
NASA CONTRACTOR 
REPORT 

LOAN COPY: RETURN TO 
AFWL (WLIL-21 

KIRTLAND AFB, N MEX 

DETERMINATION OF OPTICAL 
TECHNOLOGY EXPERIMENTS 
FOR A SATELLITE 

by Herbert F. IVischnia, Harold S. Hemstreet, 
rzm? Job G. Atwood 

Prepared under Contract No. NAS 8-11408 by 

PERKIN-ELMER 
~onvalk, Corm. 
Tar 

7 
, 

.’ 
!; 

lATlONAL AERONAUTICS AND SPACE ADMINISTRATION l WASHINGTON, 0. C. ’ JULY 1965 

/ 
;’ 

https://ntrs.nasa.gov/search.jsp?R=19650019205 2020-03-17T01:29:03+00:00Z



I TECH LIBRARY KAFB. NM 

DETERMINATION OF OPTICAL TECHNOLOGY EXPERIMENTS 

FOR A SATELLITE 

By Herbert F.. Wischnia, Harold S. Hemstreet, 
and John G. Atwood 

Distriout-ior of this report is provided in the interest of 
information exchange. Responsibi.lity for the contents 
resides in the author or organization that &epared it. 

Prepared under Contract No. WAS 8-11408 by 
PERKIN-ELMER 
Norwalk, Conn. 

for 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sole by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $7.00 





Section 

TABLE OF CONTENTS 

Title Page 

I 

11 

III 

IV 

INTRODUCTION 
1.1 Some Requirements of Optical 

Communication in Space 
1.2 System Trade-Offs 
1.3 A Forecast of the Role of Optical 

Communications in Space Exploration 
1.4 How Much Channel Capacity is Enough? 
1.5 Adequacy of Planned Experiments 
1.6 Summary 

OPTICAL C(B3MUNICATIONS/TECHNOLOGY 
EXPERIMENT RECOMMENDATIONS 

2.1 Summary Descriptions of the Recommended 
Atmospheric Effects Experiments 

2.2 Brief Description of an Eye-Hand 
Loop Experiment 

2.3 Summary Descriptions of the Recommended 
Heterodyne Experiments 

2.4 Summary Descriptions of the Recommended 
Tracking and Acquisition Experiments 

2.5 Communications Experiments 
2.6 Optics Technology Experiments 
2.7 Experiment Definition Reports 
2.8 Recommendation on the Aperture Diameter 

for the Optical Technology Satellite 

ATMOSPHERIC EXPERIMENTS DISCUSSION 
3.1 Characterizing the Transmission Channel 

in Space-To-Space Optical Communications 
Through the Atmosphere 

3.2 Laser Signal Perturbations 
3.3 Background 

HETERODYNE AND INTENSITY DETECTION OF LASER LIGHT 
4.1 Comparison of Optical Detection with 

Microwave Detection 
4.2 Effect of Atmospheric Turbulence on 

Optical Heterodyne Detection 
4.3 Optical Heterodyne Detection and 

Intensity Detection 

l-l 

l-3 
l-12 

1-16 
l-18 
l-19 
l-20 

2-l 

2-2 

2-3 

2-4 

2-5 
2-a 
2-8 

2-10 

2-36 

3-l 

3-l 
3-3 

3-30 

4-l 

4-l 

4-2 

4-4 

iii 



I  I I I  . , --- ,  . . , . -  .--  - , . ,  . . -  -  .  .  .  .  -- . . .  . - . . . - .--  . - - - ._ - _ . . .  

S e t t i on  L - -  

T A B L E  O F  C O N T E N T S  ( C o n tin u e d )  

Tit le 

V  A C Q U IS ITIO N  E X P E R L M E IUS D IS C U S S IO N  
5 .1  T h e  E ffect o f B a c k g r o u n d  Illu m inat ion  o n  

D o w n - L o o k i n g  Acquis i t ion a n d  Track ing  
5 .2  Acquis i t ion to  1  D e g r e e  
5 .3  T h e ' Acquis i t ion E x p e r i m e n t 

V I 

V IZ 

V III O P T ICAL C & M U N ICATIONS 8- l  

T R A C K ING  E X P E R IM E N T S  D IS C U S S IO N  

6 .1  Track ing  Accuracy  D e p e n d e n c e  o n  S N R  
6 .2  Track ing  to  l/1 0  o f a n  A r c - S e c o n d  
6 .3  Track ing  in  th e  P r e s e n c e  o f S p a c e c r a ft 

M o tio n  D is tu rbance 
6 .4  S u s p e n s i o n  Systems C o m p a r i s o n  
6 .5  Focus  a n d  A l i g n m e n t Techn iques  
6 .6  O p tics Techno logy  E x p e r i m e n ts 

P H O T O M E T R Y  C O N S L D E R A T IO N S  
7 .1  M a x i m u m  Ach ievab le  S igna l -To-No ise  R a tio  
7 .2  B a c k g r o u n d  L i g h t Leve l  
7 .3  D e tectors 
7 .4  Acquis i t ion P h o to m e try 

8 .1  G e n e r a l  C o n s i d e r a tio n s  App l i cab le  to  
D e e p - S p a c e  a n d  S a tel l i te C o m m u n i c a tio n s  

8 .2  In fo r m a tio n  Capaci ty  o f a n  O p tica l  C h a n n e l  
8 .3  S igna l  a n d  No ise  Leve ls  a t th e  

O p tiaa l  Rece iver  
8 .4  S e lect ion o f O p tica l  Sys tem P a r a m e ters  
8 .5  M o d u lat ion Sys tem C o n s i d e r a tio n s  
8 .6  C o m m u n i c a tio n s  in  D e e p  S p a c e  
8 .7  C o m m u n i c a tio n s  with a  S y n c h r o n o u s  S a tel l i te 
8 .8  A  C o m m u n i c a tio n  A p p r o a c h  fo r  th e  O p tica l  

Techno logy  S a tel l i te 

P a g e  

5 - L  

5- l  
5 - 4  

5 - 1 2  

6- l  
6- l  
6 - 8  

6 - 2 1  
6 - 2 6  
6 - 2 8  
6 - 3 4  

7 - L  

7 - 3  
7 - 1 0  
7 - 2 4  
7 - 3 3  

8 - 1  
8 - 2  

8 - 4  
8 - 7  
8 - 9  

8 - 3 2  
8 - 4 9  

8 - 5 7  

R E F E R E N C E S  9 - 1  

i V  



Appendices -- 

A 

TABLE OF CONTENTS (Continued) 

Title 

FLOW CHART SHOWING METHOD OF 
PERFORMING PHASE I TASKS 

ORBITAL CONSIDERATIONS 

REFLECTOR STUDY 

COMMUNICATIONS SYSTEMS AND PROBABILITY FORMULAE 

ATMOSPHERIC EFFECTS ON SIGNAL WAVEFORMS 

Page 

A-l 

B- 1 

C-l 

D-l 

E-l 



LIST OF ILLUSTRATIONS 

Figure 

l-l 

l-2 : 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

4-l 

5-l 

5-2 

5-3 

5-4 

5-5 

6-1 

6-2 

Page 

Space Communication Elements l-4 

Laser Communication Performance l-15 

General Optical Communication Link 3-2 

Turbulent Effects Encountered .at Various 
Altitudes 3-9 

Quantitative Analysis of Image Degradation 
Due to Atmospheric Turbulence 3-10 

Atmospheric Refraction Displaces True Angular 
Position of Spacecraft 3-13 

Number of Uplooking Transmissions to Acquire 
Spacecraft Depends on Uncertainty in Beam 
Position 

Average Spatial Coherence Versus Lateral 
Separation Distance 

Lines R(2) of the 2-O Bands of HCl 35 and 
HC137 at Two Gas Pressures 

Optical Heterodyne Detection 

Acquisition Subsystem 

Received Power Versus Range 

Tracking Subsystem 

Optical Arrangement for Evaluation of Beacon 
Acquisition Mechanisms 

A Mechanism for Beacon Acquisition 

Single Axis Tracking Sensor 

Fraunhofer Diffraction at a Circular Aperture 

Vi 

3-17 

3-23 

3-27 

4-3 

5-13 

5-15 

5-22 

5-24 

5-24 

6-2 

6-2 



I- 

LIST OF ILLUSTRATIONS (Continued) 

Figure 

6-3 

6-4 

6-5 

6-6 

6-7 

6-8 

6-9 

6-10 

6-11 

6-12 

7-l 

7-2 

7-3 

7-4 

7-5 

Page 

Image Light Energy On One Side Of a Knife- 
Edge Boundary 6-5 

Rate of Energy Transfer Across a Knife Edge 
in the Image' Plane 6-6 

Energy Transfer Across a Knife Edge At The 
Image Plane Of A Circular Aperture 6-9 

Optical Technology Satellite - Basic "32-Inch 
System" - Block Diagram (Telescope 1) 6-10 

Optical Technology Satellite - 1 Meter Aperture - 
Basic Block Diagram (Telescope 2) 6-11 

Transmit Beam Deflector Subsystem Utilizing 
Transfer Lens Principle 6-19 

Deep-Space Optical Communication System 
Block Diagram 6-22 

Optical Technology Satellite Ground Station, 
Basic Block Diagram 6-23 

Stratoscope II Focusing Technique 6-29 

Alignment Techniques 6-31 

Probability Density Curve and Probability of 
Measurement Uncertainty Exceeding Incremental 
Signal Magnitude Change of Interest 7-4 

Power Density Versus Range for Transmitter 
Power Equal to 1.0 Watt 7-6 

Photons/Set Versus Wavelength for Power of 
One Watt 7-7 

S/N Ratio Versus Bandwidth and Average Photon 
Arrival Rate 7-8 

Angle Versus Time of a Space Vehicle Along a 
Hohmann Elliptical Trajectory to Mars From 
The Earth 7-11 

Vii 



Figure Title Page 

7-6 Calculated Maximum Irradiance From the Earth 
at the Moon 7-12 

7-7 Calculated Maximum Total Irradiance From the 
Earth at the Moon 7-12 

7-8 Earthshine Intensity Varies as Cosine 8 When 
Viewed From Vehicle 7-13 

7-9 Radiant Intensity of Earth as a Function of 
Phase of Illumination 7-14 

7-10 Earthshine Radiance Distribution Varies as 
cos 8 

7-11 

7-12 

Solar Irradiance Curve From 0.2 to 3u 

7-16 

7-17 

Coronal Radiance, BcOr, Normalized by Photo- 
spheric Radiance BC Expressed as a Function 
of Distance r in Terms of the Sun's Radius R8 7-18 

7-13 Calculated Spectral Irradiance From Planets and 
Brightest Stars at the Top of the Atmosphere 7-19 

7-14 Probable Spectral Irradiance From a One Square 
Degree Starfield In or Near the Galactic Plane 7-23 

7-15 Calculated Maximum Irradiance From Mercury Out- 
side the Earth's Atmosphere 7-25 

7-16 Calculated Maximum Irradiance From Venus Out- 
side the Earth's Atmosphere 7-25 

7-17 Calculated Maximum Irradiance From Mars Out- 
side the Earth's Atmosphere 7-26 

7-18 Calculated Maximum Irradiance From Jupiter 
Outside the Earth's Atmosphere 7-26 

7-19 Calculated Maximum Irradiance From Saturn 
Outside the Earth's Atmosphere 

LIST OF ILLUSTRATIONS (Continued) 

7-27 



Figure 

7-20 

7-21 

7-22 

7-23 

7-24 

7-25 

7-26 

7-27 

8-l 

8-2 

8-3 

8-4 

8-5 

8-6 

8-7 

8-8 

LIST OF ILLUSTRATIONS (Continued) 

Title 

Calculated Maximum Irradiance From Uranus Out- 
side the Earth's Atmosphere 

Calculated Maximum Irradiance From Neptune and 
Pluto Outside the Earth's Atmosphere 

Calculated Maximum Irradiance From the Full 
Moon Outside the Earth's Atmosphere 

Calculated I.rradiance From Fifteen of the 
Brightest Stars Outside the Earth's Atmosphere 

Detectivity Versus Wavelength for the Best 
Detectors 

Optimum Spectral Detectivities of Infrared 
Detectors Prepared by Santa Barbara Research 
Center 

Spectral Response Characteristics 

Photomultiplier Photocathode Dark Current 
Equivalent Watts 

Pulse Position Modulation Error Rate Comparison 

Pulse Position Modulation - Highest Pulse Error 
Rates,, 32 Resolvable Positions 

Pulse Position Modulation - Highest Pulse Error 
Rates, 64 Resolvable Positions 

Pulse Position Modulation - Highest Pulse Error 
Rates, 128 Resolvable Positions 

Pulse Position Modulation - Highest Pulse Error 
Rates, 256 Resolvable Positions 

Pulse Code Modulation Error Rates, Five-Bit Code 

Pulse Code Modulation Error Rates, Six-Bit Code 

Page 

7-27 

7-28 

7-28 

7-29 

7-30 

7-31 

7-32 

7-34 

8-11 

8-14 

8-15 

8-16 

8-17 

8-18 

8-19 

Pulse Code Modulation Error Rates, Seven-Bit Code B-20 

ix 



Figure Title Page 

8-9 Pulse Code Modulation Error Rates, Eight-Bit Code 

Equal Equivocation Curves for PCM and Pm-Large 
Error Rates 

8-21 

B- 10 

8-11 

8-12 

8-13 

8-14 

8-15 

8-16 

8-17 

8-18 

8-19 

LIST OF ILLUSTRATIONS (Continued) 

Equal Equivocation Curves for PCM and PI%-Small 
Error Rates 

Comparison of Pulse Code Modulation - Polariza- 
tion With Pulse Position Modulation - 
Highest Pulse 

Three-Pass Modulator Optical Diagram 

Prototype Multipass Modulator 

Multipass Modulator With Resonant Line Exciter 

Synchronous Detector 

Block Diagram - Communication System - Uncoded 

Correlator and Synchronizer for Bicoded Signals 

Block Diagram - Communication System - Coded 

8-24 

8-25 

8-27 

8-54 

8-55 

8-56 

8-64 

8-66 

8-67 

8-69 

X 



LIST OF TABLES 

* 

3-5 

Title Number 

3-l Fractional Transmission Through Atmosphere 
Versus Wavelength and Zenith Angle 

3-2 Refraction Angle Versus Apparent Zenith 
Angle 3-14 

3-3 'I93S Angle of Arrival Fluctuations Versus 
Zenith Angle 9 and Receiving Aperture 
Diameter 3-20 

Albedo of Various Planets 3-3'2 3-4 

3-5 Spectral Radiances of Typical Optical Noise 
Sources 3-34 

Irradiance Values Just Outside the Earth's 
Atmosphere for Several Sources 

3-6 
3-37‘ 

5-8 

5-9 

Assumed Deep-Space Parameters 5-l 

5-2 

5-3 

Assumed Satellite System Parameters 

Comparison of Deep-Space and Satellite 
System Signal-to-Noise Ratios 5-11 

5-15 5-4 

5-5 

Relative Stellar Light Input 

Signal-to-Noise Ratio Degradation Due to 
Earthshine 

Beacon Power Required to Simulate 10' Mile 
Condition at 20 x lo3 Miles with Trans- 
mitter Beamwidth of 5 Arc-Seconds 

5-16 

5-6 

5-18 

7-l Calculation of Total Visible Star Irradiance 
Per Square Degree in or Near Galactic Plane 7-21 

Spectral Distribution of Stars by Color Class 7-22 7-2 

7-3 PMT Performance Summary for S20 RCA 7265 
(as Measured by Perkin-Elmer) 7-35 

Relatixe Power Levels at Photodetector for 
6328A Operation 

7-4 
7-37 

xi 

-- 



LIST O$ TABLES (Continued) 

Number Title Page 

7-5 .Relative Power Levels at Photodetector for 
84008, Operation 7-42 

8-1 Comparison of Simple Coding and Error or 
Correcting Coding 8-30 

8-2 Design Parameters for Laser Communications 
Between a Deep-Space Probe and Earth 8-33 

8-3 Laser Communications Performance Between a 
Deep-Space Probe and Earth 8-47 

8-4 Design Parameters for Laser Communications 
Between Satellite in Synchronous Orbit and 
Earth 8-50 

8-5 Laser Communications Performance Between 
Satellite in Synchronous Orbit and Earth 

ceas2 

8-51 

Xii 



Optical Technology Satellite 



I - 

SECTION I 

INTRODUCTION 

The purpose of this study is to recommend a set of experiments to be 

conducted in an earth satellite vehicle which will best advance the development 

of optical technology in space. 

In order to make a wise choice of these experiments we must look 

ahead into the next ten year period of space exploration. We must attempt to 

forecast those important uses of optical technology in space for which a satel- 

lite experiment program now will be most rewarding. We must also attempt to 

foresee the unanswered technical questions and the difficult engineering perform- 

ance levels required in these uses, We can then aim the experiments at securing 

quantitative answers to the questions and at exploring the engineering difficulties. 

In conducting the study, we have limited our field of consideration 

to optical communication and certain closely related general aspects of optical 

astronomy and optical scientific instrumentation in space. Important applica- 

tions such as reconnaissance and mapping, optical radar, re-entry communication 

through the ion sheath, etc., have not been considered. One reason for this 

limitation is that the specialized aspects of these fields of optical technology 

are being thoroughly explored by major NASA programs now underway. 

There is another reason for the limitation. Our study shows that 

the concentration of experimental effort on the communication use of optics in 
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space is not really a narrow limitation on the general usefulness of the results. 

For example, some of the key issues concerning space astronomy are: 

(1) diffraction-limited performance of large apertures 

(2) guidance to fractions of an arc-second 

(3) isolation from vehicle disturbances 

(4) ground-controlled testing and adjustment of the 

sys tern. 

The list of key issues in space laser communication includes each of these as 

well as others. In fact, it appears that the only major technical issue in space 

astronomy which should not be included at present in a study of space optical 

communications is the very special problem of developing a technique which will 

permit launching lOO-inch (and larger) giant aperture telescopes and maintaining 

their performance to diffraction limits. 

It is fairly clear that apertures this large will not be economically 

justifiable in optical communications systems for a long time, even though they 

will be justifiable for astronomy as soon as they are technically feasible. 

Diffraction-limited apertures of 100 inches have not been achieved on 

the ground, and are now far from being achieved in space without several years of 

ground-based research effort and component development. 1.n contrast, virtually 

all the system and component technology necessary for a wide range of space laser 

communication systems with apertures up to 1 meter diameter is now in existence in 

ground-based form. Thus, planning for optical communication experiments in space 

can be done on a realistic basis at the present time, 
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Finally, numerous studies1*2 show that when the need arises for com- 

munication channels of the order of lo4 to LO7 bits/accondcapacity at interplane- 

tary distances, laser communication techniques appear to be the system of choice. 

This should remain true at least until the era of large nuclear electrical power 

plants in spacecraft. 

For all these reasons, it is sound ‘to place the major stress in plan- 

ning the Optical Technology Satellite on the problems of optical cosxnunication. 

These include most of the important optical technology questions of satellite 

astronomy which are ready for space experimentation and are not being explored 

by other NASA programs. 

The first part of our study of the Optical Technology Satellite was 

directed at the questions from this technical strategy viewpoint. We have developed 

a fairly plausible picture of some roles of optical communication in space explora- 

tion. This picture will be presented, for it sets the background for many of the 

choices of experiments we describe in later sections. 

1.1 SOME REQUIREMENTS OF OPTICAL COMMUNICATION IN SPACE 

There are some basic facts about optical communication systems in 

space which are not entirely obvious, but which dominate their design. Consider 

a system as shown schematically in Figure l-l. Here for purposes of discussion 

the vehicle is shown as having separate transmitting and receiving antennae. It 

sends signals to a receiver on the Earth’s surface which it locates by tracking 

an adjacent beacon transmitter. It may also receive signals on the beacon beam. 

Some facts about a practical system of this sort are as follows: 

1 
References can be found starting on page 9-l. 
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(1) Only the downward communication requirement is dif- 

ficult. The vehicle to Earth (downgoing) communica- 

tion capacity must be much larger than the upgoing 

capacity. All the technical difficulty is associated 

with this requirement. 

There are two reasons for this. First, large com- 

munication rates are primarily required for the trans- 

mission of pictorial information. Virtually all the 

reasonably foreseeable Earth to vehicle (upgoing) com- 

mand and control messages can be transmitted over far 

narrower bandwidths. 

Second, it is economically sound to provide far more 

transmitter power on the ground to transmit commands 

and control signals upward than is feasible in the 

vehicle for the downgoing transmission of scientific 

data. 

(2) The vehicle transmitter is always diffraction limited. 

In a practical laser communication system, the vehicle 

transmitter's antenna is always, without exception, 

diffraction limited, and is always pointed at the re- 

ceiver with an angular pointing error which is small in 

comparison with the diffraction beam spread. This is 

so because if the vehicle's transmitter beam spread or 

the pointing error is larger than the diffraction limit 
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of its aperture, then it is always possible to make 

a smaller aperture system which has the same beam 

spread but in which diffraction sets the beam spread, 

rather than errors of construction. 

This leads to the need for exceedingly small pointing 

errors if large transmitter apertures are used. About 

0.3 arc-second goes with a 5-inch aperture. A 36-inch 

aperture requires 0,05 arc-second. Pointing errors this 

small can be achieved with a coarse-fine pointing sys- 

tem in which a coarse system points the whole antenna, 

and the fine system moves a small optical component to 

adjust its line of sight a small amount, 

A major group of experiments chosen for the Optical 

Technology Satellite is aimed at solving the difficulties 

of attaining diffraction-limited performance and point- 

ing, in a reasonably large aperture, under typical con- 

ditions -of use in space. 

(3) The boresighting error between transmitter and receiver 

must be small compared to the diffraction angle of the 

transmitter antenna. 

This leads to such a severe requirement in the case of 

4- to 40-inch apertures that as a practical matter it 

can only be achieved by making the receiver and trans- 

mitter share the same antenna. Thus, the transmitting 

and receiving mirror antenna on the vehicle are com- 

pelled to be the same. 
l-6 



This causes no disadvantages for the following reason. 

It 1s sufficient that the diameter of the receiving 

antenna be the same as that of the transmitting antenna, 

ln which case Ft will have at worst the same beam spread, 

and is well able to tell the transmitter where to point, 

To merely receive control messages, however, the antenna 

need not be any larger than the transmitting antenna, be- 

cause the bandwidth of the receiver control signals 1s 

much smaller than the bandwidth of those transmitted. 

Moreover, the beacon source power on the ground can be 

far greater than the transmitter power in the vehicle. 

In spite of the fact that the beacon beam directivity 

is limited by the Earth’s atmosphere, and the fact that 

the Earth station receiver antenna can be very much 

larger than the vehicle receiver antenna, it turns out 

that the vehicle receiver 1s not required to have a 

larger antenna than the transmitter in typical cases. 

Consequently, they may share the same antenna even in 

an optimum system. 

This sharing gains the advantages of smaller size and 

weight, as well as slmpliftcation of the boreslghtlng 

of receiver and transmitter. Howeve K , it is necessary 

co take the precaution of operating the Earth beacon 

and the vehicle transmitter on different lasei Ere- 

quencies 50 that transmlsston and reception at the 
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vehicle can occur simultaneously without interference 

from scattered light or other pernicious effects, 

The need to relate the directions of a transmission 

and reception path with such incredibly small angular 

boresighting error is a new problem, unique to optical 

communication. It does not occur in the guidance of 

astronomical telescopes on stars. It will require that 

a special self-alignment feature be built into the opt- 

i.cal system to maintain the boresight alignment through 

launch and the space environment. A-group of experi- 

ments has been chosen to obtain quantitative measures 

of the boresight error in space conditions, and of the 

value of the self-adjusting systems' work to correct 

it. 

(4) For deep-space trajectories a deliberate offset or point: 

ahead angle must be added to the boresight adjustment to 

compensate for the motion of the Earth relative to the 

vehicle, between the time when the beacon signal leaves 

the Earth and the transmitter signal returns to the 

Earth. 

At close ranges, this is not a serious problem, since 

the transmitted beam can be broadened to include the 

point-ahead angle. But for the deep-space case it poses 
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a very serious problem which has been considered by 

some investigators to set a total bar to the use of 

optical communication from  interplanetary space. 

For these condi.tions, the point-ahead angle required 

may be 300 t imes the beam spread of the transm itter; 

hence, it must be introduced with an accuracy of 1 

part in 300. 

It can not be introduced with a servo loop from  the 

earth by sending a continuous error signal to operate 

the pointing system, because such a loop would have 

many minutes of transport lag inside it, and almost 

certainly can not have enough loop gain for the needed 

tight control of the pointing error. 

A workable method is to compute the offset (it will be 

a very slowly varying function of time) and introduce 

it on an open loop basis at the vehicle. To maintain 

the necessary accuracy of this open loop offset system, 

it can be calibrated once per day or so by an extremely 

slow closed loop system. 

A special case of this open loop offset occurs when it 

is desired to transfer the downward beam accurately to 

a different receiver on Earth while still tracking the 

same beacon. This is required when weather or Earth's 

rotation requires switching to another ground station, 
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An especially critical group of experiments is aimed 

at gaining experfence with pointing ahead and trans- 

fer to another ground station. 

(5) Acquisition of contact from deep space after a long 

signal dropout requires special planning and procedures. 

Since mutual contact between a distant vehicle and Earth 

will be possible only with extremely narrow beams and 

fields of view, reacquisition will require the execu- 

tion of specfal acquisition modes of operation for both 

vehicle and ground station. 

Simulating these conditions experimentally in a satel- 

lite close to Earth is one of the mos.~ difficult parts 

of the program. Several experiments are devoted to it, 

(6) Optics of the atmosphere are extremely fmporcanc in 

planning an overall system. 

For reasons to be set forth later, it is almost certain 

that the Earth-end of most space optical communlcacion 

systems wilt be on the surface. not in orbit. The losses, 

transverse coherence Lengths, slgnsl disturbances, and 

background radtation introduced by the atmosphere are 

major factors in the choice of laser frequencies, type 

of modulation, and laser power levels. Especially im- 

portant is the influence of these factors on the choice 
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between optical heterodyne detection with post-detection 

filtering or Lntensity detection with pre-detection filt- 

ering co discrimina:e against background signals. Day- 

time sky background seen by the ground station receiver, 

and the earthshine seen by the beacon tracker in the 

vehicle are both serious factors Influencing system de- 

s&n because they force the use of narrow tracking fields 

of view. 

