillator will track the received signal at a fixed frequency offset, as de-

scribed in section 4.1.5.3.1.

4.2.4.4 Experiments

The relationship between the up-link and down-link experiments is described in previous

sections on experiment objectives, 4.1.2 and 4.2.2, and in section 4.1.5.3.3.

4.2.4.5 Operational Procedure

Tasks

a.

b.

C,

d.

e.

f.

g.

h.

i.

J ,

Begin recording atmospheric condition above ground site.

Turn on spacecraft lasers, allow to come to thermal equilibrium with tele-

scope and spacecraft. (Est. 4 hours)

Turn on ground-based laser transmitters for warm-up. (Est. 4 hours).

Turn on in-cavity modulators in ground transmitters. (Est. 1/2 hour)

Turn on ground video modulators for warm-up. (Est. 1/2 hour) {All thermal

delay times depend strongly on spacecraft package design. It may be prefer-
able to leave the lasers running all the time, if possible.)

Train ground transmitting telescope to satellite direction. (5 minutes)

Transmit 0.488 micron beacon to satellite, orient satellite, acquire and

track 0.488 micron beacon, begin fine tracking, reduce spacecraft angular

rates as close as possible to the tracking rates so that no corrections are

needed from vibration-producing thrusters (see Time Line Diagram, figure

4.2-4).

Select transmitted wavelengths and begin transmitting single-frequency

signals to satellite. (i minute)

Tune each spacecraft local oscillator laser for correct offset from ground

signal. Sweep in frequency, lock on to detected signal. (i second)

Begin demodulating signals from ground transmitters and telemetering outputs

(see Time Line Diagram).

4.2.5 Supportln K Analyses

4.2.5.1 Optical Communication Analysis

See section 4.1.5.1.

1-132



88_o

.z

mB

_z_._

zo

0 uu

9--

z

-: __ --

o{8 _ .-

-- [ ""

--

z

z__ z

z_ .%_ _' _ 6 _ _

_L __

z z

o o

_. 8_ '

I -" I

ou oouu

8 88

I

o
u

o
e_...

o

E
E
o

U

o
or'-

0

°_

E

,4
I

,4

°_..

1-133



4.2.5.2 Laser Evaluation

See section 4.1.5.2

4.2.5.3 HeterodTne OTAES Link

See section 4.1.5.3.

4.2.5.4 Optical Modulation

See section 4.1.5.4.

4.2.6 Required Technology Development Schedule

Some of the required technology developments for OTAES are common to both an up-link and

a down-link. In this section we will refer to only those components, techniques, or test

programs that must be developed in order to carry out the portions of the heterodyne ex-

periments that are peculiar to the up-link. Developments cormaon to both are discussed in

section 4.1.6.

FY 1967

Continue development of hlgh-power (1-watt nominal) Argon ion lasers, for use as ground-

based beacon transmitters, having a substantial fraction of their output power concentrated

in a single frequency. (Now underway NASA Contract No. NAS8-20558.)

Begin a 30-month development program of a small, low-power, single-frequency Argon ion

laser suitable for use as a local oscillator.

Design and fabricate a single-frequency, single-spatlal mode remotely adjustable

and tunable laser. Output power of I milliwatt (nominal) is desired at 0.4880

micron. Incorporate design features that will minimize the input electrical

power requirement as far as possible. Both dc and rf discharge pumping should

be considered. Although this laser is intended for spaceborne application,

weight shall be secondary to power and cooling considerations.

FY 1968

Begin a 12-month development of video bandwidth, high quantum efficiency, solid state

photodetectors for the visible spectrum.

Design and fabricate a solid state photodetector with quantum efficiency of

30_, nominal, at both 0.6328 and 0.4880 microns wavelength. Frequency response
shall extend from baseband to at least i0 MHz. Sensitive area must be as large

as possible consistent with the frequency response requirement and a nominal

50-ohm impedance.

FY 1969

Carry out preliminary propagation tests using high altitude balloons for receiving laser

signals transmitted from the ground.

FY 1970

Begin fabrication of OTAES subsystems and hardware.
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4.3 DIRECT DETECTION ON EARTH

4.3.1 Summary

One potential application for lasers is communication at very long ranges. But, before an

optical communication link can be proposed as an operational tool, its efficacy must be

established. A foundation of spaceborne optical cormmanlcation engineering data must be ob-

tained to allow comparison with conventional techniques. The preceding experiments have

treated the optical heterodyne technique. Direct detection also applies as an alternative

communication form that has planetary distance potential.

There are three salient advantages to the direct detection concept: system simplicity,

lenient pointing tolerances, and an advanced state of ground-based development. In fact,

direct detection system tests can be implemented on OTAES by defocusing the telescope, in

the same fashion that is prerequisite to the precision tracking experiment (section 4.5),

and by using the optical heterodyne transmitter. Thus, at the expense of a few logic ele-

ment= in _ts test program sequencer, the OTAES spacecraft can be adapted for the direct

detection experiment.

There is a secondary advantage to the inclusion of a direct detection link in OTAES: prob-

ability of experiment success. In the direct system, beam pointing and collimation re-

quirements are traded off at the expense of enlarging the ground-based optical collector,

thereby enhancing the reliability of the space-to-earth communication link. Since those

atmospheric measurements predicated upon amplitude and polarization sensing can be ac-

complished with the space-borne optical transmitter in the direct detection communication

mode, inclusion of the direct detection link enhances the success of that portion of the

atmospheric experiments.

The one element of an optical direct detection system that remains to be developed is the

large, earth-based optical collector (depicted in figure 4.3-1). For a meaningful com-

parison (i.e., in a planetary communication context) with alternative techniques, this

aperture should be 8 meters in diameter. In this size, solar furnace technology and con-

ventional RF antenna tracking techniques apply.

Given such an earth-based receiving system and a relaxed tolerance space-borne laser trans-

mitter, portions of the I0 MHz communication, pulse distortion, and fading experiments can

be accomplished. To be of full value to atmospheric physicists and to develop meaningful

space-to-earth communication engineering data, such measurements must be made through the

whole atmosphere. This atmospheric measurement requirement, and the opportunity to make

exact and simultaneous comparison with an alternative communication form, constitute the

justification for performing the direct detection optical communication experiment in space.

4.3.2 Experiment Objective

This experiment will provide a high-confidence link for atmospheric propagation measure-

ments and will compare alternative optical communication forms. The specific objective is

to evaluate the performance of a wide-band space-ground laser communications technique

that uses state-of-the-art components, but does not require diffraction-limited optics,

extreme pointing accuracy, or excessive power consumption.
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4.3.3 Experiment Justification

4.3.3.1 Contribution and Need

The frequently expressed need( 1) for television bandwidth deep space-to-earth data links

suggests the use of a wide bandwidth laser cor_nunication system in which all the short

wavelength optical energy can be concentrated into a very narrow diffraction-limited beam

by using relatively small apertures. Assuming all other factors to be equal, the narrower

the bean_qidth the greater the capability of the co_nication system. However, the ability

to transmit submicroradian beams with apertures less than a meter in diameter presents the

designer with problems of precision pointing, alignment, and atmospheric refraction effects

comparable in difficulty to those of the microwave communication system designer, who must

construct and point massive space antennas in order to increase the present microwave sys-
tems capability.

The Direct Detection Optical Communication System concept, shown in fi_dre 4.3-2, and

4.3-3, represents a compromise of the theoretical ultimate. In direct or energy detection,

amplitude modulation on the light beam is detected directly by a photocell that is sensi-

tiv_ _o rha_ges in input beam power. This is analogous, in the RF spectrum, to the early

crystal sets. However, since the direct detection optical communicatiun _ystem is indc

pendent of the atmosphere coherence diameter limitation, a large aperture collector can be

used. A large receiving aperture will provide an excess of aperture gain that may be

traded off to relax the pointing requirements both on the earth and in the spacecraft,

preserving the capability for megahertz bandwidth conmmnications. The direct detection

system technique accepts a detector efficiency of i0 -I, laser efficiences of 10 -4 , pointing

accuracies of tens of microradians, and nondiffraction-limited optics. The signal-to-noise

ratio for an optical communication link using direct detection, neglecting dark current in
the photodetector, is(2):

S p p2
s

N (i)

2eAf Ips + pBI

where:

p = The responsivity of the photo-surface e-/l
= hv

Ps = The signal power received at the photomultiplier (watts)

PB = The background power received at the photomultiplier (watts)

e = The electronic charge

Af = The electrical noise bandwidth of the system (hertz)

U = Quantum efficiency ' .... ____numueL of charge carri=_= per photon)
h = Planck's constant

u = Optical frequency (hertz).

(i)

(2)

M. C. Adams, Hearings before the Committee on Science and Astronautics, United

States House of Representatives, Eighty-Ninth Congress, February 23, 24, 25, and

28 thru March I, 2, 3, 7, and 8, 1966, Part 4, p. 97.

A. J. Kelley, "NASA's New Electronic Research Center", Astronautics and Aeronautics,

Vol. 3, No. 5, May 1965, pp. 58-63.

H. E. Newell, Hearings before the Committee on Aeronautical and Space Sciences,

United States Eighty-Ninth Congress, March 22, 23, 24, 25, and 30, 1965.

G. Biernson, and R. Lucy, "Requirements of a Coherent Laser Pulse Doppler Radar",

Proc. IEEE, January 1963, Vol. 51, pp. 202-213.
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The receiver signal power is:

p = r
s _ ToTA

(2)

where:

Pt = Transmitted power (watts)

_t = Transmitter half-power solid angle beamwidth (steradians)

A r = Effective area of the receiver collecting optics (square meters)

T o = Optical transmission

TA = Atmospheric transmission

R = Range (meter).

For a ground receiver, the background power _ue to air muattering is give_ hy the expres-

sion:

) = A T _ (Nl) Ak (3)PB blue sky r o r sky

where:

_r = The field of view of the receiver

N% = Average spectral radiance of the sky in the optical filter bandwidth Ak, as
measured at the telescope receiver aperture At.

Using Eqs. (i), (2), and (3), the signal-to-noise power ratio at the ground receiver sys-

tem output may be written as:

S = I Pt PA____r.T_ooTA_

(N)space to Ground \ 2eAf f_tR2

i

_r N_

1 + P-_ A

\ at R 2

(4)

The term in the first parentheses is the expression for signal photon noise-limited

operation. The term in the second parentheses represents the effect of background in re-

ducing the signal-to-noise ratio for signal photon noise-limited operation.

Typical parameters for the system are given in table 4.3-1. A graph of the space-to-

ground performance as a function of the transmitter radiant intensity is shown in figure

4.3-4.

In the curves, a typical transmitter power and beamwidth are indicated for a 30-dB

signal-to-noise ratio. In this case, operation will be signal photon noise limited.

Note that all the system parameters are within the state-of-the-art. Because of the

high efficiency of operation (E _ i0 -I for C02-N 2 vs _ = i0 -3 for HeNe) and relaxed

tolerance requirements, the 10.6 microns, C02-N 2 laser may some day prove useful as an-

other choice of wavelength of operation. A simple comparison of the 0.63 micron system

to the 10.6 micron system may be made.
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TABLE4.3-I

TYPICAL VALUES REQUIRED FOR DIRECT DETECTION EXPERIMENT

SYSTEM PARAMETERS

Range

Laser Power {a)

Bean_idth (a)

Wavelength

Filter Bandwidth {b)

Modulation Type

Filter Transmission {b)

Nominal Optics Efficiency

Nominal Atmospheric Transmission {c)

Typlcal Background Radiance

Observed by Receiver(d)

Optical Collector Area

Minimum Receiver Field of Vlew

Phototube Type

Peak Signal to RMS Noise (a)

System Bandwidth

SPACE-TO-GROUND

NONCOHERENT

3.22 x i07 meters

(20,000 miles)

i0 "3 watts

1.4 x 10 -5 radlans

6.328 x 10-7 _ters

(6328 A)

2A

Polarization

0.4

0.75

0.5

Blue Sky at Zenith (3)

2 x i01 watts/mZ-stermlcron

50 meters 2

5 x 10 -4 radlans

S-20 (C70038D)

30 dB

10 _4z

(a) Possible system parameters as indicated on curve.

{b) Spectra lab mica interference filter.

(c) Less than standard clear atmosphere at 60 ° from
zenith.

(d) Angle of sun and observer neglected for simplicity.

(3) F. Moiler, "Optics of the Lower Atmosphere", Applied Optics, Vol. 3, No. 2,
February 1964, p. 161.
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The background problem at 10.6 microns is less severe than at 0.63 micron.

ground power incident upon the detector is:

PB = ArToTF

The back-

(5)

A typical radiance value for clear sky at 10.6 micron is:

N A = I watt/m2-micron-steradian (4) •

If we assume a 2-percent bandwidth interference filter, which may be optimistic for the

far infrared, and the ground-based receiver values of table 4.3-1, the background power

incident upon the detector is:

= 10 -6 watts

(PB) 10.6

The responsivity at I0 volts of bias of typical Ge-Hg doped detectors at this wavelength

is about 10 -2 volts/microwatt. Thus, a steady input of I microwatt will produce an out-

put voltage change across a matched load of only i0 -Z volts. This is small compared to
the 10-volt bias; consequently, the effect of the background power may be neglected in

detector operation.

Neglecting background, the detectivity of a photoconductor D* is defined {5) as:

pN_ Ac)1/2(D*)A = 10.6 = (Af
s

(6)

where:

S) = voltage signal-to-noiseThe ratio

Nv
P = The signal power in watts
s

Af = The noise bandwidth in cps
2

A = The detector area in cm .
c

Typical D* values of Ge-Hg (4) are 3 x i0 I0 cm (cps) I/2
watt

Time constants are of the order of 10 -7 seconds, providing they are cooled to temperatures

less than 30 ° K. This time constant corresponds to a 2.5-MHz bandwidth and a 1.6-D_iz

3-dB bandwidth. The minimum area _f the detector, based upon the large array optics cir-

cle of confusion, would be 0.25 cmm.

Substituting Eq. (9.) for Ps in Eq. (6) and solving for the transmitter radiance gives:

(4) "Background Measurements during the Infrared Measuring Program", 1956, AFCRL-TN-60-692,

November 1960, p. 149.

(5) H. Levinsteln, "Extrinsic Detectors", Applied Optics, June 1965, Vol. 4, pp. 639-646.



Pt
_tt = D*ToTAAr

R2 (S)v (AfAc)i/2

(7)

Using the parameters from table 4.3-1 in addition to those properties of the detector,

and requiring a 30-dB signal-to-noise ratio, the required transmitter radiant intensity
is:

Pt
= 7 x 107 watts/steradian

_t
(8)

If the results of the analysis are ex_ended tu LLL=L'--_o.__ m_o_o_..,_.......a_=e_ce., then the trans-

mitted signal powers must be increased by the square of the ratio of the Mars:OTAES dis-
tances.

The purpose of the direct system for OTAES is to trade off laser power, beam-pointing

accuracies, and beam-collimation requirements in the spacecraft at the expense of enlarg-

ing the ground-based optical collector. This trade-off is extremely significant because

it provides a means by which spacecraft tolerances and requirements can be relaxed. It

thus serves to enhance the reliability of the spacecraft-to-ground conmmnication link.

Figure 4.3-5 shows the ground-based optics diameter plotted as a function of the space-

craft transmitter beamwidth for different laser transmitter powers. The curves are de-

rived from Eq. (4). The system is photon noise-limited when operating against a daytime

blue sky background at a distance of 32,000 km. A signal-to-noise requirement of 30 dB

and a 10-MHz bandwidth have been specified. The other parameters are given in table 4.3-1.

4.3.3.2 Need for Space Testing

Extensive earth-based testing of direct detection laser systems has already been accom-

plished over horizontal, slant, and vertical paths within the atmosphere. A partial list
of references in this field would include:

a. C. J. Peters, R. F. Lucy, K. T. Lang, E. L. McGann, and G. Ratcliffe,

"Laser _-_^"'_=vlSlon"...........Cy=_n_veloued_ with Off-the-Shelf Components,"

Electronics, Feb. 8, 1965, p. 75.

b. R. F. Lucy, C. J. Peters, E. J. McGann, and K. T. Lang, "Precision

Laser Automatic Tracking System," Applied Optics, Vol. 5, April 1965,
p. 517.

C.

d.

Hinchman and Buck, "Fluctuations in a Laser Beam over 9 and 90 Mile

Paths," Proc IEEE, March 1964, p. 305.

Spalding and Tomiyasu, "Laser Beam Propagation in the Atmosphere,"

Proceedings of the First Conference on Laser Technology, San Diego,

Calif., Nov. 1963, ONR, Boston, Mass.

e. F. E. Goodwin, "Laser Propagation in the Terrectrial Atmosphere,"

Proceedings of the First Conference on Laser Technology, San Diego,

Calif., Nov. 1963, ONR, Boston, Mass.
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f. McDowell-Stites, "The Effect of Atmospheric Tubulence on Laser Beam Dis-

tribution," Symposium on Military Applications of Lasers.

g. Ligda, "Meteorological Observations with Pulsed Laser Radar," Proceedings

of the First Conference on Laser Technology, San Diego, Calif., Nov 1963,
ONR, Boston, Mass.

h. M. Subraman and J. A. Collinson, "Modulation of Laser Beams by Atmospheric

Turbulence," Bell System Technical Journal, March 1965, p. 543.

i. E. J. Chatterton, "Optical Con_unications Employing Semi-Conductor Lasers,"

Lincoln Lab Tech. Report 392, 9 June 1965.

These data are applicable to predicting the direct detection system operation. In addi-

tion, a vast amount of information on optical scintillation and seeing effects is avail-

able. (J. R. Meyer-Arendt, and C. B. Enmmnuel, "Optical Scintillation: A Survey of the

Literature," National Bureau of Standards Technical Note 225, April 1965). These data

can be used for gross predictions o_ dlrec_ det_Liutl system opcratien.

However, none of these data will provide all the information needed to determine perfor-

mance of a space-to-ground optical communications system, because they have been collected

on relatively short paths, often with the receiver in the near field and with the trans-

mitter aperture located within the atmosphere. There have been no successful space to

earth laser propagation tests performed which will yield quantitative data on the inten-

sity variations of the narrow band laser transmission which are of concern to any energy

detection system. These variations can be reduced by increasing the aperture size, as

has long been done in astronomy. Measurements made using the wide spectrum of starlight

are not applicable because the nearly monochromatic laser light can be expected to have

more pronounced scintillation effects. For example, changes in color of a star due to
moving "prisms" formed by the atmosphere(6) if observed with a narrow band filter-detector

combination would appear as a much deeper "fade" than if it were observed with a very

wide band detector. Theoretical considerations also indicated that the atmosphere effects

on monochromatic light can be expected to be more serious.{ ? )

In principle, the amount of scintillation at a given optical frequency could be obtained

by measuring starlight through very narrow band filters. Optical filters are not yet

available which provide the narrow line width of a gas laser transmission. However, even

if they were, the intensity of starlight is orders of magnitude less than that of laser

light. For example, the spectral irradiance outside the Earth's atmosphere of one of the

brightest stars in the sky, Sirius A, has been computed(8) to be approximately i0 -II watts
cm -- _-- at 0.63 micron. If it is assumed that a non-attenuating filter with a bandwidth

of 0.2A could be used, the irradiance would be reduced by a factor of 2 x 10 -5 to 2 x 10 -16

Using a 10-milliwatt laser with a diffraction limited beam from a I meter aperture at syn-
chronous altitudes as a transmitter, the computed radiance is 1.49 x 10 -9 watts cm 2, all

of which would pass through a 0.2A filter.

Under these conditions the laser source is 107 times as bright as the star. Even with a

much smaller transmitting aperture, the laser is still orders of magnitude greater than

starlight. Measurements of scintillation made with the more intense laser light will be

made more accurately because the "signal-to-noise" ratio will be better. The use of the

(6) Rudaux L. and DeVaucouleurs, Larousse "Encyclopedia of Astronomy" Prometheus Press,

New York, 1959.

(7) V. I. Tatarski, "Wave Propagation in a Turbulent Medium" McGraw-Hill, New York,

1961, p. 257.

(8) Investigation of Optical Spectral Regions for Space Conmmnications, ASD-TDR-63-185

(AD 410 537) Air Force Systems Command, Wright Patterson Air Force Base, Ohio, p. 160.
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moreintense light will also permit measurements at much smaller apertures than would be

possible with starlight.

In addition to its monochromaticlty, laser light differs from starlight in that the narrow

laser beam will illuminate a relatively small volume as it passes through the atmosphere.

The light scattered or refracted out of the laser beam increases the area illuminated and
hence reduces the average intensity. The infinite "beam width" of the starlight refracts

as much light into any area as is refracted out. It is possible that this effect will

also contribute to increased scintillation of the laser light.

Although high altitude aircraft and balloon experiments are conceivable, the air sup-

ported vehicles can only approximate the desired test conditions; they cannot rise above

the atmosphere and are subject to local turbulences and vehicle instabilities, all of

which would cast doubt on the validity of the experiments. Essentially, aircraft and/or

balloon tests are forerunners to future spacecraft tests.

The narrow band intensity scintillation data required for the design of future direct

detection systems must be obtained without the necessity of allowing for near field turbu-

lence or extracting data from very low intensity measurements, hence the need for space

testing is clearly indicated. Any method of filtering of star-llght which would approach

the laser llnewidth (and hence the time coherence properties) would result in a signal

that would present grave measurement difficulties. Other natural sources are distributed

sources which do not scintillate and hence are unsuitable even if they were as bright as

the laser. Furthermore, the establishment of a space-to-ground conmmnlcatlon llnk is

essential to the OTAES atmospheric measurements. Since the direct link is clearly feasible,

it offers a reliable means for measuring fading depth (multipath interference), polariza-

tion fluctuation, and communication channel bandwidth.

The implementation of a direct detection experiment in earth orbit would thus test and

evaluate a simple laser conmmnications system concept, and provide means for performing

atmospheric propagation measurements. As lasers and detectors are made more efficient

and as space optical and pointing problems are solved, the direct system will then become

a means for high data-rate (i0 _z) optical communications at interplanetary distances.
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4.3.3.3 Feasibility

The direct system has been designed to discriminate against sunlight scattering due to

normal air and aerosol concentrations by the use of optical filters and by restricting the

optical field of view. The design of the direct system provides a means of discrimination

against seeing and scintillation effects. A primary characteristic of the direct system

concept is simplicity, reliability, and low cost. At 0.6328 microns, it can be imple-

mented with state-of-the-art components. For example, in the direct space transmitter,

the laser, beam-forming optics, laser pointing, the electro-optic modulator and modulation

driver have cormmercial counterparts in existence. A nominal l-milliwatt laser approxi-

mately 30 cm long and i0 cm in cross-section weighing 6 kg and requiring i0 watts of prime

laser tube power, such as the Spectra Physics Model 130 laser, can serve as the starting

point for the design of a space-qualified laser. In addition, a modified Sylvania S2P

electro-optic modulator and solid-state modulation driver requiring less than 30 watts of

power are the basis for the space optical modulator. Furthermore, the beam-forming optics

for the direct system do not have to be diffraction limited. Small collimating telescopes

for lasers, similar to the Spectra Physics Model 331 or Tropel Model 1557-400 beam-expand-

ing telescope, can easily form the beam required by uhe direcL d_g_Llo_ _ystem.

Recent ground-to-air tracking experiments(9) have been performed using a narrow laser beam

pointed at a retroreflector mounted on an aircraft. The return signal has been tracked

at 14-km slant ranges with an accuracy of 25 microradians, rms. These experiments demon-

strate accurate tracking and laser pointing in a turbulent atmosphere with the precision

required for a direct detection optical communication link.

The 8-meter ground-based optical collector contemplated for this experiment is very simi-

lar to the 6.5-meter Narrabri Observatory multi-element optical collector(10). This array

of 252 hexagonal segments can form a 3-milliradian star image. An existing Syncom (ii)

microwave antenna tracking mount design could be adapted for the 8-meter optical collector.

This mount has demonstrated accuracies of 50 microradians when tracking celestial objects

from programmed data sources.

4.3.4 Implementation

4.3.4.1 Experiment Design

The implementation of the optical cormnunication system for direct detection optical com-

munication from space-to-ground was shown in the block diagram in figure 4.3-2. The laser

transmitter will produce a plane-polarized output of the selected wavelength.

(9) R. F. Lucy, C. J. Peters, E. J. McGann, and K. T. Lang, "Precision Laser Automatic

Tracking System", Applied Optics, April 1966, Vol. 5, pp. 517-524.

(i0) R. H. Brown, "The Stellar Interferometer at Narrabri Observatory," Sky and Telescope,
Vol. 28, No. 2, pp. 64-69.

H. Messel, and S. Butler, Space Physics and Radio Astronomy, MacMillan and Co.,

Ltd., London, 1964.