Virtually all that we need to know about the atmosphere 

is already known from astronomical and other data co a 

degree adequate for planning a useful experimental sys- 

tem, However , to refine and optimize future designs, 

and to probe for unexpected effects, a group of acmo- 

spheric experiments has been chosen. 

(7) A carefully planned set of ground-controlled image exam- 

ination points and adjustment actuators must be provided 

to permit testing and alignment of the optical system in 

orbit. 

It is 3 universal truth about large high performance 

opttcal systems of any kind, that it 1s not posstble to 

make and assemble them so that they will stay aligned 

under the extreme stresses of launching and the thermal 

shocks of the space environment, to say not’ltng of the 

long-time drift of component characterlscics. Al though 
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a  cer ta in  a m o u n t o f a u to m a tic ad jus tment  e q u i p m e n t 

wil l  h a v e  to  b e  inc luded  in  a n y  pract ical  l a rge  a p e r -  

tu r e  o p tica l  system, th e  des ign  o f a  genera l l y  self- 

correct ive ( a d a p tive )  l a rge  a p e r tu r e  system is to tal ly 

b e y o n d  th e  p r e s e n t sta te - o f-th e - a r t e v e n  fo r  a  g r o u n d  

b a s e d  system. Clear ly,  h u m a n  in tervent ion is r e q u i r e d  

to  m a inta in such  systems to  the i r  d e s i g n e d  di f f ract ion- 

lim ite d  p e r fo r m a n c e . T h e  R J X M O T E  M A N U A L  O P T X C A L  A L IG N -  

M E N T  e x p e r i m e n t ( N u m b e r  (3 )  o n  p a g e 2 - 1 6 )  d iscusses th e  

specif ic r easons  why  m a n u a l  ad jus tment  is r e q u i r e d  a n d  

p r e s e n ts a  s c h e m e  fo r  eva lua tin g  poss ib le  m e th o d s . T h e  

resul ts o f th is  e x p e r i m e n t a r e  crucia l  to  al l  aspec ts 

o f o p tica l  space  te c h n o l o g y . 

l -2  S Y S T E M  T R A D E - O F F S  

T h e  p rev ious  d iscuss ion h a s  p r e p a r e d  us  to  d iscuss th e  crit ical t rade-  

o ffs in  a  laser  c o m m u n i c a tio n  system des ign . W e  m u s t u n d e r s ta n d  th e s e  to  c h o o s e  

satel l i te e x p e r i m e n ts wisely. 

First, w e  m u s t a lways recal l  th a t al l  t rade-of fs o f o n e  des ign  aspec t 

aga ins t a n o th e r  a r e  pure ly  economic  m a tters, n o t techn ica l  o n e s . 

A  g r o u p  o f p r o p o s e d  space  m issions requ i res  a  cer ta in  c o m m u n i c a tio n  

r a te  in  bits p e r  s e c o n d  u n d e r  cer ta in  condi t ions o f r a n g e , d u r a tio n , tim ing,  e tc. 

T h e s e  r e q u i r e m e n ts c a n  b e  m e t by  c o m p e tin g  des igns,  o r  i n d e e d  by  e n tirely di f fer- 

e n t c o m p e tin g  m e th o d s , e a c h  a t a  cer ta in  overa l l  cost. 
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An optical communication system will only play a role if it minimizes 

the overall cost of the group of missions in which it is used. 

In this Phase I report we cannot do in detail all the quantitative 

cost comparisons necessary to choose an optimum design, but we can foresee the 

general nature of the solution well enough to plan the satellite experiments. 

For example, a few aspects concerning aperture sizes stand out strongly. 

Clearly, for.a given downward information rate, aperture diameter at the transmit- 

ter can be exchanged for aperture diameter at the receiver on a 1:l basis, so far 

as performance is concerned, but the cost of enlarging the aperture diameter in 

space beyond the 40-inch range is very high because: 

(1) ,total weight and size go up dramatically; 

(2) tolerable pointing error decreases; 

(3) open-loop point-ahead offset error required becomes 

a smaller fraction of the total offset; 

(4) the chance that a partial failure of any component 

will degrade the system to an intolerable degree 

increases rapidly; this necessitates more backup 

units which are costly. 

The cost of receiver area on the ground also increases as its own 

size increases. But if a whole set of missions will require 6 ground stations 

(for diversity reception) to be used with 30 space vehicles, each increment of 

area on the ground can cost five times as much as it saves per space vehicle and 

still be a good buy. 
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Very rough estimates we have made indicate that, for Martian dis- 

tances (log miles) and lo7 bits/set capacity, a typical solution comes out with 

the space aperture near 40 inches and the ground-based aperture (a low resolution 

energy catching system) 400 inches. 

The graph of Figure l-2 shows these rough relationships. Channe 1 

capacity for earth reception versus range is shown for the minimum capacity g- 

inch diameter system and the 39-inch diameter system mentioned earlier. 

The influence of daytime sky brightness is shown by the dashed sec- 

tions of each curve. 

The calculation is based on the use of a 5-bit pulse code modulation 

system utilizing polarization change to mark the binary digits. 

The calculation ignores the effects of loss of spatial coherence at 

the receiving aperture caused by the mirrors imperfection and the turbulence ef- 

fects of the atmosphere. 

Discrepancies between experimental measurements and this simple theory 

may be an interesting result of the experiments. 

Similar trade-offs of solar cell power versus transmitter and receiver 

aperture must be averaged over the cost of launching solar collectors for power- 

ing a large number of units versus larger ground receiver area. 

Similarly, the cost of the best cryogenic cooled detectors on the 

ground,which will have the unity quantum efficiency assumed in these examples, 

and the cost of a very powerful ground beacon are returned in comparison with 

the cost of less laser power and detector cooling on the spacecraft. 
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Power conversion efficiency of operation of the laser and modulator 

in the spacecraft is of course at a premium. An order of magnitude advance in 

efficiency, however, would probably be traded mostly for smaller aperture, more 

reliable, and less costly transmitter systems. 

Clearly, the trend of cost pressure in these optimizations is to ex- 

tremely large, high performance ground stations and to the smallest, most simple 

modules aloft. This is the reason why orbiting of a receiving relay station 

near the earth is impractical. The gain in performance it would give can almost 

certainly be achieved at lower overall cost for a number of missions by many 

large ground stations. 

1.3 A FORECAST OF THE ROLE OF OPTICAL COMMUNICATIONS 
IN SPACE EXPLORATION 

The upper bound of size and weight for laser communication systems 

of the foreseeable future might be forecast as follows. 

With the advent of the reliable boosters of the Saturn family, there 

has been a quantum jump in the size of payloads that could be made available for 

deep-space scientific missions. No longer are we constrained to lOOO-pound pay- 

loads; now, plans to send payloads of over 6000 pounds to the vicinity of the 

planets are realistic. A laser communication system of 40-inch aperture in 

space and 400 inches on the ground could provide a bandwidth of over 1 megacycle 

with a 30-db signal-to-noise ratio at LOO million miles; the system weight is en- 

visioned at 1000 to 1500 pounds. Thus, in broad terms, approximately 15 percent 

of the deep-space payload could be allocated to communication, while the balance 

of the weight would be distributed between the scientific sensors and the house- 

keeping subsystems of the spacecraft. The power input requirements for this 
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l-megacycle laser communicator would be modest, perhaps 200 watts. This level 

of power input could be obtained through the use of solar collectors within the 

present technology. The cost of such a communication system will be a substantial 

fraction of the total, but it will not completely dominate the mission cost. 

Moreover, what about the lower bound of practical size and weight? 

This can be roughly estimated as follows: 

To operate and modulate adequately almost any laser connnunicator 
-a 

at hli takes some ;;fnimum power, say 50 watts, a&' for this one can get some 10 I 
I : 

mill'iwatts of m&u.lar:cd radiation as the minimum .$l#u&.gbLe amount, Trying for ." L y.!‘ 
less than this would not save muc.h cost or weight. 4 ; 

We can also make the transmitting sperture very small, but reducing 

it to les:r than eight inches does not really save much cost or weight in a typical 

mission. Already we have reduced the pointing error problem to one which can pm';- 

ably be handled without a coarse-fine system, and we have reduced the accuracy re- 

quired in the point-ahead problem. 

It is interesting to note, then, that such a system will provide a 

bandwidth of 50 megacycles at 30-db SNR using a typical modulation scheme at a 

range of 0.25 x LO6 miles! 

This suggests that, at the Lunar distance, even the 8-inch system of 

minimum size and weight gives a communication capacity so Large that only missions 

requiring extraordinary bandwidths could usefully employ it. For more modest band- 

widths, the all-weather microwave system would probably save overall mission cost. 
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It appears, then, that the most attractive region for optical com- 

munication is at interplanetary distances and on missions where very large chan- 

nel capacity is absolutely essential. 

1.4 HOW MUCH CHANNEL CAPACITY IS ENOUGH? 

This may appear to be a senseless question, but it is not. More com- 

munication than we have today in space would be better, but at some point, more 

capacity will cost much more money. There must, therefore, be a limit to econ- 

omically justifiable channel capacity for nearly all missions which can be 

Launched in the next decade. It is important to make some effort, however rough, 

to estimate what this limit is. 

One kind of thinking which helps to Localize the economically justi- 

fiable level of performance runs as follows. 

A quick study of the output systems of all types of scientific instru- 

ments shows that, for example, recording spectrophotometers generate, at the most, 

10 bits per second,X-ray diffraction apparatus, exposing one plate per ten minutes, 

generate about lo4 bits per second average rate. In a 6000-pound vehicle with a 

lOOO-pound conununicator module there might be, at the most, 2000 pounds of assorted 

instruments comprising 20 types. These would scarcely be capable of generating a 

bonafide information rate exceeding lo6 bits per second. 

An exception exists when one or more of the instruments is a real- 

time television camera generating a typical 5 x lo6 bits/set. Suppose that this 

is the case. The next question, then, is at what does it look? 
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If the television operates full time, sending 30 frames per second, 

any scene which is not rapidly changing will be redundantly transmitted. Pic- 

tures of stationary scenes become redundant at once, unless a human at the re- 

ceiver is using the television picture as visual feedback in controlling a re- 

mote slave manipulator in an eye-to-hand servo loop. However, if there is a 

round trip transport lag exceeding a few seconds in the loop, the operator's 

normal coordination will be interrupted. He will operate in short bursts of 

open loop activity, the results of which are observed one transport lag later. 

Consideration of this type of activity indicates that the highest rate of new 

pictorial information the operator can really use is in the order of ten new 

pictures per transport lag period., More pictures than this are essentially re- 

dundant. If there is a typical Martian transport lag of 15 minutes, ten tele- 

vision frames using this period average 1.6 x 10;' bits/set. 

105 ADEQUACY OF PLANNED EXPRRIMRNTS 

We have made some rough estimates of the range of channel capacities 

which seem technically feasible with optical communications. A rough check as 

to the range of missions for which these would be adequate is interesting. 

Scientific instruments seldom generate more than a few tens of bits per second 

unless they take photographic pictures. At one 2 x 2-inch frame per ten minutes, 

this averages lo4 bits per second. Real time television generates 5 x lo7 bits 

per second, but the number of cases in which the full 30 frames per second is 

not highly redundant is rare. One such case is high resolution mapping of a 

planet in a close flyby. 

Thus, except for extensive mapping missions, the capacities avail- 

able from optical communicators appear to exceed or are matched to the needs. 
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Thus, we need not expect great pressure for as much as lo7 bits/set except in 

rare instances and on mapping missions. 

The experiments we describe later are thus, in general, not aimed 

far below requirements of the next decade. 

1.6 SUMMARY 

This is a Phase I Report and, as such, the output of the activity 

is the recommendation of important experiments to aid the development of the 

optical and communications technologies. We have presented these recommenda- 

tions in Section II in as concise a manner as possible. The following sections 

of this report offer more detailed discussions of each recommended experiment. 

The experiments are arrayed together in logical groups: pointing, acquisition, 

atmospherics, and heterodyning. This report considers the experiments in near- 

earth orbit as an assessment operation for feasible deep-space communication 

approaches. Appropriate back-up in the form of calculations is presented where 

applicable, 
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SECTION II 

OPTICAL COMMJNICATIONS/TECHlKUGY 

JXPERJMEXT RECOMMENDATIONS 

As a consequence of a series of meetings among the technical 

staff at Perkin-Elmer, a list of thirty experiments was developed. l-hi8 

group was divided into five sub groups: atmospheric experiments (para- 

graph 2.1), eye-hand loop experiment (2.2), heterodyning experiments (2.9, 

tracking and acquisition experiments (2.4), and the conanunications experi- 

ments (2.5). Each of the thirty experiments identified in the list was 

evaluated in accordance with the flow diagram, Figure A-l, and a concise 

experiment definition report was developed for each experiment to assirt 

in the selection process (see pages 2-11 to 2-35). The experiments which 

should be conducted to further optical communications technology were re- 

duced to those which could be best conducted from a satellite. It was 

found that some of the experiments could be executed on the ground (or 

from aircraft or balloons). These were culled from the lists. Certain 

experiments were found to lend themselves to combination with others on 

the lists, and the experiment sheets and experiment procedures were modi- 

fied to reflect this combination. Some experiments were too remote from 

prospective benefits to laser communications and/or optical technology. 
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Thus, the liet of thirty experiments was reduced to a group of thirteen to 

be analyzed further in the Phase II activity of this Project. These ex- 

periments are discussed in a brief summary form in the following material. 

2.1 SUMMARY DESCRIPTIONS OF THE RECOMMENDED AZMX!PHERIC 
EFFECTS EXPERIMENTS 

(1) Is there scintillation of a coherent light beam coming to the earth 

from space after passing through the atmosphere? What is the variation 

of percent modulation as a function of aperture (or an array of small 

apertures)? What is the difference between day and night measurements? 

What is the difference between slanted and vertical beams? 

Atmospheric Scintillation Experiment: Measure the amplitude and fre- 

quency distribution of light intensity from a cohere+ source as sensed 

after passing through the whole atmosphere. This should be done both 

from the earth to the satellite and from the satellite to the earth, 

for (at least) two aperture sizes, for (at least) two laser frequencies, 

for day and night conditions, and for various weather conditions and 

slant angles. 

(2) Does the atmosphere change the polarization of coherent light beams? 

Note the changes and losses in polarization. 

Atmospheric Effects on Polarization Experiment: Detect and measure 

any effects the atmosphere may have on plane and circularly polarized 
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light, with particular emphasis on depolarization, for both the up- and 

down-looking directions. 

In recent years, the sun's magnetic field has been inferred from 

the polarization of light from sunspots. The polarization does not change 

with slanting look angles through the atmosphere. In addition, measured 

polarization in the light from the Crab Nebula and other nebulae tends to 

confirm the physical theory which says that the atmosphere has no significant 

effect on the polarization of transmitted light. Hence, we expect that no 

major rotational effects will be found. However, the experiment is easy 

to perform and requires little equipment. A few percent of depolarization 

may be discovered and be of interest. The depolarization would probably 

be more important as the number of scattering particles in the atmosphere 

increases, since scattered sunlight is partially polarized by haze, particu- 

larly in rainbois. 

2.2 BRIEF DESCRIPTION OF AN EYE-RAND LOOP EXPERIMENT 

(3) Conduct a video viewing operation of optical technology experiments 

on the satellite and provide the earth-based optician or astronomer with 

a series of servo controls to conduct an experimental sequence based on 

observations. 

Remote Manual Optical Alignment: The broad bandwidths which optical 

conzaunication makes available in downward transmission from space vehicles 
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may permit sending real time television pictures. An outstanding scienti- 

fic and engineering benefit derived from this possibility is the closing of 
. 

the eye-to-hand servo loop of a human operator using the optical communica- 

tion link. This permits a scientist on Earth to carry out operations in 

the spacecraft which require eye-to-hand coordination. He visually moni- 

tors the motions of slave manipulators which he controls from the ground. 

The objective is to explore the feasibility and equipment requirements of 

conducting, in the unmanned spacecraft, an optical technique type labora- 

tory procedure which requires eye-to-hand coordination. 

For example, the effects of weightlessness on the optical elements and the 

alignment of mirrors and lenses for diffraction-limited performance can be 

anticipated. But if an automaton of limited capability could be placed 

aboard the satellite and a TV link established between the work areas and 

the tool areas, a highly skilled astronomer or optician on the ground could 

function as if he himself were in the satellite and personally performing 

the tasks which would take place in an observatory or on an optical bench. 

The communication transport lag on human performance would have to be 

evaluated. 

2.3 SUMMARY DESCRIPTIONS OF THE RECOMMENDED HETERODYNE EXPERIMENTS 

(4) 0 tical Heterod yne Detection in the Satellite Experiment: p In detect- 

ing and tracking the earth beacon, one of two methods of reduction of back- 

ground noise due to earthshine is heterodyne detection in the spacecraft. 

The other method involves the use of a narrow pre-detection filter. 
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One purpose of this experiment is to develop sufficient engineering ex- 

perience with design and operation of a space-borne heterodyning system 

so that its feasibility, reliability, performance, and cost can be evalu- 

ated relative to pre-detection filter systems which achieve the same pur- 

pose. 

A second purpose of the experiment is to evaluate the utility of Doppler 

velocity measurements made using the Doppler shift of the optical carrier 

in comparison with other methods of obtaining such velocity information, 

such as the shift of a narrow-band microwave signal or the shift of a 

narrow-band, radio frequency, intensity modulation on the optical carrier 

(5) Optical Heterodyning on Earth Experiment: Verify the theoretical 

prediction that the signal-to-noise ratio in heterodyne detection in the 

atmosphere is limited by the transverse coherence diameter in the atmos- 

phere. 

A second objective is to measure this transverse coherence diameter. 

2.4 SUMMARY DESCRIPTIONS OF THE RECOMMENDED TRACKING AND ACQUISITION 
EXPERIMENTS 

(6, 0.1 Arc-Second Tracking Demonstration Experiment: This will be an 

engineering demonstration of angular tracking using lasers on a satellite 

in a synchronous orbit. Measurements will be made of the beam pattern as 

received‘on earth from the diffraction-limited optical system in the space 

environment. 
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Angular rates due to variations of the orbital location shall simulate 

relative angular rates between the earth tracking station and a deep-space 

vehicle. Tracking accuracy shall be measured as a function of SNR. Angu- 

lar jitter, zero drift, pointing stability, velocity error, acceleration 

error, and dynamic range of control are to be measured. 

(7) Point-Ahead Experiment: The point-ahead problem for laser communica- 

tions in deep space is the difficulty associated with the precise place- 

ment of the beam at the location of the moving ground station (due to the 

earth's orbit around the sun) when the transit time of the light beam is 

substantial. In many ways, the problem is similar to the classical fire 

control system that must point ahead of the target so that the projectiles 

intercept the anticipated position of the moving target. Here the transmit 

photons from the space-borne laser beam are analagous to the projectiles. 

Light will take 7 l/2 minutes to traverse LO8 miles. During this period 

of time, the earth is moving in its orbit around the sun, the earth sta- 

tion is rotating about the axis of earth rotation and the space vehicle is 

moving along its trajectory. The Point-Ahead Experiment evaluates the 

proposed solution to this most difficult problem. The solution proposed 

by Perkin-Elmer is based upon a logical extension of the five years of 

scientific and hardware development work on the Stratoscope II Telescope. 

(8) Space-to-Ground-to-Space Loop Closure Experiment: At synchronous 

altitudes, the time delay due to the transit time of the optical beam is 

small (although not negligible). A feasible closed loop system test of 

the pointing system will provide the standard by which to assess the neces- 

sary open loop modes of the laser communication system. 
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(9) Tracking Demonstration in the Presence of Spacecraft Motion - _~ - ._~. -- _ - . -. _- ..~ 

Disturbances Experiment: Measure the capability of the tracking system 

to maintain pointing operations with perturbations of motion present in 

the satellite's three rotational degrees of freedom. The experiment ob- 

jective is to demonstrate that satellite motions about each individual 

axis and combinations of motions can be accommodated without significantly 

degrading the tracking performance. The range of velocities and accelera- 

tions will include values that can be anticipated for an instrumented deep- 

space probe. 

(10) Suspension Systems Comparison Experiment: This test should yield 

comparative performance data on at least two promising spacecraft teles- 

cope suspension arrangements and the associated hardware performance. The 

suspension hardware (i.e., flexure bearings with torquers or magnetic sus- . 

pension devices) must decouple the telescope line of sight from motion dis- 

turbances present in the spacecraft and yet provide the reaction base for 

telescope steering torques. 

(11) Tracking Transfer Demonstrations from Ground Station A to Ground 

Station B Experiment: Following the period of time during which the satel- 

lite has been tracking Station A, the optical communication link must be 

shifted to Station B (an angular displacement of some 8 arc-seconds). This 

demonstration will simulate the condition in deep space when the vehicle 

has locked its receive optical system into the apparent line of sight of 

'the ground station and is now faced with the problem of transferring com- 

munication to another ground station. 
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(12) Earthshine Effects on Acquisition and Tracking Experiment: When 

viewing the ground from the satellite, demonstrate acquisition for a 

l-degree field of view and determine the acquisition and tracking degrada- 

tion that will take place in the presence of anticipated natural variations 

of earthshine. Earthshine variations that must be evaluated in terms of 

acquisition and tracking performance will include the conditions of night- 

time operatfons without moonlight (at the ground beacon) through the con- 

ditions of high-noon sun illumination in desert areas. Dependent upon 

cooperation from natural weather phenomena, the effects of other high 

albedo conditions, such as water glint, snow fields, high white scattered 

clouds or glint from ice particles in clouds, should be measured. 

2.5 COMMUNICATIONS EXPERIMENTS 

(13) Communication at lo7 CPS Experiment: Demonstrate a communication 

system with a bandwidth of 10 megacycles and employing various modulation 

techniques, such as amplitude modulation or polarization modulation of the 

laser beam. For example, the light might be video detected in a photo- 

multiplier tube (AM) or in a pair of photomultiplier tubes (polarization 

modulation). The demonstration should confirm the SNR and data error 

rates theoretically predicted for that modulation method and hardware and 

for the selected communication technique. 

2.6 OPTICS TECHNOLOGY EXPERIMENTS 

The combination of a moderately large aperture optical system operating at 

or near its diffraction limit in space with a suitable laser light source 

is an extremely powerful tool for the development of future large aperture 
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optical systems in space. This combination permits the collection of 

engineering data on how well the nearly perfect optical system performs 

under the controlled variation of parameters, such as thermal input, velo- 

city and acceleration disturbances, and gravity-free environments. The 

Orbiting Astronomical Observatory series of payloads are the largest 

aperture systems presently in hardware for space flight (although not in 

orbit until 1967). These optical apertures are 38 inches in diameter 

with a planned figure of l/4 wave (the Goddard Experiment) and 32 inches 

with a planned figure of l/10 wave (the Princeton Experiment). l/4-wave 

performance and even l/lo-wave performance are not the performance capa- 

bility bounds of the present state of the art in figuring a large mirror 

system. Stratoscope II represents a closer approach to the limit of 

optical perfection with its figure of l/50-wave performance. However, 

Stratoscope II is a balloon-borne payload rather than a space-borne 

payload and the mechanical configuration that was applicable to that very 

soft launch operation is not suitable for the more difficult rocket launch 

operations of a space optical system. Moreover, Stratoscope II operates 

in the presence of gravity while a space optical system would not have 

that constraint. 

It, therefore, seems advantageous to utilize the space laser communications 

equipment of the Optical Technology Satellite to conduct experiments on 

the measurement of performance of the space optical system. Adjustable 

and "tunable" elements in the optical system (i.e., in-flight alignment 

and focus as described on pages 6-28 through 6-34) and perhaps even some 
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controllable figure systems for the primary mirror can be evaluated using 

the laser at the focus of the telescope. 

2.7 EXPERIMENT DEFINITION REPORTS 

The description of each reconanended experiment has been expanded in the 

following sheets to provide the reader with: (1) an understanding of the 

basic experimental hardware which would be required to conduct the experi- 

ment, (2) a brief description of how the experiment would be conducted, and 

(3) the data forms that the experiments would produce. 
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(1) SCIENCE EXPERIMENT: ATMXPHERIC SCINIILLAmCN 

Experiment Objective(s): To measure the amplitude and frequency distribution 

of light intensity from a coherent source as sensed after passing through the 

whole atmosphere. This should be done both from the earth to the satellite and 

from the satellite to the earth, for (at least) two aperture sizes, for (at 

least) two laser frequencies, for daytime and nighttime conditions, for'various 

weather conditions and slant angles. 

Basic Experiment Hardware: Optics Technology Communications Systems 

On the Satellite_ 

Narrow-band filters 

1 large telescope 

Aperture stops or small telescope 

Visible laser 

IR laser 

Real time return transmission to ground 

On Ground 

1 large telescope 

Recorder 

Laser transmitter with variable antenna aperture 

1 channel microwave 

Receiver and control (signal amplitude and AGC data) 

gxperiment Procedure: Record the received laser signals at various positions 

in the beam spot for the conditions mentioned under Objectives. Analyze the 

recordings for amplitude spatial distribution and frequency distribution. Cross 
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correlation between scintillation and pointing errors would be useful in servo 

system analysis. 

Form of the Data to be Collected: Recordings of received signals on ground 

and of signals from space. There will be statistical data processing computer 

time involved. 

Optical Communication Technology Benefits: The data is very important for pre- 

dicting noise levels and useful in determining maximum aperture size. This 

data will help determine feasibility of heterodyne and homodyne detection 

systems and other coherent detecting systems. 

Scientific Windfalls: This data will contain-the first measurements ever made 

of atmospheric scintillation from the satellite to the ground on a coherent 

source and the comparisons with measurements of starlight scintillation from 

the ground to the satellite will be utilized in a .better understanding of the 

atmosphere. 
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(2) SCIENCE MPERIMENT: ATMXPHERIC EFFECTS ON POLARIZATION 

Experiment Objective(s): Attitude control of a vehicle and optical 

communicationa are two problems which can possibly be solved by methods 

utilizing -the loo-percent polarization of a laser source. For instance, 

the torsional alignment of a vehicle about the line of sight may be 

determined (to within one of two positions) by locating the plane of 

polarization of its laser beam. This can be accomplished by finding 

the crossed position of a polarizing prism for null transmission. The 

accuracy of the alignment system is limited by the sharpness of the null, 

which is in turn limited by any depolarization of the beam. Also, any 

optical communications system which depends on some form of polarization 

modulation may be adversely affected by depolarization of the beam. 

The interaction of a magnetic field (such as the Earth's magnetic field) 

with a material medium (such as the atmosphere) causes a rotation of the 

plane of polarizzition of transmitted light. This is the Faraday effect. 

For the Earth's atmosphere a Faraday rotation of the order of 1 arc-minute 

may be observed. Faraday rotation is, therefore, probably unimportant 

to counuunications and attitude control, but there may be other (unknown) 

effects. 

In recent years the sun's magnetic field has been inferred from the 

polarization of light from sunspots. The polarization does not change 

with slanting look angles through the atmosphere. In addition, measured 

polarization in the light from the Crab Nebula and other nebulae tends 

to confirm the physical theory which says that the atmosphere can have 
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no more than small effects on the plane and degree of polarization of 

light. For the case of optical communication, small amounts of de- 

polarization of the transmitted light will probably not cause serious 

degradation of the signal, in comparison with the effects of unpolarized 

background radiation. However, the proposed attitude control system is 

sensitive to slight losses of polarization of the source, since the 

losses will broaden the position of the null. Such loss of polarization 

or rotation of polarization might be related to the number of scattering 

particles in.the atmosphere, if they are aligned anisotropically by some 

preferred direction mechanism such as wind or gravity. The existence of 

the effect would itself be of scientific interest. 

The measurement can not be made using a retrodirecting reflector of the 

S-66 satellite type. 

Basic Experiment Hardware: 

Optics Technology Communications Systems 

Analyzers and quarter-wave plates 

Suitable encoding equipment in the satellite. 

Experiment Procedure: Transmit CW laser light in both directions and 

measure its polarization with the analyzers and quarter-wave plates. 

When light is received at the satellite, encode the measurements and 

transmit the data to earth. Integrate readings over a sufficient period 

to eliminate atmospheric scintillation effects. It will be of particular 

interest to compare results for linearly and circularly polarized light. 
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Form of the Data to be Collected: Intensity measurements as a function 

of polarization angle. 

Optical Communication Technology Benefits: Results will help to determine 

the limitations of an attitude control system using polarization. If no 

large effects are observed, confidence in modulation systems using polariza- 

tion will be increased. 

Scientific Windfalls: Probable confirmation of general theory and per- 

haps the discovery of weak effects. 
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(3) SCIENCE EXPERIMENT: REkDTE MANUAL OPTICAL ALIGNMENT 

Experiment Objective(s): The wealth of optical fabrication experience 

indicates that a large aperture optical system cannot maintain diffraction- 

limited performance over a long period of time in an envirowent as hostile 

as the space environment without occasional testing and adjustment. The 

adjustment problem is made formidable by the multitude of possible mis- 

alignments, the required precision of alignment, and the amount of in- 

formation about image quality necessary to determine what adjustments 

should be made. It is difficult to design a mechanically actuated align- 

ment system with a set of independent adjustments sufficient to cope with 

all possible misalignments and difficult to gather the necessary perfor- 

mance data with a reasonable number of photosensors. Even if these pro- 

blems are solved, the observed aberrations of the image may not correspond 

in any 1:l fashion with the procedure required for correcting them. General 

alignment of large optical systems is, therefore, virtually never accom- 

plished without some human intervention. This alignment is usually per- 

formed in an earth-based test tunnel. 

One area of experimentation crucial to all aspects of optical space 

technology is the area of remote manual optical alignment. Although most 

such alignment problems may be simulated in ground-based laboratories, 

the additional freedoms and constraints imposed by a zero-gravity en- 

vironment cannot. Space-borne experiments are also required to increase 

confidence in the ability to maintain the performance of optical in- 

strumentsin space. 
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The experiment will explore the equipment requirements and the feasibility 

of re-aligning a large aperture system in space. The performance of both 

the remote control system and the human operators will be evaluated. 

Since the operator will need information about system performance which 

is essentially visual (i.e., the image quality at various places in the 

optical path), the real time television capability of the Optical Tech- 

nology Satellite will be utilized. The conznunication transport lag of a 

deep-space vehicle may be simulated easily with ground equipment, and 

its effects on human performance may be evaluated. 

Basic Experiment Hardware: 

On the Satellite 

Television camera and suitable viewing aparatus 

Test source 

Remote control actuator system for positioning optical elements 

Communications equipment for transmitting television signals and receiving 

control system commands. 

On the Ground 

Operator's console with controls and video presentation 

Communications equipment 

Means for inserting variable transport lags into the control loop 

Experiment Procedure: A broadband real time television picture sent to the 

ground console provides an input which roughly matches the information rate 

of the human operator's visual perception system. 
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Under the supervision of psychologists and optical scientists, the 

operator performs a series of re-alignments by adjustment of the console 

controls. Transport lags of up to fifteen minutes are inserted (cor- 

responding to the maximum range for real time TV transmission with pre- 

sently envisioned optical cournunications systems) and their effects on 

human performance are checked. 

Optical Communications Technology Benefit: The experiment is a demon- 

stration of one of the special advantages of optical coamnnrications. 

Successful completion of the series of experiments will greatly increase 

confidence in remote optical alignment techniques. 

Scientific Value: This experiment is a first attempt to place a man on 

earth in eye-and-hand contact with objects .in space. The opportunity 

to project not merely a human operator, but in effect, any of the world's 

leading scientists into a laboratory or observation platform in space 

is one of the richest values that space optical connaunications has to 

offer. 

Scientific exploration of space will be vastly facilitated especially 

in fields like biology and geology where it is difficult to build pre- 

programmed automatic laboratories which are able to report unequivocal 

results over narrow-band communications channels. 
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(4) ENGINEERING EXPERIMENT: OPTICAL HETERODYNE DETECTION IN THE SATELLITE 

Experiment Objective(s): In detecting and tracking the earth beacon, one of 

two competing methods of reduction of background noise due to earthshine is to 

employ heterodyne detection in the satellite. The other method is the use of a 

narrow pre-detection filter. 

One purpose of this experiment is to develop sufficient engineering experience 

with design and operation of a spaceborne heterodyning system so that its feasi- 

bility, reliability, performance and cost can be evaluated relative to pre- 

detection filter systems which achieve the same purpose. 

A second purpose of the experiment is to evaluate the utility of Doppler vel- 

ocity measurements made using the Doppler shift of the optical carrier in com- 

parison with other methods of obtaining such velocity information, such as 

shift of a narrow-band microwave signal and shift of a narrow-band radio fre- 

quency intensity modulation on the optical carrier. 

Basic Experiment Hardware: 

On the Satellite m-- 

Small tracking receiver telescope 

Frequency stabilized local oscillator laser 

Beam combining optics in receiver 

Broadband photodetector, up to 5 kmc bandwidth 

Broadband amplifier and frequency discriminator 

Real time return transmission to ground 

On Ground 

High power frequency stabilized laser 
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Tracking transmitter telescope for laser beacon 

Receiver for vehicle return transmission 

Procedure: Experimental Track the earth beacon with the tracking receiver 

telescope. Heterodyne signal is sent to frequency discriminator which de- 

velops a modulation signal for the return transmission. 

Signal-to-noise ratio, tracking performance and frequency shift are recorded. 

Form of Data to be Collected: Recordings of return transmission. 

Optical Communication Technology Benefits: Helps settle engineering choice of 

intensity versus heterodyning systems on vehicle. 

Scientific Windfalls: Effects of atmosphere on frequency spectrum of upward- 

propagating coherent source measured, 
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(5) ENGINEERING FXPERIMENI? OPTICAL HETERODYNING ON EARTH 

Experiment Objective(s): Verify theoretical prediction and that signal-to- 

noise ratio in heterodyne detection in the atmosphere is limited by the trans- 

verse coherence diameter in the atmosphere. 

Basic Experiment Hardware: 

On the Satellite 

Frequency stabilized CW laser boresighted with earth beacon tracker 

On Ground_ 

Tracking telescope with aperture variable from about 1 to 24 inches 

Frequency stabilized local oscillator laser 

Broadband photodetector and amplifier 

Signal recording and analysis equipment 

Experimental Procedure: The satellite laser tracks the earth beacon and also 

transmits signal to the heterodyne receiver telescope. This receiver tracks 

the vehicle. The heterodyne signal-to-noise is recorded while the receiver 

aperture diameter is varied. 

Form of Data to be Collected_: Recordings of heterodyne signal with simultaneous 

meteorological observation and coherence diameter measurements on starlight. 

Optical Conununication Technology Benefits: Verifies theoretical predictions 

that behavior of laser light is the same as starlight so far as propagation of 

transverse coherence is concerned. This verification will help confirm engineer- 

ing choice of ground-based detection system. 

Scientific Windfalls: -- Measures transverse coherence progapation in the atmos- 

phere under daytime conditions in which the use of starlight is difficult. 
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(6) ENGINEERING EXPERIMENT: 0.1 ARC-SECOND TRACKING DEM)NSTRATION 

Experiment Objective(s): This will be an engineering demonstration of angular 

tracking usix lasers on a satellite in-a synchronous orbit. Measurements will 

be made of the beam pattern as received on earth of the diffraction-limited 

optical system in the space environment. Angular rates due to variations of 

the orbital location shall simulate relative angular rates between the earth 

tracking station and a deep-space vehicle (refer to Appendix B). Tracking 

accuracy shall be measured as a function of SNR. Angular jitter, zero drift, 

pointing stability, velocity error, acceleration error, and dynamic range of 

control are to be measured. 

Basic Experiment Hardware: 

gn the Satellite 

32-inch aperture reflecting telescope 

lo-mw 6328 A He-Ne laser 

20-cps transfer lens beam deflector 

S-l PMT receiver for 84OOi 

4-quadrant detector 

Narrow-band filters 

Acquisition subsystem 

on Ground 

0.5 -watt GaAs ground beacon 

Four 12-inch aperture reflecting telescopes 

Acquisition subsystem 

Neutral density. filters 

Narrow-band filters 
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S-20 PMT receiver for 63281 

Point-ahead system 

4-quadrant detector 

Experiment Procedure: Point the ground beacon to the vicinity of the satellite 

and proceed through acquisition operations. On the spacecraft lock onto the 

ground beacon. Use.a ground station array of 4 telescopes so that the received 

signal on the ground can be detected as a function of spacecraft beam deflec- 

tion. ,Use this data in a closed loop procedure (space-earth-space) to establish 

optimum pointing of the space beam. In order to measure the diffraction limit 

capability of the 32-inch optical system in the space environment, vary the 

beam angular pointing u8ing.a conical scan pattern to determine intensity as 

received on the ground as, a function of pointing angle. 

Form of the Data to be Collected: Measure the intensity of the received signal 

on the ground when it is unattenuated and then attenuated by the neutral density 

filters at the ground receiver array. The beam from the 32-inch system-is meas- 

ured and correlated with scan pattern data sent down by telemetry. 

Optical Communication Technology Benefits: The first practical demonstration 

of l/10 arc-second pointing and tracking from the satellite to the earth with 

laser beams will reveal the feasibility of future optical communications systems 

in apace. The ability of maintaining diffraction-limited performance in a large 

space-borne telescope is also determined and measured. 
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(7) BMXNEWING EXPEBIMENT: POINT-AHEAD DlC4ONSTRATION 

Experiment Objective(s): This is a test of the spacecraft point-ahead sub- 

system. After locking onto the beam from a ground station, the transmit beam 

from the spacecraft must point ahead by an appropriate angle to intercept the 

same ground station. This is due to Bradley effect and transit time effects. 

During the increment of time of transit of light, the earth moves in its orbit 

around the sun, the spacecraft moves in its trajectory, and the earth spins 

about its axis. Therefore, even when the spacecraft is receiving the ground 

station signal, the transmit signal to that same ground station must be ad- 

vanced to the proper angle (point ahead /v 36 arc-seconds). This test will 

demonstrate the performance of the Point-Ahead Subsystems to step off precise 

angles in the necessary direction. 

Basic Experiment Hardware: In addition to all basic communication gear on both 

satellite and ground station, a second complete ground station is required lo- 

cated 3 2/3 miles away. This second station (Station D) will transmit at 

frequency fD. For this test all computational equipment will be located on 

the ground at Station A. The satellite must have the equipment on board to 

receive and store connnands of point ahead angle and must have an optical beam 

displacement subsystem for the transmit beam which will point away from the 

received line of sight (LOS) in the necessary direction and amount. 

Experiment Procedure: This operation will proceed after the satellite has 

locked its receive beam onto the ground station transmitter. The ground sta- 

tion sends up the command on its own beacon to move the space-borne transmit 

beam ahead (i.e,, 36 arc-seconds in azimuth). These angles are set up about 
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a reference for the rotation of the LOS determined by polarization measure- 

ments from A. The satellite transmit beam will be measured and recorded at 

Station D. The experiment should be repeated frequently for the various 

conditions of day and night operations (satellite time). Space-earth-space 

loop closures should be executed for ground measurements of satellite pointing 

errors. 
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(8) JDJGINEERING EXPERIMENT: SPACETOGROUNB-IO-SPACE IOOP CLOSURE 

Experiment Oblectivels_): This is an instrumentation test which will be used 

to determine the accuracy of space transmitting beams. Therefore, the objective 

of the experiment is to demonstrate the effectiveness of this instrumentation 

loop. The utility of the loop at longer ranges(with corresponding increases 

in the time delay for the information from the ground to get up to the space- 

craft)should be determined. Transport delays of up to 15 minutes can be 

simulated. 

Basic Experiment Hardware: (In addition to the complete optical communications 

equipment required for both the satellite and the ground station). Ground 

station arrays have a receiver system which can be correlated with the orien- 

tations of the spaceborne beam. These spatially correlated signals must then 

be converted into commands for the satellite beam steering subsystem. Tape 

recorders with movable read heads will be used for time delay simulation. 

Experiment Procedure: After the satellite has locked onto a ground beam, the 

space-earth-space 1oop:operation is commenced. The receive signals on the 

ground are measured a,nd the location of the space-borne beam relative to the 
i 

ground station is determined. Once the beam errors are established, they can 

be translated into satellite steering commands to reduce these errors towards 

zero. The procedure requires simulating the operation of the space-earth-space 

loop for variable time delays., The variable time delay subsystem is used on 

the ground to simulate these delays. Tape recorders in a run-stop-run mode 

can simulate the long time delays (over a minute) while these same tape re- 

corders can be used for the shorter duration time delay simulation by varying 

the location of the read heads with respect to the write heads. 
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(9) ENGINEERING EXPERIMENT: TRACKING DEWNSTRATION IN THE PRESENCE OF 
SPACECRAFT MOTION DISTURBANCES 

Experiment Objective(s): Measure the capability of the tracking system to 

maintain pointing operations with perturbations of motion present in the three 

rotational degrees of freedom of the satellite. The experiment objective is 

to demonstrate that motions about each individual axis and combina- 

tions of motions(in the range of values that can be anticipated for an instru- 

mented deep-space probe and also for a manned deep-space vehicle) will not 

cause the tracking performance to deteriorate below a required level. 

gasic Experiment Hardware: The equipment aboard the satellite must include 

motion disturbance producing devices in the three rotational degrees of free- 

dom. In addition, angular rate measuring sensors are required to monitor the 

motions produced. The motions must be controllable in amplitude, frequency 

and/or rise time. In addition to the basic tracking equipment, the three 

orthogonal sets of inertia wheels or the reaction jets must be used. 

Experiment Procedure: After the optical communication tracker has proceeded 

through the acquisition and tracking procedures, and while tracking in space 

lock mode and monitoring tracking performance, the external torque disturbance8 

are introduced into the spacecraft one axis at a time and with varying frequen- 

cies at some preset amplitude (harmonic frequency response test). Step inputs 

of varying levels are inserted in a similar manner. After single degree of 

freedom data on degradation of tracking performance are obtained for these con- 

ditions; the. tests are repeated for the three axes' disturbances simultaneously. 
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Form of the Data to be Collected: -- Tracking accuracy as measured on the ground 

as a function of amplitude and frequency of the disturbance8 generated aboard 

the vehicle. 

Optical Communication Technology Benefits: Practical demonetration of the 

tracking system performance in the presence of measured disturbances to the 

three rotational axes of the vehicle will permit extrapolation of the data to 

permit the desim of future manned and unmanned optical communication units. 

The data should also permit the measurement of tracking performance during 

anticipated vehicle maneuvering operations. 

/ 
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(10) ENGINEERING EXPERIMENT: SUSPENSION SYSTEMS COMPARISON 

Experiment Objective(s): This test should yield comparative performance data 

on two promising spacecraft telescope suspension arrangements and l ssociated hard- 

ware. The suspension hardware must decouple the telescope line of sight from 

motion disturbances present in the spacecraft and yet provide the reaction 

base for telescope steering torques. 

Basic Experiment Hardware: Instrumentation muat be added to the telescope to 

measure the amounts of telescope motion disturbances which are originally 

generated in the vehicle. 

aeriment Procedure: This experiment is performed in conjunction with "Track- 

ing Demonstration in the Presence of Spacecraft Motion Disturbances". Instru- 

mentation is added to measure the telescope motion responses in the presence 

of vehicle disturbances. The procedure is otherwise identical to the afore- 

mentioned demonstration. 

Form of the Data to be Collected: Angular velocities and accelerations about 

the three rotational axes as a function of the vehicle inputs. 
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(11) ENGINEERING EXPERIMENT: TRACKING TRANSFER DEMONSTRATION FROM GROUND STATION A 
To GROUND STATION B 

Experiment Obiective(s): Following the period of time during which the satellite 

has been tracking Station A, the optical conrmunication link must be shifted to 

Station B (an angular displacement of some known number of arc-seconds). This 

demonstration will simulate the condition in deep space when the vehicle has 

locked its receive optical system onto the apparent position of the ground sta- 

tion and is now faced with the problem of transferring communication to a dif- 

ferent ground station. 

Basic Experiment Hardware: In addition to all basic communication gear on‘both 

the satellite and the ground station, a second complete ground station is re- 

quired located 4650 feet away (this distance represents 8.2 arc-seconds which, 

in turn, represents some 4,000 miles at lo8 mile range). While this second 

station (Station B) doe8 not have to be exactly 4650 feet away, the exact dis- 

tance should be known for future measurements. Station A and Station B will 

have ground laser transmitters operating at different frequencies. The space- 

craft will have pointing subsystems at each frequency. There will be a space- 

borne transfer arrangement whereby the receiving subsystem can shift from laser 

frequency fA to laser frequency fB on c-and. An additional space-borne sub- 

system is required to control the rotation about the LOS to an accuracy of .05". 

Experiment Procedure: This is an engineering test to demonstrate the transfer 

of comnunications -from ground Station A to Station B (separated-by some known 

distance equal to an angular subtense of some 8 arc-seconds). While tracking 

Station A is operating at laser frequency fA , the transmitter of tracking 

Station B is beamed up at its frequency fB* Station B is within the field of 



view. Based upon receipt of the A station polarization, the rotational control 

subsystem aboard the spacecraft will operate to control the roll gimbals about 

the LOS. Upon receipt of ground station command to change the pointing from 

Station A to Station B, the pointing subsystem will use the Station B incoming 

beam as the pointing reference instead of the Station A beam. These tests simulate 

the transfer of the deep-space tracking from one ground station to the next. This 

is a necessary operation since the earth rotates about its axis..and blocks off the 

communication path between an earth station and a deep-space vehicle. 
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(12) ENGINEERING RCPERIMENT: EARTHSHINE EFFECTS ON ACQUISITION AND TRACKING 

Experiment Objective(s): Wnen downlooking, determine the acquisition and track- 

ing degradation that will take place in the presence of anticipated natural 

variations of earthshine. Variations of earthshine that must be evaluated in 

terms of acquisition and tracking performance will include conditions of night- 

time operations without moonlight (at ground beacon) through the conditions of 

high noon sun illumination on adjacent desert areas. Other high albedo con-. 

ditions should be considered such as water glint, snow fields, high white 

scattered clouds or glint from ice particles in clouds. 

Ra8iC Experiment Hardware: The planned equipment for the optical communications 

system aboard the OTS is adequate to gather the data,together with the ground 

equipment, rather than adding space-borne gear. The ground equipment would con- 

sist of various neutral density filters to attenuate the ground laser beacon so 

that the received signal on the satellite can be varied in the presence of 

various situations of earthshine to simulate anticipated conditions of signal and 

noise in deep space. 

Experiment Procedure: Following the basic acquisition and tracking demonstrations 

which would take place at night (no earthshine), the acquisition and tracking 

operations would be performed at different times of the day and night to in- 

troduce the variations of adjacent area illumination into the system. Then, 

ground beacon signal levels would be reduced to simulate deep-space signal/ 

background noise conditions. Acquisition and tracking performance for the re- 

duced signal levels would be evaluated against the nighttime operations. 
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For the acquisition approach that utilizes a l-degree field of view, a space- 

borne collimator*could be transferred into position 80 that the effects of a 

l-degree star field would be inserted into the down looking beam. Acquisition 

procedures are executed and performance measured for this arrangement. 

Form of the Data to be Collected: SNR measurements for various Signal levels 

of the ground beacon are measured on the spacecraft in the presence of different, 

condition8 of earthshine at the ground etation. The effects on the SNR measure- 

ments with the l-degree star field inserted into the main optical beam are 

measured. 

Optical Communication Technology Benefits: Practical demonstrations of acquisi- 

tion and tracking in the presence of the various levels of earthshine. I 

*The additional complexity of this collimator in the satellite does not warrant 
it8 inclusion. Therefore, in accordance with discussions held with NASA MSFC, 
this collimator will not be included in the Phase II efforts since the data that 
would be obtained do not justify the additional equipment. 
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(13) ENGINEERING MPBRIMRNT: c(CMMUNICA~ON AT lo7 CPS 

Experiment Objective(s): Demonstrate a communication system with a bandwidth 

of 10 megacycles and employing either amplitude modulation or polarization 

modulation of the laser beam. The light will be video detected in a photo- 

multiplier tube (AM) or in a pair of PM tubes (polarization modulation). The 

demonstration should confirm the SNR and data error rates predicted by theory. 

Basic Experiment Hardware: Optical Communications System 

In addition, the following ground facilities will be needed for development 

operations prior to space equipment development: 

Telescope 

Laser 

Modulator 

Retroreflector 

Code generator 

Correlator (electronic) 

Receiver 

Printer 

Error recorder 

Experiment Procedure: The space experiments will produce conanunication data, 

per se, to verify SNR and data error rates. The ground tests will have the 

following procedure prior to space hardware freeze: 

Modify purchased telescope (12-inch aperture) for coaxial illumination of 

distant (10 n.m., unfolded path length - 20 n.m.) retroreflector. 

Procure hardware for lo-megacycle (S-megacycle information bandwidth) band- 

width system. 

Send binary data so that bit error rates can be recorded automatically. 



Modify code characteristic so that information rate can be controlled in opti- 

mum manner while maintaining lo-megacycle bandwidth. 

Adjust geometric loss in transmission to simulate conrmunication at various 

ranges in space where geometric loss is the only loss.mechanism. Also adjust 

range to include effects of 1 atmosphere for absorption measurements. 

Form of the Data to be Collected: 

Analog tapes before decoding 

Digital tapes after decoding 

Radiometric data 

Meteorologic data. 

Optical Cornnunication Technology Benefits: ..-. . . -. 

Reduction to practice of a communications system which 18 categorically general 

and probably optimum. The resulting data will assist in predicting tracking 

system performance. The system lend8 itself to adaptive control of the coding 

characteristic to suit the error rate. For example, critical information would 

be held to low data rates while less critical data would use the higher rates. 

Thus, as the signal-to-noise ratio drops off due to increased noise or increased 

di8tanCe, the most important data are preserved since they are coming through 

the system at the lower data rate. 
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2.8 RFCOMMENDATION ON THE APERTURE DIAMETER FOR THR OPTICAL 
TECHlWKY SATEXTITE 

The factor which most significantly affects the payload volume 

for the satellite is the size of the basic telescope primary mirror. A 32- 

inch diameter system is indicated in numerous sections of this report and 

the configuration indicated on the frontispiece illustrates a.general.arrange- 

ment for a satellite which contains two telescopes of this size. Admittedly, 

at this time in the program, there is a considerable amount of judgment in- 

volved in the identification of a payload of this size. 

The question of aperture diameter can be approached from two bounds, 

i.e., by considering both larger and smaller systems. From the optical tech- 

nology point of view, the larger the diameter of the primary system the greater 

will be the usefulness of the experimental data in determining the performance 

limits for future generations of astronomical instruments and reconnaissance 

systems. However, the constraint that is imposed is the "state of the art" 

capability of the instrument makers of today. Large optical systems can be 

manufactured, but, the techniques of manufacturing large diffraction-limited 

optical systems in sizes much greater than the recommended size are on tenuous 

grounds. Yet, future space-borne optical systems for laser communications, 

planetary reconnaissance or astronomical observations will need the diffraction- 

limited performance (which can only be utilized to advantage in the large di- 

ameters when.in space). Therefore, the question can be asked....What is the 

largest aperture diffraction-limited system which is within theJ'state of the 

art"? The answer to this question is that a space worthy optical-system could 

be figured and utilized in the size range of 36 to 50 inches in diameter. Thus, 

an upper bound for the opticalaystemdiameter is available to guide our judgment. 
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The answer to the question of the lowerbound is a more difficult 

problem. As the diameter of the optical system is decreased, the technical 

interest level for the reconnaissance and astronomical groups likewise de- 

creases. For a laser corwunication system, the decrease in aperture diameter 

lowers the available bandwidth of the channel. On the other hand, the decrease 

in primary mirror diameter ha8 a marked effect on the weight and.volume of the 

laser communication system. A decrease in diameter by a factor of two would 

cause a weight decrease of about eight in the primary mirror. There would be 

significant decreases in the weight of the overall payload as the primary diam- 

eter and weight decrease. Now, it can be observed that the requirement of a 

mission for an operational laser communication system may actually increase if 

size and weight are decreased at the expense of bandwidth. The channel capacity 

of a laser cmnication system nust be evaluated with respect to the weight, 

volume, complexity, cost and power for a particular mission. At this point in 

the project efforts, we cannot predict these trades. However, for the Optical 

Technology Satellite, we have based our analysis on the 32-inch aperture as the 

size to proceed with for the experiments, since it can provide a bandwidth which 

is the upper extreme of mission needs known to us. This bandwidth is lo7 bits/ 

second. 