(Ii) Advent Ground Antenna Systems, Contract No. DA 36-039-SC-87365, U.S. Signal Supply

Agency, Ft. Monmouth, New Jersey.
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An electro-optlc modulator now being developed for 100-MHz operation is shown in figure

4.3-6. Its design parameters are:

i) Physical Design

Length : 21 cm
Diameter : 3.5 cm

Weight : 600 grams

Body Material : Aluminum

Connector : Mosely 301

2) Optical Design

Collimator Input Aperture : 3 mm diameter
Collimator Power : 2 2/3 x

Modulator Exit Aperture : I mm x I mm

Electro-Optic Material : RDA

3) Electrical Design

Bandwidth : i00 MHz

Drive Power : i0 watts

Impedance : 120 ohms

4) Modulator Drive Parameters

Size

Weight

Prime Power Input

: 550 cm 3 (15 x 5 x 7.5 cm)

: lkg
: 30 watts

5) Possible Modulation Formats

PCM/Polarization (or any similar pulse techniques)

Analogue/Polarizatlon

FM Suhcarrier/Polarization

The ground-based receiver will be an 8-meter diameter optical collector made of long focal

length hexagonal mirrors approximately one foot across. Each mirror would be an f/30

parabolic or spherical surface. The overall optical collector would be a nominal, crude

f/l system. The resolution would be about 0.5 milliradlans. It would be mounted on a

large tracking mount to point and track the incoming signal. Pointing and tracking will

be done open loop; that is, it will receive pointing and tracking data from another source,

and will position itself in accordance with the data, but will not generate any error

information to correct the incoming data. The data must be accurate to within i00 micro-

radians. Secondary optics will provide a collimated beam about 22 mm in diameter for
the direct detection receiver.

Figure 4.3-7 is a block diagram of the direct detection receiver. The dichroic mirror

will be used to separate different operating wavelengths. In the 0.6328 micron receiver,

the filter is used to reject much of the background radiation that would otherwise reduce

the signal-to-noise ratio of the detected signal, and, under conditions of high levels of

background radiation, would overload the detector.

The filter pass-band will be 0.0002 microns wide, centered at the transmitted wavelength.

The quarter-wave plate will convert circularly polarized light to plane-polarized light.

Light entering the polarization analyzer will contain left and right circularly polarized

light. The analyzer will separate the two types of polarization. The detectors will
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convert the light energy to electrical signals, and the output will then be processedby
the data-handling electronics.

Direct systemexperimentsmust be performedandstatistical data recorded under a variety
of night and day conditions in order to adequatelyevaluate this modeof communication.
Typical experimentvariables, most of which are interrelated and uncontrollable, will be:

i) Meteorological conditions
2) Atmospheric path conditions

3) Background radiance

4) Angular location of sun and/or moon

5) Angular location of satellite.

In addition, it would be desirable to perform these experiments at more than one laser

frequency.

Mn_t of the optical power measurements are straightforward. Total signal power and de-

polarization effects are measurable wit_ the system_ d=tectors. Detailed _m_nations

of portions of the input apertures can be made by scanning the post focal region with a

mechanical scanner or image tube. If simultaneous measurements are made across the aper-

ture, the aperture scan rate must be much greater than the signal fluctuation rate.

Angle of arrival fluctuations can be measured by observing signal motion in the optics

focal plane. Available signal power, background, and bandwidth will limit the measure-

ments and their accuracies. The relative accuracy of measurement will be equal to
%/-N7_.

The ground station will determine the length of each run, based upon meteorological condi-

tions, from real-time data processing and analysis. It will be necessary to collect both

short- and long-term data.

The following measurements are needed to evaluate the space-to-ground direct system. In

each case, the output of photodetectors should be measured and recorded.

la) Measure the masnitude of the received power to check losses and fading

phenomena. In this experiment, the output of the photodetectors is

continuously recorded to provide a chronological record of the instan-

taneous received power. These data can be correlated with meteorologi-

cal and space-craft data to determine the intensity fading characteristics

of the propagation path for the large aperture collector. This measure-

ment should show the ability of the large aperture collector to smooth

scintillation introduced by the atmosphere.

ib) Measure the signal power in the post focal image plane of the large

parabola to determine the point-by-point instantaneous intensity struc-

ture of the optical sisnal across the input aperture. In this experi-

ment, a scanning photomultiplier or a matrix of detectors could be used

to measure the intensity fading characteristic of each section of the

large collector. A comparison of small sections with large sections

can be made to determine intensity fading as a function of aperture
size.

2) Determine the error rate and/or overall communication channel quality.

In this experiment, the various types of modulation are being evaluated.

Thus, if PCM or other pulse modulation is being used, the receiver will

measure the error rate. If analog modulation or FM subcarrier modula-

tion is used, the received signal-to-noise is measured.
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In addition, signal depolarization effects produced by the atmosphere will be
measured during PCM/PL transmission.

3) Measure the effects of varyin_ the transmitter beamwidth on syste m parameters.
In this experiment, two effects are being observed. One is attributable to

lateral motion of the beam on the received signal. This would introduce a

modulation on the signal received by the phototubes. The modulation would

be a function of the beam intensity distribution and the beam motion as it

sweeps across the aperture. The second effect would involve the communica-

tion channel bandwidth. As the beam is spread, multlpath scattering effects

introduced primarily at the tropopause will degrade the communication chan-

nel. This effect will become pronounced as the differences in multlpath

transit times approach the periodicity of the laser modulation signal.

Thus, large beams may have a lower bandwidth than narrow beams because they

illuminate scatterers in the tropopause, which are farther from the beam

center. Thismeasurement could be performed by the pulse distortion technique

at several beamwldths.

4.3.4.2 Operational Procedure

Before performing the direct detection space-to-ground experiments, the following opera-

tions must be accomplished:

i) Ground-based laser beacon acquired and tracked from the spacecraft.

2) Laser in operation.

3) Laser transmitter telescope aligned and pointed at the ground station.

4) Laser, modulator, and telescope all mutually aligned so that the ground

station is illuminated by the laser beam, and the space-to-ground llnk

is completed.

During the entire experiment program, the direct detection system will be in operation in

order to monitor and record the laser transmissions from the space-craft. The first di-

rect detection experiment (la and ib) will be performed during the hours 5.5-10 when a

steady illumination is received from the 0.6328 micron mode-locked laser. During the

hours 10-13, modulation signals will be imposed upon the laser. During this interval,

the second direct detection experiment will be performed.

Finally, at hour 23.5 a third direct detection experiment will be started. This experl-

ment would include a repetition of the first two experiments only at different bean_4idths.

These procedures are shown graphically on the Time Line Diagram, figure 4.3-8.

4.3.5 Supporting Analyses

The previous sections have provided system descriptions and system calculations that have

defined the system performance. To assure total system performance, experiment feasibil-

ity and detailed analyses were conducted in areas such as:

a. Kinds of signal modulation.

b. Wide bandwidth modulator (see sectlon 4.1.5.4)

c. Large receiving optical aperture.

d. Multilayer dielectric interference filters

The study of kinds of modulation was limited to a few selected types that were considered

to be the most probable candidates for optical co_m,anlcatlon. The modulator study assessed

the potential of obtaining a IO0-MHz bandwidth modulator that would permit pulse code

modulation transmission of signals having a bandwidth greater than IOMHz. The concept

of the large receiving aperture was developed from a stellar interferometer, and perform-

ance parameters were developed during the study__ -
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4.3.5.1 Comparison of Modulation Techniques for Wide Bandwidth Transmission

A study of modulation techniques was performed to determine optimum forms of modulation for

satellite-to-ground laser wide bandwidth links. The assumptions made for numerical com-

parisons of performance were that an output signal-to-noise power ratio (SNR) of 30 dB is

required and that the bandwidth is 5 _z. The optical transmitter is limited in peak

power capability rather than average power capability. Background noise and photodetector

noise are negllgible compared to the quantum noise of the received signal, and are neglect-

ed in the analysis here. In addition, for lack of better information, it is assumed that

the power spectrum of the signal is constant over the frequency range -5 _z to 5 MHz ex-

cept for a de component and zero elsewhere, and that the probability density function of

the signal is uniform in the interval 0 to I, and zero elsewhere.

The following kinds of modulation were considered:

a. Pulsed intensity modulation.

b. Pulsed polarization modulation.

c. Direct intensity modulation.

d. Direct polarization modulation.

e. PCM intensity keying.

f. PCM polarization keying.

4.3.5.1.i Results

Comparisons have been made strictly on the basis of output SNR, and no account has been

taken of the relative subjective quality of the wide bandwidth {video) transmitted by

analog and digital modulation methods. Possibly, the output SNR's required to yield equal

quality for analog and digital modulation techniques will be quite different. Further-

more, it seems likely that the relative subjective quality of these techniques will depend

upon the particular use to be made of the wide bandwidth output. Table 4.3-2 shows a

comparison of Ro, the average number of received photons per second* at peak modulation

required to obtain a 30-dB output SNR for the various types of modulation listed and

assuming a 5-MHz bandwidth.

TABLE 4.3-2

COMPARISON OF MODULATION FORMS

Modulation

Pulsed Intensity Modulation

Pulsed Polarization Modulation

Direct Intensity Modulation
Direct Polarization Modulation

PCM - Intensity Keying

PCM - Polarization Keying

PCM - Polarization Keying
with Error Correction Code

Ro Ro

(photons/seconds) (dB relative to PCM)

150 x 108 17

75 x 108 14

150 x 108 17

75 x 108 14

3.2 x 108 0
3.2 x 10 8 0

2.9 x 10 8 -0.4

Only those photons that produce an output from the photodetector are considered, so

detector efficiency does not enter into the results.
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The results indicate that for a fixed output SNR of 30dB, the PCM modulation techniques

wlll require substantially less peak transmitter output power than the analog techniques.

On the other hand, a PCM system would be considerably more complex than an analog system

and, because of the wider modulator bandwidth required, would require more modulator drive

power than the analog system. These and other factors must be taken into account before

a choice can be made between the various modulator systems considered herein. Only two

of the assumptions made in the investigations are believed to affect critically the valid-

ity of the comparisons of the various systems, one is the assumption regarding the rela-

tive quality of analog and digital systems at equal output SNR's. The other is the assump-

tion that an optical polarization analyzer can distinguish between two orthogonal states

of polarization at extremely low photon arrival rates.

4.3.5.1.2 Discussion Pulsed Intensity Modulation

In the form of modulation considered here the signal X(t) is sampled at the Nyqui_t rate

of 2W samples per second. Each sample is stretched (boxcarred) to a duration of _ seconds,
auu _tensity (power) modulates the optical carrier. Correspondingly, the photod_Eector

converts light intensity into voltage pulses so that ch_ uverall transfer _imetion of the

modulator and demodulator is full-wave linear. The signal is recovered by averaging the

received light intensity over each sample interval and putting the average, in the form of

impulses each of whose strength is equal to its corresponding sample average, into a low-

pass filter whose bandwidth is equal to the signal bandwidth. The model here is somewhat

optimistic in that in practice one must sample at a rate slightly higher than the theoret-

ical Nyquist rate in order to permit practical filters to be used. The error is negligible

for the present purposes, however.

Let R s be the average number of photons received during a sample interval when X(t) takes

on its largest value (X = i). Assume that the gain of the photodetector is such that each

photon produces a unit impulse of voltage. Let z(tn) be the number of photons received

during the n-th sample interval. Then Z(tn) is a Poisson random variable with average

value RsX(tn). The probability distribution of Z(tn) is

P
-RsX(tn) IRs X(tn)] k

[Z(tn)] - e k'.

and its variance is equal to its average value RsX(tn). The output signal X(t) is obtained

by counting the number of photons received in the sample interval, and dividing by R s.
That is,

z (tn)

(in)- R
S

The expected value of error in _ (tn) is zero. The variance of the estimate, given X(tn) ,
is

i i

vat vvarz=V ( Rs)
S S

=Z--
R

S
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The unconditional variance is found by averaging over all possible values of X(t n)

i

var (_) i i= _- f xdx - 2R
S 0 S

I

i

The signal power is

i
i

O

The SNR of the reconstituted signal X(t) is equal to the SNR of its sample values X/tn/ ,

which is given by \ !

i 2R s- _=T

Finally, the required photon raton rate per second Ro is given by

3
R o = (2W)R s = _ (2W)(SNR)

Taking W = 5 x 106 and SNR = 1000, R ° = 1.5 x 1010 photons/second.

Pulsed Polarization Modulation

This type of modulation differs from pulsed intensity modulation as described in the pre-

vlous section in that the stretched samples of the signal X(t) are used to control the

polarization of the optical carrier rather than the intensity of the optical carrier. The

signal changes the relative amounts of energy transmitted in each of two orthogonal states

of polarization. The two states of polarization could be right and left circular polariza-

tion or two orthogonal plane polarizations, for example.

Let Sl(tn ) and S2(tn) represent the intensity of the two polarization components of the

optical carrier. Then,

Sl(tn) = [i- X(tn) ], Ss

S2(t n) = X(t n) S s ,

where S is the total transmitted energy per Nyquist sampling interval. Any non-linearity
S

of the polarization modulator is assumed to be compensated for by pre-distorting X(t) to

give a linear overall characteristic.
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The receiver is assumed to contain a polarization analyzer and photodetector matched to

each of the two states of polarization. Cross-talk between detectors is assumed negligi-

ble. Let Zl(tn) and z2(tn) be the total number of photons detected by each of the two

detectors during the n-th sample interval, and let R s be the expected value of the sum of

zl(tn) and z2(tn). Then Zl(tn) and z2(tn) are independent Poisson random variables

with expected values [i - X(tn) ] Rs and X(tn)Rs, respectively.

The outputs samples are formed from z I and z 2 by the following operation

^ z 2(tn) - z l(tn) + R s
X(tn) = 2R

s

The expected value of _ (tn) is _(tn) so the expected value of the error is zero. The

variance of _(tn) is

_ I I_X)Rs 1
(2Rs)2 [XRs + (

- 4R
s

The expected value of X 2 (tn) was found previously to be 1/3, so the SNR is

SNR = 4 Rs ,

and

3
R o = 2WR s = _ (2W)(SNR) .

Taking W = 5 x 106 Hz and SNR = i00 gives

R ° = 7.5 x 10 9 photons/second
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Direct Intensity Modulation

In this case the signal is not sampled and boxcarred, but modulates the intensity of the

transmitted light directly so that the average rate of photon emission is proportional to

X(t). The expected value of the rate of arrival of photons at the receiver likewise is

proportional to X(t). The receiver consists of a photodetector and a post-detection fil-

ter. The optimum filter and the performance of the system using that filter are found

below.

The system can be modeled as shown in figure 4.3-9. The filter, with frequency function

H(f), is chosen to minimize the mean-square error of the estimate of the time-varying part

of the transmitted signal, and rejects the constant part of the received signal. The mean

value of X(t) is assumed to be reinserted separately at the receiver. The process Rl(t)

is a sequence of unity impulses occurring at random with an average rate of X(t)R o impulses

per second, and represents the modulated photon carrier signal.

y(t)

Rl(t) __ i..o I ;-

F_gure 4.3-9. _ Model of D_rec, In,ens_,), Modulofion S_sfem

The optimum filter (not necessarily realizable) from the point of view of minimizing the

expected value of (X' _ _,)2 is given by*

H(f) =

where X'(t) = X(t) - _ is the time-varying part of X(t), Sy(f) is the power spectral den-

sity of the random process y(t), and Sx,y(f) is the cross-spectral density of X'(t) and

y(t). The signal and y(t) are assumed to be at least weakly stationary. The process y(t)

can "be regarded as a sequence of impulses of strength .i_ occurring randomly
.R0

in time with an expected rate of X(t)R o impulses per second. Zn order to obtain Sx,y(f),

and Sy(f), the corresponding correlation function Rx,y{7 ) and Fy(7) will be calculated.

This is done by first regarding each impulse of y(t) as a finite pulse of width _ and

I
height _ , and then letting E tend to zero.

0

*See, for example, Davenport and Root, Random Signals and Noise.
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Two cases must be considered

a, {T{>_ :

Ry_(V) = E

m

Ry(T) = lim__o Ry_ (T) = _o 8{T) + RX{_ )

From cases a. and b. it can be seen that for all

Ry(_) =_ 6(7) +Rx(_ ) ,
0

from which

Sy(f) = + Sx(f ) = + _ 6(f) + Sx'(f)
O O

The cross correlation Rx,y(V) is given by

which gives

Sx,y(f) = Sx,(f)

The optimum filter is, therefore,

H(f) =
Sx,(f)

-- 2

x + Sx (f) +i 8(f)R
S
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2
G
X

If Sx, (f) is a rectangular power spectrum of density _ between -W Hz and W Hz, then H(f)

is a rectangular frequency function between -W Hz and W Hz except for a zero at dc.

a2

x

H(f) a2 + 2W_ 6(f)
• + X
O

--0 , Ill>w.

This frequency function is not strictly realizable as a practical filter, but can be

approximated quite well.

The output noise power is the mean-square difference between X'(t) and _'(t), and if the

optimum filter is used, is given by*

o0

N= a2 - / s (f) H(f)2
x y

-o0

df

i a4 df
W _ x

= _2 _W 2x-. 2w__+o.2+2w_ 8(f)
R x
o

o.4
2 x

= O. -

x 2___+ o.2
R x

8

2w7_2
x

2w_' + R o.2
o x

The output SNR is given by

SNR -

o.2+_ +_ R +
x x o

N o.2 + 2W_
x

If the signal X(t) is uniformly distributed between 0 and i, x

-- i
and X = _ giving

Davenport and Root, op. clt.
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R
2 o

SNR = 4 + _-_

Solving for Ro, one obtains the final result

3_ 3R ° = (2W) (SNR-4) = _ (2W) (SNR).

For high output SNR, therefore, the required photon rates for direct intensity modulation

and for pulsed intensity modulation, are equal.

Direct Polarization Modulation

This form of modulation differs from pulsed polarization modulation in that the signal is

not sampled and boxcarred but modulates the polarization of the optical carrier directly.

The receiver continuously forms the quantity:

y(t) z2(Y) - zl(t) + R°
= 2R '

O

and filters it with a filter having frequency function H(f) to obtain the best estimate

of X'(t), the time-varying part of X(t). Here, zl(t ) and z2(t ) are the output signals of

two photodetectors, each of which is matched to one of the two polarization components of

the received signal and is assumed to consist of a random sequence of unit impulses, one

impulse for each detected photon. The quantity R is the average number of photons per
o

second detected by both detectors.

The analysis of the optimum filter and the performance of this case is very similar to

that for the case of direct AM, and is omitted here. The optimum filter turns out to

have the same frequency function (except for a gain constant) as for the direct AM case.

The output SNR and required photon rates are

R
4 o

SNR = 4 +_-

¼ ¼R° = (2W) (SNR-4) = (2W) (SNR)

The photon rate required for high values of SNR is approximately equal to that required

in the case of pulsed polarization modulation.

Pulse Code Modulation--Intensity Keying

In this case the signal is sampled at or above the Nyquist rate, quantized into L = 2M

levels and transmitted as a series of binary numbers by on-off keying the optical carrier.

"On" is assumed to correspond to a binary i and "off" to a binary 0. The receiver con-

tains a photodetector and other circuitry that determine whether or not at least one

photon is received during a given binary digit (bit) interval. Since background radia-

tion and dark current have been assumed negligibly small, an error in determining the
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identity of a given received bit will occur if and only if a binary i is transmitted and

no photons are detected during the bit interval. When a binary i is transmitted, the

number of photons detected during the bit interval is a Poisson random variable with av-

erage value R o, and the probability of detecting exactly n photons during the bit interval
is

P{n) - n'

If all L signal levels are equally likely, as assumed, then the PCM bits will take on the

values 0 and i with equal probability. The probability of error Pb of an arbitrarily-
selected received bit is, therefore,

1 e(o) 1 -RbPb =2- =_-e

In order to determine the required value of Rb, it is necessary to assign an allowable

value for Pb" Unfortunately, no data have been found that would indicate what bit error

rate is required in a PCM system to give signal quality equal to that of an analog system

operating at a given output SNR. Lacking this information, it will be assumed for purposes

of preliminary comparison that the quality of the two systems is equal when their output

SNR's are equal.* In the case of PCM signal, the output noise consists of two parts,

quantization noise and noise arising from bit errors.

The quantization noise power N is equal to the variance of the quantization error, which,
q

for the assumed uniform distribution of %(t), is

I

Nq = --
12L 2

In order to evaluate the noise N b caused by bit transmission errors the receiver's esti-

mate X(tn) of the n-th sample value of the signal X(t) is written as

A M_I I ak2kx(tn) = ,
k=0

This assumption has been made also by other investigators, including those responsible

for Hughes Aircraft Company's Deep Space Optical Conm_nications System Study.
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where a k is the value, 0 or I, of the k-th digit of the PCM word. Now, let E(tn) be the
A

error X(tn) -X(tn) in the n-th sample. Then _(tn) can be expressed as

M-I I ak2ktn )--kE.o

where, since the ak are equally likely to be 0 or I, the probability distribution of ck

is

ii Pb, ck = i, -i I

The occurrence of errors in the various bits is assumed to be independent.

c k have zero mean and are independent,

Since the

i° 1N b = var (_) = _ 2
k=0

(4 M- I)P b
Pb M_I 4k

= _ k=0 - 3L 2

The total noise power N is the sum of Nq and N b

I L 2 - i

N - + Pb
12L 2 3L 2

This assumption is not a valid one if, for example, the signal undergoes slow fading.
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and the SNRis

I
SNR= E(X2) = [ _ 4L 2 = 4L 2

N N I + 4(L 2 - I)P b i + 4L2PB

The error probability Pb depends upon L for any given value of Rs, the number of photons

per sample, since

R R
s s

RD =
log2L

Therefore, there exists an optimum value of L for each value of SNR which minimizes the

required value of R . The last form of the immediately preceding equation gives
s

i I

Pb ~ SNR 4L 2
(9)

A trial-and-error solution for SNR = I000 gives the following optimum values for L, Pb'

and Rb:

L = 32 (5 bit PCM)

Pb = 7.5 x 10 -4

Rb = 6.4 photons per bit.

The required photon rate per second is

R ° = 6.4 x 5 x 107 = 3.2 x 108 photons/second.

Pulse Code Modulation-Polarization Keyin_

This form of modulation is similar to PCM with intensity keying except that the PCM bits

are transmitted as one of two orthogonal states of polarization of the optical carrier.

The receiver contains a polarization analyzer and photodetector matched to each of the two

states of polarization and makes bit decisions according to which detector responds to

more photons during the bit transmission interval.

There is some uncertainty as to the amount of crosstalk to be expected between the two

photodetectors at low photon rates. It is not obvious whether or not a right circular

polarization analyzer, for example, completely rejects left circularly polarized light

when the photon rate is very low. The crosstalk will be assumed to be negligible for the

present analysis. The analysis is easily modified to take crosstalk into account.
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Under the assumptionof no backgroundnoise or detector noise, a bit error can be made
only if no photonsare received by either photodetector, in which case an error will be
madewith probability 1/2 (assumingtransmitted bits are equally likely to be 0 or I).
Let ._ be the expectednumberof photonsreceived per bit. Thenthe probability of error
per bit is, from the equation

-R
e

P(n) = n' '

i -Rb
eb = 2 e (i0)

as in the case of PCM with intensity keying. The analysis of output SNR and required

photon rate R 0 contained in the paragraph on "Pulse Code Modulatlon-Intensity Keying" apply

Lu _L,= prc_cnt case, _nd rh_ numerical results obtained hold also.

Therefore, the performance of PCM with intensity keying is equal to that of PCM with polar-

ization keying under the conditions assumed. The performance of the latter can be im-

proved slightly by using a simple error correction technique. A parity check bit would be

appended to each PCM word, making a total word length of M + i bits. This would permit

the receiver to fill in a single omission (failure to detect any photons with either photo-

detector) in a (M + l)-bit word by choosing it to yield proper parity. Although no exact

analysis of this technique has been made, it is possible to estimate the effect of coding.

First of all, if bit omissions are independent of each other the probability of exactly

k omissions in an (M + l)-bit word is

Pk = (Mkl) Pkbo (I - Pbo) M-k+l k = 1,2 ...M+I ,
(ii)

where Pbo is the probability of bit omission. If MPbo is very small, the probability of

two omissions is large compared to the probability of more than two omissions. Approxi-

mately, therefore, the probability P that errors will remain in the M information bits

at the output of the error correctoreis

3 3(M+I)M p2 (12)
Pe _P2 = 8 be

The factor of 3/4 arises because a probability of 1/4 exists that a random assignment of

0 or i to the two bit omission would be the correct one. As a further approximation, the

error in a sample that results from two PCM bit errors is taken to be equal to that which

would result from a single PCM bit error. This is a reasonable approximation since most

of the sample error is contributed by the highest order bit in error. Therefore, P of
e

Eq. (12) can be substituted for Pb in Eq. (9) to permit Pbo and, subsequently, the new

value of R to be determined. Numerical evaluation for M = 5 gives
O

R ° = 2.9 x 10 8 photons per second.

This represents a 0.4 dB deduction compared to the system without error correction.
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4.3.5.2 Investigation of a Larse Optical Collector for Space to Ground Communications

A large optical collecting area can be implemented by using a technique devised for a

stellar interferometer. (12) The interferometer uses a large array of optical reflectors

in lleu of a single large area collector. Each reflector directs the desired energy to-

ward a common focal point for the array. Recent construction of an f/l.6, 22-foot diame-

ter stellar intensity interferometer shows the complete practicality of this approach.

This size approximates the energy collector for the ground based receiver.