A further justification for the 32-inch aperture choice is that 

this size system would identify clearly the nature of the difficult engineer- 

ing problems. 

As a corollary, we do not recommend the inclusion of additional 

small aperture cormuunicators despite the knowledge that the smaller size may 
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better satisfy present mission needs. The scientific and engineering experi- 

ments which we recommend will provide the basis for scaling the systems down- 

ward in size. 
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SECTION III 

ATMOSPHERIC EXPERIMENTS DISCUSSION 

3.1 CHARACTERIZING THE TRANSMISSION CHANNEL IN 
SPACE-TO-EARTH OPTICAL COMMDNICATIONS THROUGH 
THE ATMOSPHERE 

The material which follows presents the considerations bearing on 

the recommended science experiments (l).and (2) and engineering experiments 

(4) and (5). 

A laser beam traversing the earth's atmosphere suffers various 

disturbances which will be described in some detail in the next section. A 

basic problem inherent in the study of laser beam propagation through the 

atmosphere is the characterization and evaluation of these various disturbances 

in a generalized model of a nonreciprocal channel. 

If suitable models for the atmosphere could be found, then 

attention could be focused on the design of optimal encoders and decoders as 

well as optical signals to insure.that the transmission disturbance effects are 

minimized.- Refer to Figure 3-l for a sketch of a generalized optical com- 

munication link. 

If the case of laser transmission from space to earth is similar 

to starlight transmission, then the wealth of astronomical data already accumu- 

lated over the years on atmospheric visibility can be brought to bear on the 

problem. One of the purposes of the scientific experiments.is to see if indeed 

this correlation exists, and also to gather additional new data on two-way laser 

beam propagation between earth and deep space. 
3-l 



I 

Optical Atmospheric 
Input -C- Encoder - Transmission 
Signal Channel 

Decoder --C Output Signal 

Additive 
Disturbances 

or Noise 

Figure 3-l. General Optical Comnunication Link 

For purposes of establishing rough estimates on some of the 

deleterious effects of atmospheric turbulence on laser beam propagation for 

the up-looking link it will be assumed that laser light behaves in a manner 

sim ilar to starlight. 

Additive disturbances will also be present in the output of the 

conrmunication link, even in the absence of a desired input signal, and they 

may be caused by a wide variety of sources. The following noise sources 

will be discussed in Section 3.3: 

(1) Background - photon noise, thermal noise 

(2) Background - source fluctuations 

(3) Detector noise. 

Finally, combining the signal disturbances and additional noise 

sources allows one to assess the relative merits of various optical detection 

systems. 
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3.2 LASER SIGNAL PERTURBATIONS 

As mentioned in Section 3.1, a laser signal suffers various forms 

of degradation as it passes through a coannunication channel. Attention in 

this discussion will be given to the earth reception link. 

The following signal perturbations or changes will be dfscussed in 

some detail. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

Atmospheric absorption, Rayleigh and &lie 

scattering 

Intensity fluctuations of laser beam due to 

atmospheric turbulence 

Angle of arrival fluctuations of laser beam - 

steady state refraction effects, dynamic re- 

fraction effects 

Loss of lateral coherence 

Loss of polarization 

Polarization rotation 

Antenna diffraction pattern 

Doppler frequency shift 

Signal photon noise 

Anomalous dispersion. 

Atmospheric Absorption, Rayleigh and Mie Scattering3j4 - Scattering and absorb- 

ing smoke, smog, dust, salt particles, pollen, haze, and tenuous ice and water 
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droplet clouds are widely distributed throughout the troposphere even when the 

sky is, meteorologically speaking, clear. Tables of attenuation of visible and 

infrared radiation under model "clear standard atmospheric" conditions are avail- 

able. 4 These tables are useful because of the spectral and altitude ranges 

covered and the inclusion of realistic aerosol distributions. Both Rayleigh 

(molecular) and aerosol attenuation coefficients are tabulated. For example, 

at 0.7~ the Rayleigh coefficient is 8.157 x 10 -3 &l and the *aerosol coefficient 

is 1.50 x 10 -1 at the surface level. This is based upon aerosol concentration 

measurements under or adjusted to conditions when visibility is 20.25 kilometers. 

Therefore, at least in the lower atmosphere, the clear air attenuation is much 

more sensitive to particulate than molecular concentration, especially since 

molecular concentration is relatively constant at any given level. 

Long (Reference 5, pages 859-860) has ,specified gaseous attenuation 

at ruby wavelengths in an analysis of attenuation versus wavelengh over the 

probable operational bandwidth (as controlled by temperature) of this type of 

laser. Several atmospheric absorption bands due to oxygen and water vapor have 

been noted. 

Ligda3 has suggested that when it becomes possible to construct 

practical filters with a bandpass of a fraction of an angstrom, attention may 

focus on exploitation of a solar absorption line with attendant noise reduction. 

One strong (55 percent) absorption line a few tenths of an angstrom wide due to 

iron in the solar atmosphere lies at about 0.6945u (close to a laser ruby wave- 

length). 

Transmission through the atmosphere versus wavelength and zenith 

angle is shown in Table 3-l. This information6 includes the effects of 
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molecular scattering, water vapor, ozone absorption, and dust in fairly 

clear conditions for a normal atmosphere. 

Clouds and fog present the most serious attenuation factors 

along an extended path. This degradation may even be exceeded by localized 

dense smoke plumes and dust concentration. 

-....__--.__ __-- ___. -.---~ ___- 

TABLE 3-l 

FRACTIONAL TRANSMISSION THROUGH ATMOSPHRRR VERSUS 
WAVELENGTR AND ZENITH ANGLE 

Wavelength 
in Angstroms 
_z-- 

3000 

4000 

5000 

6000 

7000 

8000 

9000 

_ 
I 

t 

i 

Zenith Angle in Degrees 
___- .-._.-- 

90 
s -_____ L- ~- __- 

3.16 x 1o-75 

2-.58-x 10 -8 

-4 1.59 x 10 

2.19 x 10 -3 

.0313 

.0872 

.147 

.336 

85 

3.99 x lo-21 

8.32 x lO-3 

.0913 

.166 

.3&4 

.512 

.590 

.650 

7. - 

-~-._ - _ 

80 ! 
I 

1.13 x lo-l1 1 

.0760 

.276 

.382 

.600 

a698 

.755 

.794 

-__..--..-_ -. .._. A- 

60 
--.--.-. 

1.23.x lO-4 

.400 

.633 

.710 

.835 

.882 

.906 

,923 

~- 

0 ._-- --_.. - .- 
.OllO 

-630 

.795 

.844 

.911 

.939 

.952 

.961 

Clouds range tremendously in thickness and particle concentration. 

The cloud cover problem must be anticipated for an earth/deep space laser 

communication system. The tradeoffs between probability of deep-space-vehicle 

observability and number of earth receiving stations must be carefully studied 

from a logistics and economic point of view. Factors such as longitude and 

3-5 



III I I 

latitude of earth sites, longitude coverage, statistical mean number  of days 

per month that cloud cover over a  station is less than or equal to some pre- 

scribed threshold must be  evaluated. Data from T iros and Nimbus cloud cover 

pictures should also provide insight. to the problem. 

Precipitation away from clouds may not seriously attenuate a  laser 

beam if there is a  relatively low concentration of drops per unit volume. Snow 

probably attenuates more than rain because of the larger particle size and 

lower forward scattering factor. 

It is felt that both Rayleigh and M ie scattering cause tranamis- 

sion loss which is a  very slowly varying function of wavelength, so that they 

are not likely to be  different for laser beams than for ordinary light because 

of the laser‘s monochromaticity. 

However, when considering scattering of a  laser beam as opposed 

to scattering of starlight, the finite dimensions of the laser beam wavefront 

must be  considered. This differs from the astronomical case where the wave- 

front from a  star is of infinite extent. In the latter case, there is essen- 

tially the same amount  of light scattered into the receiving aperture as there 

is scattered out, whereas for the finite diameter beam there is a  greater out- 

ward. loss. 

It is believed that both forward and backward scattering effects 

will not be  significantly different for laser beams than for other collimated 

beams. 
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The aforementioned scattering effects can probably be predicted 

adequately for laser beams from known data. Therefore, unless gross anomalies 

in the scatter effects attendant on absorption measurements are discovered, 

we do not intend to study them explicitly as part of the OTS program. 

Ana_ly_~js_of-~~ge.Degradation Due to Atmospheric Turbulence - It has been well -- 

established by various research workers in the field of atmospheric turbulence 

that the effect of turbulence on astronomical "seeing" is a serious problem. 798 

Turbulence in the atmosphere between a point object and an optical imaging 

system causes the image of that point object to be degraded in various ways. 

The image will fluctuate randomly in sharpness (image blur), intensity 

(scintillation), and position (angle of arrival fluctuations). 

Turbulence in the atmosphere, especially near the earth's surface, 

can also sever&y limit the performance of laser optical conxaunications systems. 

The disturbance causes local variations in the refractive index of the air in 

the form of blobs or "turbulons." These turbulons move with the wind and 

give rise to the aforementioned phenomenon of scintillation and angle of arrival 

jitter. In addition, there exist random phase differences among the light 

wavefronts in various parts of the receiving telescope aperture due to 

turbulence. 

It has been demonstrated from various theoretical and experimental 

investigations that, as the diameter of a receiving aperture increases,the 

magnitude of intensity fluctuations decreases. With a decrease in diameter 

of a receiving aperture there is a shift of scintillation frequency to 

higher values. 
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T.t has been postulated that scintillation is due primarily to 

turbulent atmospheric elements at some distance from the observer as opposed 

to image dancing and pulsation which are due to turbulent elements closer 

to the observer. From high-altitude experimental flights it has been noted 

that scintillation i-highly correlated with winds near the tropopause and 

that scintillation frequency is a function of wind velocity near the tropopause 

and of turbulon size. 

A list of the pertinent atmospheric environmental factors appears 

below. Refer to Figure 3-2 for a sketch of the turbulent effects encountered 

at various altitudes above the earth. 9 Figure 3-3 shows a sketch of the steps 

necessary to give a quantitative analysis of image degradation due to atmos- 

pheric turbulence. 

Scintillation is also dependent upon the time of day. A maximum 

of scintillation occurs at noon; a minimum near sunset and sunrise. A secondary 

maximum which is substantially less than the daytime case occurs at night, 

Seeing also shows fluctuations with weather systems. The poorest seeing usually 

occurs during cyclone (low) conditions. 

Environmental Parameters - 

(1) Seeing conditions - seeing disc diameter 

(2) Index of refraction correlation function 

(3) Atmospheric structure-function 

(4) Inner and outer scale lengths of turbulence 

(5) Shadow band pattern 

(6) Temperature gradients. 
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TROPOPAUSE ~_...... 15-201~4 (HIGH FREQUENCY SCINTILLATION) 

Turbulence Carried 
by Winds 

Thin 'Iayer, Scintillation 

INVERSION LAYER 1 I-1ORM (SOMETIMES LOWER) _ .~ 

Turbulent Mixing of 
Layers 

Defocussing, Dancing 

Large Turbulent Convection Cells 

l-2lU4 Vertical 

2-6EM Horizontal 

Wind Forces (All Levels) 

Occasional Buoyant Levels 

Buoyancy Acting on Thermal Turbulence 

l,, (Image Jitter) 
Thermal Turbulence Near Ground 

Figure3-2. Turbulent Effects Encountered at Various Altitudes 
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Quantitative Analysis of 
Image Degradation Due to 

Atmospheric Turbulence 

Heasure of I 
Image Degradation 

+ 
Modulation Transfer Function 
RMS Image Motion 
Angle of Arrival Flucutuations 
Intensity Fluctuations 
Phase Fluctuations 

t 
Statistical Properties of Light 

Entering Imaging System 

Relationship of Statistical Properties 
of Light to Statistical Properties 

of the Atmosphere 
- A 

Estimation of Turbulent Properties 
of Atmosphere 

Figure 3-3. Quantitative Analysis of Image Degradation 
Due to Atmospheric Turbulence 
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(7)' Pressure, humidity, air density 

(8) Wind velocity, shear, Richardson ntxaber 

(9) Season, time of day 

(10) Observer altitude 

(11) Terrain 

(12) Lapse rate, gravity waves. 

Sources of Poor Seeing - The following list of four sources of poor seeing 

will establish the environmental conditions under which an earth-based observa- 

tory may have to work: 

(1) Turbulence caused by convection currents - 

daytime phendmenon - can occur at night in 

poorly chosen locations. 

(2) Winds give rise to turbulence near the surface 

of the ground - day or night phenomenon. 

(3) Strong temperature inversion and motion of air. 

Wavelike turbulence exists at the interface 

of two air masses. 

(4) Turbulence caused by air moving past an obstacle 

such as an observatory dome. 

Intensity_Fl.uctations of Laser Ream Due to Atmospheric Turbulence - (Science .-ei:T.i 75 _ - 

Jxperiment 1) - The temporal variations in light intensity (scintillation). due 

to atmospheric turbulence came effects analogous to rapid fading in,radio 

channels. Since, the OTS comnunication channel is polychromatic, i.e., it 
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contains information bearing sidebands, it is necessary to consider the effect 

of atmospheric turbulence on the sideband transmission. The primary effects 

result from the fact that the random intensity and wavefront variations due 

to atmospheric turbulence are frequency dependent. 

If the optical index of refraction of air depends on the intensi'ty 

of the transmitted light, then the above effects will be non-linear, relative 

to the propagated light intensity. 

Some initial work has been done at Perkin-Elmer in improving 

a theory as given by Tatarski. 7 It is known that intensity modulation of 

approximately 100 percent can and often does occur for polychromatic light 

(stars) and that the modulation can be even greater for highly monochromatic 

light (Reference 7, pages 256-257). Thus, scintillation is highly signifi- 

cant. The scintillation power spectrum extends to 500 cps and beyond. 

One can expect significant selective fading under certain con- 

ditions for the following reasons: For non-zenith light paths atmospheric 

dispersion will cause the rays to traverse different regions of the atmos- 

phere and, hence, to be statistically partially independent. For normal 

starlight this effect is observed for M = lOOOA, (e.g., red-yellow-green- 

blue twinkling of stars) in which the refractive index differs only by a few 

parts in 106. For laser light a similar index change can be observed over a 

& %' .OlA, if one operates near a narrow atmospheric absorption resonance 

line. 

These deleterious effects can influence the channel capacity of 

a modulated laser beam. 
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Science experiment (l), page 2-11, has as its goal the meas- 

measurement of the amplitude and frequency distribution of light intensity 

from a coherent source as sensed after passing through the whole atmosphere. 

The data obtained from this experiment will be useful for predicting 

anticipated noise levels and in establishing maximum useful aperture size for 

the OTS system. 

Angle ~ofArrival.Fluctuations of lkser Ream- Steady State Refraction Effects - 

A light ray traveling between earth and a spacecraft will be deflected 

through a slight angle because of atmospheric refraction. Refer to Figure 3-4. 

This effect has long been studied by astronomers since it produces a discrepancy 

Zenith Zenith 

Zenith Distance 

Apparent Apparent 
Position of Position of 
Spacecraft 

spacecraft Spacecraft 

Station Station 

Figure 3-4. Atmospheric Refraction Displace8 True 
Angular Position of Spacecraft 
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between the apparent and the true position of stars. 'Table 3-2(taken from 

Reference 10, page 453) shows that the angular difference between the apparent 

and true zenith distances of a star is strongly dependent on how far off the 

zenith one is looking. At the zenith no refraction takes place, while at the 

horizon the refraction angle exceeds 3Cj arc-minutes. The magnitude of the re- 

fractive error can be seen to increase very rapidly as a zenith angle of 90 

degrees is ap.proached. 

Apparent Zenith 
Angle (Degrees) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

TABLE 3-2 

REFRACTION ANGLE VERSUS APPARENT ZENITH ANGLE 

Refraction Angle 
(Minutes 6 Seconds of Arc) 

0 0.0 

0 5.0 

0 10.1 

0 15.3 

0 20.8 

0 26.7 

0 33.0 

0 35.7 

0 47.9 

0 57.1 

1 8.0 

1 21.4 

1 38.7 

2 1.9 

Apparent Zenith 
Angle (Degrees) 

70 

75 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

Refraction Angle 
(Minutes & Seconds of A.2 _ .- 

2 35.7 

3 30.0 

5 13.1 

5 46.0 

6 26.0 

7 15.0 

8 19.0 

9 40.0 

11 31.0 

14 7.0 

17 55.0 

23 53.0 

33 51.0 
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Since the index of refraction of air depends directly upon its 

density, it is pressure and temperature dependent and tends to decrease 

with increasing altitude. Extremes of atmospheric temperature and barometric 

pressure occurring at a ground station in the arctic versus one in the desert 

could cause a difference of roughly 50 percent between the minimum and 

maximum values of the refraction angle observed for a given zenith distance. 

E,xact analytical expressions 11,12 have been derived relating refraction angle 

to zenith distance but these cannot be numerically evaluated until a density 

versus altitude profile has been specified. The density profile may be derived 

from one of several standard atmospheres or, for very accurate work, must be 

computed from experimental data obtained at the observing site, such as that 

obtained by weather balloons. However, astronomers using single air temperature 

and pressure measurements made at the observing site, together with semi- 

empirical formulas, can predict the refraction angle to within a second of arc 

at zenith distances up to 75 degrees. l3 If this degree of accuracy is indeed 

sufficient (for acquisition purposes), it eliminates the need for the extra 

work required to experimentally determine the local density versus altitude 

profile. 

Only during acquisition at the transmitting ground station is it 

necessary to know accurately the refractive error at a given pointing 

direction. Initially, the position of the spacecraft in the sky is known to 

within a certain angular uncertainty as a consequence of the uncertainty in 

the computed trajectory. The earth transmitter must either floodlight or 

sweep out this area of uncertainty with repeated transmissions to locate the 

spacecraft and initiate a response. Any uncertainty in the transmitted beam 

direction which remains after the correction for refraction angle has been 

made will increase the uncertainty in intercepting the spacecraft and will 

lengthen operating time prior to connnunications. 
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As a simple illustration, consider the following problem. It is 

-anticipated that the spacecraft position at any time can be predicted from tra- 

jectory measurements performed early in flight to within .OOl degree (4.0 arc- 

seconds). This means that the spacecraft is known to be somewhere within a 

square "window" in the sky 4,O arc-seconds on a side. Assume that after pas- 

.sing through the earth's atmosphere the transmitted beam from earth has a di- 

vergence of 3 arc-seconds. In order to guarantee striking the spacecraft, it 

is necessary to cover completely the 4.0-arc-second square window. This re- 

quires four transmissions with the 3.0-arc-second diameter-beam (See ,Figure 

3-5). However, if the instantaneous uncertainty in the transmitted beam direc- 

tion is restricted to even 1.0 arc-second, in any direction, thirty-six trans- 

missions are required. (Since the uncertainty in diffraction angles lies in the 

zenith direction only, rather than in all directions equally, the actual number 

of transmissions would be less than thirty-six). Obviously, it will be easiest 

to acquire the spacecraft when it is directly above the observing site where 

the refraction angle is zero. A careful analysis of this problem would con- 

sider the probability of establishing communications in view of such factors 

as type of search pattern, p robability distribution of beam position, and pro- 

bability distribution of spacecraft position, 

Once acquisition is complete, correction for refraction angle is 

not required during tracking. The ground base telescope is locked on to the 

apparent position of the spacecraft during tracking and the light being traiis- 

mitted from earth is aimed back close to the image of the spacecraft. It, 

therefore, emerges from the atmosphere refracted through nearly the same angle 

as the received beam from the spacecraft, and the refraction error is cancellcd. 
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Certain Area 
of Beam Coverage 
Equals Full Beam 
Crossection 

t- 
4 is. 

-4 

Above - No Uncertainty In 
Beam Direction 

3%. -i 
Dia. I 

Certain Area 
.of Beam Coverage 
Reduced to Area 
of 1.0 sec..Dia., 
Circle 

4 Transmissions 
Required 

36 Transmissions 
Required 

Above - One Arc-Second Uncertainty 
In Beam Position 

Figure 3-5. Number of Uplooking Transmissions to Acquire 
Spacecraft Depends on Uncertainty in Beam Position 
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Only at pointing directions close to the horizon at maximum lead angle might 

a refraction angle correction be conceivably required. For example, in order 

to accounnodate the change in spacecraft position during the la-minute round 

trip transit time at a distance of lo8 miles, the ground transmitter may have 

to point ahead by as much as 30 arc-seconds. A change in zenith distance of 

this magnitude will cause a refraction angle change of 1 arc-second or more 

for zenith distances exceeding about 85 degrees. It is, however, highly un- 

likely that tracking will ever be maintained this close to the horizon because 

of the excessive signal attenuation due to the high scatter and absorption caused 

by the long light path. 

Atmospheric refraction produces some slight lateral shift in the 

position of the beam received from the spacecraft. For example, at a zenith 

distance of 60 degrees the refraction of 100 arc-seconds shifts the beam spot 

along the ground by about 20 meters, which is negligible compared to an expected 

spot diameter of 40 miles. 

Angle of Arrival Fluctuations of Laser Beam - Dynamic Refraction Effects - 

This section will deal with the determination of the angle of arrival fluctua- 

tions of the laser beam due to atmospheric turbulence and the dependence of 

these fluctuations on various system parameters. 

Hufnagel 14 has.shown that the rms one-dimensional position devia- 

tion (at the image plane) of the instantaneous center of gravity of the image 

of a point is given approximately by: 

Q E (<S2 (D)) ) 
112 

; 

3-18 



where (S2) is a function describing the random optical path length fluctua- 

tions between the object and the image forming system; 

F = focal length of the receiver optical system; 

D = aperture diameter of the image forming system. 

The total rms deviatian in two dimensions is fir. 

The function <S2(P)> is the mean squared value of the fluctua- 

tion of the difference in optical path lengths as measured along straight 

lines from the object to two points in the entrance pupil which are separated 

by a distance P. <S2(P)> can be expressed in terms of the statistics of the 

intervening index of refraction. The pertinent statistic is the atmospheric 

structure function or mean squared fluctuation of the difference in index of 

refraction at two points separated by a fixed distance at an average dis- 

tance from the imaging system. The structure function in turn can be related 

to the structure constant and inner scale length of turbulence and local meteoro- 

logical conditions. These parameters,which can be computed from empirical data, 

are averages and considerable departures may occur in individual situations, 

especially near atmospheric inversion layer boundaries. It should be noted 

that there is a rapid decrease in structure constant and a rapid increase in 

inner scale length at altitudes above a few kilometers. 14 This is caused mostly 

by the decreased atmospheric density at these elevations. 

For earth-based slant path viewing of a far extra-atmospheric object 

(plane-wave source) it can be shown that the rms image jitter C/F is approximately 

equal to: 14. 
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Q- N 1.3 x 10 
F = -5 m radians 

D1/6 

where D is expressed in cm and 8 is the zenith angle. 

Refer to Table 3-3 for bounds on the rms angular jitter (angle 

of arrival fluctuations) under airerage seeing aonditions for various zenith 

angles. It is assumed that diffraction-limited optics are employed and that 

the wavaingth, X, of the laser source is equal to 6338A. 

It is important to realize that the above considerations on 

angular fluctuations are used only for the approximate evaluation of the earth 

reception laser communication link case. 

TABLE 3-3 

RMS ANGLE OF ARRIVAL FLUCTUATIONS VERSUS 
ZENITH ANGLE 0 AND RECEIVING APERTURE DIAMETER 

Diffraction Limited 
Beamwidth (Arc-Seconds) 

Receiving Aperture 
Diameter (Meters) 

0 

30 

45 

60 

1.75 0.76 

1.88 0.82 

2.08 0.91 

2.45 1.08 

-- --- 

a- 
RMS Angular Jitter p (Arc-Seconds) 
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Starlight and laser light differ to the extent that laser light is 

essentially monochromatic, while starlight is not. Also, the laser beam has a 

wavefront with finite dimensions. This differs from the astronomical case 

where the wavefront from a star is of infinite extent. 

It is also interesting to note that the angular jitter for view- 

ing through the entire atmosphere will be larger than that encountered from 

mountain top observatories, so that the data in Table 3-3 are "conservative" 

in this sense. 

It will be useful to evaluate the crosscorrelation between 

scintillation and angle of arrival fluctuations and their influence on 

optical communications and tracking performance. Science experiment(l), page 

2-1'4 covers this area of interest. It will provide the first opportunity to 

compare the scintillations of laser light with those of starlight and thus 

check the applicability of astronomical data to the laser communications 

problem. 

Loss of Lateral Coherence - Another optical signal perturbation which is 

caused by atmospheric turbulence 'is the loss of lateral coherence. This 

effect has been shown by Hufnagel 15 to be similar to the degrading effect of 

blur in an image forming system. 

The average lateral spatial coherence M(p) as given in Reference 15 

is: 

M(P) = exp 
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where p is the lateral separation distance; 

k is wave number = 2r(/X; h = wavelength; and 

<[ S(P)] 2> is a function describing the random optical 

path length fluctuations between the object and the receiver 

system. 

Figure 3-6 is a plot of the coherence M(p) computed from 0.5~ 

collimated laser light transmitted vertically downward through the whole 

average earth turbulent atmosphere. 

For this case < [S(p)] 2 > 2 2 x 10-10p5'3 (cm2). 

Some measure of the loss of lateral coherence will be obtained from science 

experiment (1) by comparing reception with varying receiver aperture diameters. 

Loss of Polarization - The contemplated OTS communication system and a possible 

alignment system depend upon the polarization of the laser beam. It is, there- 

fore, well to consider if the whole atmosphere will cause any significant loss 

and change of polarization. 

The degree and the direction of polarization of a laser beam can 

be investigated with a rotating polarizer. Important polarization parameters 

such as the phase difference, the polarization azimuth, and the degree of polari- 

zation can be measured using an analyzer assembly mounted in the path of the 

laser beam. Intensity information can also be measured photoelectrically. With 

the use of a quarter-wave plate the sanoe parameters can.be investigated for cir- 

cularly polarized light. All of this information is of scientific as well as 

engineering interest. Refer to the sumnary of science experiment(:2). 
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Note: M(p) is computed for 0.5~ collimated 
Laser light transmitted vertically ’ 
through one earth’s average daytime 
turbulent atmosphere, but ignoring 
the inner scale of the turbulence. 

1 cm 2 cm 
Separation Distance, p 

3 cm 

Figure 3-6. Average Spatial Coherence Versus Lateral Separation Distance 



Since the atmosphere has a near-zero shear modulus* it causes 

near-zero changes in the polarization state of transmitted light. In recent 

years the sun's magnetic field has been inferred from the polarization of 

light originating in sunspots. The axis of the inferred field is closely 

aligned with the rotational axis of the sun. Also, galactic fields have been 

inferred from starlight. !Phese.data would tend to indicate that the atmosphere 

produces only slight changes (if any) in the polarization state of transmitted, 

partially polarized, incoherent light. 

One possible source of polarization loss might be the orientation 

of anisotropic particles in a preferred direction by wind or gravity. Such a 

phenomenon might be discovered and be of interest. 

Polarization Rotation - The Faraday rotation of the plane of polarization by 

the earth's magnetic field can be computed as follows: 16 

a = pt Hcos 8 

where Q: is the angle of rotation in arc-minutes; 

p is the Verdet's constant for the atmosphere = 6.83 x 10 -6 arc-minutes 

at a pressure of 1 atmosphere and temperature of 0°C; 

t is the thickness of the atmosphere taken as lo6 cm; 

H is the earth's magnetic field in gauss = 0.4 gauss; 

0 is the angle between the light path and the earth's magnetic field, 

taken as 60 degrees. 

* 
The ratio of shearing stress to shearing strain. 
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Therefore, the Faraday rotation a is approximately 1 arc-minute. 

This rotation of the plane of polarization should cause little disturbance in 

the envisioned optical alignment system for the OTS. Refer to the suaunary of 

science experiment 42). 

Antenna Diffraction Pattern - At an earth-based receiver terminal the diffrac- 

tion pattern of the space vehicle transmitter will appear to have a moving 

fine structure (intensity fading) which will be determined in part by the 

structure of the atmosphere and by the aperture size of the space vehicle laser 

transmitter. This fading phenomenon, similar to scintillation, is another 

factor that degrades optical communication. This effect is studied in science 

experiment (1) qnd engineering experiment (13). 

The OTS pointing system will attempt to keep the diffraction 

pattern centered on the receiver telescope to within the free-space nominal 

beamwidth requirement. However, intensity fading may still result, due to 

the perturbations of the position of the diffraction pattern within this 

allowed limit. 

Anomalous Dispersion - The gases composing the atmosphere exhibit anomalous 

d,ispersion in the vicinity of an absorption line. In this region, the index 

of refraction and absorption vary rapidly with frequency. The index of refrac- 

tion is associated with the phase or time delay of the received wavea and absorp- 

tion is associated with the amplitude. ,An analogy may be drawn between the 

anomalous dispersion, absorption of the atmosphere and an electronic narrow- 

band rejection filter. The existence of anomalous dispersion will cause some 

frequency components to be delayed more than others and the absorption will 

cause some components to be attenuated or missing completely; the resultant 

signal will.thus be frequency deficient and scrambled. 
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The index of refraction also varies with altitude since- the con- 

centration of the various gases composing the atmosphere, the temperature, 

pressure, and ionizing radiation vary with altitude. The relative concentra- 

tions of specific atmospheric constituents ,:such as the water and carbon dioxide, 

that are primarily responsible for the absorption lines of interest. varies 

more rapidly than the average density of the atmosphere. A laser beam that 

is not perpendicular to the stratified atmosphere will be bent by the gradient 

of the refractive index with respect to altitude. In addition, since anomalous 

dispersion causes the index of refraction tovary with frequency, the degree 

of bending will also vary withfrequency. The differential bending with 

frequency is analogous to chromatic aberration in optics. 

Normally, one might try not to operate a laser near one of these 

absorption lines. However, there are many lines, closely spaced, so that a 

moderate change in the laser's apparent frequency, such as those caused by 

Doppler shifts, could cause the light beams and absorption frequencies to 

coincide. If frequency coincidence already occurs, small frequency shifts 

will perturb the actual distortion causing the signal distortion co be time- 

dependent. These relative frequency shifts may arise from the relative motion 

of the vehicle or earth to the atmospkre. The former includes Doppler and 

relativistic frequency shifts; the latter absorption shifts are caused by 

atmospheric motion, Zeeman effect and Fizeau-Fresnel drag. 

As an example of atmospheric dispersive effects, consider a one- 

nanosecond pulse of one-micron laser light. This laser pu1s.e duration yields side- 

bands extending beyond one gigacycle per second about each side of the laser center 

frequency. For air at one atmosphere, the average refractive index is N = 1.0003. 
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For a typical absorption line, the refractive index may vary by AN = 3 x 10 -5 

over a frequency difference of about one gigacycle per second. Refer to 

Figure 3-7 for the variation of refractive index of a typical weak absorption 

line. If the laser signal and atmospheric absorption frequencies coincide, 

anomalous dispersion could cause the frequency components of the laser pulse, 

which.&are spread over more than one gigacycle per second, to.experience time 

L delays differing by At = AN C = 0.8 nanoseconds; where L = 8 kilometers 

is the scale height of the atmosphere and C the velocity of light. Thus, 

i. anomalous dispersion in the atmosphere could easily cause the pulse width to 

be approximately doubled. 
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For communications purposes in the OTS program, it is unlikely 

that pulse widths smaller than 50 nanoseconds will be used. Commensurate 

bandwidths will naturally be employed. Thus, the effects of anomalous dis- 

persion will be negligible and almost impossible to detect. There may be 

some other effects, but these must be several orders of magnitude greater 

than the largest effect anticipated from anomalous dispersion, as indicated 

by the discussion in Appendix E. 

Doppler Frequency Shift - Since optical heterodyne detection is a candidate 

for the spacecraft reception technique (refer to engineering experiment (4)), 

it is important to consider the sources and magnitude of Doppler frequency 

shifts. For a low orbit, considerable Doppler shifts (of the order of giga- 

cycles) may occur, and they will occur rapidly. In a deep-space mission 

there also may be considerable Doppler frequency shifts, but they occur very 

slowly. 

The Optical Technology Satellite will be placed in a synchronous 

orbit in which the maximum north-south angular rate will be approximately 7.5 

x 10 -5 radians per second relative to the earth terminal. Thus, there is no 

important Doppler shift to be expected on the OTS program. 

Signal Photon Noise - The maximum information capacity of the OTS communication 

link, or any deep-space laser communication link, is limited ultimately by the 

mean number of signal quanta (photo-electrons) received per second. 17 
R. Clark 

Jones (Reference 18, pages 493-501) has shown that for the case of non-degenerate 

(incoherent) light the maximum information carried by a photon is one bit, pro- 

vided that the a priori probability of the shutter being open at the transmitter 

is one-half. Jones' theory with some modifications may also be applied to 

laser light. 
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For a communication system using polarization to mark the binary 

"one" or "zero" the maximum information capacity of the photon is also one 

bit for a priori equally likely markings.* 

For a deep-space communication channel, there will be a high- 

transmitted power density and, therefore, a large number of photons per 

transmitted bit. At the receiver there will be only a few photons to carry 

the information due to the attendant geometric loss. There will be even fewer 

photoelectrons (received signal quanta) because the quantum efficiency of a 

practical photomultiplier is less than unity. There may be, in addition, 

statistical fluctuations in the quantum efficiency. There is some 

probability, therefore, that no signal photons will be received at all or 

that the received background photons will greatly exceed the signal photons. 

The attendant loss of information is termed signal photon "noise". 

In a microwave (or lower frequency) communications channel, signal 

photon noise is usually small compared with the thermal and Johnson noise. 

Signal photon noise, however, predominates for an optical communication link 

because hv >> kT. 

All of the above signal perturbations must be considered in the 

design of a deep-space communications link. 

* 
For the noiseless case it is possible to send log2 3 = 1.585 bits per photon 
using the following scheme. Let there be three code symbols (a,, a,, at.1 
with equal a priori probability of transmission (l/3). Let the receiver consists 
of an analyzer and two photomultipliers. The analyzer will send a left 
circularly polarized photon into the "left" channel and a right circularly 
polarized. photon into the "right" channel. If code symbol a, is to be 
transmitted, the transmitter closes its shutter. For transmission of ar, a 
right circularly polarized photon is sent with some probability less than 
unity; similarly for al . Then the maximum amount of information per photon 
is 1.585 bits. 
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3.3 BACKGROUND 

It is possible to classify sky background noise in two ways: 

(1) External background noise'arising from extended 

sources.which will fill the receiver beam; 

(2) Rxternal background noise arising from small 

sources which do not fill the receiver beam. 

It is necessary, considering these two background noise factors, to 

know the magnitude and spectral distribution of flux incident upon a detector 

from background sources. The following types of background will be considered' 

in the order indicated: 

(1) Sun 

(2) Moon 

(3) Earth 

(4) Other planets 

(5) The day sky 

(6) The night sky, 

The Sun - The irradiance of the sun just outside the earth's atmosphere is 

1390 watts/m2, and its Spectral distribution at the earth's surface is modified 

by the transmittance of the atmosphere. 

Sunlight Reflected from Moon, Earth, and Other Planents - The spectral distri- 

bution of reflected sunlight is identical to that of sunlight only if the 

reflectance of the object is independent of wavelength. This appears to be 

a fair approximation for several cases. 
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The Moon - The lunar irradiance of the full moon is approximately l/465,000 

that of the sun, or 3.0 x 10 -3 watts/m2 just outside the earth's atmosphere 

,and its spectrum is-essentially that.of sunlight. 19 

The irradiance falls off rapidly as the elongation angle (phase) goes 

from 180 degrees (full moon) to 0 degrees (new moon), The half moon (90 degrees), 

though apparently half the area of the full moon, is only 11 percent as bright. 

This rapid fall off is due mostly to the rough character of the surface,which 

causes it to be more or.less darkened, except when full, by shadows cast by 

surface irregularities. The non-uniformity of the.surface is quite important 

when the receiver's field of view is small. 

The Earth - The earth's albedo (reflection coefficient) may be determined from 

measurements of the earthshine on the moon, and also from estimates based on 

individual albedos of ground, sea, forest, snow and clouds. The actual albedo 

is strongly affected by cloud cover. If an albedo of 0.39 is assumed, the 

irrsdiance of the full earth at the mean moon distance is approximately 0.22 

watts/m2. 

The spectrum of reflected sunlight from the earth is accentuated in 

the blue region. This is due to the fact that there is an increased contribu- 

tion of atmospheric scattering at the shorter wavelength. 

Other Planets ._ - The albedo of various planets is presented in Table 3-4. Venus, 

the brightest planet seen from the earth, has an irradiance outside the earth's 

atmosphere of from 0.46 to 1.15 microwatts/m2. 

3-31 



TABLE 3-4 

ALBEDO OF.VARIOUS PLANETS 

Planets Visual Albedo 

Mercury 0.069 

Venus 0.59 

Mars 0.154 

Jupiter 0.56 

Saturn 0.63 

Uranus 0.73 

The Day Sky - The day sky will exhibit wide variations in radiance and in 

spectral content depending upon the sun's position, weather conditions, and 

receiver orientation. 

When the sun is near its zenith on a clear day, the sky is predominantly 

blue, due to Rayleigh scattering. When the sun is near the horizon, the blue 

component in the sun's rays is severely attenuated from Rayleigh scattering by 

the time they reach an area overhead. Rays are now rich in the red-yellow por- 

tion of the spectrum. Clouds and dust particles illuminated by this light make 

the sky appear red or yellow in hue. The flux density per steradian of the 

2 receiver's field of view IS of the order of 20 watts/m- steradian for a clear day 

sky. 

Let us consider the condition when the receiver's field of view is 

completely filled with a fairly uniform source of radiation (gradientless sky). 

This background condition may be characterized by its flux density at the 

receiver per steradian of the receiver's field of view, i.e., the radiance B 
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of the background in watts/m2 - ster. tier a wavelength interval between x 

and h + & the spectral radiance at the receiver will be designated B A 
watts/m2 -ster-u. If at this h, the radiant sensitivity of a photocathode 

is CY and the receiver light losses are denoted by nt, then the external back- 

ground current IBE(E,s., where (E.S.) denotes extended source, is given by: 

00 

'BE(E.S.) = w an r Bh dh 

where AE is the projected area of the receiving collecting mirror and w is 

the solid angle measure of the receiver's field of view. For the case of 

a conical search pattern, it is convenient to express w in terms of 

the apex angle, 9. For 9 in radians we obtain approximately: 

w = t 92 

Therefore, PO0 

'BE(E.S.) = : AR ' 
2 

J 
Q nr Bh d?.. 

0 

For minimization of background current, it is clear that 9 should be made as 

small as possible, so long as the signal itself is not degraded. 

If light'losses in the receiver are substantially constant over the 

spectrum of czB A' nr can be taken outside the integral. At this point it is 

convenient to define a weighted value of cathode radiant sensitivity as: 

1. 
%E(E.s.) = B 

Then, 

Ir 
'BE(E.S.) = 4 nr AR ' 2 SE B. 
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To calculate IBE(E.S.), one must know B and G BE(E.S.) for the particular 

background. As an example, for clear day sky a typical B is 20 watts/m2 - 

steradian-i 

Table 3-5 gives the radiance of several background sources. The 

information contained in the table is adequate for performing initial feasi- 

bility investigation of an optical communication system when limited by radia- 

tion frorr these background sources. 

T&E 3-5 

SPECTRAL RADIANCES OF TYPICAL OPTICAL NOISE SOURCES 
(In watt*/cm2 -ster-angstrom) 

.-. 

8 Moon 
x 10'6 

Zero Magnitude Sunlit Earth 
Star* x lo-l5 x 10-5 

' Night Sky 
CJavelenRth (A) Sun ;a:o%Y 1 x 10-14 

3000 0.081 0.12 0.34 0.001 0.0055 1.4 

4000 0.222 0.34 0.83 0.118 0.053 1 1.3 

5000 Os3’0 i om47 1.16 0.170 0.035 2.0 

6000 0.272 0.41 1.04 0.173 0.019 5 -'-- 

7000 0.214 0.33 0.80 
I 

0.157 0.012 .- : - 

8000 0.168 i 0.26 0.63 0.132 0.0065 -.-- -1 
9000 0.132 0.20 0.50 0.110 0.0032 e 

10000 0.108 0.16 0.41 0.0875 0.0025 

The Night Sky - The spatial distribution of stars has been well documented in 

the literature. Combining this data with some assumptions on the average 

spectrum of stars allows one to determine in a statistical manner the effect 

of this background. 

%atts/cm2-angstrom. 
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The stellar magnitude, M, of a star or other heavenly body is 

defined as: 

M = MO - 2.51 log I 

where I is a measure of the brightness of the object and MO is a reference 

magnitude. This brightness measure is taken with a detector whose response 

peaks in the blue part of the spectrum. This formula is applicable to a visual 

observation of a star. To convert from stellar magnitude to photoelectric 

magnitude it is necessary to determine the color index for the stars of interest. 

Most of the irradiance from stars comes from those whose magnitudes 

are larger than 5. Very bright stars contribute little to the total irradiance 

because there are so few of them. 

The amount of light from stars is a function of galactic latitude 

since the density of stars is a function of galactic latitude. More than five 

times as much light comes from latitude 0 degrees as from any latitudes above 

60 degrees. 

The brightness of any star compared to the sun can be expressed as: M ‘- M -. I= - Is 10 [ 1 25.51 

Since the sun's visual magnitude is -27, a first magnitude star would be only 

6.3 x lo-l2 times as bright. The total light from a hemisphere of stars is 

approximately equal to that from 1440 first-magnitude stars. 20 This means 
-12 

that the light from a hemisphere of stars is 1440 x 6.3 x 10 = 9.2 x 1o'g 

times that of the sun. 
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If the spectral irradiance of a star at the receiver is bh, the 

background current which results is 

'BE(E.S.) = 

cx3 

a nr bh d?. 

Assuming again that nr is flat over the spectrum of bh and defining the 

weighted cathode radiant sensitivity for the source as 

%E(E.S.) = $ a bA d?. 

the equation for external background current (small source case) becomes: 

'BE(S.S.) = nr AR %E(S.S.) b 

Where b is equal to the irradiance of the star in watts/m2. Table 3-620 gives 

irradiance for some possible discrete sources (stars of various magnitude). 

The irradiance values listed are for a receiver just outside the earth's 

atmosphere. 

Background - Thermal Noise and Photon Nc)gs? - From an optical communications 

standpoint the major contribution of background radiation to noise is due to 

the fluctuations in the rate of arrival of background photons, i.e., shot 

noise. Thermal noise will be present whenever background radiation isreceived, 

but, at optical frequencies where hv>>kT, the thermal noise power is much less 

than the background shot noise power. Strandberg has shown that the total 

background power spectral density q(v) is given by: (Reference 21, pages 617- 

620, and Reference 22): 
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hv 
+ hv 

When hv >>kT, the first term (thermal noise) becomes much smaller than the 

second term (shot noise). 
-___-- .-.. - __-. _ .-. --.-_ -.---.. -.. -..- .- .~ 

TABLE 3-6 

IRRADIANCE VALUES JUST OUTSIDE THE 
EARTH'S ATMOSPHERE FOR SEVERAL SOURCES 

Source 

Sun (M = 26.7) 

Moon 

- 
I 

Venus 

Stars 

M: -2.0 

-1.0 

1.0 

3.0 

5.0 

7.0 

9.0 

11.0 

13.0 

15.0 

17.0 

19.0 

21.0 

Because- of- the- way in w h 

Irradiance (Watts/m2) __ '-I.FTmY-'. i;-- 

1390 

3.0 x lo-3 
0.4 to 1.2 x 10 -6 

1.83 x 10 -7 

7.27 x lO-8 

1.15 x io-8 

1.83 x 10" 

2.90 x lo-lo 

4.60 x 10 
-11 

7.27 x lo-l2 

1.15 x lo-l2 

1.83 x LO-l3 
2.90 x 10 -14 

4.60 x lo-l5 

7.27 x lo-l6 

1.15 x lo-l6 

Spectrum 

Typical Solar Spectrum 

Approx. Sunlight 

Approx. Sunlight 

Sunlight* 

4 

I&magnitudes are defined and measured, the irradiance 
values given apply only to stars whose spectra are the same as sunlight. 
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The effect of shot noise on the output signal-to-noise ratio 

depends, of course, on the message encoding scheme. It is interesting to note 

that the optimum radio frequency communications system, from the point of view 

of noise irmaunity, is not necessarily the best one at optical frequencies. 

Reference to Figure 8-12 in this report shows that, in the presence of a given 

background photon reception rate, a pulse position modulation system in which 

the highest received pulse marks the pulse position requires far less signal 

power than pulse code modulation to maintain the same output signal-to-noise 

ratio (received error rate). This result is remarkable, since the reverse 

is true for radio-frequency communications. The reversal is directly traceable 

to the reversal of the hv and kT inequality. 

Further discussion of the effects of background shot noise will 

be found below. For a small background photon arrival rate Poisson statistics 

are preferred over Gaussian statistics for a realistic analysis. As the back- 

ground photon arrival rate increases it will be noted that the minimum signal 

photon rate required for a given error rate asYmPtoticallY approaches a linear 

relationship with the square root of the background photon arrival rate. This 

is to be expected since the Poisson statistics approach Gaussian statistics 

for large means. 

Background - Source Fluctuations - Another possible source of unwanted noise 

that can degrade the performance of an optical communication and tracking sys- 

tem is source fluctuation,or variation in the spectral irradiance from various 

celestial backgrounds. 

The varying or a-c noise portion of the spectral irradiance from 

the various celestial backgrounds (sun, planets, satellites of planets, stars 
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galaxies, and clusters of stars) is passed by a receiver's a-c intermediate 

frequency amplifiers and its preamplifiers. This situation can be ameliorated 

somewhat by optical spectral filtering, pulse coding and decoding techniques, 

and electronic frequency filtering. 

In Reference 23 experiments are described which were conducted to 

determine the percentage of a-c noise value (or modulation) in steady-state 

solar irradiance in the visible spectrum as a function of frequency. This 

percentage is applicable either to the sun or to the solar-reflection irradiances 

of planets and satellites of planets of the solar system. Modulation noise 

was measured over a frequency range of approximately 40 cps to 50 kilocycles. 

The data indicates that the noise spectrum falls off by an order of magnitude 

for every lOO-cps increase in frequency. This result appears to be in rough 

agreement with work done by Chatterton (Reference 24, pages 43-44). 

Typical modulation ratios of around 0.1 percent in the frequency 

range 50-1000 cps based on measurements by Cilmore (Reference 25, page 3) were 

not borne out by work reported in Reference 23. It appears that University 

of Michigan's measurements tend to agree more with those reported by Chatterton. 

Chatterton's data, derived from measurements in the infrared region of the 

spectrum, indicate modulation ratios smaller than 0.1 percent by one or more 

orders of magnitude. 

It has been pointed out that frequency dependence and magnitude of 

the modulation indices of the observed solar modulation are very similar to 

that produced by scintillation. 23 It is possible that the observed modulation 

is due to the scintillating effect of the atmosphere and not to variations in 

the sun's radiance. Further experimentation is needed to determine the extent 

scintillation contributes to solar radiation modulation. 
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In any event, this possible source of background fluctuation 

will degrade performance of an optical communication and tracking link. 

Detector Noise - Detector noise may be, considered as an internil noise in a 

communication link. The major components of this source of noise are: 

Johnson noise, current noise, g eneration and recombination noise, and shot 

noise. 

Johnson noise is due to the resistive component of the detector 

and is equal to: 

NJ = 4K TRaf 

where Af is the bandwidth of the circuits measuring the.noise; T is the 

.absolute temperature of the detector; and K is Boltzmann's constant. This 

noise can be minimized by cooling the detector. 

Current noise has been shown to be related to an appropriate 

power of the total average current through the detector, the sensitive area 

of the detector, the detector thickness, and modulation frequency. This 

noise appears to be insignificant for high modulation rates. 

Generation and recombination noise is a characteristic noise in 

semiconductors which is caused by the rise of valence-band electrons in the 

conduction band and also by the recombination of electrons and holes. This 

component of noise can be neglected provided that the product of modulating 

frequency and carrier lifetime is much greater than one. 
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Shot noise due to the discrete nature of the electron charge is a 

component that cannot be neglected. This noise depends on the total average 

current y through the detector, which consists of the average signal current 

i, the average background noise current TD, and the average current which 

flows through the detector in the absence of any input, i.e., the average dark 

currentr D' The shot noise,Nshot,is equal to: 

N shot = 2q I Af. 

The dark current noise,ND,is equal to 

ND = 2q TDAf. 

Since the nature of noise caused by background radiation and the 

detector is fairly well understood, it will be very interesting to compare the 

results of the Optical Technology Satellite experiments with the results expected 

from theory and the known amounts of background. 
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SECTION IV 

HETERODYNE AND INTENSITY DETECTION OF LASER LIGHT 

This section deals with a comparison of optical detection and 

microwave detection for both the up-and-down-looking communication links. 

The effect of atmospheric turbulence on optical heterodyne detection on earth 

is considered, An evaluation is made of the loss in received signal power 

produced by turbulence-induced phase fluctuations over the receiving aperture. 

Finally, the pros and cons of optical heterodyne detection and 

intensity detection for use on earth or in space are discussed. 

4.1 COMPARISON OF OPTICAL DETECTION WITH MICROWAVE DETECTION 

From quantum mechanical considerations it has been shown that an 

ideal linear amplifier has an inherent noise of h v watts/cps referred to the 

input. 22 The total noise power spectral density q(v) is given by: 

Jr= hv + hv 

The first term is the thermal noise (one dimensional black-body radiation) from 

the source at temperature T. The second term represents the minimum additional 

noise due to quantum effects and, for the laser case, is usually ascribed en- 

tirely to spontaneous emission in the amplifying medium. For the microwave 

detection case hv << 1, and, therefore, the thermal noise predominates 
KT 

and the system is receiver noise limited. For the optical case hV/KT >> 1 
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and, therefore, thermal noise virtually disappears and $-w hy; hence, the 

system is photon shot noise limited. 

4.2 EFFECT OF ATMOSPHERIC TURBULENCE ON OPTICAL HETERODYNE DETECTION 

Loss of Signal Power - One principal reason heterodyne reception is desirable 

is that it should permit narrow-band, photon-noise-limited operation with 

solid-state detectors. 

For an earth-based reception system, heterodyne detection of 

transmission from a deep-space vehicle becomes difficult for large receiver 

telescope apertures. This is because there exist random phase differences 

among the light wave fronts in various parts of the telescope aperture due to 

atmospheric turbulence. Heterodyne reception depends upon phase coherence 

between the local oscillator and the signal and it is difficult to compensate 

for a multitude of different phases across the aperture. The heterodyne 

detector system, as illustrated in Figure 4-1, converts a steady signal into 

a much weaker and noisier signal because the voltage due to various portions 

of the wavefront would add and subtract randomly. Also, even assuming a uni- 

form wavefront, there is the problem of generating a constant-amplitude local 

oscillator signal. 

In a case similar to that of the microwave, an optical heterodyne 

receiver provides a signal amplitude proportional to the integral of electric 

field over the aperture for an undistorted wavefront. Consequently, the afore- 

mentioned random spatial variation in amplitude and phase will reduce the re- 

ceived signal power. 
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Figure 4-l. Optical Heterodyne Detection 

Employing an analytical approach by Gardner 26 that was utilized 

to evaluate optical heterodyne detection performance for horizontal line-of- 

sight transmission above the earth, a modification of the analysis was made 

so that performance could be assessed for the case of vertical downward laser 
0 

transmission at 6328A through the atmosphere to an earth receiving station. 