A typical array would consist of a number of figured small mirrors each cut in a hexagonal

shape to maximize the collecting area, and mounted on a supporting structure. The final

array would approximate a large circular paraboloid. Each element would be adjusted to pro-

vide the best overall resolution. The structure would be mounted on an elevation-azi-

muth tracking mount. Tracking data from an outside source such as a radar would be used

to point the structure. Since an optical resolution of only 0.5 mllliradian is expected,

the pointing accuracy would have to be of the order of 0.05 to 0.i milliradlan, which is

presently obtainable.

4.3.5.2.1 Array Geometry

Figure 4.3-10 shows the geometrical layout for the large circular paraboloid in two dimen-

sions. A single parabolic element is shown at 0'. Elemental parabolic geometry was chosen

because a simple and exact analysis could be easily performed. The geometry has been ad-

Justed so that the normal to the center of an element intersects the array's principal axis

at an angle 8. The reflected ray from the center of the element as shown in the diagram

intersects the array principal axis at the array focal point at an angle 2e. Thus, the

parabola geometry of the center of each element lles on a parabola with a focal length _'.

The array is assumed as a circular paraboloid, and the incoming signal is parallel to the

OX direction within the array pointing accuracy. Because of the paraboloid-shape the rays

from the center of each element in the ZY plane also intersect at the focal point F. How-

ever, the remaining area of each element does not conform to the large paraboloid, and the

contribution from all the areas Joins the circle of confusion of the array.

Except for the central element, the aberration in the focal plane of the array produced by

each small element is caused by the incident rays arriving at an off-axls angle. Thus,

each parabola focuses off its axis. The axis for a single element is denoted at X'Y'Z' in

figures 4.3-10 and 4.3-11. Each parabola focuses the incoming energy into a coma-shaped

image in its own focal plane. The image has its longer dimension in the Z'0'X' plane.

Thus each parabola forms an elongated image inclined at an angle in ZY plane corresponding

to its location in the ZY plane. Thus, at F and for a fixed angle 28, the rays formed by

a single zone of the array form a circle. As the angle 28 increases, the size of this

circle of confusion increases. Thus, the size of the circle of confusion is a function of

the angular aperture of the larger array.

When using the array as a collector for the direct cormuunications system, the circle of

confusion determines: (i) the secondary optics that will be required to focus the signal

through a narrow band optical filter, which is extremely sensitive in bandwidth to the

angle of passage, and thence to the photomultiplier detector, (2) the resolution or mini-

mum angular size of background, which determines tne amount of unwanted background radia-

tion entering the system.

(12) H. Messell, S. Butler, "A New Stellar Interferometer," Space Physics and Radio

Astronomy, 1964, Chapter 5, MacMillan and Company, London.
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4.3.5.2.2 Minimum An_ular Size of Background

The geometry of a parabolic element is shown in figure 4.3-11. The Z' and Y' location of

the image rays in the plane at X' = F' are given by the expression(13)

y, = O'F' tan 8 tan 2 i/2_ sin 2 9

- cos * I - tan * tan 8 cos @ (13)

Z' - O-7-_tan 8 1 + tan 2 1/2 _ cos 2 @ (14)
cos * i - tan * tan _ cos

where

O'F' = the focal length

= the angle of arrival of rays relative to
the O'X' axis

= the angular location of the ray relative to JO'X' at the

focal point F'

= the angular location of the ray in the Z'Y! plane.

The value of Z' is the long dimension of the coma for _ = 0, and for values of * where

small angle approximations are valid, neglecting terms in _:

O'F' tan

Z' = I - * tan _ (15)

The maximum length of the coma 6, which originates from the peripheral parabolas, is given
by:

max = (Z'), = _max (Z'), = 0. (16)

Substituting Eq. (15) in Eq. (16), and noting that the term *max tan 8 <<i, if each element

has a diameter small compared to its focal length, and even for high aperture large arrays,

the coma length may be approximated as:

0max _ O'F' *max tan2 e (17)

Now:

-- d

O,F,*max = (18)

where d = diameter of the parabolic element. Thus Eq. (17) may be written as:

8 d
max = 2- tan2 _ (19)

(13) Plurmmer, "On Images Formed by a Parabolic Mirror," Astronomical Journal,

Volume LXII, 5, p. 354, March 1902.
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Fromthe geometryof the parabola, it can be shown that:

D (20)
tan 8 =_ ,

where D is the diameter and F the focal length of the large parabolic array.

Substituting Eq. (20) in Eq. (19) gives:

dD 2
6

max ~ 32F 2

(21)

The coma aberrations from any of the parabolas can be adjusted to fit within a circle

in the focal plane whose diameter is given by Eq. (21) by adjusting each mirror individ_

ually. The angular size of O is the resolution of the receiver, and determines the
max

minimum background angle that the reveiver can subtend. The angular size A of 6 is:max max

max F

6
max (22)

Substituting Eq. (21) into Eq. (22) gives:

dD 2
A
max - 32F 3

(23)

Eq. (23) is shown plotted in figure 4.3-12 for 30-cm diameter elements. These curves
show that a receiver field of view of less than 0.5 milliradians can be achieved in a

large diameter high aperture ratio segmented optical collector. For example: an 8-meter

diameter collector whose aperture ratio is f/l.3 views only 0.5 milliradians of background.

4.3.5.2.3 Large Aperture Segmented Mirror at Narrabri Observatory Australia

Originally the only large multl-element optical collectors were the solar furnaces. How-

ever, in recent years higher resolution arrays have been constructed at Narrabri Observa-

tory for use in measuring star diameters. In addition diffraction limited segmented tele-

scopes have been proposed for astronomical space observatories.

The details of the Narrabri collectors are very similar to the collector being considered

for the ground-based direct detection system. A sunmmry of the Narrabri system is pre-

sented in table 4.3-3.

The minimum star image size in this table is 3 milliradlans. Private communication with

Professor R. Hanbury Brown of the University of Sydney and Narrabri has revealed that be-

cause of support structure deformation only a 3-milliradlan resolution was achievable.

Professor Brown thought that with proper design the minimum star image size could be re-

duced to about 0.6 to 1.0 milliradians. This value falls within a useful range of values

for application to the direct detection receiver.
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TABLE 4.3-3

THE lARGE APERTURE SEGMENTED MIRROR

AT NARRABRI OBSERVATORY, AUSTRALIA

Segmented Mirror Characteristics

Aperture of array:

Focal length of array:

Number of elements:

22 feet

36 feet

252

Element Size : hexagonal, 15 inches across flats

i inch thick

Element Weight:

Element figure and tolerance:

12 pounds

spherical figure, 1/8 wave
72-foot R of C

Element coating: front surface, aluminized

Si0 protective coat

Element mounting:

Element heaters:

individual three-polnt suspension

pad cemented to back of each element,

12 watts of power used for antl-dewlng

Minimum image size, static: O. 5 inch

Maximum image size, including
frame deflections 1.25 inches

Corresponding max angular

image circle:

Manufacturer

3.0 milliradians

Mount: Dunford and Eliot Ltd.,

Sheffield, England

Mirrors: Offieine Galileo,

Florence, Italy

Additional System Details:

The converging cone of light from the reflector is collimated with a 3-inch diameter,

5-inch focal length, negative lens. The collimated light is passed through a 3-inch dia-

meter multi-layer dielectric interference filter centered at 4385 angstroms with an 80-

angstrom bandwidth. An aspheric positive lens, 3 inches in diameter is used to focus the

light onto the cathode of a 14-stage photomultiplier.

References:

R. Hanbury Brown, "The Stellar Interferometer at Narrabri Observatory," Sky and Telescope,

Vol. 28, No. 2, pp. 64-69.

H. Messel and S. Butler, Space Physics and Radio Astronomy, MacMillan and Co., Ltd.,

London, 1964.
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4.3.5.2.4 Tracking Mount for Large Aperture Optical Collector

Many of the large tracking radar antennas in use today can provide the design basis for

the large optical collector tracking mount. The requirements placed upon the mount in-

clude: (i) the structure must support with precision the optical elements and their ad-

justable retaining cells; (2) the tracking mount must be capable of tracking the satellite

within a fraction of the allowed optical field of view.

Optics Considerations

A typical optical design might be an 8-meter diameter f/l.3 segmented mirror. This mirror

would be composed of approximately 830 hexagonal shaped molded epoxy mirrors. Each mirror

would be nominally 25 cm from edge to edge and be approximately 3.2 centimeters thick in

order to hold better than one wave surface figure tolerance. Each mirror would weigh

approximately 0.75 Kg, and thus the optics would weigh approximately 620 Kg. Allowing

about 1.0 Kg for each cell, the total weight would be about 1400 Kg. Each mirror would

cost approw_m_rely $30.00. and the total mirror cost would be $25,000.

The positioning accuracy requirement of each element is determined by the minimum back-

ground angle that can be allowed. A reasonable estimate of the accuracy would be i/i0 of
the allowed background angle. Thus, if the system is designed to have a circle of confu-

sion of no more than 0.5 milliradians, the element positioning accuracy should be of the

order of 0.05 milliradians. Similarly, the tracking accuracy of the entire mount should
also be of this order.

Tracking Mount

An existing microwave antenna tracking mount that was developed for the Advent program (14) ,

and is now being used for the Syncom satellite system, could be adapted to accommodate the
large optical collector.

This tracking system uses a 19.5-meter diameter microwave antenna weighing 8,500 Kg. Outer

rim deviation from a true surface is maintained under 56-mph wind loading. Expressed as
an angular deviation, the departure from a true surface amounts to _ < 250 microradians.

Tolerances on the allowable deviation for the optical collector are A8-__50 microradians
at the rim.

Holding the optical collector structure to tolerances of this order places a premium on

careful analysis of wind loading and thermal loading effects. Computer programs relating

to these effects were generated and used in the development of the antenna structure, and

a similar approach would be applicable to the optical collector.

The antenna tolerances were maintained with the mount completely exposed to the external

environment. A reduction in the severity of structural requirements can be accomplished
by sheltering the optical collector in some form of modified dome.

The performance of the tracking mount varies with the particular mode of operation. For

example, as an active tracker following radio frequency sources at UHF or VHF, angular

errors of 408 microradians and 970 microradians respectively are obtained. In these tests

a radio frequency source was flown around the antenna at an angular velocity of 4 milli-

radians/sec. This rate corresponds to a satellite whose orbital characteristics are simi-

lar to Echo I. However, the pointing accuracy of the antenna was spread between 17 and 51

{14) Advent Ground Antenna Systems, Contract No. DA36-039-SC-87365, U.S. Signal

Supply Agency, Ft. Monmouth, N.J.
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microradians in the astro positioning mode, (rate-alded tracking). In this modethe mount
is driven from an external programsource, just as the optical collector mountwill be
driven by external radar data.

The indicated accuracy spread reflects the data from two different sites as well as azi-
muth and elevation axis differences.

Secondary Optics and Optical Filter Considerations

Each element of the multl-element array focuses the incoming energy into an image in its

own focal plane. Elements positioned off the central axis of the main array form elon-

gated, comatic images. The sum of these distorted images form the circle of confusion.

Rays entering this circle of confusion from the array must be re-directed to fall within

the entrance angle limitations of the narrow bandwidth dielectric film filter. A collima-

tion lens, (or mirror), can be used for this function.

The general requirements of the secondary optics are:

a. They must subtend all the rays that make up the circle of confusion of

the large optical collector.

b. They must reduce the angular divergence of these rays such that they are

passed without loss through the interference filter.

c. A field stop in the focal plane is required to restrict the field of view

of the large parabolic array.

An example applicable to the direct system being considered is illustrative. The behavior

of narrow-band interference filters in divergent (or convergent) light is discussed in

section 4.3.5.3. Figure 4.3-13 shows the theoretical characteristics of these filters at

6328 A for a geometric mean index of refraction of 1.8. The present state of art permits
application of 2_ filters for the direct detection system. From figure 4.3-13 a filter

O

bandwidth of 2A permits a beam divergence of 20 milliradians if maximum filter transmis-

sion is desired.

The cone angle or rays from a f/l.3 parabola is 0.77 radians; thus an angular minification

of at least 39 is required.

A simple solution to this problem would be to use a collimator to form a beam of all the

rays from the circle of confusion.

The angular beamwidth _ of a collimated extended source may be described by the searchlight
beam spread relation,

7 = 2 tan , (9.4)

where

d = the source diameter
s

fc = the focal length of the parabolic collimator.

The extended source diameter, which in our case is the circle of confusion, calculated

from Eq. (23) using a focal length to diameter ratio of 1.3 for the array and an element
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diameter of 30-cm is 0.56 cm. Requiring 7 _ 20 milliradians, the value of fc must be

greater or equal to 28 cm. The maximum cone diameter of the rays from the circle of con-

fusion at a distance 28 cm from the focus of the large f/l.3 parabola is 20-cm. Thus a

20-cm diameter collimator with a 28-cm focal length could be used to collimate the rays

to a beam whose maximum divergence is 20 milliradlans.

The minimum filter size is also 20 cm and would probably have to be constructed as an

array of small, square filters. After passing through the filter, the signal rays could

be reconverged at the demodulator where the optical signal would be converted to electri-

cal signals.

If polarization modulation is used, the demodulator would consist of a polarization analyz-

er followed by suitable photomultipller detectors.

Ray Tracing Analysis of Large Aperture Telescope

A ray tracing analysis for a large aperture moderate quality segmented telescope was under-
taken to define the optical and mechanical parameters required for the large aperture di-

rect detection system. In the computer program used to analyze the segmented parabolold

mirror array, it was expedient to determine the geometry of the mirror location and then

tilt the individual mirror segment. In this manner the same effect was produced as if the

mirror were displaced from the optical axis. The resulting data are tabulated in two

separate arrangements.

In table 4.3-4, the mirror segment location is defined, together with the necessary param-

eters that describe the mirror tilt, the location of the centroid for the reflected image

point, and also the root mean square radius of the resulting blur circle as measured on

the flat image surface. Since the mirror segment tilt has been carefully calculated so

that the individual image spots will have their centroids coinciding, it is merely neces-

sary to consider that the blur circle radii for all mirror segments are completely con-

centric about the optical axis. In table 4.3-5, this information has been broken down

further to provide the energy concentrations within the image structure as a function of

varying blur circle radii. Percent energy concentrations and the separate mirror Segment

locations, numbers I through 7, are indicated. The blur circle radius recorded in each

of these boxes represents the total blur circle radius.

The next step in this analysis would answer questions such as: tolerance requirements on

pointing in order to provide the required half milliradian circle of confusion; pointing

accuracy of each segment so as to maintain a half milliradian circle of confusion cen-

tered on the axis to within 0.05 milliradians; and, finally, the best mirror profile to

use for the application.

4.3.5.3 M_itilayer Dielectric Interference Filters in Parallel and Convergent Light

The purpose of this study was twofold: a) to present a survey on existing methods of
calculation of all-dlelectric interference filters (ADI), b) to derive simplified formulas

and plots giving the behavior of ADI filters in obliquely incident and convergent light.
The results of this simplified theory agree quite well with those obtainable by a more

complicated analysis for the case of filters with a large number of layers (above 6);

therefore, they are sufficient to provide the information necessary in engineering appli-

cations.

Dielectric Filters in Parallel Light

A multilayer dielectric filter is essentially a Fabry-Perot interferometer, in which the

spacer layer is a multiple of _ thick, and the high reflectlvity is provided by alternate
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TABLE 4.3-4

SYSTEM ANALYSES

Segment Location 8 Tilt Average Y RMS Radius

Advent #i 0.187000 -153.9074 0.1512"

Advent #2 0.165345 -136.0028 0.1174"

Advent #3 0.141558 -116.0024 0.0841"

Advent #4 0.117522 96.0010 0.0568"

Advent #5 0.093280 76.0016 0.0353"

Advent #6 0.008_69 _ 0006 n nl_o"-- OU • _ .....

Advent #7 0.044336 - 35.9125 0.0078"

TABLE 4.3-5

ENERGY CONCENTRATIONS AS A FUNCTION OF

BLUR CIRCLE RADIUS

Percent Energy Segment
Location-- #i

i0

20

30

4O

50

60

70

80

90

I00

#2 #3

0.0515 0.0412 0.0296

0.0680 0.0535 0.0386

0.0884 0.0695 0.0495

0.0996 0.0786 0.0571

0.1268 0.0981 0.0705

0.1411 0.1102 0.0792

0.1686 0.1308 0.0936

0.2022 0.1565 0.1118

0.2342 0.1810 0.1291

0.2805 0.2174 0.1560

#4

0 0198

0 0263

0 0336

0 0388

0 0481

0 0538

0 0632

0 0755

0 0868

0 1059

#5 #6 #7

0.0128 0.0063 0.0026

0.0165 0.0090 0.0038

0.0211 0.0113 0.0046

0.0241 0.0130 0.0059

0.0298 0.0160 0.0065

0.0335 0.0179 0.0072

0.0390 0.0209 0.0085

0.0468 0.0249 0.0099

0.0534 0.0284 0.0116

0.0661 0.0361 0.0153
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X
layers of dielectric of high and low refractive indices and of thickness _. The entire

filter is deposited on a glass substrate of index n, as shown in figure 4.3-14.

J GLASS SUBSTRATE ]

I I I I
I I

I i

SPACER LAYER I
I I

I I
I I

I I

REFLECTING FILM

REFLECTING FILM

Figure 4.3- 14. All Dielectric Interference Filter

The quarter-wave layers are usually denoted H for high refractive index and L for low re-
fractive index, thus a half-wave spacer is denoted HI{ or LL. The materials commonly used

in the visible range are zinc sulfide with nH = 2.35 and cryplite with nL = 1.35. The

glass substrate has an index n = 1.5.

Such a system of layers is essentially a periodically stratified medium and can be treated

by matrix methods(l_). However, more insight into the beh_?r of the filter can be ob-

tained by using an equivalent Fabry-Perot approach. Smith _''j has shown that any trans-

parent multilayer dielectric filter can be completely represented by 4 complex parameters
that describe the overall characteristics of the multilayers on the two sides of the

spacer. The equivalent Fabry-Perot interferometer is shown in figure 4.3-15.

Figure 4.3-15.

rl 1

r I

Representation of an AD1 Filter by Two Effective Interfaces

In figure 4.3-14 we have shown 8 parameters that describe the 2 multilayers; however, only

4 of them are needed in the computation. The transmission coefficient for the electric

field from medium i to medium 2 is given by

(15) S. D. Smith, "Design of M_Jlti-Layer Filters by Considering Two Effective Inter-

faces," JOSA, January 1958, Vol. 48, No. i, pp. 43-50.
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t

tlt 2

i6

i - rlr2 e

(25)

where

2_ d cos
8 = 2 -"_-n s

= the angle at which the wave travels between the two interfaces

t I, t2 = the transmission coefficients through the multilayers

ri, r 2 = the reflection coefficients for the multilayers

n = the refraction _-_ .... _ 1_y_._,,_ _ spacer _
s

The transmissivity is then given by:

i tlt2] 2
(26)

Let

r i = _ e-i#l

r 2 = _ e-i#2

tlt22 = TIT 2

R_=R

Substituting into Eq. (26), we obtain

T _

TIT 2

(.-_7_)"+,_ l_-cosI_-01-0,.II

or finally

(27)

T (_) = T O (c0)
i + F(o)) sin 2 8 (_)

(28)
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where

TIT2
Zo(_) (I_R)2

, F(_) -
4R

(l-R)

e (_) = -6 + ¢i(_) + ¢2(_)

X
o

X

Eq. (28) is analogous to the Airy formula (16) for transmission through a parallel plate;

however, here all the parameters are frequency-dependent. In particular, one is inter-

ested in the behavior of the filter near the fundamental wavelength Ao, which is given by
X
o

nsd = _-- , at which point the transmission is maximum. Around that frequency the terms

T O and F vary slowly with _; therefore one must only consider the variation of 8. At the

wavelength l o, 81(_ ) and _2(_) are zero, and their variation is small around I = l o. We

also note that Eq. (28) is derived under the assumptions of no loss by absorption or scat-

tering. When these are accounted for, the maximum transmittance is given by

1

r _ _/2 , (29)
max (1 + -

/

where the relation A + R + T = i denotes the conservation of energy between reflection,

absorption, and transmission.

A
In con_nercially available filters the quantity _--rises rapidly with R so that narrow band

o

and high transmission are incompatible. The narrowest filters made by this method have a
o

bandwidth {at half-transmisslon points) of 6 A and a peak transmission of 25 percent, with

15 layers of dielectric film.

Recently(17, 18), high reflectivities with low absorption have been obtained in multilayer

dielectric filters by a new process of deposition of the dielectric films. Reflectivities

in excess of 0.995 have been obtained in mirrors having more than 30 layers. Conceivably

the same technique could be used to make low-loss dielectric filters with narrow bands.

The bandwidth of the filter for parallel light at normal incidence can be found from

Eq. (28). At the points at which the transmittance drops to 0.5, we must have

(16)

(17)

(18)

M. Born and E. Wolf, "Principles of Optics," MacMillan Company, New York, 1964,
pp. 55-70.

D. L. Perry, "Broadband Dielectric Mirrors for Multiple Wavelength Laser Operation

in the Visible," Proc. of the IEEE, Vol. 53, No. I, January 1965, pp. 76-77.

"Many Layers Add Up to Nearly Perfect Laser Mirror," IEEE Spectrum, February 1965,
p. 38.
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F sin 2 --2_nsd
= 1 (30)

But also at the fundamental wavelength A
O

d mA
2 2_ns o

sin - 0 or n d -
_o s 2

• where m is an integer.

Therefore condition in Eq. (30) becomes

F sin 2 reX°
,, - 1 . (31)

Let

A_
kl = Xo + 2--

_a
x2 = _o - _-

Then

F sin2 _ n_ ~ F(_ n_ )2
2_o- _o = 1

The bandwidth between the half power transmission points is thus

A_ 2

= m'n---'F- (32)

From Eq. (32), it is seen that the bandwidth of a filter can be decreased either by in-

creasing F (i.e. the reflectivity) or the interference or spacer order m. Since increased

reflectivity reduces also the peak transmission, narrow band ADI filters use a full-wave

spacer layer rather than a half-wave spacer. This also tends to reduce slightly the anEu-
lar sensitivity of the filter.

Filter in Parallel Light at Oblique Incidence

To obtain the behavior of a filter in light incident at an angle, a simple problem of

transmission through a parallel plate will be considered (figure 4.3-16).
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A

Figure 4.3-16. TransmissionThrough a Parallel Plate

If the light travels at an angle # inside the plate, the maximum transmission occurs when
the contributions from all internally reflected waves add in phase in medium 2. The dif-

ference in phase between two wavelets is given by

AB + BC - 2nd cos # = _ ,
(33)

which must equal a full wavelength at the peak transmission. Now at normal incidence

AB + BC = 2rid =
o

Therefore, the peak wavelength _ is given by

k_ = Xo cos

For a plate we can wrlte _ as a function of the angle of incidence by Snell's law

(34)

n sin _ = nair sin 8 ,

h =_l- (_ sin @) 2 ( )9_
= i - I nai----!rsin 8

XO n '

(35)

or

I( )2
_o

for small angles of incidence.
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Thus for light incident at an oblique angle, the peak transmission is shifted towards

shorter wavelengths; the shift is smaller the higher the refractive index n.

We conclude that to operate a filter in oblique light with maximum transmission, the fil-

ter must be designed to peak at normal incidence at a higher wavelength as given by Eq.
(35).

For multilayer dielectric filters, one can still use an expression similar to Eq. (35) if

one defines an equivalent refractive index, which depends on the number of layers and the

* and which accounts also for the phase variation in the re-type of spacer used, or n L
flection coefficients.

An analysis along these lines has been carried out by Smith (19), and his results are for

filters with a high index spacer

2
2

\!InHl = -- wl .......
nr r n L

(36)

for filters with a low index spacer

/(=_ 1 - + -T
- nr n

r

(37)

For zinc-cryolite filters we have

n H = 1.78 and = 1.52 .

Thus, in general, nH> nL, which means that filters with high index spacers are less sensi-

tive to angle variations. The above results hold for nx > 15 where x is the number of
r

layers. For zinc sulfide, the cryolite filters Xmi n = 5, a condition satisfied by all

narrow band filters. The analysis confirms a well known experimental fact that filters

with a high index spacer always have an effective index lower than the spacer index, and

vice-versa, for low index spacers.

Filters in Convergent Light

When convergent light is incident on an interference filter (figure 4.3-17), the effective

transmission coefficient can be found by integrating the contributions from all rays form-
ing the cone of the semi-angle _.

(19) C. R. Pidgeon and S. D. Smith, "Resolving Power of Multi-Layer Filters in

Nonparallel Light," JOSA, Vol. 54, No. 12, December 1964, pp. 1459-1466.
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Figure 4.3-|7. Filter in Convergent Light

The transmission is given (neglecting the phase variations) by

78 , _=

T
max

I+F oos0)
for a ray incident at an angle 8 and traveling at angle _ in the spacer.
transmission is then

The effective

sin 8d8

f 1 + F sin 2 (2_d cos _ (38)...__T = o
T G

max f sin OdO
o

The purpose of our analysis is to obtain the wavelength _o at which the filter must peak

in parallel light at normal incidence in order to obtain maximum transmission in conver-

gent light of wavelength _ and angle _.

We note that for small angles e,

oo 0:¢I°- _-; sin 8 = i - _ n* sin 2 8 , (39)

and also cos 8 ~ I up to angles of 8 = 5 ° . This enables us to write Eq. (38) in the form

T

T
max

c_ sin 8 cos 0 dO

o --F" ,,sin

f sin O dO
o

(40)
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Let

o i - i n__.sin 8 2 = v

v I = _ ; v 2 = -_- - _ sin 8

With these substitutions the integral in Eq. (40) becomes

Aol 'n'=]
T _>(_) l _/i[--i-k_j sln _

sin 2 dv
_max 2X ° i + F sinZv

O

(41)

The integral in Eq. (41) can be integrated by further substitution

tan v = t sin v - t dv _ dt

_I+ t 2 I + t2

* 2

T
-->

- 2
max 2 sin

X _l (_ tan --_ (i-I (_) sin 2_o tan-I (i_ tan--_) - tan-I _ "

_f+F

(42)

To simplify Eq. (42), we rewrite everything in terms of the angle #max ' which corresponds
to _, as

tan tan - tan -I tan -_--cos #max

rma x- _ X i - cos _max _+ F '

(43)

0

We wish now to maximize the expression Eq. (43), and find a relation between _ and _--
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Wenowuse the trigonometric identify

tan u - tan v
/ %

tan
_u-v) = I + tan u tan v

-1
or u - v = tan

tan u - tan v

i + tan u tan v

to transform Eq. (43) into

o o
T I _o I c°s2 2u an _ - tan--_--cos _max

7 _ X I cos _max an-i

o o )max _-_ i + (I+F) tan _ tan _ cos _max

A

To maximize Eq. (44) with respect to A owe anticipate the fact that _ = I.

Therefore we will only take a derivative with respect to the second term in Eq. (44).

(44)

_Ao tan o
tan A -'_--cos _max

X _ X_.q _Xo o
l + (I+F) tan --f-tan --f- cos _mx

(45)

Taking derivatives we obtain

_k _A
o o

I + (I+F) tan -_- tan -_- cos _max

(I+F)( )io_ _l ° tan--_cos _max

tan - tan --_- cos _max -- _X °
\ cos --

l

cos2_maX_Xotan_ma_ )
COS --_--C08

= 0

_lO o
I + (I+F) tan -_- tan -_- cos #max

Simplifying Eq. (46), we obtain:

(46)
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1 COS _max

1 + F sin 2 --7rx°x 1 + F sin 2 _ cos

(47)

as the maximum transmission condition. The condition in Eq. (47) can be interpreted
easily if we recall that

I i
= and T¢, k =T°'k _ko 2 _ko

I + F sin 2 _ max i + F sin -_- cos Cmax

are the transmissions at norma! _nc_dence and maximum angle Cmax
Eq. (47) then becomes:

respectively.

To, k = cos Cmax T¢,k (48)
max

Thus the filter peak frequency k must be chosen such that the transmission at the maxi-
o

i
mum incidence Cmax must exceed the transmission at normal incidence by a factor

COS _max

Frequency Shift

k
o

A more explicit relation between _--and ¢ will now be obtained.

o 6k
_-- = i + -_ , and the series expansions

We use the notation

¢2 2_ko ( 6k)2COS ¢ = I - _- , sin --_--= _ _--

with the above Eq. (47) to obtain:

I

Multiplying out in Eq.

6_! = ¢2
4 '

¢2
1 - --

2

I + F_ 2 _ -

(49), we obtain

(49)

(5o)



si°l2or recalling that cos _ = i - --_] = i - 2 '

we have

F- = _ " (51)

Eq. (51) is accurate only for angles less than 5° under which assumptions it was derived.

It is seen by comparing Eq. (35) with Eq. (51) that the necessary wavelength shift in con-

vergent light is half the shift in collimated light incident obllquely at the cone semi-

angle u.

Transmission

We can now compute the maximum transmission in convergent light.

Eq. (50).

At a maximum we have by

Ao I+ =I+
i-= i- 4

Therefore in relation in Eq. (44) we have

2 2

=Ao _ __
tan _ = tan 4 = 4

tan--f- cos _ = tan _ i + I 2 =
tan (4) 2i - _ - 4_-

Therefore

Tmax I lo

max

2 _

i cos

_. _ 1 - cos _max

tan" i (52)
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2
Now _ = _ = _ _ for large F (narrow band filters).

Let

_¢2 X #2 tan v,

tan - -- --4-- 2 2 = 2v = 2 tan -I _ @2
_A2

Finally we obtain:

T
max

T

max

i tan-i X_ #2

A_2

(53)

From Eq. (53), we can compute the maximum transmission of a filter in convergent light as

a function of cone angle. For example, let n* = nL n H = 1.35 x 2.35 = 1.8 for a (ZnS),

and a Cryolite filter with a ZnS spacer. We obtain at a = 0.i and _ = 0.002 from Eq. (53).

Tmax tan -I 0.77

7 0.77
max

= 0.85

Thus, there is relatively little deterioration in transmission as compared to normally
incident light if the filter is properly offset.

In figure 4.3-18 we have plotted Eq. (53) in terms of the dimensionless quantity

X

_2
max I

From that graph, one can determine the transmission of a filter of bandwidth _----in con-
J%

vergent light of angle u; or, vlce-versa, given a transmission coefficient, the maximum

tolerable cone angle can be determined.
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Bandwidth Broadenln_

Finally we wish to calculate the bandwidth of the filter in convergent light, that is we
i

wish to find the points at which T = _ Tma x For large F we can write the condition from

Eq. (44) and Eq. (53) as

_ko o

1 1 tan-1_ _ 1 -1 _7 anq- - tan-7-cos_
9 k _2 _ 9 - k _2 tan _Ao _ko

_- _ i + F tan _ tan _ cos

, (54)

or

_k _k
o o

X _ = _ tan --_- - tan -_- cos
2 =x _x (55)

I + F tan--_ tan--_ cos @

k 2 = ko + AA2

be the wavelengths at half power transmission. The bandwidth of the filter in convergent

light is

AAa = IA_I - A_21.

Now

tan _ - tan _ cos _ = tan _ k - 2

Also

for a half-wave spacer •
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Therefore, Eq. (55) becomes

i

I

o o
i + F tan _ tan _ cos _ = 9 , (56)

or

" = T_I

We are interested only in the difference JA_ I - A_ 2 I which is given from Eq. (57) by

(57)

(58)

The broadening of the filter is a function of both cone angle and filter bandwidth as can
be seen from Eq. (58)

B=_---= i+ (59)

For the filter with _ = 0.i ,

Ak
= O. 002

X

n =1.8 .

We have

B = i + \_ x 0.002 x 2 = 1.26 .

We note that the broadening of the filter B can be written in terms of the dimensionless

quantity x:

B = + x (60)
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The deterioration in signal-to-noise ratio in an incoherent detector in convergent light

as compared with the same detector in parallel light is given by

T

ma..__x tan" I x
rmax

D = -- = (61)
_-" x 4 _ + x 2

For example, if one tolerates a factor D = 0.46, one obtains x = 2, which corresponds to

= 6° for a filter with n* = 1 8. Eq. (61) is plotted in figure 4.3-19.Gmax

The above calculations are based on a half-wave spacer; however, Lissberger (20) has shown

that the angular sensitivity decreases as the order of the spacer layer is increased. In

fact, for a very large order layer, the effective index of refraction n* simply becomes

the index of re_ractlon of that layer itself, which, for a high index spacer, is larger

( ")than n*. nH > n H .

Temperature Dependence of ADI Filters

Little has been published about the temperature dependence of interference filters. Basic-

ally the peak wavelength of a filter shifts with increase in temperature towards longer

wavelengths. This is due to two factors:

a. Thermal expansion of the reflecting layers and spacer layer

b. Change of index of refraction with temperature.

From one manufacturer's data (Thin Films Products Company, Cambridge, Mass.) a filter cen-

tered at 0.6328 microns exhibits a shift of about 2.5 x 10 -5 micron/°C. Thus temperature

stabilization is very important in narrow-band filters. Temperature-tuned filters are

possible, although the range of tuning is rather limited.

Mica Interference Filters

It has been noted in connection with Eq. (32) that the bandwidth of an interference filter

can be reduced by using a thick spacer layer. The mica interference filter (21) makes use

of this property, and has as spacer a mica sheet several hundred wavelengths thick on which

the dielectric layers are deposited. Such a filter combines narrow bandwidth with high

transmission which is generally impossible to obtain in ordinary multilayer dielectric fil-

ters. Mica filters with a bandwidth of 0.0002 micron in the visible range and transmission

as high as 50 - 60 percent have been reported. _22)'"

(20)

(21)

(22)

P. H. Lissberger, "Properties of All-Dielectric Interference Filters, I. A New

Method of Calculation,"

P. H. Lissberger and W. L. Wilcock, II. "Filters in Parallel Beams of Light Incident

Obliquely and in Convergent Beams," both in JOS____AA,February 1959, Vol. 49, No. 2,

pp. 212-230.

J. A. Dombrowolski, "Mica Interference Filters with Transmission Bands of Very Narrow

Half-Widths," JOSA, August 1959, Vol. 49, pp. 794-806.

"Design and Fabrication of Optical Filters for Laser Frequencies," Technical Docu-

mentary Report No. AFAL-TR-64-26, October 1964, Spectra-Lab Sylmar, California.
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The transmission of the filter is given by the Airy formula Eq. (28)

= 1
1 + sln 2

At normal incidence, neglecting phase changes upon reflection we have at peak transmission,

8 2=nd
= I - p= ' where p is an integer

or

Thus the filter will peak at wavelengths given by

I I P212

PI 2 - 2 -nd .

The separation between adjacent peaks is found by making

P2 =PI + I

12 =I 1 -AI

PIll = (PI + i)(Ii " Al)

or

l I 11
_=

PI+----'-_ = Pq ' for p very large .

Thus adjacent transmission peaks are quite closely spaced and auxiliary filters must be

used to eliminate unwanted wavelengths. However, these filters can be made much wider

than the mica filter and affect but little the overall transmission characteristic.

Mica presents some additional problems because it is birefringent. Thus different trans-

mission peaks occur for the two polarizations of light. The problem can be overcome by

making the mica spacer layer to act as a half-wave plate; then, by additional coating with

a material with the same index of refraction as mica, the thickness is adjusted to an in-

tegral number of half-wavelengths.
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Mica filters are somewhatless temperature sensitive than ordinary ADI filters. Shifts of
about 5 x 10 -6 micron/°C have been measured. (22) For narrow band applications such a vari-

ation might still prove to be too large, making necessary temperature stabilization.

At the present, mica interference filters are not available commercially, but are undergo-

ing extensive development work in view of their application to future laser systems.

4.3.6 Required TechnoloKy Development

4.3.6.1 Large Aperture Direct Detection Receiver

The technological advance required to implement a direct detection system is the develop-

ment of the large aperture, segmented, moderate quality telescope. The initial study of

this receiver telescope is presented in section 4.3.5.2. Further ray-tracing analysis can

produce the design requirements that will define the optics supporting structure and servo

controlled mount. In addition, the secondary optics, filter, and other receiver components

must be integrated with the large collecting aperture.

An artist's concept and a schematic of the receiver is shown in figure 4.3-1. The required

technological development can be achieved by first constructing a prototype model of a

scaled-down receiver. This prototype would prove feasibility, provide test data, and thus

ensure that the later full-scale receiver would perform according to the direct detection

system requirements. The program recommended is:

a. Prototype Model of Direct Detection Receiver (Estimated cost - $300,000; esti-

mated time - 2 years).

(i) Design and construct a 3 meter diameter optical collector with a 0.5

milliradian or less field of view.

(2) The collector should be installed on a servo controlled mount capable of

tracking a laser source to less than one-half the field of view at a nomi-

nal angular rate of 4 milliradians/sec. This will provide a means for

evaluation tests to be conducted using air vehicles or possibly spacecraft

piggy-back experiments performed under the Apollo Applications Program.

(3)

(4)

(s)

(6)

(7)

Design, construct, and install the remaining direct detection system ele-

ments including:

(a) secondary optics

(b) narrow-band interference filters

(c) optical demodulators,

(d) photodetectors, and

(e) associated electronics.

Design and construct an auxiliary optical angle error sensing system to

be mounted on the large receiver capable of providing the tracking error

input to the servo-controlled mount.

Provide an auxiliary manual control system and sighting telescope, coupled

to the mount servo, to provide a means of acquiring the remote laser trans-

mitter.

Provide an auxiliary pointing and tracking data input to provide either

radar control or computer program control of the system.

Conduct air-to-ground tests to show feasibility, and to develop design

parameters for a full scale OTAES model.
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b. Full Scale Direct Detection Receiver (Estimated cost $1,500,000; estimated
time 9. years)

Design and construct 8-meter direct detection receiver based upon prototype

tests and experience. Install receiver at predetermined NASA-OTAES ground
station site.

c. Data Recording, Display and Reduction System (Estimated cost $600,000;
estimated time 2 years)

(1)

(2)

Design and construct display and recording facilities for direct detec-

tion experiment and other atmospheric experiments performed with direct

system.

Design and construct real data processing equipment to provide signal

fading information for experiment control.

(3) Integrate data system with other OTAES experiment data and control systems.

4.3.6.2 Modulation Systems

The recon_nended programs are:

a, Development of Space-Quallfled 0.6328 Micron Modulator (Estimated Cost $200,000;
estimated time 2 years)

(i) Develop and deliver two space-qualified service test models of a 0.6328-

micron modulator and solid-state driver with 100-MHz video bandwidth

developing I00 percent modulation with I0 watts signal power. This develop-

ment should be based on the recently developed laboratory models of this
system.

(2) Conduct a thorough trade-off analysis of the several electro-optic crystal

materials available as to their applicability to the OTAES space require-

ments. Two very important characteristics to be included in this analysis

are (i) crystal optical damageability and (2) optical surface quality char-
acteristics and their retention.

(3)

(4)

(5)

(6)

Emphasis will be placed upon the transmittance characteristics of the opti-
cal components in the modulator as well as optimizing the antl-reflection

coating techniques to minimize internal heating. This is a critical design

consideration for the modulators that will be eventually used under the high

optical power conditions of planetary communications.

A specific design feature of the modulators supplied will be an optimized

thermal design. Transverse and longitudinal temperature gradients in the

crystal will be minimized to meet the requirements of the space environment.

The methods used to minimize the thermal birefringence of these modulators

is to be applicable to the design of those used for planetary communications.

The impact upon the modulator design and the crystal characteristics (conduc-

tivity, tan 6, dielectric breakdown, etc.) will be reviewed and summarized

for various con_unication modulation formats (FM, FM-subcarrier, pulsed in-

tensity modulation, pulsed polarization modulation, etc.)

The mechanical design will emphasize: (1) launch survival and (2) alignment

retention in the space environment. Deflection and decollimation of the

output beam shall be as small as possible.
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(7) As a specific output of this program, the phase distortion of the emergent
beam will be measured across its diameter.

Development of 10.6-micron Modulators (Estimated Cost $300,000 for two phases:

Phase I - Laboratory Model(s), Phase II - Space-Quallfied Model(s); estimated

time 2.5 years)

(i) Under Phase I, design/dellver laboratory modulators and associated solid-

state drive amplifiers to operate at 10.6 microns, and demonstrate a video

bandwidth capability of I00 MHz. A particular goal of this development will

be trade-off analysis of the several electro-optlc materials in a planetary
communication context. Characteristics of the materials used become extremely

important in light of the large optical power levels anticipated for this de-

vice. The more important characteristics include: conductivity, thermally

induced birefringence, transmittance, and optical surface qualities and coat-

ings and their retention characteristics. The modulator will be capable of

demonstrating i00 percent modulation with minimum drive power.

(2) Under Phase II, design and deliver service test models of space-qualified
10.6-micron modulators and their associated solid-state drivers. This pro-

gram is to be based upon the work in Phase I, hence will be initiated sub-

sequent to satisfactory completion of Phase I.

L
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4.4 COMMUNICATION WITH i0 MEGAHERTZ BANDWIDTH

4.4.1 Summary

The rapidly increasing data gathering capabilities of deep space probes have made necessary

the development of techniques for transmitting data at maximum rates using a minimum of

spacecraft power. The rate at which data can be transmitted varies directly as the band-

width of the communication channel. Optical con_nunication, using wide bandwidth modulation

and detection techniques, offers a potential solution for this need. Very narrow beamwidths

are obtainable at optical wavelengths using nominal apertures, providing high energy den-

sity in the beam for reasonable amounts of transmitted power. The high energy density will

support wide bandwidth communication with high signal-to-nolse ratio.

Performance of wide bandwidth optical communication systems can be analytically determined

by making assumptions about the propagation path and assuming mathematically ideal system

components. However, it can be expected that a conlnunication system placed in orbit will

depart from this mathematical ideal. Determination of the effect of these departures on

system performance can only be measured by placing them in the orbltal environment. Be-

cause the atmosphere is neither homogeneous nor isotropic, and because the applicable

theory is not developed for the general case, it is necessary that the measurements be made

along actual transmission paths through the entire atmosphere. The few measurements made

to date have been over relatively short, nearly horizontal paths which cannot be considered

representative of an actual space-to-ground transmission path. Present knowledge of the

atmosphere does not permit accurate estimates to be extrapolated from measurements made

along these horizontal paths. This can only be accomplished from an orbiting satellite

(figure 4.4-1). Variations of the atmosphere and its effect on the system bandwidth per-

formance must be measured over a long time period to obtain statistical data. These mea-

surements will be made simultaneously at different wavelengths. Different forms of modu-

lation with several types of signals will be used. The atmospheric characteristics at

several altitudes will be recorded during the measuring period for correlation with the

communication data.

Much of the hardware needed for these tests has been developed as laboratory or industrial

equipment, but no major items have been space qualified. Wide bandwidth modulators and

detectors operating at the 10.6-micron wavelength must be developed; and all equipment will

have to be designed and built for space application.

4.4.2 Experiment Objective

This experiment will gather engineering data on alternative optical con_nunication system

forms having bandwidths of i0 MHz using several types of modulation on the transmitted

laser beams. Measurements will be made to determine the signal-to-noise ratio and data

error rates as functions of types of modulation and atmospheric conditions. This informa-

tion will be compared to the theoretically determined values. Deviations will be analyzed

to determine reasons for their occurrence and to predict performance of operational sys-

tems. Engineering performance data will be developed for key system components in a vari-

ety of simulated operational environments.

4.4.3 Experiment Justification

4.4.3.1 Contribution and Need

All deep space probes, present and planned, have a very limited communication rate. For

example, Mariner 2 provided communication at 33-1/3 bits per second for the first part of

the mission and then switched to 8-1/2 bits per second during its encounter with Venus.

Similarly, Mariner 4 also required a reduction in bit-rate transmission when it was
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approximately 35 x 106 kilometers from the Earth. In his congressional testimony, Newell (I)

pointed out that approval of the Voyager program had to be delayed until a minimum communi-

cation capability of 8000 bits per second could be assured. The data error rates associ-
ated with these bit rates are of the order of 5 x 10 -0 . Reduced error rates can be obtained

at the expense of bandwidth. Conversely, increased bandwidth can be obtained at the cost

of greater error rates. It has been estimated by Kelley (2) that in the 1970-71 period,

data needs for exploration of the near planets will require 107 bits per second system

capacity.

The energy density in the beam is controlled not only by available spacecraft power but

also by the beam-forming capability of the radiating aperture and the energy conversion

efficiency of the transmitter. Space probes are presently communicating at radio frequen-

cies, and the beam-formlng capabilities of the maximum apertures available at these wave-

lengths are relatively poor in comparison to the narrow beams and corresponding higher

energy density obtainable at optical wavelengths. Pointing requirements are a direct func-

tion of beamwidth. Trade-offs can be made of transmitter efficiency, energy density, point-

ing requirements, aperture size, and wavelength to optimize optical communication system

performance for a given spacecraft prime power.

Various combinational modulation forms have been used at radio frequencies to optimize

satellite system performance for its analog and digital communication needs. Future space

missions using optical communications will also have special characteristics, requiring a

particular modulation form to optimize the performance for each mission. Development of

performance data for the various optical modulation methods will provide communication sys-

tem engineers a basis for optimizing the modulation form for each mission.

If it can be proven that an optical communication system can provide i0 MHz bandwidths at

planetarY ranges, the system performance of future space probes can be greatly enhanced.

4.4.3.2 Need for Space Testin_

The success of the United States space program (over 90 percent in spacecraft launches)

has been attributed to a careful evolution of equipment designs. Key elements in the pres-

ent Ranger and Surveyor vehicles have been developed from prototype test data obtained on

earlier flights. Development of wide bandwidth con_nunication systems for deep space mis-

sions should follow a similar pattern, obtaining a broad range of data on all characteris-

tics and components of potential systems. Using these data, system designers will then be

able to select and optimize for particular applications.

The bandwidth performance of an optical communication system is determined from evaluation

of the following equations:

N x s + Pbl

(i)

(2)

H. E. Newell, Hearings before the Committee on Aeronautical and Space Sciences -

United States Senate - Eighty-ninth Congress, March 22, 23, 24, 25, and 30, 1965.

A. J. Kelley, "NASA's New Electronics Research Center," Astronautics and Aeronautics,

Vol. 3, No. 5, May 1965, pp. 58-63.
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where:

A TAT ° (3)r
= P = Received signal power

Ps t R202
t

and:

S
= Signal-to-noise power ratio

Nq = Detector quantum efficiency

h = Plancks constant

= Optical frequency

Pb = Background power

Pt = Transmitted power

A = Area of receiver
r

TA = Transmission of the atmosphere

T = Transmission of the optical systems
o

R = Transmission path length
e = Transmitter beamwidth
t

Many of these factors are established by system conditions in which bandwidth is a second-

ary consideration. Most component performance data can be obtained by testing on Earth

using a simulated space environment. Some system characteristics may also be determined

by using an Earth-based transmitter and receiver. However, the transmission of the atmo-

sphere (TA) is a nonlinear factor over which the system designer has no control; and at

this time, he has little data on its effect on bandwidth.

It is known that there is turbulence just below the stratosphere that contributes to stel-

lar scintillation and will also affect the transmission of optical signals. Thus, a sig-

nal source well above this altitude is indicated. In fact, data should be gathered from

tests of propagation through the whole atmosphere. This can only be done from an orbiting

spacecraft. The characteristics of the whole atmosphere, including turbulence, tempera-

ture, and other effects, and the effect on bandwidth for transmission each way, must be

measured using satellite-borne equipment. The effects of the narrow beamwidth 18tl on sig-

(_) and bandwidths (Af)must be determined as the beam passes throughHal-to-noise ratio

the varying density of the atmosphere so that the system designer can optimize these trade-

offs. Since all tests will be performed using several types of modulation, further data

will be obtained on the system performance as a function of modulation technique.

Another factor requiring space testing is the need to operate in the far field of the opti-

cal aperture. This requires that the receiver be located a distance (R) from the trans-

mitting aperture D t according to the following expression:

2 D 2
t

(3) H. T. Friis, W. D. Lewis, B.S.T.J., Vol. 26, September 1947, p. 227.
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For 10.6-micronwavelengthand a 0.3-meter aperture, this is 18KM;and for 0.63-micron
wavelengthand a 1.0-meter aperture, this is about i x 106meters. Operation in the near
field will not provide a proper simulation of the deepspacemission.

Short duration tests could be performedusing rocket-borne equipmentto operate through
the whole atmosphere. However,long duration tests to obtain statistically significant
data will require satellite-borne equipment.

4.4.3.3 Feasibility

This experiment is planned to be performed at several optical wavelengths. The degree of

perfection of the several critical elements required for communication at these wavelengths

varies markedly with the wavelength under consideration. For visible wavelengths, 0.488

micron and 0.6328 micron, all critical components such as lasers, modulators, beam splitters,

and optical elements and their coatings have reached a state of development where some

items such as optical elements, beam splitters, and detectors have demonstrated reliable

perFormAnce on rockets and satellites; other items such as lasers and modulators hmve been

operated in experimental communication links carrying television signals over distances of

2 kilometers. (4) Reliability and lifetime estimates are still low for OTAES applications

and will need to be improved.

At the 10.6-micron wavelength of the CO 2 - N 2 laser, operation of most component parts in

the space environment is relatively unknown. The number of transmission materials avail-

able for selection is limited, and suitable reflection and anti-reflection coatings are

also limited. Until the recent availability of the CO 2 N 2 laser, work in the infrared

region was spread over the band; but it can be expected that considerable effort will be

concentrated at the 10.6-micron wavelength because of the availability of a coherent source

of high energy and the great need of materials to be used with this source. Development

of devices for operation at this wavelength can also be expected to keep pace with material

development. Detectors for operation at 10.6 microns are limited to the photodetectors

such as gold- or mercury-doped germanium, and they require cooling to liquid nitrogen or

liquid helium temperatures for proper operation. Present devices can be operated at band-

widths of i MHz. Further development will be required to obtain 10MHz bandwidths with

long life and high reliability. Modulators have not yet been developed forlO.6 microns,

but studies (5) show that suitable materials are available that can be operated as modula-

tors in the same configuration as the presently available visible light modulators. Drive

power requirements will be about the same as that required for the visible light modulators,
for a given modulation bandwidth. The modulator and the detector for 10.6-micron perfor-

mance are the primary high risk components for this experiment.