Reference 27 provides data on the magnitude of atmospherically caused phase 

fluctuations for this case. 

The resulting signal power loss (in db which.is equal to 10 loglo( 

where 7 is defined as the ratio of the actual received detector signal power to 

the corresponding power received with no phase fluctuations) increases very 

rapidly with increasing receiving aperture. 

For receiver aperture diameters D greater than approximately 7 cm the 

loss factor is: 7 d a/D2 

where cr = 8.8 x 10s3 and D is expressed in meters. 
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The results presented above tend to be in good agreement with 

those based on typical astronomical resolution. For the astronomical case a 

diameter of lo-to-15 cm is the point for which diffraction-limited resolution 

approximates atmospherically limited resolution. 

27 
It is of interest to note that Fried and Cloud have suggested 

that if the local oscillator wavefront in an optical heterodyne detection 

system could be made to track the average tilt of the distorted wavefront, 

efficiency of heterodyne reception could be made to saturate at larger re- 

ceiving aperture diameters than predicted. 

The 'average signal power loss computed above neglects all effects 

caused by.motion of transmitter and receiver. Therefore, a calculation of 

average signal power loss based upon this static model represents an optimis- 

tic estimate since any motion can only result in further loss of signal infor- 

mation. Also zenith angle dependence must be taken into account to evaluate 

performance under slant path conditions. 

It appears from the above considerations that optical heterodyne 

detection, although highly attractive, may be extremely difficu.lt to accomplish 

on earth with large receiving apertures. On the ground an intensity detecting 

receiver of large aperture may turn out to be more efficient than the optical 

heterodyne system. 

4.3 OPTICAL HETERODYNE DETECTION AND INTENSITY DETECTIOSJ 

Advantages and Disadvantages 

The optical heterodyne signal-to-noise ratio will be reduced if the 

receiver is not diffraction-limited or if a pointing error larger than the 
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diffraction limit exists. This reduced value of signal-to-noise ratio is equal 

to that applying to a smaller diffraction-limited aperture under the same disturb- 

ing conditions. Also, the signal-to-nois,e ratio decreases with QDL/, MAx where 

$h is the diffraction-limited angle and emaX is the maximum error angle. 

Optical heterodyne detection can in principle always reach the 

theoretical maximum signal-to-noise ratio in deep space where diffraction- 

limited operation is required for other reasons, because phase front distortions 

are minimal., As noted above, on the earth's surface where the atmosphere dis- 

turbs the transverse coherence of the beam near the receiver, there is a maxi- 

mum diameter beyond which diffraction-limited wavefronts cannot be utilized. 

An intensity detecting receiver of large aperture and poor point- 

ing accuracy may be a good choice for the earth-based receiver. 

Optical heterodyne detection is attractive since the technique can 

reduce noise originating in the detector to a level less than the signal shot 

noise. Also, by using heterodyne detection, the effect of background radiation 

shot noise such as earthshine or sky 1Fght can be minimized by use of post- 

detection filtering. Doppler velocity information may also be obtained by 

sensing the Doppler shift of the optical carrier. 

Essential elimination of detector noise is afforded in a heterodyne 

system by insuring that the noise due to the local oscillator is greater than 

the detector noise. 
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This is accomplished by making the local oscillator power Go,large. 

The detected signal power increases linearty with local oscillator power, so 

the only remaLning sources of noise are background noise which falls into the 

post-detection bandpass Af and quantum noise, -f.e., signal noise. 

As an example, suppose that the received signal power, is, is 

4 x lo-l2 watts rms and the detector noise power, pd, is 10 -8 watts. The 

quantum efficiency is q, and ?bis the received background power. The signal- 

to-noise ratio is a function of local oscillator power and received background 

power (among other parameters) so it may be written functionally as: 

According to Brinkman (Reference 28, pages 7-l to 7-24): 

;("o ; 'b) = hyAfCPs + ;':iq + Fdj+IlgbFo -.- 

The ultimate signal-to noise ratio is still a function of received 

background power, even when the local oscillator power is increased without 

limit. 

Thus : 

Very large local oscillator power is impractical, since it will burn out the 

photomultiplier, One might desire to make the local oscillator power large 

enough to obtain a signal-to-noise ratio within m7. of the ultfmate. 

Thus: 
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Substitution from the two preceding equations into the above yields: 
* 

F, = 
mh+f(F s + Pb + PO - - ) 
(100 : m) bAf + q :b) 

This PO* is a function of 5' 
b' 

so it may be written P -o* (I;,). 

Let us choose two cases when p = 5 (i.e., S/N = 1) and h, = 0, and let m = 90. 
b s 

One obtains: S -* 
N (cm; 4 x 10-12) = .86 , '0 (4 x lo-12)= 1.27 x 1O-8 watts 

s (00; 0) = 6.2 -8 
, GZ (0) = 9 x 10 watts 

N 
me notes that less local oscillator power is required to obtain 90 percent of 

ultimate S/N in the presence of received background noise power than when the 

background noise power is zero, but the S/N for the two cases is different! 

The natural choice is the larger local oscillator power, obtained by assuming 

that the background power is zero. 

Turning attention to intensity detection, detector noise can be 

substantially reduced in the visible region by using low noise photomultipliers. 

In the IR region detector noise can be made negligible by employing cyrogenic 

cooling. 

The minimization of background.radiation in a heterodyning system 

can be accomplished by ensuring that the local oscillator power is larger than 

the background noise power at all signal image spots, and by the use of narrow- 

band post-detection filtering. The noise contributions that will remain will 

be the shot noise of the signal and the minimum background.radiation, 

The minimization of background radiation in an intensity detection 

scheme can be accomplished by using narrow-band pre-detection filtering, as 

with Lyot filters. However, reliable intensity detection with large field angle 

and large apertures requires sophisticated narrow-band filtering. 
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The anticipated Doppler shift for low orbits (in the vicinity of 

100 n.m.) is from 3 to 30 knm/s and dictates a requirement of either multi-band 

local oscillator or transmitter or very broadband photodetectors for a hetero- 

dyning application. In addition, mode and frequency control of the lasers would 

be necessary. 

0 
The engineering decision for heterodyne and intensity detection 

for ultimate deep-space communications will have to be made in light of the 

above considerations and their system implications. Engineering experiments 

(k) and 6) will provide sorely needed data to permit the choice of an optimal 

detection system. 
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SECTION V 

ACQUISITION EXPERIMENTS DISCUSSION 

5.1 TRE EFFECT OF BACKGROUND ILWMINATION ON 
DOWN-IGGKING ACQUISITION AND TRACKING 

Ground beacon power and beam width requirements depend directly 

on the minimum signal-to-noise ratio at which acquisition and tracking by the 

spacecraft can be performed. As the spacecraft views the earth, the largest 

source of background noise is earthshine, or reflected (and re-emitted) solar 

energy. Starlight is a second noise source which is small compared to the 

earthshine contribution in most instances. 

The amount of energy reflected from the sunlit earth towards the 

spacecraft varies over several orders of magnitude and depends upon many fac- 

tors. Some of these factors are: 

(1) The reflectance of the ground cover which can vary 

by a factor of 15 to 20. 

(2) The extent.to which reflecting surfaces act as specu- 

lar or lambertian reflectors. 

(3) The extent and type of cloud cover. 

(4) The phase of earth illumination by the sun. 

(5) Atmospheric absorption which depends upon the eleva- 

tion and azimuth positions of both the spacecraft and 

the sun. 
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(6) Atmospheric scattering which depends upon the size 

and distributions of particles suspended in the 

atmosphere. 

The noise due to earthshine cannot be easily computed with any 

'exactitude because of the complexity of these factors. However, even when 

allowance is made for a wide margin of error, calculations make it quickly 

apparent that any attempt to view the ground station in the presence of earth- 

shine will require careful steps to limit noise. 

Two means are used to reduce the noise incident in the photodetec- 

tors in the laser receiver system. The first method of reducing earthshine 

noise is to use a pre-detection filter. The laser beam received by the space- 

craft passes through a narrow-band pre-detection filter which has as narrow a 

bandwidth as possible. A bandwidth varying from 0.i to 10; can be obtained, 

dependent upon the type of filter used. Lyot filters have been made with a 

bandwidth as narrow as 118; while thin film dielectric filter bandwidths have been 

made as narrow as 5i. Mica filters have a transmission paseband of fi. A second 

method involves reducing the field of view of the receiving telescope to the 

limit imposed by servo-dynamic performance in an effort to reduce earthshine 

contribution to noise. This is accomplished by introducing a field stop into 

the very fine pointing beam. When acquisition is complete, the field of view 

is reduced to several seconds from the l-degree field of view, thereby increas- 

ing the signal-to-noise ratio and the communication bandwidth. During acquisi- 

tion the signal-to-noise ratio is necessarily lower due to the wider field of 

view required.. 
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The extent to which acquisition and tracking will be affected by 

the background illumination encountered during a deep-space mission must be 

demonstrated by the OTS. Specifically, two questions must be answered: 

(1) How large is the variation in signal-to-noise ratio 

due to the noise contribution of earthshine and star- 

light for a variety of observing conditions? 

(2) How do the tracking and acquisition functions deter- 

iorate as the signal-to-noise ratio is lowered? 

In order to answer these two questions, signal-to-noise measure- 

ments should be made aboard the spacecraft and telemetered to earth. Follow- 

ing the basic acquisition and tracking demonstrations which will take place on 

a moonless night (maximum SNR), acquisition and tracking operations will be 

performed at different times of the day and night to determine the natural 

variation in signal-to-noise ratio due to the variation in earthshine. 

The signal-to-noise ratio detected aboard the OTS relatively close 

to earth will be much higher than levels typically encountered in a deep-space 

mission. Two means will be used to simulate the reduced signal-to-noise ratio 

.likely to occur at distances up to lo8 miles from earth. Various neutral dene- 

ity filters can be introduced which will attenuate the ground laser beam. At 

no timg will an appreciable star field be observable from the OTS because of 

the comparatively close range. In order to simulate the optical noise of the 

stellar background seen during acquisition in deep space, a small mechanical 

collimator'having a l-degree field of view could be mounted aboard the OTS 
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pointing away from earth. A beam-splitter might be used to transfer the atel- 

lar energy directly into the main optical beam of the spacecraft. However, 

the complexity involved in this apparatus does not justify its existence aboard 

the OTS. The noise that would be present may be calculated and simulation of 

the starfield will not be provided. 

In addition to studying the effect of earthshine and starlight on 

the acquisition and tracking capabilities of the spacecraft, some attention 

should be given to the ground station receiver which is subject to noise from 

three sources. These are: sky luminance, starlight, and planetary albedo 

when the planet is viewed together with the spacecraft. Signal-to-noise meas- 

urements made with the ground-based receiver can be useful in determining the 

noise contributions of the first two of these sources, while simulation of 

planetary albedo background is possible with an OTS in synchronous orbit, when 

the earth's moon appears behind the satellite. When tracking the OTS in the 

vicinity of different planets with the ground-based receiver, it should be 

possible to make separate estimates of the noise contribution in order to ac- 

curately predict system performance in the deep-space situation. 

5.2 ACQUISITION TO 1 DEGREE 

Previous work indicates that the most stringent conditions for 

acquisition exist at maximum range (lo8 miles for a deep-space vehicle) and 

with maximum earthshine. These conclusions are based on the fact that signal 

power level is minimum and, hence, its associated quantum noise is maximum; 

additionally, photosensor and electronics noise is largest relative to the 

signal received. The addition of earthshine background adds to the quantum 



noise and reduces the signal-to-noise ratio substantially even when narrow- 

band pre-detection filtering is incorporated. The location of the apparent posi- 

tion of earth could possibly be eased by detection of earthshine. However, 

for many portions of vehicle trajectories the phase of earth illumination may 

be such that earthshine is substantially reduced. Computation of the probable 

stellar irradiance per square degree leads to the significant conclusion that 

only modest S/N reductions are to be expected due to relatively large stellar 

fields in the earth's background. Whether an earth beacon is directly sought 

05 alternatively, the earth location is sought through earthshine detection 

followed by beacon search, the field of view during search can thus be reason- 

ably large, the search time can be minimized, and the scanning operations simp- 

lified. 

If it is now assumed that the vehicle positlon relative to earth 

can be accurately predicted prior to launch and trajectory computations refined 

by post launch tracking data, then it appears reasonable that the earth beacon 

can floodlight the expected region of vehicle positi.on with a reasonable power 

density to allow detection by the vehicle. While the vehicle might search for 

this beacon by scanning in all directions; the scan time would be unreasonably 

large since there are over 40,000 regions of one square degree area in a sphere. 

A more logical approach, which achieves tremendous scan time reduction, involves 

a vehicle stored program which predicts the angular distance between the earth 

and the sun as a function of trajectory time. With such a program available, 

the vehicle would simply search for the sun, offset its optical receiver's line 

of sight from this reference direction by the predicted angle, and roll about 

the reference direction while searching for earthshine and/or earthbeacon signal. 
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With a one-degree search field the scanning time would be reduced to 360 rather 

than 40,000 sectors and the predicted angle need,only be'accurate to approxi- 

mately one-half degree. Additional advantages of this approach are that ve- 

hicle power required for the search operation is reduced and the stored angle 

indicates the proximity of the earth to the sun. This latter information can 

be used either to avoid operations where damage to the system by direct solar 

power is likely or to narrow the FOV as coronal background light increases 

(and/or to turn off an earthshine detector if used). For the case of maximum 

earthshine and a range of lo8 miles, the signal-to-noise ratio (for video de- 

tection) will be low and, since the earth subtends only 16 arc-seconds, no sig- 

nificant S/N improvement will result as the field is reduced from one degree 

to the earth's angular subtense. Further field restriction, if practical, will 

increase S/N ratio or alternatively allow bandwidth increase for the same S/N 

ratio to reduce small-amplitude higher frequency pointing errors which other- 

wise become more effective in producing target loss for narrower fields. Since 

total earthshine introduces essentially all quantum noise under the assumed con- 

ditions, a field restriction from 16 to 8 arc-seconds will reduce quantum noise 

by a factor of two and allow bandwidth to be increased by a factor of four. 

There are no apparent methods of avoiding the degrading effects of earthshine 

except the following: 

(1) Increase the ground beacon laser power or reduced 

beacon beamwidth to increase received power density. 

(2) Increase vehicle receiver aperture to reduce quantum 

noise associated with earthshine and, in addition, 

to obtain greater signal power at the vehicle's track- 

ing sensor. 
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(3) Resort to low duty cycle high power ground laser 

pulses to minimize earthshine effects on S/N ratio. 

This approach is discussed elsewhere. 

(4) Develop detectors of higher quantum efficiencies. 

(5) Utilize low spectral bandwidth detectors and oper- 

ate at wavelengths where earthshine contribution 

is reduced. 

Reduction of beacon beamwidth is only possible if the vehicle posi- 

tion uncertain:y region can be minimized. While atmospheric spreading effects 

will form an ultimate beamwidth reduction limitation, the position of a deep- 

space vehicle could be more accurately established if the vehicle could flood- 

light the expected position of the earth and allow earthtracker lock-on. The 

O.l-arc-second beamwidth vehicle transmitter which normally transmits at a 

107-cps data rate could be used to transmit a floodlight beam at a lower data 

rate of approximately 10 cps and a beamwidth 1000 times greater or 100 arc- 

seconds, a value clearly large enough to avoid the 36-arc-second point ahead 

problem. ,The received data would indicate, for example, non-systematic re- 

fraction angle component of the earth's atmosphere and allow ground beacon 

beamwidth reduction through better vehicle position determination. 

Since no approaches competitive with the foregoing one have evolved 

in the course of this study, the following paragraphs are limited to consider- 

ing the requirements for demonstrating the technique with an Optical Technology 

Satellite.- 
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Let us first examine the case of a deep-space vehicle for the para- 

meters assumed in Table 5-l. 

TABLE 5-l. Assumed Deep-Space parameters I 

Ground Laser 
- 

Earth Beacon Beamwidth 

Range 

Vehicle 

Atmospheric Transmission 50% 

--------------- 
8400A, 4 watts average power pulse 
operation 

5 arc-seconds with diffraction- 
limited intensity distribution 

lo8 miles 

G pre-detection filter, 33% trans- 
mission, 50% optical attenuation, 
32-inch diameter aperture (0.5 
meter2) 

The signal power density at the receiver will be 7.3 x lo-l8 watts/ 

cm2 corresponding to a received power of 3.6 x 10-14. The signal power at the 

detector is 0.6 x lo-l4 watts or 2.82 x lo4 photons per second. The number of 

photocathode electrons/set from a 0.4 percent efficient Sl phototube will be 

113, corresponding to a S/N ratio of 7 at 1 cps.* The dark current of the 

cooled (-70°C) photosensor (EMR 543C) will be 5 x 1O'11 amp, which is equiva- 

lent to a background of lo-l4 watts. Earthshine input at the detector will 

be approximately 468 x lo-l4 watts, a value 780 times the signal power, which 

would tend to lower the S/N ratio by a factor of approximately 27.9. Operation 

of the beacon at 0.1 percent duty cycle (if possible) would reduce this factor 

to 1.6 at the cost of increased bandwidth and synchronous gating. A starfield 

background of 1 degree would produce an additional power input of 0.42 x lo-l4 

watts which, like detector dark current equivalent, is small compared to 

earthshine contribution and can be neglected. 

*Refer to Equation 5, page 7-5.or Figure 7-14, page 7-8. 
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Consider next the case of a synchronous earth satellite with the 
. 

assumed parameters of Table 5-2. 

TABLE 5-2. Assumed Satellite System Parameters 

Ground Laser 

Earth Beacon Beamwidth 

Albedo 

8400; 
4 watts average power 
pulse operation 

5 arc-seconds with dif- 
fraction-limited Fntens- 
ity distribution 

18,000 miles 

1; pre-detection filter, 
33% transmission, 20% 
optical system transmis- 
sion 
12-inch diameter aperture 
(.07 meter2) 

0.36 

Assuming a lambertian earth reflectance in a one square degree 

field of view, the earthshine will be 3.53 x 10' watts/steradian/f;/degree2 

and the power density at the receiver aperture will be 4.21 x 10 -6 watts/meter2/i. 

The signal power density at the receiver will be approximately 2.5 x 10 -6 watts/ 
2 meter . The signal and- earthshine powers at the detector will be 1.2 x 1Om8 

watts and 1.9 x 10 -8 watts, respectively., indicating a signal-to-noise ratio 

of 20 at 10 6 cps without earthshine. A signal-to-noise ratio of 20 at 100 cps 

can be obtained with about 10 4 times less beacon power without earthshine or 

with about lo2 times less power with earthshine. Hence, ground station power 

in the order of milliwatts should suffice from a signal-to-noise standpoint. 
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Practical considerations (viz: saturation of photosensor on high earthshine) 

may require a higher beacon power which is easily obtained from available 

lasers. Moreover , pulse duty cycles in the order of 50 percent through opti- 

cal chopping should suffice. 

The FOV restriction from 1 degree to 2 arc-minutes* should reduce 

earthshine by a factor of.900 to 2.11 x lo-l1 watts allowing an equivalent 

ground station reduction in signal power to 1.33 x lo-l1 watts at the detector 

for a S/N of 20 at 1,111 cps. An uncooled EMR 543C phototube has a dark cur- 

rent equivalent power of 2 x 10 -8 which has the effect of maintaining photon 

noise constant during the foregoing signal power reduction. The S/N ratio 

thus drops by a factor 900 to 20 @ lo6 cps or 
900 

p @ lo2 cps or 22 @ 1 cps or 

6 @ 16 cps, a value reasonably close to the deep-space conditions, where the 

dark current of the phototube is used to simulate earthshine noise. PMT cool- 

ing to reduce dark current could be used to allow further degradations by higher 

ground signal attenuation. If cooling to -70°C is feasible, for example, and 

the signal is reduced by a factor of about 500, then the signal and earthshine 

will be approximately 4 times that for the deep-space mission, so that a degree 

starfield input could result in conditions where the expected S/N ratio is l/2 

@ 1 cps. These figures are summarized in Table 5-3. 

Two approaches to search are possible. These are: 

(1) Point at Nadir (rather than the sun) with an IR 

sensor and rotate about this reference with an 

offset of up to 10 degrees (l/2 earth's subtense 

for synchronous satellite). This method involves 

Corresponding to the tentative satellite implementation. 
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TABLE 5-3. Comparison of Deep-Space and Satellite 
System Signal-To-Noise Ratios 

Signal Power at 
Detector (Watts) 

PMT. Equivalent 
Input (Watts) 

Earthshine Power 
at Detector (Watts) 

Star Power at De- 
tector (& FOV) 
(Watts) 

S/N 

Laser Power (50% 
Duty Cycle) 

FQV 

Aperture Diameter 

I - ---- _, . i  _ ---.. .- 

1 
Deep Space 

6 x lo-l4 

lo- l4 @-7o"c 

5 x lo-l2 

.42 x lo-l4 
(1 deg) 

7/28 @l cps 

4 watts 

1" 1" 

32" 12" 
-. - 

_ _ . - -.--. _ --- _ 

2 
Satellite 

1.2 x 1o-8 

2 x 1o-8 @25Oc 

1.9 x 1o-8 

.42 x lo-l4 
(1 deg) 

10 @lo6 cps 

4 watts 

3 
Satellite 

1.33 x lo-l1 

2 x 1O-8 @25'C 

2.2 x lo-l1 

.42 x lo-l4 
(1 deg) 

22 @1 cps 

4.45 mw 

2 arc-minutes 

12" 

4 
Satellite 

2.66 x 10 
-14 

lo-l4 ~OGC 

22 x 10 
-12 

1.68 x 10 
-14 

U2 deg) 

l/2 @l cps 

8.9 ,& 

2 arc-minutes 

12" 

NOTE: If a satellite aperture diameter of 32 inches (rather than 
12 inches) is considered, the power inputs for the signal, 
earthshine, and stellar field would increase by a factor of 

about 7. The effect would be to raise the indicated values 
of S/N (in columns 1; 2 and 4) by a factor of about J,6 
For the conditions of column 3, the S/N ratio would increase 
by a factor of 7 because of the predominating and unchanged 
value of Pm equivalent inputs. 
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Report No. 7845 

low rates of change of the offset angle but requires 

search for the earth by an IR sensor which is undesirable. 

(2) Point at the sun which is visible to the satellite over 

95 percent of the time (at the synchronous altitude and 

at the recommended inclination angle) and scan about 

this reference direction. While higher offset angle 

rates are anticipated, the method better duplicates the 

oproposed scheme. However, the range of the offset 

angle must now be 180 degrees which complicates the 

satellite hardware (vis: approach (1) could utilize 

flex bearings of limited range for implementing offset.) 

The acquisition system, as illustrated in Figure 5-1, (correspond- 

ing to approach (2)) seems feasible. 

5.3 THE ACQUISITION EXPERIMENT 

Engineering experiment (12) addresses itself to evaluation of the 

ability of a deep-space vehicle to acquire a ground beacon directly and, in 

addition, to acquire the earth beacon once the vehicle's line of sight has 

been directed towards the earth. 

Direct detection of the earth beacon without resort to earthshine 

detectors appears to be a requirement if one considers that during certain 

portions of a vehicle trajectory the phase of the earth's illumination may be 

such as to make earthshine sensing impractical. Calculations assuming the 

earth to be a lambertian reflector indicate that while the earth may look like 

a -4 magnitude star at lAU., it can also appear to be up to 5 to 10 magnitudes 

less bright and can, thus, be lost among the many stars which exist in this 

magnitude range. . 
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Alternatively, if the earth's reflected sunlight is large, earth- 

shine sensors are practical for earth location or coarse acquisition, but 

these conditions then make earth beacon detection extremely difficult due to 

the presence of a large background light contribution at the vehicle's beacon 

photosensors. 

To gain some insight as to the magnitude of these problems one 

can consider the case of a deep-space vehicle at a range of lo7 to lo8 miles, 

a range which is reasonable if one considers vehicle trajectories to Mars or 

Venus which have minimum ranges of 48.5 x lo6 and 64 x lo6 miles, respectively. 

The most adverse conditions for acquisition tend to occur at max- 

imum range where the received beacon power is least and, therefore, quantum 

noise associated with 

litude of fixed noise 

Figure 5-2. 

the signal itself is highest and where the relative amp- 

sources (such as from detectors) is greatest. Refer to 

If it is assumed logically that good tracking must be possible without 

background light, then it is apparent that the ratio of signal to noise .in signal 

must be adequately large. With this assumption on basic S/N ratio it is found 

that S/N reduction due to light contributions from relatively large stellar 

fields is modest. This is significant in that the search field utilized to 

detect the beacon can be extremely large, if earthshine is small, and the 

search time and problem reduced accordingly. 

Table 5-4 shows the ratio of beacon power to stellar power at both 

6328: and 8400; for cases wherein the signal power has been chosen to yield a 

S/N of 6 with no earthshine present. The results,which are given for the 
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Figure 5-2. Received Power Versus Range 

TABLE 5-4. Relative Stellar Light Input 

(A) Vehicle Aperture - 32" ,, 
Assumptions (B) Pre-detection Filter - 1A 

(C) Filter Efficiency - 33% 
(D) Optical Efficiency - 50% 

W4 

Signal Power Density in w/m2 
for S/N = 6 @ 20 cps 

Starfield (1 deg2) w/m2 

Ratio Signal Power 
Stellar Power 

Signal Power Density in w/m2 
for S/N = 6 @ 2 cps 

Ratio Signal Power 
Stellar Power 

- 

6328 

11 x lo-l2 

8 x lo-l4 

141 

1.1 x lo-l2 

14 

S-15 

8400 

120 x lo-l2 

5 x lo-l4 

2400 

12 x lo-l2 

240 



assumed cases of 20- and 2-cps bandwidth, indicate that S/N degradations due 

to starfield background should be small even if the stellar light contains 

‘modulation components. 