4.4.4 Implementation

4.4.4.1 Experiment Design

A comparison of communication alternatives at bandwidths of I0 MHz will be performed to

determine limiting or critical perturbations and their source when comunicating from space

to ground, and to gather data on system characteristics. This experiment will also be

performed in the ground-to-space configuration although the projected requirements for the

C4)

(5)

C. J. Peters, et al, "Laser-Television System Developed with Off-the-Shelf Equipment,"

Electronics, February 8, 1965, pp. 75-78.

G. McDowell and W. E. Bicknell, "Design Considerations for Near and Mid-lnfrared

Modulators," Sylvania Electronic Systems, ARL Departmental Note No. 21, June 1966.
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up-link are not as great as for the down-link. Theparametersto be measuredwill include
transmitted signal strength, modulation characteristics, received signal strength, received
noise level, andreceived signal error rate. Theseparameterswill be used to determine
signal-to-noise ratio and data error rate.

The equipmentused for this experimentwill be the sameequipmentused for demonstrating
heterodyne detection on the ground, heterodynedetection in space, and direct detection
on the ground. Thespaceborneequipmentwill use three telescopes, one having an aperture
of 1.0 meter and the other two having apertures of 0.3 meter. Telescope#i will be used
for transmission of the 0.6328-micronwavelengthand reception of the 0.4880-micronwave-
length as shownin figures 4.4-2 and 4.4-3. Telescope #2 has a 0.3-meter aperture and will

be used only for transmission of the 10.6-micron wavelength as shown in figures 4.4-3 and

4.4-4. Telescope #3 has a 0.3-meter aperture and will be used for reception of the 0.6328-

micron wavelength as shown in figures 4.4-3 and 4.4-5. The 0.6328-micron transmitter in

telescope #3 is redundant. It is included for experiment reliability, hence, will not be

used in the normal experiment procedure.

These concepts have been synthesized with an emphasis on minimizing moving parts. Where

possible, dichroic mirrors have been designed into the system providing high efficiency

transmission at one wavelength and high reflection efficiency at another wavelength. On

telescope #i, the 0.6328-micron laser transmits on a direct line through to the telescope.

This signal passes through the pupil matching telescope, the modulator, another pupil match-

ing telescope, the point-ahead beam deflector, a quarter-wave plate, the dichroic mirror

which transmits the 0.6328-micron wavelength efficiently, the fine beam deflector, and

finally through the diverging lens to illuminate the primary mirror.

Using the dichroic mirror, it will be possible to perform an experiment where transmission

can be accomplished at one wavelength and reception may be performed at another wavelength,

simultaneously. In the receiver, the 0.488-micron wavelength signal from the ground-based

argon transmitter passes through the fine beam deflector, is reflected by the dichroic

mirror to the beam splitter where half the energy will be transmitted to the heterodyne re-

ceiver and the remainder will be diverted to the tracking sensor.

The dichroic mirror, although an efficient reflector for 0.488-micron wavelength and an

efficient transmitter for the 0.6328-micron signal, is not absolutely effective in these

modes. A small amount of the 0.6328-micron energy will be reflected to the transmission

monitor.

For this experiment, the modulator is extremely important. The transmission modulator

(Pockels Cell) such as the Sylvania type S2 can be operated to provide several forms of

modulation of the transmitted beam. This modulator works on the principle of inducing a

phase shift between two components of the electric field of the light wave. By appropriate

control of the input signal amplitude, the plane of polarization can be rotated by 90 ° to

give vertical polarization for zero signal and horizontal polarization for full signal,

providing polarized light modulation. Analog signals will give continually varying polari-

zation of the beam whereas digital signals will provide one or _he other plane of polariza-

tion depending on whether a "one" or a "zero" is present. In the digital case, a quarter-

wave plate may be inserted in the beam with its optical axis oriented at 45 ° to the verti-

cal plane of polarization. The beam will then be circularly polarized, right-hand circular

polarization for one plane of polarization and left-hand polarization for the other plane.

The angle of rotation of the satellite around the telescope-to-ground line of sight will

have no effect in the detection of the signals in this case. However, a quarter-wave plate

will be required in the receiver to convert the circularly polarized light to plane-polar-

ized light; and an analyzer will be required in the receiver to separate each plane of

polarization. A narrow-band filter will also be used in the receiver optical path to

eliminate the background radiation that might otherwise overload the detectors.

In the transmitter, if a plane polarizer is inserted immediately following the modulator,

the output beam will be intensity modulated. If the polarizing axis of the plane polari-

zer is at right angles to the zero-signal plane of polarization, a zero signal will give
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maximum intensity. If the polarizing axis is aligned with the zero-signal output plane of

polarization, the intensity will be a maximum for zero signal and will go to zero for maxi-

mum signal.

The modulator may be used to obtain phase modulation of the output beam. In this case,

the plane of polarization of the input beam is oriented at right angles to the modulator

electric field. The modulation input causes the phase of the electric field of the light

beam to be retarded in proportion to the applied field, giving phase modulation as a func-

tion of input signal amplitude.

If the applied signal amplitude is held constant and the modulation is applied as a varying

frequency, the optical signal will be frequency modulated.

The design of these modulators varies for each application as shown in figure 4.4-6. The

possibility of using one modulator and altering the added parts will require study during

the design detailing. At most, three different modulators could be required; and a means

for placing each in the light beam must be developed.

Input power measurements to the lasers and to the modulator driver will be measured with

conventional voltage and current sensors to determine total power input for each element.

The output power will be measured using the transmission monitors, which will have been

calibrated prior to launch. The heterodyne receivers will also have been calibrated prior

to launch so that received signal measurements can be made. Simultaneous operation of a

transmitter on one wavelength and reception on a different wavelength can be accomplished.

This will provide a means of comparing received data which, through proper analysis, will

identify effects that are common to both wavelengths, such as pointing errors, and evaluate

effects which are wavelength dependent, such as absorption characteristics.

Telescope #2 has been designed to transmit the 10.6-micron laser beam. The laser will

transmit through the pupil matching telescope, the modulator, another pupil matching tele-

scope, the beam splitter plate, the quarter-wave plate, the point-ahead device, and then

out the telescope. A small part of the energy from the 10.6-micron laser will be reflected

by beam splitter to the transmission monitor which will be calibrated prior to launch for

measurement of laser output performance. At the present stage of development, the receiver

for the 10.6-micron laser requires cryogenic cooling for efficient operation of the detec-

tors. For this reason, reception of the 10.6-micron wavelength on the spacecraft is not

planned.

Telescope #3 has been designed as a back-up for the #i telescope transmitter. It contains

a redundant 0.6328-mlcron laser transmitter and receivers for heterodyne detection of the

0.6328-mlcron wavelength and tracking of the 0.488-micron wavelength. When the transmitter

is in use, the flip mirror rotates out of the optical path, disabling the 0.6328-micron

receiver. This same rotation will position a beam splitter to divert a small amount of

energy to the transmission monitor. The major portion of the beam, however, passes through

the pupil matching telescope, the modulator, another pupil matching telescope, the circu-

lar polarizer, the point-ahead beam deflector, the beam splitter, the dichrolc mirror,

through the fine beam deflector, and out through the telescope aperture. For receiving

the 0.6328-micron wavelength signal, the entering beam will be reflected to the receiver

by the flip mirror in its normal position. The 0.488-micron wavelength will be reflected

by the dichroic mirror to the tracking receiver. Although the #3 telescope will not have

as narrow a beamwidth as the #i telescope, most of the experiments planned for the #i

telescope can be performed with it, in the event that the #i telescope suffers a major
failure.

The optical communication system's needs for space, weight, and mounting within the space-

craft are as follows. The space requirements behind the one-meter telescope primary, ex-

clusive of thermal shielding between lasers and primary, will be a volume 1.3 m deep be-

hind the mirror and one meter in diameter. This assembly is estimated to have a mass of
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i00 Kg. For telescope #2, the space requirement will be a volume 1.0 m deep behind the

primary and 0.35 m in diameter. The assembly mass is estimated to be 35 Kg. For telescope

#3, the space will be a volume behind the primary 2.3 m deep and 0.35 m in diameter. Es-

timated assembly mass is 120 Kg.

4.4.4.2 Operational Procedure

The wlde-bandcommunication experiments are planned to be operated as an extension of the

Heterodyne Detection on Earth experiment, the Heterodyne Detection on the Spacecraft ex-

periment, and the Direct Detection experiment. That is, measurements for wide bandwidth

communications will be made using heterodyne and direct detection techniques. The first

experiment that is expected to be performed will be the direct detection experiment. When

it has been determined that the direct detection experiment on earth is operating satis-

factorily, the modulator will be supplied a wlde-band signal from the signal source.

The signal will be encoded with one of several available modulation sources. These will

be: i) tones, 2) voice, 3) TV test pattern, 4) TV picture, and 5) digital code words.

These sources will be used dlrec_iy and Uo ...... _ ..... _-_..^ *_ -_,11o,_ Th_

drive source may be Pulse Code, Phase, Frequency, or Amplitude modulated. For example,

the optical signal can be polarized light modulated, the polarization can be pulse code

modulated, and the pulse code will be generated by sampling and quantizing voice
(PL/PCM/voice).

For the direct detection system, the following combinations will be used:

Optical Carrier Signal Source

Intensity Modulation Direct 1-5

FM 1-5

PCM 1-5

Polarized Light PCM 1-5
Modu ia tion

The tones, TV test pattern, and digital words will be used to make quantitative measure-

ments of the system performance; and the voice and TV picture will be used for subjective

evaluation of the system. The tones spaced at decade intervals will provide a number of

points for measurement on a frequency response plot. The TV test pattern will provide an-

other means of determining system performance by correlation of many received signals, and

the digital code words in a known format will provide a means of measuring error rate of

the received signal with a minimum of data processing. During each transmission, trans-

mitter output power, modulator power, received signal power, and signal characteristics
will be measured.

Transmissions will be made over extended periods of time to obtain signal characteristics

and error rate information as a function of atmospheric characteristics, pointing accuracy,

and receiver aperture size. This experiment may also be performed by varying other func-

tions such as the receiver optical filter bandwidth.

The direct detection wide bandwidth experiment is planned to be performed initially with

a 0.6328-micron transmission. Simultaneously, experiments may be performed using the

10.6-micron laser. The simultaneity of these experiments is dependent on the ground re-

ceiver design and the problems associated with reception of infrared signals. In all cases,

prime power to the laser transmitter will be monitored, prime power to the modulator
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will be monitored, and the transmitted energywill be monitored and all data telemetered
to the Earth.

Following the completion of the direct detection experiments, the Optical HeterodyneDetec-
tion on Earth experimentwill be performed(section 4.1). This done, the heterodyne por-
tion of the wide bandwidthcon_nunicationexperimentwill be performed. (The laser stabili-
zation circuits required for the heterodyneoperation will remain activated, and the pro-
cedurewill then be the sameas for the wide bandwidthdirect detection portion.)

For the wide-bandheterodynedetection tests, the following combinationswill be used:

Optical

Intensity Modulation

Polarized Light
Modulation

Frequency Modulation

Phase Modulation

Carrier SiEna] Source

Direct 1-5

FM 1-5

PCM 1-5

PCM I- 5

FM 1-5

AM 1-5

PCM i- 5

The heterodyne experiments will be performed at each wavelength over an extended period of
time to obtain information regarding the temporal effects on the transmitted signal. This

will facilitate separation of the various atmospheric effects on the received signal.

Variation of reception aperture and measurements of angle of arrival will enable determina-
tion of the effects of close-in turbulence and turbulon size versus distance. These mea-

surements will be compared to measurements made at narrow bandwidths during the heterodyne

detection on earth experiment to determine the effects of the atmosphere as a function of

bandwidth.

Upon completion of the heterodyne detection on the spacecraft experiment, using narrow-

band signals, the wide bandwidth experiment will be performed using heterodyne detection.

The ground-based equipment will be modulated in the same way that the spacecraft equipment

is modulated, that is, Intensity, Polarized Light, Frequency, and Phase modulated. The sig-

nal source will use: i) tones and 2) digital codes. These can be readily processed on

the spacecraft with minimum data processing equipment. The first signal to be used will

be the 0.6328-micron wavelength. The received signal will be analyzed by on-board data

processing equipment to determine error rate and frequency response. The performance of

the heterodyne receiver will be determined on the ground prior to launch; the effect of

this receiver on wide bandwidth performance will have been determined and its limiting

effect upon the received signal analyzed. The reduced data will be transmitted via the

telemetry link to the ground station for comparison to the transmitted signal and for analy-

sis of the effect of the atmospheric conditions on the spacecraft received signal.

A direct detection ground-to-space link has not been planned as a specific experiment.

However, wide bandwidth performance for direct detection transmissions can be determined

with the equipment that will be used for heterodyne reception on the spacecraft.

It is not anticipated that a man will be required for performance of the various experi-

ments, although the initial alignment of the optical systems after they have been placed

in orbit may need to be verified.
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The time planned for performing the wide bandwidth conlnunication experiment is shown in

figure 4.4-7 for the first 81-hour operational period. This is a standard operational

routine that will be repeated from time to time, depending on weather conditions and sys-

tem performance. Based on data obtained during this routine, selected experiments will

be performed to take advantage of the conditions present. Operation of wide bandwidth com-

munication at these times may be needed for extended periods to gather data during varying
conditions.

4.4.5 Supportln_ Analyses

In the preceding experiment sections, 4.1 and 4.3, there are presented several analyses

relating to optical communications. All of these are pertinent to wide bandwidth co_nunl-
cation.

Subsection 4.1.5.2, Laser Evaluation, discusses the basis of laser selection, including

the laser characteristics essential to this experiment.

Subsection 4.1.3.1, Contribution and Need, analyzes the p=_for_mnce of thc heterodyne

detection cormnunication system used for this wide bandwidth experiment.

Subsection 4.1.5.4, Optical Modulation, discusses the design study of two modulator types

for use at i00 MHz: a lumped capacitor design and a traveling-wave design. (A wide band-

width modulator is one of the most important elements in the wide bandwidth experiment.)

Subsection 4.1.5.1, Optical Propagation Measurements, reviews the optical co._mnunication

equations for direct and heterodyne communication. It presents trade-off curves comparing

spacecraft prime power, bandwidth, and signal-to-noise ratio at distances equal to Earth
synchronous orbit and Mars maximum distance.

Subsection 4.8.5.1, Comparison of Modulation Techniques for Wide Bandwidth Communication,

mathematically compares the forms of modulation suitable for a satellite-borne optical

communication system. The comparisons are made on the basis of relative signal-to-noise

ratios. The mathematical analysis does not, however, give weight to the relative complex-

ity of implementation of such systems.
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4.5 PRECISION TRACKING OF A GROUND BEACON

4.5.1 Summary

Two way wide bandwidth laser communication links for space application will

require that the laser power be concentrated in very narrow beam widths

due to power limitations, especially in the spacecraft. In order to

utilize narrow beams (divergence of 0.14 arc second at the 3 db power

points) a pointing capability commensurate with the beam angular divergence

is required. Pointing a laser to this accuracy from the spacecraft to

a ground site would be virtually impossible without a reference line of

sight from the ground. In this experiment, performed at synchronous

altitude, this reference line of sight will be provided by an earth laser

beacon whose angular beam spread can be considerably larger than the

spacecraft's due to the greater power available at the ground site. The

Deep Space Information Facility (DSIF) microwave link can esta0lish t_e

spacecraft's position to an accuracy of + 22.5 sec. Thus, a 45 sec beam

from the earth will insure illumination _t the space vehicle initially

and can be narrowed down after the spacecraft has acquired the beacon.

Due to atmospheric turbulence the ground based beacons image in the space-

craft telescope moves laterally (image dancing). In the spacecraft this

motion gives rise to tracking error signals which, after being fed to an

image motion compensation (fine beam deflection) system, would cause the

spacecraft line of sight to erroneously follow the image dancing. For a

given apparent motion the angle through which the tracker has to move

decreases with altitude. The minimum altitude at which the fluctuation is

reduced to an acceptable .01 arc second (1/10 the Airy disc of the proposed
1.0 meter telescope) is 2000 miles.

In order to establish contact with a co-located transmitter-receiver

on the ground, the relative velocitieS of the spacecraft and the earth

require that a lead angle be maintained between the spacecraft tracker -

beacon transmitter (reference) line of sight and the spacecraft trans-

mitter - ground receiver line of sight. For a Mars probe this lead angle

can reach 40 arc seconds; for the synchronous orbit it is less than 2

arc seconds. In this experiment lead angles are inserted on an open-

loop basis, however to realize the best precision tracking requires

closed loop operation between the spacecraft and the ground complex. (This

is the subject of the experiment POINT AHEAD AND SPACE-TO-GROUND-T0-

SPACE LOOP CLOSURE.)

Due to earth's rotation, a systematic transfer of the tracking and

transmitting operation must be performed at time intervals determined

by the separation of the earth stations. A capability of non-systematic

handover will also be required in the event that weather conditions at

a particular ground site will deter maintaining the laser communications
link.
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The acquisition and tracking function at the spacecraft must take into

account the varying earth shine conditions present at earth for different

illumination phases of earth as seen from Mars. This requires that the

tracking and acquisition procedures will be performed under different light

levels. Thus acquisition and tracking will be performed under the

varying earth shine conditions which will be naturally present in

synchronous orbit over a diurnal cycle.

4.5.2 EXPERIMENT OBJECTIVE

•b_ p,1_pn_ n_ _ experiment _ to _....._ _^ _ ..............

tracking a ground based laser to an accuracy of 0.i arc-seconds from the

space vehicle. Overall tracking conditions will be simulated from

synchronous orbit. Tests will be performed in a manner such that results

can be extrapolated to obtain expected tracking performance for a deep-

space mission.

4.5.3 EXPERIMENT JUSTIFICATION

4.5.3.1 Contribution and Need

The requirement for narrow beam widths to compensate for the relatively

small transmitter power foreseen for future deep space laser communi-

cation systems establishes a need to point the laser beam at an earth

based receiver with an accuracy commensurate with the angular divergence

of the transmitted laser beam. The long transit time of light 3 travers-

ing path lengths of the order of i AU requires that the transmitter

beam be pointed ahead of the receiver station in order to compensate for

the relative angular changes of the earth and space vehicle. The ac-

curacy with which this pointing is effected is very much dependent upon

the precision of establishing a tracking line of sight from the vehicle

to the earth station. The ability to track the ground beacon accurately

is a paramount prerequisite for the beam-pointing demonstration_ as
well as for all the communication and atmospheric experiments utilizing

laser light transmission.

4.5.3.2 Need for Space Testin 6

4.5.3.2.1 Isolation of System From Effect of Image Dancin_

Perturbations of the space borne laser transmitter line of sight arising

from mechanical disturbances in the vehicle may result in angular fluc-

tuations which exceed the transmitted beam widths and thereby prevent the

beam from illuminating the earth receiver. In order to correct these

perturbations by image motion compensation techniques, it is necessary

to test the system at sufficient altitude to isolate the system from

atmospheric induced image dancing.
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As the laser light traverses the turbulent atmospheric layers, beamcol-
limation and position are perturbed. For example, the effective motion of
a "turbulon" (gas lens), h @, maybe inferred from the angular fluctuation
it imparts to a stellar image,see figure 4.5-1a. The p_e_omenawhich give
rise to image dancing occur at an altitude up to about lO* ft., and image
dancing maybe on the order of _ 5 arc seconds to + i0 arc seconds as
observed on the ground. The Airy-Disk in a 1.0 met-er telescope is of the
order of 0.i arc sec and lateral shifts of i/i0 the Airy Disk or .01 arc
second, are observable. The satellite range at which the fluctuation is
reduced to .01 arc-second is 2 x 103 miles, and if the satellite is in-
jected at a range in excess of this value, the input angle to the tracker
is essentially noise free.

4.5.3.2.2 Determination of Minimum Beamwidth for Earth to Space Link

Angular fiuctuaLiuns in Lh_ lm_±-b_m which _z-i_c f_om _bn_pheric

turbulence, unlike lateral beam shifts, cannot be reduced by increasing

the distance from the disturbance. The observed effect in the telescope image

plane will be amplitude fluctuation or "scintillation". The laser beam

must have sufficient angular divergence to insure that the space vehicle

will always be illuminated since in extreme cases angling can cause the

beam to miss the space vehicle. The determination of the optimum beam width

for the laser uplink is more important with increase in vehicle range: At

close range (up to 0.i Astronomical Unit, AU) adequate light signal power

densities to provide high tracking signal-to-noise ratio can be maintained

with high powered, diverging laser beams, however, at distances greater

than .i AU, it will be necessary to narrow the laser beam divergence

considerably. Using star scintillation data, it is anticipated, that

angular beam divergences can be optimized in the range of 3 to 6 arc-

second. By measuring the amplitude fluctuations of the space tracker

signals, and analyzing the data, the optimum beam width in the space
directed laser can be determined.

4.5.3.2.3 Testing of Acquisition Techniques

Acquisition of the ground laser beacon by the space borne receiver re-

quires a fairlycomplex set of maneuvers which involve initial locking

on several celestial targets. Varying earth shine conditions in which

the earth laser must be acquired will affect the acquisition probability

due to increase in false alarm rate and non-signal recognition as a
result of background noise increase.
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4.5.4 Implementation

4.5.4.1 ExpEriment Design

4.5.4.1.1 Experiment Concept

A ground Station laser transmitter (beacon) beam is pointed at the space-

craft. The Deep Space Information Facility, DSIF, which tracks the •

spacecraft, furnishes the pointing information. In the spacecraft,

telescopes with laser transmitting and receiving equipment must also

track the earth laser beacon. Initial telescope pointing will require

assistance from an on-board microwave tracking system, and from star

trackers or planet trackers needed for complete determination of special

orientation of the telescope. Of cours% the spacecraft's attitude con-

trol system must initially orient the spacecraft so that the gimbal]ed

telescopes will be _]_ to 8_cT!_re the earth's beacon. _ ....... of the

importance of successful beacon tracking to other experiments, two inde-

pendently gimballed telescopes, of differing fields of view and perfor-

mance characteristics, are being proposed for this experiment, (See

subsection 8.1 for further discussion on the selection of the number of

laser telescopes.)

The laser communication link is not complete until spacecraft transmission

is received at an earth station. Because of the relative velocity between

the spacecraft and the ground station, the spacecraft transmission must

not be beamed coaxially with the upcoming transmission; rather the down-

going beacon must be "pointed ahead". The manner in which this is done

in a closed-loop feedback manner is the subject of another experiment,

POINT AHEADAND SPACE-TO-GROUND-TO-SPACE LOOP CLOSURE, subsection 4.6.

The initial point-ahead is commanded from an earth station.

Since the processed signal at the ground can be used in evaluating the

tracking performance of the experiment being discussed, the open loop

insertion of point-ahead angles is considered a part of this experiment.

The following subsections elaborate on the various phases of the experi-

ment and consider alternatives as they arise. Details of current practice

in spacecraft attitude control and microwave-link operation are important

to the success of the experiment. However, in the ren_ining discussion

much of this will be taken for granted and emphasis will be placed on the

new frontier of laser space telescope tracking technology.

The experiment is to be conducted from synchronous orbit, which is high

enough to eliminate the effects of image dancing, and where this experi-

ment requires only one ground station. Consequently, there will not be any

systematic slewing or reacquisition requirements, as would be the case

for lower orbits. Reacquisition will be investigated, and slew is a part

of the TRANSFER TRACKING FROM ONE GROUND STATION TO ANOTH]ER experiment,
subsection 4.7.



4.5.4.1.2 Illumination of Spacecraft by a Ground Station

Using DSIF information, which is good to _ 22.5 arc seconds, a pulsed

argon laser beacon beam of 45 arc second half-power width is directed at

the vehicle. This beam width will insure that the spacecraft is illumin-

ated. After initial acquisition has been achieved, the ground beacon's

beam width can be reduced to increase the illumination at the laser tele-

scope aperture.

4.5.4.1.3 Acquisition & Trackin_ of Ground Beacon

4.5.4.1.3.1 Spacecraft Orientation

The spacecraft and its telescopes must be properly oriented for the latter

to receive the illuminating beacon signal. The spacecraft attitude will

be referenced to both a line of sight to the sun and to the star Cs_lopus.

Two alternative means of acquiring Canopus are being considered: One is

to orient the spacecraft in roll by having an on-board microwave tracker

track a ground beacon and then issue gimbal commands to a star tracker

to search for and acquire Canopus. The second method is to issue gimbal

commands to the star tracker such that it will acquire Canopus if the

correct roll attitude exists and then program a spacecraft roll as in

the recent Mars-Mariner flight or as had been planned for the Advanced

Orbiting Solar Observatory. For discussion of receiver line of sight

stabilization for separate star and beacon tracker gimbals, refer to

OTAES Interim Progress Report, Vol. IV, Appendix I-2.2.

4.5.4.1.3.2 Coarse Pointin5 of 0.3 Meter Telescope

The on-board microwave tracker establishes the direction to the ground

station complex and provides the initial direction for the 0.3 meter

telescope. The 0.5 degree half-angle cone of uncertainty in this infor-

mation is too large for the limited field of view (1.5 arc minutes) of

the telescope. Therefore, a planet tracker, boresighted and strapped to

the telescope would search the cone of uncertainty and acquire the earth's

disc (in a Mar's mission) or a simulated earth (white light beacon for a

synchronous orbit mission). The planet tracker accuracy is _+ lO arc

seconds. The 0.3 meter gimballed telescope is shown in figure &.5-lb.

The telescope's transmitting laser beam spread, which can be controlled

by longitudinally positioning the galilean collimating ocular located

behind the primary mirror (see subsection 8.4), is 3 arc-seconds to

insure illumination of the ground receiver. A point ahead angle of 1.85

arc seconds for a synchronous orbit must be commanded; this is accomp-

lished with internal optics. Now the acquisition procedure for the 0.3

meter telescope is essentially complete. At the appropriate time in the

experiment the beam width can be reduced in steps to 0.5 arc seconds when

a tracking accuracy of _ 0.15 arc second is realized. The ground beacon's

beam width must be reduced from the initial A5 arc seconds to 6 arc sec-

onds in order to achieve such tracking accuracies. The ground beacon
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can be narrowed upon receipt of the spacecraft laser transmission, which

establishes the necessary tracking LOS to the spacecraft. This implied

loop closure is part of the experiment in subsection 4.6.

4.5.4.1.3.3 Coarse Pointing of 1.0 Meter Telescope

The 1.O meter telescope operation will be analogous to that of the 0.3

meter gimballed telescope, however, the 1.O meter unit has a smaller

field of view (30 arc-seconds) and inherently better tracking and beam

pointing accuracies (on the order of O.1 arc second). See figure A.5-1c.

For the purpose of improved reliability the 1.0 meter and the gimballed

0.3 meter telescopes can duplicateeach other's functions; however, it is

quite probable that detailed analysis of operational procedures would

dictat_ that some differences be instituted. For example, the 1.O meter

unit could be slaved to the 0.3 meter unit to within 30 az'c-_econds _nd

the planet tracking procedure on the former eliminated.

4.5.4.1.4 Fine Tracking and Pointing of the 1.O and 0.3 Meter

Telescopes

Coarse tracking will take the form of gimbal drive to the telescopes.

Electro-optical fine beam deflectors will respond to high frequency dis-

turbances of the tracker line of sight. (See subsection 8.2 and 8.4 for

hardware details.) Since spacecraft vibrations would affect both the

upcoming and down going transmissions, the fine beam deflector corrects

both in the manner of image motion compensation. This approach to

compensating for high frequency spacecraft perturbations could not be

considered if the proposed orbit were not high enough to eliminate the

effects of image dancing (See Subsection 4.5.3.2).

The laser tracker is designed to detect the spectru_rof perturbations due

to spacecraft jitter as well as the slower occurring misalignments of the

overall telescope line-of-sight to the earth beacon. Since the quadrant

photomultiplier does not utilize image plane modulation_ which for the

present purposes would degrade available signal to noise (see subsection

4.5.5.1) a monitoring system has been designed which will provide con-

tinuous automatic gain control for nulling out differential photomulti-

plier drift (see subsection 4.5.5.2). The problem of slow drifts oc-

curing in the boresighting between the tracker and the transmitter axis

requires boresighting calibration (see subsection 4.5.5.3).

4.5.4.1.5 Acquisition and Tracking in Varying Earth Shine Conditions

The acquisition and tracking function at the spacecraft must take into

account the varying earth shine conditions present at earth for different

illumination phases of earth as seen from Mars. This requires that the

tracking and acquisition procedures will be performed under different
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light levels. Thus acquisition and tracking will be performed under

the varying earth shine conditions whidhwill be naturally present in

synchronous orbit over a diurnal cycle. A numerical analysis of the

effects of earth shine on acquisition and tracking is presented in
section 4.5.5.1.

4.5.4.2 Operational Procedure

4.5,4.2.1 Tasks

a. Earth station argon beamed up (AS arc seconds divergence).

b. Vehicle Roll Axis is aligned to sun.

c. Initial s+a_1_nn of vehicle is achieved by sun line of

sight and microwave tracker.

d. Star tracker gimbals are commanded to search for Canopus.

e. Canopus is acquired and tracked.

f. The 0.3 meter telescope gimbal commands place the boresight axis

of the telescope within the _+0.50 cone of uncertainty estab-
lished by the microwave tracker.

g. The planet tracker, boresighted to the telescope, acquires and
tracks the white light beacon (simulated earth). The planet

tracker accuracy is _ l0 sec. The telescope is positioned by
the planet tracker error signals so that its fine field of view

intercepts the earth laser beacon.

he The 0.3 meter telescope tracks the earth laser to an accuracyiof

+ 3 seconds and beams a wide laser (6 _) to the ground station.

The earth station tracks the space vehicle laser and narrows

down its own transmitter laser to 16 arc seconds in order to upgrade the
space vehicle tracking performance.

ie The point ahead beam deflector is set at a value which will re-

sult in the beam being intercepted at the ground receiver which

is co-located with the ground transmitter. The required bias

angle to achieve this is a function of the differential tangen-

tial velocity vector of the space vehicle in synchronous orbit

and the earth station at a particular latitude. The divergence

of the spacecraft laser beam is initially 3 seconds to insure

contact with the ground array. The beam spread can be control-

led by longitudinally positioning the galilean collimating

ocular located behind the primary mirror.
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Tracking is evaluated at the space vehicle by monitoring the

differential photomultiplier outputs on each axis of the .4880

micron beacon tracker. Monitoring the beam deflector inputs as

well as the telescope gimbal positions will provide necessary

data to determine the average beam direction.

j. An open loop beam pointing evaluation will also be part of the

experiment. The overall acquisition involves the earth array

receiving the spacecraft laser beam in addition to the space-

craft telescope receiving the earth laser beam. _

Internal boresight alignment of tracker and transmitter is per-

formed Just prior to transmission of the laser beam from the

spacecraft, thus this error can be effectively nulled. The

accuracy of the initial bias offset will be somewhat more dif-

ficult to account for. The theoretical sensitivity of beam

pointing measurements at the ground site will be within one tenth

of the beam array width.

k. After pointing the 6 arc sec beam at the receiver array, the

beam is narrowed to 0.5 arc second in several intermediate

steps.

l.

me

The 1.O meter telescope gimbals are pointed within + 15 sec

from commands read from the 0.3 meter telescope gimbals. The

deflection voltages from the fine beam deflector are read out

and transferred to the fine beam deflectors of the 1.O meter

telescope to insure that the laser beacon falls within field of

view of the telescope.

The 1.O meter telescope acquires and tracks the earth laser bea-

con and points a 1.O arc second laser beam at the earth array.

The beam is narrowed down from 1.O to O.1 arc second by position-

ing the galilean ocular. Step "j" is repeated to evaluate the

tracking performance of the 1.O meter telescope.

no After the heterodyne communication and atmospheric experiments

have been performed, acquisition and tracking will be tried for

deep space simulated conditions. Ground laser and space laser

power will be reduced to simulate realistic deep space con-

ditions.

4.5.4.2.2 Tracking Loop Test Steps (See figure 4.5.2)

ae With Ea = Eb = O, @a = O, receiver-transmitter boresight loop

operating, test combined receiver-transmitter zero-offset, us-

ing the Earth Station's beam-pointing error detection apparatus.

i

I
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b,

C,

d.

e.

The spacecraft's lead (point-ahead) angle mechanism is set to

zero. The overall (Space-to-Ground-to-Space) feedback loop is

not closed.

With _ = O_ @ = O_ vary E through programmed range of ampli-a a

tudes and frequencies (not exceeding the normal operating range

of the feedback loop); monitor and telemeter to Earth Station

Ea, V and Vb. Monitor variation of transmitter beam.

With Ea = O, @a = 0, vary _ through programmed range of ampli-

tudes and frequencies (not exceeding the normal operating range

of the feedback loop); monitor and telemeter to Earth Station

Eb, Va and Vb. Monitor variation of transmitter beam.

With Ea = Eb = O, vary @a through programmed range of amplitudes

and frequencies (not exceeding the normal operating range of the

feedback loop); monitor and telemeter to Earth Station @a' Va

and Vb. Monitor variation of transmitter beam.

With Ea = Eb = O, _a = O_ increase beacon transmitter power

from the value heretofore used (which simulates the power

density available for deep-space operation).
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4.5.5 SUPPORTING ANALYSIS

4.5.5.1 Space Vehicle Acquisition and Tracking of Earth-Station laser

4o_._.ioi. Abstract

Numerical values for acquisition and tracking signal-to-noise ratios are

presented for a Deep-Space Probe operating against an Earth-based laser

beacon_ and criteria for simulating conditions from synchronous satellite

range are established. Pulse modulation of the beacon may be advisable

for acquisition in the deep space case. A discussion of the relative

merits of a quadrant photomultiplier tracker versus an image dissector

tracker is presented.

I!.5.5 !_2 _rth Station Laser Beacon

Operating conditions for the Deep-Space Probe, to be simulated at the

synchronous satellite altitude, are based on the assumption that argon

laser sources capable of average power output of several hundred watts to

i KW will become available. The limitation upon the power output is due

to heating; thus, if the laser is pulse-modulated, the available peak

power is in inverse proportion to the duty cycle.

4.5.5.1.3 Quadrant Photomultiplier Detector Vs. Image Dissector

Th_ relative merits of the image dissector and quadrant photomultiplier

will be discussed for the spacecraft laser tracker. Operation of the

image dissector is briefly described as follows. Laser light is brought

to a focus on the cathode of the image dissector. An electron analog

image of the laser is then relayed to the anode. The focused electron

image is electrostatically scanned by means of a pair of deflection

plates in the x and y directions.

Consider the scan signals along a single axis when a sinusoidal signal is

impressed on one pair of deflection plates. When the laser beam is

imaged at the center of the scan oscillation, a null signal is present

at twice the frequency of scan.

For an offset condition, the signal harmonic content shifts to the

fundamental of the scan frequency_ and the offset direction can be de-

tected by synchronous phase detection. A serious problem exists however

due to a number of tracking conditions which make the image dissector

very difficult to implement. As will be shown in subsection 4.5.5.1.6_

the levels of earth shine will be highly competitive with the laser
O

signal even after limiting the spectral bandwidth to i A for the deep

space case. In fact the earth will be imaged in the focal plane of the

detector which will cause an offset balance for the quadrant photo-

multiplier detection system, especially for a partially illuminated

earth. By modulating the laser signal on the ground, the problem of
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quadrant unbalance can be overcome. For example_ the quadrant photo-
multiplier signals are processed by a narrow band filter whose center
frequency is at the laser modulation frequency and thereby the unbal-
anced dc earth image is madeineffective. The filter is madewide
enough to pass the spectrum of angular disturbances that are to be
tracked. As the image is jittered about in the focal plane due to the
mechanical distu_%ances_each detector of the quadrant will "see"an
AMsignal_ provided the carrier frequency is widely separated from that
of the spectrum of mechanical disturbances and frequency modulation does
not becomea problem.

The signal processing techniques ordinarily used for the image dissector
trackers will be quite complicated since there will be frequency modulation
of the carrier as the image dissector aperture scans across the ground
modulated laser image. The signal will require additional multiplexing
downfrom the ground modulated laser frequency to the image dissector
scan frequency before standard synchronous detection techniques can be
employed. A second difficulty arises as a result of the image dissector
scanning across the Earth's limb and terminator as it will appear in the
image dissector focal plane. The resulting step signal containing higher
harmonics maybe confused with the laser signal itself.

A third difficulty arises from the use of pulsing and gating techniques,
whereby the laser power is increased inversely as the duty cycle pulse
is decreased for the purpose of background suppression. Although a
gated modemight be used in acquisition_ it could not be used in the
image dissector tracking modesince another source of signal modulation
would add further to the confusion of the overall signal spectrum.

4.5.5.1.4 Quadrant Photomultiplier Tracker

Assuming that_ in a photomultiplier detector_ load resistor noise is

rendered negligible in comparison with noise due to light background,

dark current and noise-in-signal (owing to the intervening dynode gain)_

the signal-to-noise ratio is given by

!
i
I

s - Ps xS

n I[(Ps_PB) S_ld] 2eAfl ½ (i)
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where:

P is the light signal power striking the photocathode of eacb of the four
s

photomultipliers at servo null
Pb is the background light power on each of the four photocathodes

i d is photomultiplier cathode dark current
S is the cathode sensitivity in amperesper watt at the wavelength

of interest
e is the charge of the electron
_f is the bandwidth.

Figure 4.5-3 is a schematic of the quadrant photomultiplier tracker
arrangement.

4.5.5.1.5 Acquisition_ Deep Space Case

At the start of the acquisition process, the Deep-Space vehicle's

angular position is known to the Earth Station to a 3 sigma error of

.... do (1)_oout + 22 5 arc -sec_ _. A beam with divergence of 45 arc-seconds

is therefore used at the Earth-Station, to insure illumination. The

total power received by the space vehicle at range R, using a telescope

with aperture diameter D is

Pr Pt " 4 _D 2 [ _ I_D 12= A = PtA (2)
4

L_j

where:

@ is the divergence of the transmitted beam

A is atmospheric transmission.
for:

P = 103 watts
t

R = i AU = 150 x 109 meter

D = 38" = .965 meters

e = 45 are sec = 0.218 x 10 -3 tad
O

A = atmospheric transmission for 4880 A laser _ .7

Pr = 6.15 x 10 -13 watts

(1) G. Strauss, "Study of laser Beam Pointing Problems", Fourth Bi-

monthly Technical Report_ No. 000162-4_ NASA Contract No. NASw-

92___29Kollsman Instrument Corp., Elmhurst, N.Y._ 15 April_ 1965,
See fla.
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The tracking system analyzed here will be a quadrant photomultiplier
utilizing a tetrahedral reflecting prism shownschematically in Fig-
ure 4.5-3.

Each of the 4 detectors in the quadrant photomultiplier tracker receive
the following signal power

Ps = Mt Pr/4 (3)

where:

Mt = optical transmission factor, i_cludes transmission of tracker
optics, collimating optics, i A filter, fine beam deflector and
obscuration losses to secondary mirror.

Mt : MI_ MB Mp M0

where:
O

_l_ = transmission of i A filter _ .5

MB = transmission of fine beam deflector _ .75

M = transmission of primary and secondary optics including

P secondary obscuration _ .85

Mo = optical transmission of refractive elements in gal±lean ocular,
tracker telescope _ .8

M t = 5 x .75 x .85 x .8 = .25 •

The signal power on each quadrant is

-14
Ps = 3.85 x i0 watts

4.5.5.1.6 Background Noise Due to Earthshine

The noise contribution due to background light is evaluated on the basis

of Earthshlne alone, because the amount of starlight which will appear in

the restricted field of view does not begin to compete with the light re-

flected from Earth. The maximum irradiance from the Earth at the Moon

is a function of wavelength. (2) In the vicinity of 4,800 _, the wavelength

(2) R.A. Rollins, Jr., "Investigation of Optical Spectral Regions for

Space Communications", University of Michigan, ASD Technical Docu-

mentary Report No. 63-185, May, 1963, figure 54.
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To Fine Beam Deflector

To Telescope Gimbal Drives

Figure 4.5-3 Quadrant Photomultiplier Space Tracker Configuration
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of Argon, it is 2 x 10 -5 W/cm 2 - _ = 2 x 10 -5 W/m2-_. At the vehicle range

of i AU, this reduces by the square of the range ratio, (384 x i06m/150

109m -llw/m2 __x )2 to 13 x i0 • In the case of a Mars mission the vehicle

will not view a fully illuminated Earth. In a typical situation, as there

pointed out, the angle between space-vehicle, Earth and Sun might be

= 68 ° , and the amount of light will be proportional to [( T- _ )cos

+ sin _] /r = 0.516 times the value calculated above, assuming Earth to
be a lambertian reflector. Each of the four detectors will thus receive.

Pb = 13 x i0 -II Watts x

2 o
m A

x 0.516

-12
P. = 2.30 x i0 Watts.
D

O

x (0.96 5m) 2 x i A x .25 x i

4 4

(4)

Dark current for the new RCA C 70038D photomultiplier tube (high quantum

efficiency) is given as 2 x 10 -9 amperes at the anode, with dynode gain

of 5 x 104 • The corresponding cathode dark current is id = 4 x 10 -14

O

amperes. Quantum efficiency at 4,800 A is 22_ and the cathode sensitivity

o i0 -19S = W e/hv ; e = 1.6 x l0 -19 coulombs and hv at 4,800 A, is 4.15 x

Joules; hence S = 0.085 amperes cathode current per watt incident__wer.
The dark current contribution to the noise is id/S = Pd = 4.7 x l0

Watts.

Using eq (i) with the values calculated above and AF = i0 hz, S/N = 0.85.

This value is not sufficient for tracking and an earth laser mode with

synchronous gating on the space craft may be necessary for the initial

acquisition. Reduction of the bandwidth to i cps would increase the S/N

to approximately 2, which will be sufficient for initial tracking if the

mechanical disturbances on board the spacecraft at i cps can be restricted

to a value less than the initial transmitted laser i arc sec beam diver-

gence.

The i arc second beam width laser must be received by the earth station,

thereby providing a tracking line of sight to the space vehicle, and

thus permitting the ground laser to be narrowed down to 6 arc-seconds.

If the Earth Beacon were to use pulse modulation during the acquisition

phase, one might, e.g., specify i0 pulses of i msec. width per second,

for i% duty cycle, and i00 KW peak power. The error detectors would

operate in a gated mode, so as to exclude background noise in the absence

of signal; gating signals could be derived by sending a synchronous pulse

train up over the microwave system, with pulse sharpening in the vehicle.
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The error detector (photomultiplier) circuit wo_id have to have reasonable
fidelity, commensuratewith the relatively easy accuracy requirements during
this stage. Assumingthat the i msec. pulse width corresponds to twice the

-3
circuit rise-time, i0 sec. = 2 x 2.2 rC, and the bandwidth _ f = 1/2 mrC

-i -i

= 4400/2 _ see = 700 sec . The power received during the pulse is now

i00 times the cw power of the previous calculation, and the signal to noise

ratio becomes s/n = 9.9, i.e., for the background limited condition (where

the noise power in the denominator of eq.l is essentially due to background

noise), increase of peakpower is helpful, since the numerator sees the full

effect_ while the denominator sees only the square root of the required
increase in bandwidth.

This example of pulsed operation does not represent a specific design recom-

mendation; in the event that puislng must be used_ the daL_ z'_b_ w_ _v_

to be made commensurate with the servo bandwidth_ in order for the operation

to be optimized.

4.5.5.1.7 Tracking_ Deep-Space Case

During tracking, the Earth Station will use a transmitter beam with a 3

arc-second beam divergence, and the power density of the vehicle will be

multiplied by a factor of 225, assuming the worst case. The signal to

noise ratio, when reverting back to the cw laser mode, and increasing the

servo bandwidth to i00 hz for ± .05 arc sec tracking, becomes 99. This

will be more than adequate for the 0.i arc second tracking

4.5.5.1.8 Ac_uisition_ Synchronous Satellite Case

At synchronous satellite range, approximately 22 x 10 3 miles, the spectral

irradiance due to Earthshine is (3)_

[ ]0m oW x 238 x = 2.34 x i0 W/m 2
2 o

m A 22 x 103

At the range of the synchronous satellite, 22 x 103mi, Earth (radius =

3.96 x 103mi) subtends 2 sin -I (3.96/22.0) = 20.8 ° = 0.364 Radians.

364) 2The solid angle is-_ (0. = 0.104 Steradian and the irradiance, in

terms of spectral power density per unit of solid angle is

2.34 x i0 "3 Watt = 22.5 x 10 -3 Watts/m2/_/ steradian.

2 °
m -A x 0.104 ster.

(3) G. Strauss, Ibid.
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The amount of earth shine which will illuminate one of the quadrant
detectors at_the synchronous satellite range with the tr_cker f'ield of'
view of 30 _ed is

Pb = 22.5 x 10-3W
O

m2 A ster.

Telescope

Rcvg. area

•/4 x (2.25x lO

Filter Bdwdth

× Xmission

(o )x i A x .25 x 1/4

-4 2
)

x

Solid angle FOV

-ii
= i.i x i0 watts.

Earthshine simulation from synchronous orbit could be controlled by

reducing the field of view of the telescope, but this would require adjust-

ing a diaphragm in the Field of View of the telescope. Rather than intro-

duce a mechanical adjustable stop in the telescope, the laser power on the

ground will be boosted in order to simulate the signal to noise ratio

rather than the absolute amount of earthshine. A i watt argon laser bea-

con will be available on the ground and during the acquisition mode deep

space simulated power density at the space craft would require consider-

able attenuation by means of reducing the operating power and introduction

of neutral density filters at the ground transmission site.

4.5.5.1.9 Tracking; Synchronous Satellite Case

As discussed previously the fine tracking mode of operation requires

the ground laser beam to be narrowed down to 6 arc seconds. The attenua-

tion scale factor used for deep space simulation would carry over to the

tracking case while the ground laser narrows its beam divergence from

45 _c to 6 se'-_.

4.5.5.2 Continuous Boresi_hting for Space Vehicle Photomultiplier

Differential Gain Control

The quadrant photomultiplier tracker on board the spacecraft is essentially

a light balancing device which will track to the center of illumination of

the incoming laser light. The quadrant photomultiplier arrangement is a

highly efficient device when operating with the low signal levels which

will be present for a deep space laser tracking and communications link.

Image plane modulation involves interrupting the light by means of an

oscillating aperture and then using synchronous phase detection of various

harmonic components of the signal as generated by this modulation. Track-

ing by photometric balancing techniques are usually avoided because of

serious problems which arise from detector bias imbalances and photosensor

cathode sensitivity non-uniformities. However, the unique optical arrange-

ment of the transmitter-receiver telescope allows for a continuous bore-

sight monitoring mode whereby a feed back loop is implemented to control

the overall gain factors in a balanced quadrant photomultiplier arrange-

ment.

1-244



o

A portion of light from the 4880 A laser used for the spacecraft heterodyne

detection scheme is tapped off for utilization in the quadrant photomulti-

plier gain control feed back loop. Referring to the block diagram of

Figure 4.5-4_ the laser light is reflected to the tracker optics by means

of the pair of beam splitters. The center of the laser _mage must be

precisely positioned on the center of the tetrahedron so that a light null

balance is obtained. Thus_ error signals which arise in a quadrant pair

of detectors, develop as a result of electronic imbalances in the amplifi-

cation train. The laser beam is amplitude modulated by means of a Sylvania

S-2 type polarization modulator. The sinusoidal driving signal on the

modulator serves as a reference signal to a synchronous detector whose out-

put will be positive or negative depending on the polarity of gain drift.

The dc error out of the synchronous detector, controls the gain of the high

voltage supply to one of the bri_ge_ pairs of phu_um_itipliers.

The accuracy of centering the laser beam on the pyramidal reflector must

be within a 0.i _ tolerance as viewed from object space. The effective

focal length of the telescope as viewed from the tracker optics to object
o4 0 " Thespace is j 5 In. beam centering accuracy corresponding to 0.i

-3
g_ is 1.7 x i0 inches. The angular accuracy of the various components

of the boresighting system is not very critical due to the large magnifi-

cation of the tracking optics. The focal length of the tracker optics

separately is 7.15". A beam centering of 1.7 x 10 -3 inches provides an

overall error tolerance of 50 arc seconds for the auxilliary optical

components.

4.5.5.3 Boresi_hting of Spacecraft Transmitter Laser to the Receiver

O_tical Axis

4.5.5.3.1 Introduction

A method is described for maintaining accurate parallelism between trans-

matter zero-lead and receiver optic axes ( in terms of the beam pointing

configuration) which features separate corrective fine beam deflectors

for transmitter and receiver. Use is made of the on-board laser trans-

mitter and the quadrant photomultiplier tracker operating in an intermit-

tent look-through mode. A tracking offset error is developed as a result

of misalignment between the tracker and transmitter axes. A feedback loop

is closed around the point ahead beam deflector which is initially set to

its null position. Offset errors resulting from mechanical misalignments

are fed back to the point ahead beam deflector in order to drive the tracker

error signal to null. The look-through boresight operation will normally

operate prior to the space to earth laser link since a zero point ahead

angle is required for this operation.
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4.5.5.3.2 Detailed Discussion

Figure 4.5-5 is a block diagram of the transmitter-receiver boresight

alignment technique. With the diasporameter set to null_ laser light

is directed to the flat mirror via the dichroic filter and beam splitter

arrangement. The dichroic filter is designed to transmit at 6328 Aj but

a small portion (_.005) of the light will be reflected. When the shutter

is opened_ th_ light is directed to the quadrant photomultiplier tracker.
The narrow i A filter designed to transmit at 4880 A will have some

tramsmission at 6328 _ to allow enough light to be detected by the photo-

multipliers at a single modulated frequency as obtained from the modulator

driver. The signal is passed through the narrow band filter-amplifier

combination and then synchronously demodulated by means of the bridge and

reference signal. The resulting dc signal will be used to servo the lead

angle position of the diasporameter_ thereby providing null compensation

to the respective transmitter and receiver line of sights.