The effect of earthshine on the ability to detect the beacon, how- 

ever, can be substantial. Table 5-5 indicates the S/N degradation factors ex- 

pected (assuming no solar modulation components) for the conditions assumed 

forTable 5-4and at a range of lo8 miles where the field of view exceeds the 

earth's angular subtense. For troublesome earthshine conditions, wide FCV 

earthshine sensors can be utilized to acquire and point the vehicle receiver 

LOS at the earth. The problem now becomes one of locating the beacon on 

the earth in the presence of earthshine; which can drastically reduce detec- J 
tion capability and for deep-space conditions will not vary until the field of 

view is reduced below the earth's subtense. 

TABLE 5-5. Signal-To-Noise Ratio Degradation 
Due to Earthshine 

Assumptions: 
(A) Vehicle Aperture - 32" 
(B) Range - lo8 Miles 
(C) Field of View L 16 Arc-Seconds 

-_- ..____.___ ---- - 
Signal Power Density in w/m2 
for S/N = 6 @ 20 cps . 

Earthshine w/m2 

S/N Degradation Factor 3.34 

S/N Degradation Factor with 
Driginal S/N =,6 @ 2 cps 

6328 

11 x lo-l2 

11 x lo-l1 

10.7 
___--... _ . .-._ .__ _L.-. 

120 x lo-l2 

57 x lo-l2 

1.21 

2.4 
--- 
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PERKIN ELMER 
Report No. 7846 

It is concluded that: (1) eitherearthshineseekers and/or direct beacon detec- 

tors can operate with wide field to locate Earth and provide coarse orientation; 

(2) with low earthshine, the beacon can be acquired directly; (3) earthshine sen- 

sors will be ineffective during low earthshine conditions; and (4) the main 

problem consists in locating the beacon when pointed at the earth under high 

earthshine conditions. Schemes for the solution of this problem basically in- 

clude the following: 

(1) Acquire the beacon directly and narrow the field 

of view to reduce earthshine input and improve 

S/N and, thereby, tracking accuracy. 

(2) Acquire the earth with an earthseeker and scan the 

earth with relatively narrow field sensors to locate 

the beacon in the presence of reduced background light. 

Whatever the approach, the prime question appears to be thus: For 

a given beacon sensor field of view, what value of S/N ratio will be large enough 

to avoid beacon loss from the field due to vehicle torque disturbances and noise 

in signal plus background light? And, what techniques can provide improved bea- 

con detection ability under 'high earthshine conditions? 

The acquisition experiment for the Optical Technology Satellite 

addresses itself to the simulation by an actual system operating in near space 

of the acquisition problems and techniques for solution corresponding to deep 

space. 
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Let us now consider the simulation aspect from the standpoint of 

laser power requirements, earthshine, and starfield. The basic assumption is 

that the beacon acting alone should produce enough power at the vehicle's 

tracking error sensor so that a reasonable S/N is obtained for tracking pur- 

poses. While high power will be required for the deep-space condition, much 

lower and more practical power levels will be required in the satellite. 

Table 5-6 indicates the laser requirements to achieve a S/N of 6 

at 20- and 2-cps bandwidth with no background light present. Indicated also 

is the power level required to attain S/N of 6 at 20 cps in the presence of 

one square degree of earthshine. The indicated power levels are attainable 

with available lasers. 

TABLE 5-6. Be con Power Required to 
8 

Simu ate 
10 Mile Condition at 20 x 10 4 Miles 
With Transmitter Beamwidth of 5 Arc- 
Seconds 

x(& 

Laser Beacon Power for 
S/N = 6 @ 20 cps 

Laser Beacon Power for 
S/N = 6 @ 2 cpa 

Laser Power Required for 
S/N = 6 @ 20 cps with One 
Square Degree of Earthshine 

6328 8400 

28 microwatta 240 microwatts 

2.8 microwatts 24 microwatts 

21 milliwatts 66 milliwatts 

5-18 



It is desired to simulate the earthshine condition corresponding 

to a deep-space condition where the earth subtends a particular angle. This 

will be nearly the same as that existing in the satellite field of view cor- , 
responding to the equivalent angle. This is true if the earth is considered 

to be a uniformly illuminated disc since the brightness of the earth would be 

constant. Hence, earthshine effects are readily simulated by field stop ad- 

justments in the satellite. 

Although starfield background will not be a function of range, a 

minor problem will be encountered if it is desired to simulate deep-space con- 

ditions where a stellar field beacon background exists. This is because the 

earth's angular subtense will be 20 degrees and it will be required that the 

stellar background light be somehow optically superimposed on the beacon image. 

Since stellar light contributions have been shown to be relatively negligible, 

the evaluation of stellar degradation effects by the satellite experiments is 

considered unnecessary. 

The experiment shall evaluate: (1) the ability to locate the bea- 

con directly using large search field for various conditions of earthshine, 

albedo, and S/N ratio; (2) the ability to acquire the beacon (or to stay ac- 

quired) as a function of earthshine conditions for various transmitted power 

levels (or S/N) and for various fields of view equal to the earth's subtense ___. --_-...-- .__.. . 

corresponding to deep-space conditions; and (3) methods of improving acquisi- 

tion capability under adverse conditions of earthshine. 

Let us now consider the proposed equipment for performing the 

direct beacon detection evaluations. The scan method proposed is essentially 
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one that is possible with a deep-space vehicle which points at the sun, off- 

sets its receiver line-of-sight from this reference direction by a predicted 

angle, and rolls about the reference axis while the telescope searches for the 

beacon in a l-degree wide angular region of the sky. The predicted angle cor- 

responds to the expected angular position of the earth with respect to the sun. 

For the deep-space case the predicted angle could be derived from an on-board 

computer but for the satellite it shall be provided by ground command. The .- 

engineering implementation for the satellite is presented by the block diagram 

in Figure 5-l. 

The telescope is either caged or operated as shown to maintain it- 

self along a particular vehicle axis direction. !Chis axis is pointed at the 

sun by means of a conventional sun seeker arrangement which supplies pointing 

error signals to the satellite orientation subsystem. Rather than offsetting 

the telescope line-of-sight to the predicted search angle, the fine sun sensor 

is rotated by the illustrated ground control loop through this angle, causing 

the whole vehicle to move with respect to the sun seeker LOS, as the vehicle 

is controlled to maintain the fine sensor directed at the sun. When the correct 

angle is achieved, a ground precess command is introduced into the gyro whose 

output causes the vehicle to move through the circular search zone indicated. 

When beacon power is sensed by the telescope beacon sensors, the error signals 

from these sensors are utilized to control subsequent telescope orientation. 

When this occurs the satellite orientation subsystem receives counnands from the 

telescope gimbal angle sensors and the vehicle is oriented to follow the tele- 

scope. This maintains the telescope gimbal bearings within their restricted 

motional range. 
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The telescope is now receiving a beacon image at a wide field of 

view error sensor consisting of an image splitting prism and a group of assoc- 

iated phototubes. The optical arrangement shown in Figure 5-3 features a mir- 

ror with a hole positioned at a point of low effective focal length. This al- 

lows use of reasonably sized elements to provide a wide field of view sensing. 

More important, the full receiver light gathering capabilities are harnessed 

by the wide field sensor as would undoubtedly be required to obtain high S/N 

in a deep-space system. The coarse photosensors feed signal differencing elec- 

tronics whose outputs could directly provide mispointing information to the 

telescope gimbal servo system. If the telescope gimbal system requires a pro- 

portional error signal for stabilization reasons, a deviation device (as shown), 

driven by the difference signals, can be incorporated. This element will move 

to place the beacon image at the apex of the coarse prism and the degree of 

motion can be detected by a pickoff and used to feed the gimbal drive servo. 

As the telescope moves into a position of small alignment error the deviator 

will return to its zero position. 

When the line-of-sight error of the telescope is correct within 

one minute of arc, the beacon image will pass through the field stop provided 

in the mirror and light will reach the fine tracking sensor. This sensor will 

provide pointing error signals to its transfer lens which will try to acquire 

the beacon by centering its image upon the prism apex. Since the natural field 

stop provided by the mirror corresponds approximately to the earth's subtense 

at 107 miles (2 arc-minutes) , beacon detection and acquisition by the fine sen- 

sor system simulates beacon detection in the presence of earthshine at this 

large range. Transfer lens position and the difference signals can be ground 

monitored to assess detection and acquisition capability. 
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The same process can be repeated to simulate performance at lo8 

miles by waiting until earthshine is naturally reduced by an appropriate 

amount. 

Subsequent to the foregoing procedure the field of view can be re- 

stricted below 2 minutes with an adjustable field stop forward of the fine 

splitter to assess beacon acquisition for the 10' mile case using field restric- 

tion techniques for moderately low S/N conditions. 

Techniques for evaluating methods to improve beacon detection in 

the presence of high earthshine will not be simple since the earth subtends 

an angle of less than 2.5 minutes for deep-space conditions while the satellite 

will view a 20-degree earth. One approach would be to demonstrate the princ- 

iples using the fine splitter and defocused beacon image to simulate an earth- 

shine sensor which stabilizes the line of sight. (Refer to Figure 5-4). A 

beam-splitter forward of the fine splitter could relay the beacon image with 

earthshine to an image plane at a greater EFL which allows the use of reason- 

ably sized elements required to accomplish desired ends. This method is pro- 

posed for the Optical Technology Satellite. 

Of the several techniques under consideration the following seems 

appropriate. (Refer to Figure 5-5). An auxiliary beam-splitter, associated 

photosensors, and very low bandwidth circuitry could be utilized to slowly 

drive the auxiliary beam-splitter apex into coincidence with the beacon image. 

The use of low electronics bandwidth results in improved beacon detection 

signal-to-noise ratio at the expense of longer beacon acquisition time. With 

this approach, earth tracking sensors could stabilize the nominal vehicle 
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receiver line-of-sight towards the earth and a gyro could furnish a rocaLlon 

stabilization reference. In the case of the satellite, this rotational refer- 

ence element might be the gyro ordinarily used during acquisition scan, pro- 

vided the scan offset angle is reduced to zero prior to this operational mode. 

After the auxiliary beam-splitter apex is coincident with the bea- 

con image, an associated field stop could reduce the background light. Then, 

the receiver-transmitter transfer lens position can be controlled by the auxil- 

iary beam-splitter photosensor output signals (processed by higher bandwidth 

circuitry) to maintain the image at the apex. Subsequent shift of the auxil- 

iary beam-splitter back to an on-axis position can re-establish alignment be- 

tween the receive and transmit lines-of-sight. 
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SECTION VI 

TRACKING EXPERIMENTS DISCUSSIOIj -- 

6.1 TRACKING ACCURACY DEPENDENCE ON SNR 

One of the basic questions involved in the tracking of an earth 

beacon by a deep space communication antenna is the relationship between re- 

ceiver characteristics , power density at the receiver antenna, noise due to 

background illuminstion, photon discreteness, and detector noise contributions. 

This section examines the question'for the case of a single-axis tracker 

utilizing image splitting and differencing techniques to derive pointing 

error signals "proportional" to the degree of mispointing. Evolved is an ex- 

pression relating rms tracking error to receiver resolution and signal-to- 

noise ratio for a diffraction-limited system with a clear.circular aperture. 

The result: 

RMS Pointing Error = ?.e (S/N)-1 

where h is the wavelength of light, 

D is aperture diameter; and 

S/N is the signal-to-noise ratio of the system, 

can readily be extended to predict the ultimate.1imi.t of tracking performance 

for the case of centrally obscured apertures. 

Consider a single-axis tracking sensor (as shown in Figure 6-1) 

consisting of a diffraction-limited optical system with aperture diameter D 
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and focal length f, a two-sided roof prism at the focal plane, and two photo- 

sensors whos,e output signals are subtracted to derive the pointing error signal, E, 

in electrical form. Assuming that the source to be tracked is either coherent 

or monochromatic with an angular subtense at the receiver which is small com- 

pared with receiver resolution, then the image of the "point" source in the 

focal plane will be the familiar Airy diffraction pattern. Figure 6-2 indicates 

the variation of image light intensity for the case of a clear circular aper- 

ture: i.e. (Reference 29, pages 6-81 and Reference 30, 
pages 

394-396) 7 

2JI(f) [ 1 2 
(1) I (p) = IO -- f 

where f equals PR 2f ; 

Jl is the first order Bessel function; 

R 1s the aperture radius; 

p is sin 8, the sine of the angle of deviation; and 

I, is the intensity at the center of the circularly 

symmetrical image. 

This may be expressed in rectangular coordinates 

(2) bL4y= 
IO I 

with the y axis as the axis of symmetry, and integrated to find the amount of 

2Jl (u2 + v2) l/2 2 

(u2 + v 2112 ] ) 

energy on one side of an arbitrarily positioned boundary line parallel to the 

U axis 
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This result is shown graphically in Figure 6-3':' while Figure 6-4 indicates 

the rate of energy transfer across th.e boundary as a function of U (the 

boundary location) 

(4) dI= 
dU 

Since the angular radius of the first dark ring of the diffraction pattern is 

not affected by focal length but depends simply on the aperture diamater, 

change of focal length simply results in proportional changes in image size. 

Consider now the tracking error sensor of Figure 6-l with a total 

received power S from the distant beacon and a total rms noise power N expres- 

sed in terms of equivalent beacon received power. With correct pointing, the 

two photosensors receive equal quantities of light and the electrical error 

signal output E will be null. Mispointing upsets the light division and causes 

the signal E to depart from null. 

The sensor can be kept pointed at the beacon by incorporating a 

servo system which receives the signal E and acts to maintain it at null by 

controlling receiving antenna orientation. However, even a perfect servo 

cannot distinguish between fluctuations in E caused by noise, and signal 

fluctuations due to mispointing. The servo will, therefore, act to maintain 

*These results have been obtained by W.H.Stee131, who has also derived similar 
results for centrally obscured circular apertures. 
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E at null regardless of the source of fluctuation and noise* will cause un- 

wanted motions of the receiving antenna. 

The magnitude of these motions can simply be determined from a 

knowledge of the S/N ratio and the energy transfer curve derived previously. 

A straight line approximation to the energy transfer curve of Figure 6-3 in- 

dicates that the transfer rate at the null position is equivalent to total 

energy transferred for an angular motion of approximately 1.22 h/D. An rms 

noise of N, therefore, will cause the system to have an rms pointing error 

of: 

Ep = 'z+& (N) 

This expression is nearly correct for reasonably high signal-to-noise ratiob 

(viz: S/N 1 10). As the S/N ratio is lowered, the expression becomes optimis- 

tic (due to greater departures of the straight line approximation from the 

actual energy transfer curve) and more accurate results can be obtained if 

desired with other than the simple slope approximation used above. The effect 

of aperture diameter D on system performance *ia not imediately evident from 

equation (5) since S/N ratio may also be a function of D. Three cases shall 

now ie considered: 

(1) For systems which are limited by noise in signal (due to 

photon discreteness), larger apertures will act to increase 

%hile filtering (or bandwidth restriction) can be introduced to decrease the 
amount of such motion, the bandwidth cannot be reduced to zero without making 
the pointing system insensitive to the frequency range of expected input dis- 
turbances. A compromise bandwidth based on any of numerous criteria32 is 
usually chosen to minimize noise effects while maintaining satisfactory servo 
response. 

*The variations of aperture diame'ter as a function of wavelength and weight are 
developed i-n Appendix C. 
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S/N ratio directly with aperture so that pointing perfor- 

mance increases as the square of aperture diameter. 

(2) For a system which is detector noise limited wherein 

noise is a constant, S/N ratio will increase as the square 

of D and, therefore , pointing performance will increase 

as the cube of D. 

(3) For a system that is limited by distant background noise 

(such as may be the case for earthshine, which contains 

solar modulation components), the S/N ratio is unaltered 

by aperture diameter and pointing performance increases 

directly with D. 

It is also clear that failure to achieve diffraction-limited operation (viz: 

focus errors) will degrade pointing performance through reduction of the energy 

transfer rate. Centrally obscured optic systems which contain a smaller frac- 

tion of their total image power in the central portion of the diffraction image 

will similarly suffer. Figure 5 of Reference 31 contains energy transfer 

curves for the cases where the obscuration diameters are l/2 and l/3 that of 

the total aperture. These are duplicated here as Figure 6-5. 

6.2 TRACKING To l/10 OF AN ARC-SECOND 

A technique for optical tracking to l/10 arc-second is illustrated 

in both block diagrams shown in Figures 6-6 and 6-7, With reference to the 

first block diagram in Figure 6-6, it is assumed that the satellite orientation 

subsystem can coarse position the satellite. The cormnands for the satellite 

orientation subsystem originate in the acquisition subsystem which is discussed 
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in more detail in Section 5 of this report. For the moment assume that it is 

possible to acquire the earth beacon inside a l-degree field of view. At 

this point, the tracking operations are ready to begin. The angular rates 

that will be present during the tracking operation from the synchronous satel- 

lite will simulate the rates an operational spacecraft communication system 

will encounter in deep space,as shown in Appendix B. The ground laser beam 

will propagate through space and enter the telescope, impinge on the primary 

and pass through the optical element shown as the two-axis transfer lens. 

This received beam then is passed to the cube corner prism via the beam split- 

ter. With the earth laser image some place within the l-degree field of view, 

but not centered to a tenth of an arc-second, the ground beacom image will 

appear on one of the faces of the cube corner prism. Tine photomultiplier 

tubes shown schematically in the block diagram then would generate unbalanced 
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signals which, in turn, are fed to the four-quadrant detector. The four- 

quadrant detector processes the signals from the four photomultiplier tubes 

and generates up-down and left-right commands which are passed on to the very 

fine pointing subsystem,which in turn controls the X-Y position of the two- 

axis transfer lens. Thus, the ground laser image generates the signals in 

the four-quadrant detector to control the two-axis transfer lens motions in 

such a manner that the image of the ground beacon is rapidly centered on the 

nose of the cube corner prism. At that time, the signals from the four photo- 

multiplier tubes are balanced and there is no up-down command or left-right 

command to the two-axis transfer lens. Thus, the line of sight of the received 

system of the telescope on the spacecraft is now pointing directly at the ground 

station beacon. 

The degree of accuracy of this pointing system, which is identical 

in form to the pointing system used on the Stratoscope II, is determined by the 

gain of the loop from the transfer lens to the cube corner prism through the 

four-quadrant detector and back to the transfer lens through the very fine 

pointing subsystem. 

The 0.1 arc-second tracking which is desired can be compared with 

the l/50 of an arc-second pointtng demonstrated by the Stratoscope 11 System. 

However, in Stratoscope II the pointing signals originate in stars, 

while for OTS the signals originate in ground laser beacons. Also, there is 

no requirement for a transmit beam on Stratoscope II. Dbservc that with the 

telescope optical system lined up so that it is pointing directly at the apparent 

line of sight of the earth beacon, the transmit laser beam goes through the 
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identical two-axis transfer lens and the identical optical system. Therefore, 

the transmit laser should be pointing in exactly the same direction within the 

accuracy of alignment of the received system to the transmit system. Note 

that in Figure 6-6 there is no point-ahead capability. That is, the transmit 

laser signal is passed through the telescope optics exactly in line with the 

receive beam from the earth's beacon. Since the satellite is at a substantial 

altitude, there will be a .l-second transit time involved for the energy to get 

from the transmit laser on the ground to the received system on the satellite. 

Also, the satellite transmit beam will propagate down in a similar period of 

time. Due to the relative velocity of each station with respect to the other, 

there will 'be an angular displacement of the beam in each case. Thus, the 

beam that is transmitted down to the ground will not be centered on the ground 

station due to this relative motion between the earth station and the satellite 

station. This is the essence of the point-ahead problem for optical cormnunica- 

tions in spece. 

While it is possible to point the transmit beam ahead by the neces- 

sary angle (so that the transmit beam is received on the ground at the ground 

transmit station), the point-ahead equipment is not provided in the simple 

telescope. The point-ahead subsystem is in telescope 2, shown in Figure 6-7. 

The point-ahead equipment is intentionally excluded from telescope 1 in order 

to avoid complexity. 

The technique for receiving the beam from space back on the ground 

at the receive telescope for the apparatus involves the translation of the 

transmit laser on the ground at an offset to compensate for the relative 
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motions (and transit times) between the satellite and the earth. The beam 

interlocking operation would then consist of translating the mobile trans- 

mitter beam until the down going beam is received at the ground telescope with 

maximum amplitude. This complexity in the ground station equipment is the 

price that is to, be paid for the simplicity-in telescope 1 on the satellite, 

The transmit laser output is shown modulated by the modulator 

block before it is transmitted through the beam-splitter and the two-axis 

transfer lens and then down to the earth station. The input to the modulator 

block is shown as either a ten-megacycle signal generator or it can be the 

output from the diagnostic electronics equipment. This last output is normally 

being transmitted down to the earth on the microwave telemetry signal, but 

it could be switched in as the input to the modulator on conuuand. In this 

manner the diagnostic information can be transmitted to the earth on the 

optical beam and the microwave telenretry power turned off. 

In the previous discussion, it was shown that the received signal 

from the ground laser beacon arrives at the cube corner prism through the 

transfer lens to effect the fine pointing to the apparent line of sight. This 

same signal is transmitted through a narrow-band dielectric filter in order to 

filter out the unwanted earthshine background illumination. The narrow-band 

dielectric filter is shown in this block diagram arrangement because it is a 

high efficiency bandpass filter that has a high transmission within the pass 

band and at the same time a high rejection outside the pass band. This filter 

was chosen in preference to other narrow bandpass filters for this application 

because of its extreme simplicity. While it is true that the filter does not 

have a bandpass as narrow as one might desire, for the distances and powers 

involved in the Optical Technology Satellite, there would be adequate signal- 
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to-noise ratios. Other filters with a narrow pass band, such as the mica 

filter or the Lyot filter, would be evaluated on the more sophisticated test 

bed of telescope 2, which is shown in Figure 6-7. 

The signal from the earth station beacon arriving at the nose of 

the cube corner prism also passes through a polarizer which has a fixed orien- 

tation with respect to the satellite structure. The function of the polarizer 

at this location in the received beam path is to develop rotational,references 

about the line of sight to the ground beacon. It can be assumed that the 

ground laser has a plane of polarization which can be rotated about the line 

of sight to the satellite on the ground by rotating the entire laser assembly. 

The beam from earth which arrives at the telescope is also plane polarized, 

and rotation about the line of sight will cause the signal received by the 

satellite to vary in intensity as a function of the angular rotation about the 

line of sight. This is due to the polarizer element. Note that the output 

signal from the four photomultiplier tubes is fed to the sum signal amplifier. 

The output from the sum signal amplifier goes through the demodulator and de- 

tector and then to the rotational line of sight detector. The rotational line 

of sight detector, in turn, controls the roll gimbal so that the signal received 

by the detector is held at a maximum. Using this technique, the rotation about 

the line of sight can be held to the rotation angle commanded by the physical 

orientation of the plane polarized beam'from the ground laser to within 0.05 

degree. The degree of precision required for this rotation about the line of 

sight is considerably less than that required for the point ahead of the trans- 

mit beam. Based on calculations for the deep-space case, however, the precision 

involved for the alignment about the roll axis is this angle of 0.05 degree. 
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Note that when the azimuth and elevation gimbals are approaching 

the ends of their restricted motionalrange, signals should be generated and 

passed over to the satellite orientation system to cause the satellite to re- 

orient and center the gimbals within their freedom of travel. This is shown 

on the block diagram as output signals going from the gimbals to the satellite 

orientation system. 

Note that during the operation of the acquisition subsystem the 

gimbals should be caged. This is shown on the block diagram as an output 

signal from the acquisition subsystem. 

Tne earth beacon signal as received on the satellite is summed after 

the four photomultipliers at the sum signal amplifier and after demodulation 

and detection is sent back down to earth via the microwave telemetry signal 

for analysis on the earth. 

This concludes the functional description of the basic operations 

of the precision tracking system as indicated by the blocks and subsystems of 

Figure 6-6 and in more detail in Figure 5-3. In summary, the acquisition sub- 

system generates the commands to the satellite orientation subsystem which 

points the telescope in approximately the right direction. Then the very 

fine pointing system takes over and controls the telescope pointing arrangement 

to aim the telescope to the apparent line of sight to the ground station as 

received in the satellite. The transmit beam, in turn, is sent parallel to 

the received beacon. If no transit time delays were involved, the transmit 

laser output from the satellite would be received at the same ground station 

as was used for the ground transmitter beam. However, because of transit time 
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delays at synchronous orbit altitudes, there is a physical separation between 

the beams received and transmitted by the ground station. 

Note that in the description above we have the very basic principles 

of operation for the precise tracking operation. A ground beacon is used and 

the satellite has an optical receiving system so that it can line itself up 

with respect to the ground beacon. This is the line of Bight. Then the trans- 

mit beam is passed back through the same optical system. This beam is colinear 

with the received beam for the rudimentary system described above. If the re- 

ceiver system can hold the image of the ground beacon stably centered on the 

nose of the cube corner prism so that the line of sight is independent of. 

reasonable disturbances due to vibration and motion of the telescope structure, 

then the transmit beam would pass out from the satellite with tha,t same degree 

of stability. The fundamental problem that is not treated in this basic block 

diagram (Figure 6-6) system is the problem of point-ahead for the deep space 

communication system. AB noted in the above paragraphs, the transmit laser 

beam from the satellite would intersect the earth's surface at some distance 

from the point where the transmit laser from the ground station had transmitted 

the signal to the satellite. For the case of the synchronous orbit, the linear 

translation of the satellite's transmit laser beam and the earth station's 

transmit laser beam is some 2,000 feet. For the distances involved in deep 

space, the transmit beam from the satellite would be 16 thousand miles away 

from the ground station if some provision were not incorporated into the point- 

ing system to take into account the effects of the transit time. However, for 

the satellite demonstrations in the simple case, the point-ahead system is not 

included i&order to keep the basic telescope arrangement as simple as possible. 
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The second telescope, which is shown in Figure 6-7, aboard the same satellite 

does have the necessary point-ahead system. Figure 6-8 illustrates in 

more detail the arrangement that could be used to point ahead. As shown for 

the satellite case, the point-ahead command arrives at the satellite from the 

ground via a microwave link. For a deep-space case, this same principle could 

be applied, or the data could arrive at the spacecraft via the earth-to-satel- 

lite optical communications channel, or it could be stored aboard the spacecraft 

since the point-ahead angle ia a slowly changing number. The implementation of 

point-ahead is accomplished with a transfer lens as shown in Figure 6-8. This 

equipment is aboard telescope 2. Other point-ahead mechanisms are indicated 

in Figure 6-7 for experimental evaluation if necessary. 