4.5.5.3.3 Available Signal for Boresight Monitoring

o

A i0 milliwatt 6328 A laser will be used for the boresight mode. Assuming

that a power of i0 -II watts per quadrant is sufficient3 the required

transmission of theol A filter at 6328 A is to be determined. The optical

losses up to the i A filter ar%

i0 -II watts = i0 x i0-3 w x Tp x TD x TBS 3 x T(l_)
-g

where:

Tp = transmission of polarizer modulator _ 0.5

TD = reflectivity of dichroic in transmission mode = 5 x 10 -3

thus_

TBS = .5

o 3T(l_) = transmission of i A filter at 6 28

--10-5
o

The secondary transmission of the i A filter should be very low with an

optical density in the range of 4 or 5.
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4.6 POINT AHEAD AND SPACE-TO-GROUND-TO-SPACE LOOP CLOSURE

4.6.1 Summary

In a two-way communications link for deep space missions the relative

orbital velocity between the space vehicle and earth_ coupled with the

long signal transit delays_ require that the spacecraft transmitter

"point ahead" of the apparent spacecraft-ground transmitter line-of-sight

in order that the ground receiver receive the spacecraft transmission.

For a typical Mars fly by the lead angle will be on the order of 40 arc-

seconds near the terminal phase. Continuous and accurate reception from

the spacecraft requires that the point ahead be referenced to the coordin-

ate reference frame established in the Precision Tracking of a Ground

Beacon experiment. The "point ahead" precision requires that control

be effected through a closed space-to-ground-to-space feedback loop.

Perturbations due to spacecraft disturbances must be compensated: low

frequency disturbances by spacecraft and telescopic con_roi; high-

frequency disturbances by beam (deflector) control within the telescope.

Several types of optical detection at the ground receiver will be

investigated. Heterodyne detection involves use of a matrix of small

telescopes and a local laser oscillator signal beating against the

incoming signal in each telescope. Direct detection methods 3 one using

a 4 photon bucket arrangement and a second using a single photon bucket

with a conically scanned laser beam_ are being considered. Image dancing

due to atmospheric disturbances operating in a manner analogous to that

discussed in the summary of the Precision Tracking of a Ground Beacon

experimen% impose the need for testing "point ahead" under the actual

condition of a space mission_ here proposed at synchronous altitude.

4.6.2 Experiment Objective

The purpose of this experiment is to close the loop around the equipment

in the Precision Tracking of a Ground Beacon experiment (subsection 4.5)

and to evaluate the effect of the space-to-ground-to-space loop closure

on overall tracking and pointing performance. Transit time delays corres-

ponding to ranges of 1 astronomical unit are to be simulated; the effects

of Earthshine are to be evaluated.

4.6.3 Experiment Justification

4.6.3.1 Contribution and Need

The trajectories of interplanetary missions exhibit relative displace-

ments and velocities between the spacecraft and the Earth based ground

station such that the difference in angle between the apparent line of

sight from the spacecraft to Earth and the direction of the axis of the

communication beam becomes appreciable. That is, to have the down beam

from the spacecraft received at the ground station requires that the

axis of the down beam must be pointed ahead of the apparent ground station

position. The angle between the apparent line of sight to the ground
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station and the downbeamaxis will be on the order oi' forty arc seconds
when the spacecraft Js near Mars. With laser beamdiw_rgences ranging
from 0.i arc seconds to 2.5 arc seconds, depending on choice of wavelength
and transmitting aperture, the need for accurate poin_ ahead prediction
and implementation becomesmanifest.

The advantages of laser communications cannot be adequately utilized in
interplanetary space programs unless the point ahead capability can be
attained to the required accuracy. The required accuracy is that which
will maintain the space transmitted laser beamwithin the half power
points of the Earth receiver array. The experimental investigation of
this point ahead capability is an essential complement to the Precision

Tracking of a Ground Beacon experiment.

4.6.3.2 Need for Space Testing

The point ahead capability is dependent upon the accurate instantaneous

determination of the relative motion and orientation between the space-

craft and the ground station. Perturbations of the apparent line of

sight and the direction of the down beam will be produced by atmospheric
fluctuation and mechanical disturbances of the spacecraft/telescope

structure. Atmospheric effects will superimpose perturbations on the

upcoming laser beam. It would appear to be impossible to achieve

accurate pointing for altitudes less than approximately 2,000 miles

because atmospheric fluctuations produce, at lower altitudes, unacceptably

large amounts of noise in the apparent line of sight. See also subsection

4.5.3.2.

4.6.3.3 Feasibility

The environment of a synchronous Earth orbit appears to be highly suitable

for the subject experiment and to realistically exercise the deep space

communications capability of laser communication systems. The methods

proposed for the performance of the experiment are common and well within

the state-of-the-art. Though the magnitudes of each of the many factors

contributing to the inaccuracy in point ahead control may not be isolated,

it is feasible that the overall capability in pointing control over a

suitable range of operability be investigated.

4.6.4 Implementation

4.6.4.1 Experiment Design

4.6.4.1.1 Experiment Concept

A laser communications link between a spacecraft and an earth station (s),

using narrow beamwidth transmission and directionally sensitive receivers

(telescopes), requires very accurate tracking and pointing. Because of

the relative motion between spacecraft and earth at large distances (i AU),

the lines of sight between spacecraft and a ground beacon transmitter and

between spacecraft and ground receiver can differ by as much as 40 arc
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seconds. The spacecraft reference line is established by having the

beacon illuminate the spacecraft and then having the spacecraft track

the beacon. PRECISION TRACKING OF A GROUND BASED BEACON is another

experiment (subsection 4.5); and_ although reference to specific sub-

sections of that experiment presentation will be made here_ that experi-

ment must be performed before implementing the point ahead operation.

For the ground based receiver system three possible detection techniques

will be discussed which use signal intensity (gradient) measurements to

determine the pointing error (with respect to the receiver) of the spacecraft

laser beam. A pointing correction will be telemetered to the space-

craft in the form of digitized altitud% azimuth angular commands.

4.6.4.1.2 Acquisition & Tracking of Ground Beacon

Initially the ground beacon directs its transmission at the spacecra1_

in accordance with Deep Space Information Facility (DSIF). The space-

craft telescope images the beacon signal and tracks the beacon. A

planet tracker will assist the telescope in acquiring the beacon. Two

spacecraft telescopes with different fields of view and tracking precision

are proposed. These units are independently gimballed to the spacecraft.

A .3 meter telescope with a field of view of 1.5 are minutes will track

to + .15 arc seeonds_ provided the beacon beamwidth is in the neighborhood

of _-6 arc seconds. A 1.0 meter telescope with a field of view of .5 arc

minutes will track to + .05 arc seconds. (See subsection 4.5.4.1.3)

Fine tracking and pointing of these telescopes requires that high frequency

perturbations be compensated by elements internal to the telescope, (see

subsection 4.5.4.1.4).

The beacon tracking system on board the spacecraft consists of a coarse

and a fine servo system. The coarse system is a low frequency response

system which controls the pointing direction of the gimballed telescopes.

The fine system is a relatively high frequency response system which

controls the placement of the beacon image on the image plane of each

telescope. Deviation of the beacon image from the center of the image

plane will produce an error signal, which after passing through a differ-

ential amplifier, will be used to drive two orthogonal sets of beam

deflectors in such a way as to center the image. The driving signal will

be a measure of the displacement of the line of sight from the telescope

axis. This driving signal will represent closely the mean direction and

the perturbations of the line of sight produced by atmospherics and

structural flexure and vibration.

4.6.4.1.3 Closed Loop Pointing Control of Spacecraft

To simulate the point ahead situation of a Mars fly-by (40 are seconds)

from synchronous orbit requires a 4 mile separation between the ground

based beacon and the ground receiver. In an actual fly-by the two would

be co-located. Initial point ahead angles on the spacecraft will be
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derived through telemetered commandsfrom the Fround station. The space-
craft laser beammust be received by the earth station bef'ore initiation
of the space-to-ground-to-space feedback loop. l"ig_Jr'e4.4-]a depicts the
1.0 meter telescope with the transmission componentshighlighted.

A second major servo loop in this experiment provides for correction of
the direction of the downbeamby meansof transmitting the error in beam
pointing_ as measuredat the ground station, up to the spacecraft. Closing
this correction loop through the ground station provides simultaneous
correction in the up beam, as well as the downbeam. This space-to-ground-
to-space loop closure provides a measureof the error in prediction and
control of the downbeam (and up beam) pointing. Operation of this feed-
back loop with its inherent delay of several minutes when operating at
Earth-Mars distances_ the ability to detect beampointing error on the
order of a small fraction of the beamwidth and the realizable degree of
error control are prime items of interest. Since the actual delay to the
satellite in synchronous orbit is only a fraction of a second, tape
recorders with controllable separation between write and read heads can
be used to simulate transmission delays of up to eight minutes one way.

Appendix I-i in the OTAESInterim Report (i) indicates the effect of
this delay upon realizable feedback loop performance. Oneof these
delays would be inserted between the error encoder and the telemetering
modulator, and would_ consequently_ affect the forward transfer as well as
the overall loop; simulating the transmission delay of the error command.
The other would simulate the delayed effect of the correction (from the
satellite down) by storing the error measurementfor eight minutes before
utilization. The validity of this implementation must be verified by
further analysis. The major advantage of this method lies in the fact
that it permits (if valid) the testing of a realistic embodimentof the
space-to-ground-to-space feedback loop, as a future interplanetary probe
might see it.

4.6.4.1.4 Beam Pointing Error Detection

Three possible methods of beam pointing error detection are being investi-

gated.

4.6.4.1.4.1 Distributed Telescope Array

A distributed telescope array type of detector, described in subsection

4.6.5.3 and shown in Figure 4.6.5.3-1 consists of a suitable mosaic of

small telescopes, typically 5-inch diameter, consistent with the largest

aperture permitting reception of coherent optical signal through the

atmosphere without degradation of wavefront. Each of the telescopes thus

will permit coherent reception (using local oscillator power from a

(i) Interim Progress Re_ort; Optical Technology Apollo Extension System a

_C__, March 8, 1966, Vol. IV
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common supply) of signals from a deep-space-craft, or, for the purpose

of the proposed test, from the satellite. Two axi_ _ignal-splitting

behind each telescope permits angle tracking, with error measurements

of the i00 (typically, for a full-dress, deep-space link) averaged over

the entire aperture. The angular uncertainty of the spacecraft's (or

satellite's) position due to atmospheric fluctuation, typically about

2 arc seconds for a 5-inch aperture and reasonable zenith angle, is thus

reduced by the square root of the number of individual measurements.

Temporal smoothing can be used to reduce the error further. Beam point-

ing error is detected by comparing sum signals received in top and bottom

halves, as well as left and right halves of the array. Although the

slope of signal strength versus distance does not develop much error

signal across the (typically) 5-foot width of the array, the analysis in

subsection 4.6.5.3 shows that, by use of 5-second time integration,

a i/i0 beamwidth pointing error can be measured with about 50 per cent

confidence for a t_oical 0.i arc-second beam.

4.6.4.1.4.2 Multiple Large Aperture Array

The second candidate configuration for the beam pointing error measure-

ment features an array of four to five relatively large receiving aper-

tures, not necessarily of astronomical quality, arranged on a square

whose size corresponds to the subtense of the 3-db beamwidth (about 50

feet, for a 0.i arc-second beam coming from 22,000 miles). The larger

horizontal extent permits appreciably higher error sensitivity then the

5-foot array promises, but subtle differences in sky overcast over a

relatively large area may cause spurious error measurement. Pointing

here, is again found by comparing signal levels across diagonals of the

square, top to bottom and left to right. Use of the larger telescope

offers no improvement in coherent reception over the same number of small

telescope apertures.

4.6.4.1.4.3 Single Large Photon Collector

The third candidate configuration uses a single large (non-astronomical

quality) telescope as a photon collector. Angular modulation of the

satellite's beam must be used to generate error information, such as the

conical scan familiar from tracking radar. Depending upon the value of

nutation angle used (the angle between the axis of the cone and the locus

of instantaneous beam position centers), the error sensitivity may be

fairly high, because the slope of signal intensity versus unit distance

at the ground now corresponds to the skirt rather than the peak of the

beam, but signal power is also sacrificed, by the same token. Error

signals are, in this case, sinusoids at the frequency of the conical scan,

whose phase is compared with that of a reference oscillator used to con-

trol the scan. Beam pointing measurement by detection of a conically

scanned laser beam is discussed in subsection 4.6.5.4.
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4.6.4.1.5 Implementation of Point Ahead

The actual lead angle required, about forty seconds of arc, can readily

be simulated from a synchronous equatorial satellite_ by physical separa-

tion of the Earth's transmitting and receiving installations of approxi-

mately four miles. The receiving installation_ which maintains angle-

track on the satellite 3 must, of course_ communicate accurate angle infor-

mation to the transmitter_ in order to enable it to keep the satellite

illuminated.

It is anticipated that the point ahead experiment will be conducted after

tracking capability has been tested and verified. In order to co-locate

the earth station receiver and transmitter, the initial point ahead bias

must be maintained to allow for the tangential velocity difference at

synchronous orbit and ground. At the start of the point ahead test, the

Earth station will command the point ahead mechanism to slew over the

amount required to hit the new receiver, some four miles away.

It can be seen that, for the proposed mechanization, the overall loop

is inextricably interwoven with the point ahead operation; the space-

to-ground-to-space loop closure thus represents an integral part of the

point ahead experiment, rather than a separate demonstration. Neverthe-

less, it would be of interest to open the feedback loop during the test

(for periods that would have to be determined experimentally, gradually

increasing), to see how far and how fast the transmitter beam will

wander off the target without the benefit of correction.

The idea underlyin_ the major portion of loop testing is the same one

as in the PRECISION TRACKING experiment, namely that of introducing

calibrated disturbances at several points of the loop. Amplitude and

frequency of the disturbance, as well as that of the response are either

metered on the ground, or monitored in the satelite and relayed back to

the ground station. Overall loop performance_ as well as the functioning

of individual blocks, will be considered. It should also be possible to

adjust the loop gain by controlling the sensitivity of the error detector

(volts per arc second), the scale factor of the analog-to-digital conver-

ter (pulses per second per volt) at the ground station, or the scale fac-

tor of the digital-to-analog converter, via telemeter control (Figure _.6-1b).

4.6.4.2 Operational Procedure

The nature of this experiment is such that it is anticipated that little

or no benefit may accrue from manual operation or intervention. Except

for the functions of equipment monitoring, replacement and possibly

repair, it may be said that this experiment is designed to show a

capability in pointing which must be attained in spite of man produced

disturbances rather than because of the presence of spacecraft occupants.

The magnitudes and spectral characteristics of the control functions are

largely beyond the response capabilities of the human operator. The

operational procedure may be outlined by the following ordered sequence of
tasks.
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d.

e.

After acquisition of the beacon and stabilization of the _pace-

craft, and upon command by ground control, via the beacon or

microwave link, the diasporameter is actuated so as to point

the down beam ahead by the appropriate pre-calculated amount.

The error in down beam pointing angle is measured at the ground

based receiver complex both with and without vibration compensa-

tion on the down beam and with and without suspension of normal

movement of the spacecraft occupants.

With the space-to-ground-to-space loop closed, task b is repeated

and the difference between calculated point ahead angle and error

controlled point ahead angle is measured for one way time delays

ranging from the actual transit time between ground station and

the spacecraft up to 8 minutes.

With the space-to-ground-to-space loop open, task b is repeated

with the addition of the introduction of controlled disturbances

into the variously indicated functional blocks of the point ahead

control system to determine what combination of factors define

the domain of adequate pointing performance.

With the space-to-ground-to-space loop closed, task c is repeated
with the introduction of controlled disturbances as indicated in

task d to define the domain of adequate pointing cycle.
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4.6.5 Supporting Analyses

4.6.5.1 Accuracy Requirements for Reference Axes

The mathematical analysis of lead angle computation for aberration and

transit time corrections is given here with numerical values corresponding

to a Mars Fly-By trajectory.

Typical values range from about i0 arc seconds at the beginning of the

mission to about 40 arc seconds at fly-by.

The space vehicle is stabilized by means of the Sun Sensor and the Canopus

Tracker. Assume that the initial Search-Acquisition process as previously

described has been carried out using the DSIF, the Earth Station beacon,

and the space vehicle beam pointing system. It is further necessary to

use a p_'_cisiu_ _i_b '_ _ s_nsor _ prcvidc _

tracking on Canopus, for example, with the other half provided by the space
vehicle track to Earth.

A oreliminary analysis of the precision needed for the Reference Axes' cele-

stial sensor may be derived as follows, see Figure 4.6.5.1-1. The space

vehicle track to Earth Station coincides with the Y-axis, and the X-Z

plane is the plane at right angles to the tracker lOS to Earth (established.

by the closed loop). The space vehicle transmitter beam is directed along

vector OP at an azimuth angle _ and an elevation angle _ (in spherical

polar coordinates). These angles represent the components of the space
vehicle to Earth transmission lead angle, and for r = i0 _ miles, _ = 40

arc second, _ = 0.2 arc second, approximately.

The precision celestial sensor is used to determine the X-Y plane (i.e.,

the Z-axis). This might be the projection of the LOS to Canopus on the

X-Z plane perpendicular to the LOS to Earth (Y-axis). It is assumed for

this analysis that the LOS to Earth is errorless.

The analysis below shows that a 50 arc second error about the other refer-

ence axis (i.e., the Z-axis) is equivalent to a coordinate rotation about

the_Y axis. At a range of i00 millionmiles, the azimuth error is 5 x
i0 -8 radians which is one tenth of the 0.i second laser beam width. The

elevation angle is negligible. These error angles are small because the

lead angles themselves are small, yielding small displ_cements of the

radius vector OP at Earth.

It is clear that the geometry of the closed loop tracking to Earth dilutes

the requirement for extreme precision in celestial sensors which might

otherwise be required for an open-cycle system. This analysis will even-

tually be modified to include the effects of "In Vivo" atmospheric propaga-

tion in the loop, but it is not expected that the results for the space

vehicle configuration will be significantly affected.
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Coordinates

r = 108 miles (Range )

40 _-_= sec. : 2 x 10-4 tad.

= 0.2_ = i0-6 rad.

X = r cos

y = r cos

z = r sin

(Lead angle)

(Lead angle )

sin a = r _ = 2 x 10 4 miles

cos _ = r = 108 miles

= r _ = 102 miles

Coordinate Rotation

i
z = z cos_ - x sinO = Z - X 0_

X I = z sinO

thus :

zI - z = -xO.

+ x cos O = z O + x,

Therefore, AZ = -xO

XI - x = zO. Therefore, AX= zO

x is the equivalent displacement of the beam along the Z axis as projected
to earth and for _ = 40 arc seconds, x = 2 x i0" miles.

X._ will be the error displacement of the beam in miles for the perturba-

tion about the Z axis. For a perturbation of 8the lead angle corresponding
to one-tenth of the beam width d _ = 5 x i0- rad, the permitted error

in O is as follows:

X'O = rda

•O = 108 x _ x 10 -8 = 2.5 x 10 -4 rad.
2 x 10h

_ 50se_c.

4.6.5.2 Heterodyne Detection of .Spacecraft Laser

4.6.5.2.1 Basic Analysis

Superheterodyne detection makes it possible to realize the optimum signal-

to-noise ratio (corresponding to noise-in-signal alone) by lifting a weak

signal above locally generated noise arising from background light, photo-

detector dark current and thermal agitation in the resistive load circuit

of the detector. Post-detection signal power and the component of noise

due to the local oscillator current are both proportional to the local

oscillator power.
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The signal to noise ratio for optical heterodyne detection is developed
as follows:

i 2 = 2 i 2 = 2 P_ PIO _e
ac dc

[%J
where:

(i)

iac = average ac current

p_' = received signal power

idc = dc current

PL0 = power in local oscillator

The relationship between dc current and power on the detector assuming

PLO _ Pr" is

id c = _e PLO

where: h

= quantum efficiency of photodetector
h = Planck's constant = 6.63 x 10-3_ Joule - sec

v frequency of light = 4.74 x l014 hz for 6328

helium-neon laser

e = charge of electron = 1.6 x l0 -19 coulombs

The noise current arising from various local sources is given by:

i n2 = i 2dc + i d2k + i t2h + i B

where:

2 = 2 eidc A Fi dc

2
i dk = 2 ei d A F

i 2 : 4 KT a F/rth

(Local oscillator current noise)

(phototube dark current noise)

(thermal current noise)

= l0 -23 joules/o KK 1.374 x

T = absolute temperature oK

2
i B = 2el b A F

r = load resistor

(current noise generated by background)

induced current, i b)
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In the numerical example given in the following subsection it will be
shownthat local oscillator induced photo current ide >> idk + ith + ib
and signal to noise reduces to:

2
i ,,

S/N _ _ac = N Pr

i_ h v A F

which is the post-detection signal-to-noise power ratio corresponding to

noise-in-signal alone.

Signal to noise ratios will be calculated for a i AU deep space mission.

The attenuation factor for simulation of the deep space case from

synchronous orbit will be given.

I f

*.u.5.2 2 ........., O± _I_.L 1-U W _ .[."

The signal power incident at the receiving aperture of diameter D centi-

meters_ efficiency M from a source at range R_ with Pt watts peak power
and beam cross-section 0 is

P = Pt MD2/ (R@)2 watts
r

Atmospheric attenuation reduces this amount of power to

I

Pr = _ Pr

The factor _ is largely a function of zenith angle for a specific wave-
I

length. Quantity Pr is divided into four parts by a pyramidal prism of

optical efficiency M and the amount of light power available for each of

the four photo-detectors is 1/4 Pr

I!

Pr = 1/4 M_ Pt D2/ (RO) 2

The numerical values for the above equation are:

M = _ = .5

Pt = i watt

D = 5" = 12.7 cm

R = i AU = 150 x 1011cm

O = 0.i arc sec = 0.485 x 10 -6 rad.

Thus

YT

Pr = 1.85 x 10 -13 watts

With optical heterodyning_ the energy is divided by a factor of m' = 0.5

If

m' P = .93 x 10 -13 watts
r
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4.6.5.2.3 Noise Contributions

Local oscillator power is PL0 = 5 x 10 -3 watts, resulting in

idc = _ e PL0/hv = 1.28 x 10 -3 amperes

The dark current for the L4501-1A504 series of (Philco) photo mixer photo-

detector diodes is several orders of magnitude smaller than the dc current

due to the local oscillator and can be neglected.

The background power is given by

Pb = mm'l 

where:

_d -- 16 x 10 -8 wattslC_ 2- ster-_

_ = 132 x i0 -b

_ = 25 x i0 -I0 sterad (i0 arc-sec FOV) and

m = m' = 0.5.

Thus, the background power is Pb = 1.7 x 10 -18 watts

Compared with the h _F term of the local oscillator which is

31.5 x 10 -20 Joules x 107 eps = 3.15 x 10 -12 watts

the background contribution to noise can indeed be neglected.

4.6.5.2.4 Post Detection Signal-to-Noise Power Ratio

The post detection signal-to-noise power ratio is

I!

Pr = 0.5 x .93 x 10 -13 watts

S/N - 3.15 x 10 -±2 watts

h V AF =.015 for each individual telescope.

Use of i00 telescope apertures multiplies the available signal power and

the post-detection power signal-to-noise ratio by i00_ for tracking pur-

poses, a further improvement accrues from the reduction in bandwidth,

107 cps (at the IF level), to i0 cps (at the servo level), bringing S/N

up by another factor of _ _ f/ A f (servo) or 1,000. The tracking
signal-to-noise ratio for the individual 5" telescope is therefore 0.015 x

1,000 = 15, at R = i AU.

1-26A



4.6.5.2.5 Signal-to-Noise Simulation from Synchronous Orbit

The laser power on board the spacecraft is i0 m watt at 6328 _. Optical

losses are mainly due to the dichroic filter, the fine beam deflector and

the obscuration from the secondary mirror. Through optical design the

distribution of light across the laser beam can be changed from a gaussian

intensity profile to a uniform profile, thereby reducing the loss arising

from secondary obscuration. An optical transmission factor of 0.75 will

allow 7.5 mw of laser power with a beam spread of 0.i arc seconds from the

1.0 meter telescope. With atmospheric attenuation of 0.5, the power density

on the receiving aperture is

Pr = 1/4 m_ Pt D2/(R@)2

where:

Pt = 7.5 x 10 -3 watts

= atmospheric attenuation = 0.5

R 3.84 x i0° meters

@ = 5 x 10 -7 rad.

m =0.5

D = .125 meters

The power incident on each photodetector is

" = 2.16 x i0 -I0 watts
Pr

The incident power available is approximately a factor of 1,200 greater

than for the deep-space case. Since 16 telescopes will be used for

spatial averaging as opposed to i00 telescopes for the deep-space case,

the alteration factor for proper simulation is .16 x 1200 = 192

4.6.5.3 Earth Station Beam Pointing and Angle Tracking by Use of a

Distributed Telescope Array

4.6.5.3.1 Telescope Array

A pictorial representation of the earth station array is shown in

Figure 4.6.5.3-1. The total array comprises 16 telescopes, each 5"

in diameter. For tracking a deep space vehicle the array would be mounted

on an equatorial mount in order to compensate for earth rotation. In the

case of tracking a synchronous orbiting satellite_ it will be necessary

to correct for earth's rotation on the space vehicle telescope and the

ground array needs only a limited angular gimbal mount. Each of the 5"

telescopes acts as a coherent receiver by virtue of mixing the incoming

signal with that of a local oscillator to provide superheterodyning.

The coherent receivers function as spectral fil_ers to eliminate back-

ground radiation.
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Figure 4.6.5.3-1 Earth Station Distributed Receiver-

Tracker Array and Transmitter
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The distributed array provides a dual capability in the pointing and track-

ing experiments. Angle tracking the incoming wave front is essentially

aligning the optical axis of the tracker to the nearly plane wavefronts.

This is essentially accomplished in a single 5" telescope and the array of

telescopes serves to obtain a better spatial average by averaging the

tracking data of the 16 telescopes. The second important function of the

array is to evaluate the down coming beam position and thus the space

vehicles tracking performance. This information is derived by a recon-

struction of the beam profile taking into account the spatial and temporal

fluctuations imparted by atmospheric turbulence. Beam profile measure-

ments are accomplished by sampling the diagonal elements of the telescope

matrix and estimating the spacecraft beam pointing error in an alt-

azimuth reference. This information is utilized in the ground-to-space

feed back loop which is closed around the point ahead beam deflector in

the space vehicle.

4.6.5.3.2 Angle Tracking

A schematic of a single 5" telescope channel is shown in Figure 4.6.5.3-2.

Light is collected by a 5" objective and is focussed at the apex of a

tetrahedron which is shown in one plane for illustrative purposes. The

positions at which the local oscillator signal is injected are shown on both

sides of the axis for convenience. The azimuth error in angle tracking

is obtained by differential measurements of the average laser power as it

impinges on opposite pairs of the tetrahedron reflecting surface. The

rms angular jitter for a five inch aperture is @rms = 1.75 arc seconds

for zero zenith angle and 2.08 arc seconds for 45 ° zenith angle. Assuming

that the principal frequency components of fluctuations are below i0 cps_

the smoothing due to the spatial averaging unit (See Figure 4.6.5.3-3) is

Osav = Orms = 1.75 = .44 arc second

The additional smoothing can be obtained from the temporal averaging unit

by sampling many points separated in time by much less than I/B n seconds

(Bn = servo noise bandwidth, cps) over a period of time t)) i__ seconds.

For a 5 second smoothing time Bn

Otav =@sav = .44 = .044 septic.

_7_n t _xl0x5
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4.6.5.3.3 Earth Station Beam Pointing Sensitivity

The amplitude comparison detection technique provides error signal feed-

back to the space vehicle to correct its beam pointing operation. Since

the Earth Station array cross-section intercepts only a small fraction

of the space vehicle beam, it is clear that the error signals are small

fractions of the impinging signal power. Nevertheless, the use of coher-

ent detection and non-coherent video summation coupled with correlation

data processing techniques provides adequate signal-to-noise ratios to

permit differential amplitude comparison.

4.6.5.3.3.1 Pointin_ Control Analysis

0

A pointing analysis will be made for the 0.i see, i watt, 6328 A laser-

beam transmitted from synchronous orbit as it is received by a distributed

array consisting of 16 telescopes, each of 5" diameter aperture.

In antenna practice, the one-way power antenna pattern is approximated

by a Gaussian equation,

- (a 2 02),
I = Ioe (i)

Where O is the angle measured from the center of the beam.

The constant a 2 is given by

(2)

where @B is the bandwidth measured between half-power points. This

Gaussian distribution represents the Fraunhofer far-field region off

diffraction theory_ and is valid in the vicinity of the beam center.

The cosine distribution used in the latter analysis may be derived as

follows:

For small values of the exponent,
@2

2 2 = i - 2.776 :
e : 2.776 @ /@R

Therefore equation (i) becomes

iioos o]
(3)

(4)
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At @ = @B/o, the angle is i/2 _ : 1.18 rad or 67.6 o whose

cosine is 0738, instead of 0.5. However, for the purposes of 3this

analysis, the agreement is close enough to allow the simpler cosine dis-

tribution to be used (See Figure 4.6.5.3-4)

I = Io cos @e

where

= Io cos (K @s )

@e = electrical angle _ ! 60 °

@s = space angle _ ! 0.05 se--_

(+ _/3 rad)

(+ 2.5 x 10 -7 rad)

_e

k=_- /J
@s 2.5x i0-7

- 042 x 107

It will be assumed that this value of "k" is satisfactory near the center

of the beam,

@e = _+12° ' @s = --+0.01 arc sec

The following analysis is done to determine the appropriate expressions

for the slope of the beam intensity gradient vs.a function of spatial

angle.

d._.__I= -k I0 sin (k@s) = -(0.42 x 107 ) I0 sin (12 ° )
d@

s

" -0.87 x 106 I
o

I dl 9 = -k I sin (k @ ) 6 @
S 0 S S

d@
S

- -0.87 x lO6 I _ @
o s

4.6.5.3.3.2 Sensitivity For Synchronous Orbit

The difference 6 I is the difference magnitude corresponding to the beam

slope across half of the array whose width is 6 S = 1.5 ft

dS
s=r @ ; =r;

s d@ s

dl dl dS

d@ dS d@
s s

_r
dI

dS
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Figure 4.6.5.3-4 Earth Station Beam Pointing

Sensitivity from Synchronous Orbit
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For

i%

dI 1 dI ; 6I d_ _6@" (dI)

= _ _ _--_s/ _ sJ _ dSdS r d@s

6 S

l

r - 2.2 x i0_ miles, a beam width of O.l_subtends

S- 2°2 x 104 x 5.28 x 103 x 5.0 x 10 -7 rad- 58 Ft.

For 6 S -Io5 Ft.

5 @ m 1o5 x 5 x lO -7 -- 1.28 x lO -8 rad
S

7

Therefore 6 I _-0.87 x lO6 Io (1.28 x lO -8) m_l.1 x lO -2 Io

The mechanics of +he m_s._r_ng process are as follows:

Very small changes of beam intensity are stated as

61 = -k I o sin (k@) 6@--y s
Io cos (k_)

-- -k tan (k @s ) _ @s

@s= + tan-I < ik6_@s)

which is the required departure angle from boresight.

angles, @e _ ±30o (10%) k@ s _ (k@s)

61 _-k2@ 6@ and @ 2 .._ I

I s s s k26@s I

(@s _-3°°)

For small departure

The change 51 with respect to @ is
S

d@s (6I)= d____d@s< d--_s b@sl = k21° cos (k@ s) S @s

= (.42 x I07) 2 (cos 12° el.) (1.28 x lO -8) Io
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= (.176 x 1014 ) (.978) (1.28 x 10 -8 ) I°

= 2.2 x 105 1 o

S
d8

8

let a(bI) =l.1 x 10 -2 I
O

Therefore

= 2.2 x 105 Io A@ =i.i x 10 -2 Io
S

A@ = i.I x 10 -2 = 5 x 10 -8
s

2.2 x i0_

= .01 arc sec

Hence a 0.01 arc second beam displacement at @ = 0.01 arc second doubles

the magnitude difference, s

4.6.5._._. _ Sensitivity For Deep Space

For range r = 108 miles = 6 x i0 II ft., the beam width @

subtends s

s = 6 x lOllx 5 x 10 -7 rad = 3 x 105 ft.

= 0.i arc-sec

The half array width is 5 s = 3 ft.

= 0.5 x i0 -II rad
@s =---_llOl16x

Therefore:

5I = 0.87 x 106 Io (0.5 x i0 -II)

= 0.435 x 10 -5 1o

The amplitude sensitivity values for the deep space and synchronous orbit

cases to be used for beam pointing noise analysis are restated below:

51 = 0.435 x 10 -5 1o (Deep Space)

and

51 = i.i x 10 -2 1 o (Synchronous Orbit)
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4.6.5.3.4 Earth Station Beam Pointin_ Noise Analysis

The beam pointing measurement described in subsection 4.6.4.1.3 is subject

to error due to the noise with which the incoming signal must compete;

reduction of this error is accomplished by means of temporal integration.

Beam pointing error of 0.01 arc-second (I/I0 of a beam width) can be meas-

ured _o 58 percent accuracy (or about 0.006 arc seconds) at a vehicle range

of I0 _ mi. by allowing the signal to integrate for five seconds.

4.6.5.3.4.1 Error Integration for Deep Space

The nature of the time integration process may be deduced by a photon

counting process. Each five inch telescope collects 3.8xi0-13 watt for a

five megacycle video bandwidth. The half array is composed of 50 tele-

scopes and the total power is

4^-12

P50 _ 19 x ±u watt

For_ -6328 _ v=4.75 x 1014 cps, the energy per photon is h_ = 3.14 x 10-19

joule. The period corresponding to a single modulation cycle is
T_= i _ i _ 0.2 x 10-6 sec

7 - 5--_-_06 -

The number of photons received per telescope in one period is

E (TF) . 3.8 x 10 -13 x 0.2 x 10-6 -- 0.242

3.14 x 10 -19

and in i second

0.242 x 5 x 106 = 1.21 x 106 hv/sec
E(I sec) =

h _cycle

For 50 telescopes in the half array

E(50 sec)= 50 x 1.21 x 106= 6.05 x 107 hv/sec

The quantum noise corresponding to this signal is

N'50, sec) =,'IE(50 sec)=_6.05, x i07 : 7.79 x 103 hv/sec
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with a relative error

N i
(50 sec) _ (50 sec) ,_

V E(50,sec)

1.28 x 10.4 _ 0.013 percent

Hence the noise error is N--1.28 x 10-4 Io per 3 feet (half array width)
comparedto the required value derived in section 4.6.5.3.3.3 given as

51 = 4.35 x 10-6 Io per 3 feet

For the half array, _S i 3 ft, a 61_ 4.35 x 10-6 Io corresponds to I part
in 230,000. Hence, we define the receit of 230_000photons as one measure-
ment interval, Am. In one second, there are

_m .=E(50jsec) _ 6.05 x 107

2.30 x 105 2.30 x 105

__ 264_ m interval/sec

The time for each _ m interval is

T

i 1 = 3.79 x 10-3 sec/_m

nAm O. 264xi03 A m

The relative error on the basis of integration for a A m period is

_'=_T 1/2= 1.28 x 10 -4 x (3.79 x 10-3) 1/2 7.88 x i0 -6

which shows that the integration period of I second is sufficient to detect

the required difference, by a factor of 4.35/7.88 = 0.55

In other words, a signal-to-noise ratio of unity (i noise electron for every

photoelectron) for the _ I measurement is achieved about one time every 2

seconds.

Increasing the integration period to 5 seconds results in the following

accuracy improvement.

E(50 , 5 sec)" 5 x 6.05 x 107 = 3.25 x 108 h v/sec

N(50 5 sec) = _3.25 x 108 _1.8 x lO 4 h v/sec
!
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(5o , 5 sec)
i

N(5o 5 sec)

i

1.8 x 104

o.55 x lO-4

TAm (5 secs,)
E(50 5 sec)

l

2.30 x 105

3.25 x 108
m

2.30 x 105

1.42 x 103 A minterval/Sse c

The relative error is now

_'(5 sec) -- E(50' 5 sec)

VNAm (5 sec)

0.55 x lO-4
11

1.42 x 103

- 1.46 x lO -6

The error reduction factor now becomes

0.55 x l0 -4
m

37.7

F_ 4.35 x 10 -6

1.46 x 10 -6

3 (signal-to-noise - I for mean)

Hence the measurement is accomplished with an accuracy of

That is a 0.i beam width displacement is measurable with an accuracy of

about 58%. The presence of other system losses and noise sources may

decrease the accuracy, but what has been shown is that a sensitivity of a

small fraction of a beam width detection can theoretically be achieved.

4.6.5.3.4.2 Error Integration for Synchronous Orbit

For the deep space simulation performed at synchronous altitude the total

coherent power into the half array which is composed of 8 telescopes is to

be maintained at the expected value from deep space; i.e.,

P8 _ 19 x 10 -12 watt

The integration time is to be determined. For the half array, AS_ 1o5 ft,

a _ I _ ioi x 10 -2 Io corresponds to i part in 90. TT_us the receipt of 90

photons constitutes one measurement interval, A m in this instance.
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The number of Am intervals in one second is

ram E (8 see) _ 6.05 x 107 _ 6.7 x 105/sec

-- _ I 9.0 x i01

The relative error E can be calculated from

, T1/t
_ E T where

i

From the previous deep space calculation

' 7.88 x 10 -6

\

' 7.88 x i -6 x4 x lO6-- .67
E=

Ti/2 --

=7.88 x i0 -6 •_ .82 x 103

--6.45 x 10 -3

The no. of photons needed for the _ asurement is

i _ i _ 240; 000
N-

E 2 42 x 10 -6 --

The number of photons per sec was given as

6.05 x 107 hv/sec

The integration time is thus

T-2"4 x 105 _- .38 x 10 -2 sec

6.05 x i07

4.6.>.4 Beam Pointin_ Measurement by Detection of Conically Scanned Laser Beam

Lobe detection of a conically scanned laser beam by means of a single photon

bucket can be employed in the beam pointing measurement for the Space - to -

Ground - to - Space feedback loop. This technique was developed for tracking

radars whereby the transmitting antenna was mechanically nutated about a

central axis and the target (usually a moving one) was tracked by means of
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synchronous detection of the return beam.,l,(_ When the antenna is on

target the line of sight to the target and rotation axis coincide and the

null condition is obtained. For non-coincidence of the rotation axis and

target line of sight an AM modulated signal is generated at the conical

scan frequency. A directly analagous scan method can be implemented with a

spacecraft laser and ground receiver in the form of a large optically

segmented telescope or "photon bucket." In this instance, the measurement

is not made with a co-located transmitter and receiver since the target is

the earth receiver which will detect the conically scanned laser beam. The

conical scan can be produced by a rotating optical wedge placed in front of

the laser transmitter. The cone or "squint" angle will be a function of

the wedge angle and the refractive index of the rotating optical wedge.

The antenna pattern of the laser beam is approximated by the Gaussion func-

tion

G(t) " G exp (-a_@ _)
o

where:

@ = angle between antenna beam axis and target axis

G = Value of G(@) at t- 0
o

a2 = constant = 2.776/@B2

where @B__angular width of antenna pattern

Mathematical analysis of radar conical beam scanning was given by Skolnik (I)

and Develet (2). An equation was derived by Develet which gives the rms angu-

lar noise jitter for a coherent detection system as follows:

(i)
Skolnik, Merrill I. "Introduction to Radar Systems" McGraw-Hill,

1962, pp 166-175.

(2) Develet, Jean A. Jr., Thermal-Noise errors in Simultaneous Loping

and coincal-Scan angle tracking systems, IRE Transaction on space

Electronic and Telemetry, June 1961.
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@rms DB
c

where:

r_
_L

K,21
o

K=O

'D

r:_dJ _n _

= 3 db width of beam

DB = number of decibles below maximum the be:_m
c

crosses the boresight axis

(F-I) where KT = 10 -20.4 watts/cps:KTo o

F = noise figure of the preamplifier system

_K = The K modulation indeces of the information
phase or frequency modulation in radians

B = servo noise bandwidth (cps)
n

S = Total received power on boresight consistent with _.

The above relationship which was derived for radar applications will need

little modification in order to apply to the laser conical scan detection.

The _ term, however, is the thermal antenna noise, which for the laser ap-

plication would be dwarfed by the shot noise arising from the photon flux

from signal and background. Thus, a modification of the analysis would

primarily be one of properly defining the noise source.

The implication of coherent detection in the context of beam scanning is

different than that as discussed for the heterodyne detection case for the

distributed telescope array.

Since the beam is scanned in a cone_ the scan frequency can be used for

synchronous phase detection with the a prior-knowledge of frequency and

phase at the earth station. If the laser beam is modulated at a carrier

frequency in the IF spectrum, a detection process will needed in order to

remove the carrier frequency. This can be accomplished by either a square

law detector or a preliminary stage of coherent detection in the IF spectral

region. Coherent detection at the IF and scan frequencies will improve sig-

nal to noise but will have no effect on reducing the background noise in the

manner of laser heterodyning which effectively restricts the optical band-
width.

The general implementation of the conically scanned beam is shown in Figure

4.6.5.4-1. The phase and frequency of the reference generator must be regu-

larly updated by the microwave downlink from the spacecraft. Beam mispointing

in the form of altitude and azimuth angles are relayed up to the spacecraft

thereby closing the overall space-to-ground-to-space feedback loop. A

numerical analysis of this type of system will be undertaken in the next OTES
work phase.
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4.7 TRANSFER TRACKING FROM ONE GROUND STATION TO ANOTHEI_

4.7. i Summary

A deep space vehicle in optical communication with earth must possess the

capability of transferring track between earth stations in order to maintain

continuity of operation despite cloud overcast and the Earth's rotation.

The acquisition and tracking between a spacecraft and a ground complex

(beacon transmitter and ground receiver), which naturally precedes transfer

tracking, is discussed in subsection 4.5 and 4.6. A chain of earth stations

must be established and so located that a minimum of two stations with

reasonable zenith angles and high probability of clear weather will have a

direct line of sight to the vehicle. Meaningful experimentation with pre-

cision tracking of a ground beacon can only be conducted from altitudes

above 2000 miles. The transfer tracking demonstration is predicated upon

accurate tracking, and consequently also requires such space testing.

The station spacing required to demonstrate the ii arc-second tracking

transfer from synchronous altitude - which is the altitude proposed for

Precision Tracking and Point Ahead experiment - is one mile, however, a four

mile separation is required for the POINT AHEADAND SPACE-TO-GROUND-TO-

SPACE LOOP CLOSURE experiment. Consequently the transfer will be performed

at a four mile separation. Both stations at a 4 mile separation will have

co-located receivers and transmitters for the tracking transfer demonstra-

tion. The function is nearly identical to the "point-ahead" except that the

transfer commands will be given to the coarse-fine beam deflection control

system. The transit time delays of 8 minutes at i AU distance must be

simulated for this experiment.

4.7.2 Experiment Objective

The purpose of this experiment is to investigate transfer tracking between

earth stations and a spaceborne laser telescope simulating the conditions of

a deep space probe (_rs fly-by).

4.7.3 Experiment Justification

4.7.3.1 Contribution and Need

A deep-space vehicle in optical communication with earth must possess the

capability of transferring track between earth stations in order to maintain

continuity of operation despite cloud overcast and Earth's rotation. Hand-

over operation must be initiazed when meteorological conditions (clouds)

threaten to interrupt communication between the station presently receiving

and the spacecraft. On a regular, cyclic basis, hand-over operation must be

conducted when the zenith angle from the station presently receiving becomes
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excessively high° Increasing zenith angle aggravates the effects of atmos-
pheric attenuation and fluctuation, as well as the steady-state part of the
deflection. (I)(2)

4.7.3.2 Need For S_ace Testing

Investigation of laser communication system and hand-over performance

affected by atmospheric degradations, vehicle pertubations, and point-ahead

requirements, indicates the need for space testing. As discussed in some

detail in the Precision Tracking of a Ground Beacon experiment, accurate

tracking and meaningful experimentation with the tracker can be conducted

only from altitudes above 2000 miles. See Subsection 4.5.3.2. The tracking

transfer demonstration is predicated upon accurate tracking, and consequently

also requires such space testing.

o I -_-'1¢ u

The equipment requirements for this experiment over and above that which is

required for the PRECISION TRACKING and the POINT AHEAD experiments consists

of a microwave link and ground based computational facilities. These are

associated with the navigation and information transfer requirements of

t_n_e_ tracking and present no foreseeable problems beyond the state-of-

the-art.

4.7.4 Implementation

4.7.4.1 Experiment Design

Adequate hand-over techniques must be developed before wide band-width laser

communications can be utilized for either earth orbit or deep space vehicles

which require uninterrupted communication. Certainly a function required

for deep-space optical communication must be proved out before actually

undertaking such a mission. In order to make this possible, a chain of earth

stations must be established, so located that a minimum of two, and preferably

more stations will have direct line of sight to the vehicle, with reasonable

zenith angles and high probability of clear weather.

(1)

(2)

A. Wallace, Study of laser Beam Pointin_ Problems, First Bi-monthly

technical Report No. KIC-RD-000162-1, Kollsman Instrument Corporation,

Elmhurst, N.Y., 15 October, 1964, Tables VIII and X.

F.V. McCanless, '_ Systems Approach to Star Trackers", IEEE Transac-

tions on Aerospace and Navigational Electronics, Vol. ANE I0, Sept.,

1963, No. 3, P. 184.
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Onestudy, _3"(_ resulted in tile recommendation for using a total of eight

stations around the globe, with probability of clear reception greater than

90 percent for the full rotation of the earth (if one site location in

Red China is assumed to be accessible), and greater than 95 percent for a

very large portion of the diurnal cycle° This study is, however, based on

communication down to zenith angles of 70 percent which may be excessive

for high-quality optical contact; it may be necessary to provide more sta-

tions to reduce required elevation coverage. For the sites listed in Ref.

(3), the largest spacing is that between sites at 19°N - 156°W and 20°S -

l13°E, a chord length of some 5200 statute miles, which may subtend as much

as ii arc-seconds at vehicle range of i AU.

In the realistic deep-space case, such methods as characteristic codes for

the two Earth Stations may be used, to allow the vehicle to differentiate

between them; this may not be necessary, if the "new" station begins trans-

mission the instant at which the "old" station stops. In any event, the

active field of view of the telescope is likely to be larger than the maxi-

mum of ll arc-seconds angular separation between Earth Stations, so that

there should be no difficulty in tracking on to the new station. The process

of hand-over can be aided by commanding the space vehicle tracker to slew

over to the new station's coordinates. The appropriate angle commands can

be computed on Earth, using the known coordinate frame of the vehicle atti-

tude with respect to the stellar coordinates and earth line of sight. Both

the coarse and the fine portions of the vehicle tracking system_y be

involved in this operation. Presumably, the fine tracking system operates

reasonably close to the center of its range; a relatively large step, such

as ll seconds, should preferably be carried out by the telescope gimballing

system to prevent the fine beam deflector from running off the edge of its

range. Although the state of the fine beam deflectors may very well be

known at the earth station, the relative staleness of this information (due

to the telemetering space delay) is likely to be comparable with the spectrum

of beam deflector motion.

The point-ahead angle requirement may change by as much as 0.7 arc second or

several beamwidths, between two Earth Stations. Corresponding commands must

also be computed and telemetered to the vehicle, so that the transmitter

beam can be laid on to the new station with a minimum of delay. The timing

of the tracking and pointing transfer commands should be such that switch-

over of transmission from the old to the new station will occur immediately

after the tracking transfer instructions have been issued, thus allowing the

vehicle to track the new station. Reception must, however, continue at the

old station for one transmission delay interval. The transmitter telescope

(3) Kenneth L. Brinkman et al, Study on Optical Communication From Deep

Space, Hughes Aircraft Company_ Aerospace Group, Interim Progress

Report, No. SSD 3166 R, NASA Document No° N64-16770.
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at the new station must be directed by data radioed over from the old station
and corrected for the angular difference. The new station's receiver, which
will not begin operation until one transmission delay later, can also be
slewed into position upon the basis of such data.

On thelbasis of the protracted tracking and angle smoothing operation pre-
ceding the optical communication process, and the refined tracking permitted
by it, the angular computations required for the above should certainly be
feasible. The exact form of the computations, as well as that of the com-
mandsremains to be investigated.

It is anticipated that the realistic spatial situation of the lead angle
requirement in the point ahead demonstration, using a synchronous satellite
requires a four mile separation of receiver and transmitter stations.
Ordinarily, the station spacing required to demonstrate tracking transfer
............. _+_+_'_ w_I_Ia be one mi!_ _ne_ the stations required
for the point ahead demonstration would be available, these stations can be
used to demonstrate tracking transfer. Obviously, a system that can transfer
tracking between stations four miles apart will more than satisfy the nor-
mal requirement of one mile separation. In the demonstration, one station
would normally receive and the other transmit, with necessary data communi-
cation between the two for transmitter antenna direction. Realistic space
transmission delay can be simulated by meansof tape recorders.

The synchronous satellite should be equipped with an optical receiving-tracking
system and transmitter (at two different wavelengths). The satellite-based
command-control receiving system (microwave) should include provisions for
handling tracking-offset commands_as must the tracking and pointing system.

Two separate earth-stations are required, each capable of transmission at the
satellite receiver frequency, receiving at satellite transmitter frequency,
as well as containing beam-pointing error measurementapparatus. Computing
facilities must be available for the calculation of tracking angle and lead
angle offset commands. Microwave link facilities must include provisions
for proper encoding of these commandsto the space vehicle. Tape recorder
delay provisions must exist.

4.7.4.2 Operational Procedure

In view of the extremely tight tracking requirements and the small angular

increments used in tracking and pointing transfer, man is not likely to be

of direct assistance except with peripheral functions such as atmosphere

monitoring. The operational procedures may be outlined by the following

sequence of tasks:

a, Compute the required angular offsets x and y in the line

of sight referred to the spacecraft in order to transfer

the tracking LOS from earth station B to earth station A.
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be

Ce

do

Transmit commands to satellite to offset telescope tracker and

lead angle deflectors by amounts computed under a.

Simultaneously command earth station transmitter B to start

transmitting to satellite, using computed lead angle and tracking

information still available to it (since B has been receiving up

until now).

Receiver drive at A to be prepointed toward vehicle, to be ready

to receive communication one space delay interval later.
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