Tine number of experiments that could be conducted in the simplified 

optical comiunication arrangement shown in Figure 6-6 iB limited. This is due 

to the basic concept of making one optical and communications telescope as 

simple as possible in order to obtain the highest reliability. The minimum 

number of experiments that would be useful for the basic demonstration is l/10 

of an arc-second of pointing and 107 cycles per second of communication. In 

contrast to this limited experiment approach, the second telescope aboard the 

same satellite is a sophisticated test bed and permits the conduction of a 

larger number of experiments to collect the engineering and scientific data 

which would permit the establishment of the feasibility of optical communica- 

tions for deep-space applications, The block diagram (Figure 6-7) shows 

the general arrangement for the more sophisticated test bed, It not only pro- 

vides the same basic functions as the simplified version but, in addition, has 

the elements necessary for the conduction of tests simulating the conditions 
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e n c o u n te r e d  fo r  a  d e e p - - s p a c e  m ission. T h u s , th e r e  a r e  two fu n d a m e n ta l  di f fer- 

ences  b e tween  th e s e  two b lock d i a g r a m s . T h e  b lock d i a g r a m  in  F igu re  6 - 7  p r o : 

v ides fo r  p o i n t - a h e a d  o p e r a tio n s , wh ich  a r e  m a n d a tory  fo r  d e e p - s p a c e  c o m m u n i c a -  

tio n s , b u t n o t r e q u i r e d  fo r  n e a r - s p a c e  m issions. T h e  s e c o n d  bas ic  d i f ference 

b e tween  th e  two b lock d i a g r a m  is th e  n u m b e r  o f para l le l  subsystems.  T h e s e  

w o u l d  b e  eva lua te d  o n  th e  O p tica l  Techno logy  S a tel l i te w h e n e v e r  necessary  in  

o r d e r  to  d e te r m i n e  wh ich  o f th e  subsystems p rov ides  th e  h ighes t p e r fo r m a n c e  

a n d  m o s t re l iab le  o p e r a tio n  ove r  th e  l ong - te r m  life  o f th e  satell i te. Fo r  

e x a m p l e , a  n u m b e r  o f di f ferent  lasers  wil l  b e  u s e d  in  th e  t ransmit  m o d e  f rom 

th e  s e c o n d  o p tica l  c o m m u n i c a tio n  p a c k a g e  whi le  in  th e  first o p tica l  c o n n n u n i c a -  

tio n  p a c k a g e  on ly  a  s ing le  laser  is c h o s e n . In  a  sim i lar  m a n n e r , var ious  

te c h n i q u e s  o f b e a m  d e flect ion,  te lescope  suspens ion ,  p o i n tin g , L O S  g u i d a n c e  

d a ta  g e n e r a tio n , a n d  n a r r o w - b a n d  filte r i ng  a r e  indicated.  T h e  s e c o n d  test 

b e d  h a s  th e  capabi l i ty  o f c o n d u c tin g  h e te r o d y n i n g  e x p e r i m e n ts in  space . A lso 

s h o w n  in  F igu re  6 - 7  a r e  th o s e  e l e m e n ts wh ich  a r e  n e e d e d  to  c o n d u c t th e  r e c o m -  

m e n d e d  e x p e r i m e n ts. Fo r  e x a m p l e , di f ferent  a p e r tu r e  sto p s  a r e  indicated.  
. 

T h e s e  w o u l d  b e  u s e d  in  th e  scint i l lat ion e x p e r i m e n ts. 

T h e  very fin e  p o i n tin g  system accep ts b ias  s ignals  to  g e n e r a te  a  

scan  p a tte r n . A  prec ise  scan  p a tte r n  d e flect ion o f th e  t ransmit  b e a m  p e r m i ts 

th e  p e r fo r m a n c e  o f th e  o p tica l  system in  space  to  b e  eva lua te d  o n  th e  g r o u n d . 

In - flig h t a l i g n m e n t a n d  focus  subsystems wh ich  a r e  necessary  fo r  d e e p - s p a c e  m is- 

s ions,but  wh ich  w e r e  o m itte d  f rom te lescope  l (F igure  6 - 6 )  fo r  r easons  o f sim -  

plicity, a r e  i nc luded  in  te lescope  2  (F igu re  6 - 7 ) . T h e  t ransmit  o p tics r n m t 

b e  a l i g n e d  to  th e  rece ive  o p tics a fte r  l aunch  a n d  severa l  a d d i tio n a l  tim e s  

d u r i n g  a  l o n g  d u r a tio n  o p e r a tio n  in  space . 
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Different modulation techniques are also planned as part of the 

experiments and therefore transmit laser A is shown with modulator A and trans- 

mit laser B is shown with modulator B. The intent here would be to evaluate 

the capabilities of each of the modulators and modulation techniques in terms 

of the most efficient operation of the cowunication system. 

Since telescope 1 (Figure 6-6) is the design for the simplest 

operation of the optical coannunications system, it does not include all the 

elements necessary for a deep-space canmunications system; and since 

telescope 2 (Figure 6-7) is a test bed for a number of different experiments, 

neither system will be an operational one for deep-space missions. The deep- 

space optical conununicatinns telescope is shown in Figure 6-9. Note that this 

is basically the same as Figure 6-7, but the equipment for testing alternate 

subsystems and conducting scientific experiwnts has been removed. 

Figure 6-10 shows the ground station block diagram. Its operation- 

al principles are identical to the space-borne telescopes 1 and 2. 

6.3 TRACKING IN THE PRESENCE OF SPACECRAFT MOTION DISTURBANCE 

In the environment of any space-borne laser communications systems 

disturbing forces which, if applied directly to the telescope, can alter the 

pointing direction sufficiently to degrade or disrupt communications will 
e 

necessarily exist. The use of laser beams for communications across deep-space 

distances will be feasible only if reliable acquisition and tracking functions 

can be demonstrated in the presence of motion and vibration at the levels likely 

to be encountered. 
. -. 

The spacecraft will tranqmit disturbances to the telescope through 

the suspension system unless special techniques are applied to isolate the 
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telescope from the structure. These disturbing forces may arise from the move- 

ment of personnel or equipment within the spacecraft or from outside environ- 

mental factors. At any given moment, these motions or vibrations may be con- 

sidered as rotational accelerations applied around each of the three axes of 

the telescope suspension system, or as translational accelerations along each 

axis. The degree to which these accelerations are transmitted to the telescope 

depends upon the compliance of the suspension system. This system must be soft 

enough to isolate the telescope line of sight from motion disturbances present 

in the spacecraft but yet be firm enough to provide the reaction base for tele- 

scope steering torques when,required. 

The acquisition process is less sensitive to small disturbances 

in the optical pointing direction than is the tracking process, since acquisi- 

tion involves a wider field of view (i.e., 1 degree). During tracking, the 

field of view must be reduced to a few arc-seconds, and motion disturbances of 

this angular magnitude are necessarily a part of the operational environment. 

The extent to which tracking is affected depends not only on the degree of 

isolation provided by the suspension system, but also on the characteristic 

servo response of the telescope tracking system. The response bandpass must 

encompass the residual motions transmitted to t'l be telescope through its suspen- 

sion system. 

Experiments must be carried out with the Optical Technology gatel- 

lite equipped to simulate vehicle motion in order to determine the effect on 

spacecraft tracking.- The satellite would have the following devices capable 

of producing vehicle motions in each of the three rotational degrees of free- 

dom of the telescope suspension system. Vibrational motion could be produced 
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by three orthogonal electro-magnetic force transducers, similar to small con- 

ventional test shakers, These would be attached to the satellite structure 

at points which would maximize the acceleration applied to each rotational 

axis of the telescope suspension system. The amplitude and frequency of the 

output of the oscillator circuitry driving the shakers would be controllable. 

Transient step motion disturbances would be simulated by the use of inertia 

wheels and/or reaction jets mounted to the vehicle structure. Rise time and 

amplitude of the generated pulse would also be capable of variation over a 

given range. Angular and translational accelerometers, which would sense 

accelerations along and about each suspension axis, would be located on the 

spacecraft structure at the telescope suspension attachment points. 

The microwave telemetry link would be used to select the desired 

motion generator and the desired output in terms of amplitude frequency or 

pulse shape. A pre-programmed test sequence, on the other hanq would require 

only an initiation command. The output from the three accelerometers would 

be relayed to earth for evaluation. 

After the basic acquisition and tracking demonstrations have been 

carried out, the torque disturbances would be introduced while the satellite 

was in the tracking mode. A harmonic frequency response test would be con- 

ducted for one axis at a time at a constant amplitude. Next, step inputs for 

each individual axis would be generated by the reaction jets or inertia wheels. 

The angular acceleration applied to each axis would be monitored by the acceler- 

ometers. 

The effect of simulated vehicle motion on tracking would be deter- 

mined in a manner identical to that used in the 0,l arc-second tracking demonstration. 
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An array of ground stations would be spaced to permit the wasuremnt of 

the direction and extent of beam shift along the ground caused by the vehicle 

motion. Severe disturbance would lead to an interruption in communications and 

would necessitate re-acquisition. 

After data on the degradation of single-axis tracking performance 

had been obtained, the tests would be repeated for disturbances simultaneously 

produced about each of the three axes of rotation. 

6.4 SUSPENSION SYSTEMS COMPARISON 

The suspension system required for the spacecraft telescope must 

meet several requirements. Ideally, the suspension would be infinitely com- 

pliant around one rotational axis in the gimbal system but would have suf- 

ficient stiffness in the other rotational directions to permit the transmission 

of restoring torques through the gimbals to the telescope. High compliance 

around the axis of rotation isolates the telescope from space vehicle motion 

and also reduces the torquer power required to drive the system to null. 

Although the space environment introduces some limitations not nor- 

mally encountered, it also opens up a number of new design approaches. Low 

temperatures and high vacuum make the use of lubricated bearings considerably 

more difficult, for example. However, greater compliance is possible since -. 

the suspension system need not be designed to carry gravity-induced loads. 

The spring members in a flexure suspension system could therefore be much 

lighter and more flexible. However, the weight component which functions use- 

fully to offset the spring restoring force as in the Stratoscope II flexure 

suspension system would be absent, tending to reduce system compliance. This 
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opens up the possibility of using a magnetic suspension system. Many of the 

problems of mechanical suspension systems might be overcome in a weightless 

environment by the use of a magnetic suspension system. 

The performance of the two most promising suspension systems con- 

sidered .to date for the experiments on the satellite can only be fully evaluated 

in a weightless environment. Several alternate means of mounting the two 

32-inch telescopes aboard the OTS are possible. The flexure suspension system, 

which appears to be the most reliable, will be used in telescope 1, whereas 

a more unorthodox suspension system, such as the magnetic suspension system, 

would be used with telescope 2. The approach here is to mount telescope 2 on 

a single set of gimbals which could be alternately suspended by either flexures 

or magnetic fields. 

Performance evaluation would consist in determining which suspension 

system transmitted the least vehicle motion and which system led to the least 

consumption of power. Rotational and translational accelerometers would be 

located on the telescope and the outputs from these would be compared with the 

measured accelerations applied to the suspension system. The torquer power 

would also be measured for each system in normal operation. 

,' 
Thi comparison between suspension systems would be made in conjunc- 

tion with the previously described experiment which demonstrates tracking capa- 

bility in the presence of spacecraft motion disturbances. 
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6.5 FOCUS AND ALIGNXENT TECHNIQUES 

The successful operation for both the Optical Technology Satellite 

communications system and an operational communications system critically de: 

pends on the ability to: 

(1) Focus the vehicle receiver optics so that a sharp 

image is available for beacon tracking purposes; 

(2) Focus the vehicle's transmitter optics to avoid widen- 

ing of the transmitted beam, which would result in 

reduced signal power at the ground detectors; and 

(3) Align the transmit and receive optical systems to 

each other to achieve precise zero point-ahead condi- 

tions so that point-ahead angles can be accurately re- 

ferenced.. 

Basic techniques for doing this can closely parallel methods'now 

in use on the Stratoscope II equipment (See Figure 6-11). When guiding on a 

star in Stratoscope II, the star image is formed at the nose of the pyramidal 

shaped prism. Pairs of photosensors receiving light from opposite faces of 

the prism produce electrical difference signals when the image is not centered. 

These difference signals are utilized to drive the transfer lens in such a 

direction as to center the image on the prism. When the image is sharply 

focused, minute motions of the transfer lens will upset the balance of light 

between the photosensors. For poor focus conditions, the image at the nose of 

the prism is larger, and hence larger transfer lens motions are required to 
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produce the same light imbalance, and hence an equivalent electrical difference 

signal, as for a sharply focused image. 

If an electrical (dither) signal of fixed amplitude and frequency 

is introduced into the servo loop during tracking, the transfer lens will move 

to maintain the net signal to the drive circuit at null. This will require 

the smallest transfer lens motion for conditions of best focus. Therefore, 

the transfer lens velocity pick-up has the smallest output at best focus and, 

when monitored during focus adjustment, it detects proper focus setting. This 

focus setting is at the precise location where the velocity signal has the 

smallest output amplitude for a fixed dither amplitude. On Stratoscope II, 

this technique achieved a focus condition corresponding to near optimum image 

quality. This degree of focus alignment is required by the Optical Technology 

Satellite. 

The foregoing technique can be harnessed to align the proposed 

optical system. 

If one considers the'optical arrangement shown in Figure 6-12, three 

basic steps could be performed to focus both the receiving and transmitting 

optics and to align the two lines of sight. These steps are as follows: 

1. Position the collimating adjustment lens to obtain -_ 

coincidence of its focal plane with the apex of the 

fine beam-splitter. In principle, this can be accom- 

plished through the use of an auxiliary slit source, 

the fine beam-splitter, and a controlled tilting mirror. 
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Light from the source passing through the collimating 

adjustment lens will be reflected by the mirror and 

will pass back through the lens to form an image. If 

the auxiliary source and the beam-splitter lie in a 

plane normal to the lens axis, the image will also lie 

in this plane when the lens is properly positioned. 

Coincidence between this image and the fine beam-split- 

ter apex can be obtained by controlling the tiltable 

mirror via pointing error eignals generated by photo- 

sensors associated with the fine beam-splitter. Sub- 

sequent introduction of a dither signal into this control 

loop will cause the tilt mirror to oscillate angularly 

(and move the image in a manner similar to that caused 

by the Stratoscope II transfer lens), and best image 

focus is obtainable by positioning the collimating ad- 

justment lens to obtain minimum amplitude (or rate) of 

mirror motion. When this condition is achieved, a beacon 

image will be sharply focused at the fine beam-splitter 

apex only when the received light forms a collimated 

bundle incident on the collimating adjustment lens. 

The foregoing procedure is only required to permit sub- 

sequent transmitter optical system adjustment by the 

method to be described. 

2. Focus the receiver optical system . As in Stratoscope II, 

this can be accomplished during tracking of a strong ground 
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beacon,with the fine beam-splitter controlling the trans- 

mitter-receiver transfer lens,by the introduction of 

electrical dither into this transfer lens loop. The. 

receive focus element would be adjusted while the trans- 

fer lens velocity pickoff is monitored. 

3. Focusing of the transmit optical system. For this opera- 

tion the cube corner retroreflector introduced at the 

point shown in Figure 6-12 will reflect transmitter light 

back to the receiver prism. The transmitter transfer 

lens can now be controlled by the photosensors associated 

with the fine beam-splitter.to center the laser inrage at 

the beam-splitter apex. Dithering the transmit transfer 

lens can now be performed as in previous cases to estab- 

lish good focus conditions for the transmit system. If 

the dither signal is now removed the transmit transfer 

lens will be maintained in a position corresponding to 

alignnent between the transmitter and receiver optical 

systems. This transfer lens position can be sensed and 

monitored by telemetry to establish the position cor- 

responding to alignment. This is illustrated in Figure 

6-8, the transmitter transfer lens control system block 

diagram, where the transfer lens position is controlled 

by the error signals (generated by the fine beam-splitter 

photosensors) to maintain the laser image at the beam-split- 

ter apex. In this alignment mode, the digital register 
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setting can be controlled from the ground to obtain a 

null between its analogue voltage counterpart and the 

position pickoff signal. At null, the digital register 

setting corresponds to that required to re-establish 

optical alignment between the transmit and receive lines 

of sight when the transfer lens is later positioned to 

follow ground coarnands as introduced into the register. 

In this alternate mode of operation, the ground operator 

changes the digital register setting by an amount cor- 

responding to the point-ahead angle desired. The analogue 

conrnand derived from the D-A converter is then compared to 

the position pickoff signal to derive the pointing error 

signal required to correctly reposition the transfer lens. 

These focus and alignment techniques are presented to indicate the 

feasibility of a system alignment in space without the need of large flats of 

full aperture or other arrangements which would make alignment a more formid- 

able task than necessary. Once aligned in space, the system should not re- 

quire readjustment over substantial periods of time. 

6.6 OPTICS TECHNOLOGY EXPERIMENTS 

Future optical instruments in space will need optical systems of 

large aperture. There is considerable discussion already in the technical 

journals 33 and in scientific committees about loo-inch diameter (and larger) 

diffraction-limited systems in space. Systems of the future will certainly 

include l-meter dianreter apertures (diffraction-limited) and may include systems 

in which the diameter is up to 400 inches. But the persistent question that 
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remains for aI1 the individuals concerned with designs relating to large aper- 

ture optics is: "How well can one achieve diffraction-limited performance 

in practice in space as compared with how well can we design these systems 

with our arathematical'modeling techniques?" 

Those unknown factors which reduce the optical perfection of the 

system must be considered by the engineers and decision mskers. To have a 

diffraction-limited optical system in space with a convenient and precise 

technique of measuring the degradation of optical performance in the presence 

of controlled disturbances (thermal, mechanical, dynamic and electronic), and 

over a period of time sufficient to measure and control degradations due to 

the space environment, is unquestionably a key to our rate of progress in 

space exploration. 

The laser telescope system required aboard the Optical Technology 

Satellite for laser communications developnmnt is nearly identical to that 

required to provide such an impetus for optics technology in space. For example, 

the aperture size is of the right order of magnitude. With apertures much 

smaller than 1 meter one would generate little additional information. Aper- 

tures much greater than 1 meter present practical problems of implementation 

for the 1965-to-1975 period of time. 

Consider the ease with which the performance of the optical system 

is measured when that system has a laser at the optical focus point and the 

laser beam is viewed on the ground. The Airy disk for the optical system is 

now measured by the radiated intensity pattern as received at the ground 

terminal. The radius of the first dark ring of this disk for the equipment 
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under consideration is 100 feet (for a range of 20,000 n.m. and a resolu- 

tion limit determined by the aperture of 1 meter). The pattern of the intensity 

inside the first dark ring, and outside the first dark ring to perhaps the 

sixth ring, can be established as the parameters of interest are varied under 

ground control. The space optical beam is precisely programned in angle from 

the received line of sight as indicated in the discussion of telescope 2. 

Simple intensity measurements on the ground angle-correlated with the deflec- 

tions of the down going beam will provide the intensity profile of the beam. 

The point-ahead subsystem required for optical coaanunications in deep space 

is used to provide the angular deflections in accordance with ground control. 

Questions of basic mirror strut ture can be answered as the para- 

meters are varied. Mirror configurations based on solid fused quartz designs 

or egg crate approaches in quartz or beryllium can be evaluated. Even pe llic le 

mirrors can be assessed in the space environment. Much valuable data on mir- 

ror performance in gravity free environments, at varying temperatures, with 

varying lateral temperature gradients, and on reliability lifetimes in the 

presence of cosmic rays and vacuum can be obtained. There will be no 

scattered light from dust or gas molecules to limit performance. The ins tru- 

ment can be designed to limit the scattered light from the internal instru- 

ment surfaces to a value determined only by the skill of the designer. The 

techniques of detection whi6.h will be developed for laser conununications 

systems will be useful in many areas of optical technology. If the quantum 

efficiency of detectors can be improved by the utilization of space worthy 

cryogenic techniques (such as passive radiant cooling or ablative cooling of 

the detectors), ‘these improvements will certainly advance optical technology. 
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while the optical communication detectors considered for the Optical Technology 

Satellite do not require cryogenic cooling, the gallium arsenide laser sources 

may require this cooling. 

Using these experimental techniques and analyzing the data collected, 

the sensitivity of the optical performance to the disturbances can be precisely 

determined in a most practical manner so that guide lines for the design of 

future astronomical instruments in space can be established. Transfer function 

responses of the optical system can be determined by reduction of this data 

so that future reconnaissance systems for either extraterrestrial or terrestrial 

missions‘can be developed from measured data. 
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SECTION VII 

PHOTOMETRY CONSIDERATIONS 

The problem of earth beacon acquisition and subsequent tracking 

from a deep-space vehicle was investigated in an effort to evolve reasonable 

approaches. Since the major aspect of acquisition and tracking is the ability 

to sense received beacon power in the presence of expected noise, the first 

step in the study was the preparation of several nomographs allowing rapid 

evaluation of the received beacon power and the expected ultimate in S/N due 

to noise in signal (i.e., photon discreteness effects). Subsequent to this, 

expected background light levels from planets, stars, sun and corona, and 

earthshine were reviewed to assess their effects on achievable S/N ratios. 

Very pertinent information in this regard was obtained from two existing docu- 

ments34J35 and has been repeated for convenience. A quick.survey of existing 

sensors useful in the visible and into the infrared region of the spectrum re- 

vealed that very good performance summaries for infrared detectors exist 36,6 

but similar summaries for sensors useful in the visible and up to one micron 

were not readily available. Examination of the spectral responses of photo- 

emissive surfaces revealed that the S20 and Sl surfaces are reasonably opti- 

mum in the range of 0.32 to 1.0~~ being exceeded only by a factor of two by 

other available surfaces for only small portions of this range. Accordingly, 

measured values of dark current for the 2-inch diameter RCA 7265 S20 phototube 

at +25OC and -7O'C were utilized to prepare a plot of "dark current equivalent 
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input power" versus wavelength. Also included is a similar curve, for the 

EMR phototube, prepared from manufacturer's published curves. 

Examination of the results indicates the definite possibility of 

acquiring the earth beacon directly without the necessity of involved scanning 

operations. This conclusion is based upon the following assumptions: 

(1) The earth beacon pointing direction is predictable, 

based upon previous tracking data, to approximately 

3.6 arc-seconds and the beacon beamwidth is in the 

order of 10 arc-seconds (including atmospheric scat- 

tering effects). 

(2) The vehicle receiver aperture area is in the order 

of one meter square. 

(3) Approximately 10 watts of earth beacon power is 

reasonable. 

(4) The angular position of the earth from the vehicle- 

sun line is known correctly within one or two 

degrees. 

Calculations are shown for an earth beacon at the specific wavelength of 6328; 

to demonstrate the feasibility of such an approach. 
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7.1 MAXIMUM ACHIEVABLE SIGNAL-TO-NOISE RATIO 

Fundamentally, the signal-to-noise ratio of an optical conununica- 

tion system is limited by the photon discreteness associated with light trans- 

mission. The limiting signal-to-noise ratio so imposed decreases as the total 

transmitted light level is reduced. 

The nature in which light level restricts performance can best be 

established by considering the statistical uncertainty in determining average 

light level by measuring the number of photons arriving at a sensor during a 

finite sampling time At. If the average signal photon arrival rate is Qs, pro- 

portional to intensity of illumination, and the average background photon ar- 

rival rate is ?32 the total average number of photons % is given by: 

(1) i = At (KS + -ii) ,n At (;;, 

The actual number of photons N arriving during a single time inter- 

val At, however, can be expected to differ from the average (due to random 

changes in n with time) in accordance with the Gaussian probability curve of 

Figure 7-l. Any attempt to determine a change of signal illumination NC 

(NC h An8 At) from a given, level (zs) is thus subject to an rms uncertainty 

of I- i and, it follows that ifr 

(2) NC >>v 

measurement errors shall be small. 

A figure of merit which, therefore, expresses the ultimate quality 

or precision of measurement is given by: 
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(3) Nc DE - = At <n;;B) 
I- N 

where D will be called "detectivity factor". The maximum value of D is obtained 
- 

if it is assumed that NC is equal to the total signal Ns and there is no back- 

ground light. For this case, the preceding equation reduces to the more famil- 

iar expression for signal-to-noise ratio: 

(4) 

01: (5), 

where nf is the equivalent bandwidth related to the interval, At by the expres- 
1 sion 2nt = z 

For the more general case where background light exists the signal- 

to-noise ratio is given by: 

S/N = 

Figures 7-2 through 7-4 were prepared to allow rapid evaluation of 

signal-to-noise ratio (tdsed on Equation (5) above) for the case of an optical 

communications system utilizing a one-watt monochromatic beacon of specified 

wavelength, beamwidth, and receiver range and aperture area. 
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Figure 7-2 indicates the received signal power density in watts 

per square centimeter per transmitter watt as a function of range and trans- 

mitter beamwidth, assuming constant power density throughout the beam.* The 

equation incorporated in the preparation of these results is: 

(6) PR = PT 1 
(Rx ti)2 +-- 

where PR is the power density at the receiver aperture in 

watts per square centimeter; 

PT is the total transmitter power in watts; 

R is the range from the beacon to the receiver in 

centimeters; and 

$ is the transmitter beamwidth in radians. 

Selection of the aperture area in square centimeters allows total 

received power to be evaluated and converted to photons per second through the 

use of Figure 7-4, a graphical expression of the fact that one watt of power 

is equivalent to A 
lO-7 hc 

photons per second**. Knowledge of the number of 

*Note: If the power density in the beam corresponds to a diffraction-limited 
(WY2 distribution and the beamwidth is defined as 1.22h/D, the 
curves of Figure 7-2 are correct for approximately 2.2-watt transmit- 
ter power. 

**Note: Where h is wavelength in meters, h is Plancks constant (6.6254 x 1O'27 
erg set) and C is the velocity of light in meters per second. 
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received photons per second and selection of a desired bandwidth Af allows the 

use of Figure 7-4 to rapidly determine the S/N ratio identical to that obtain- 

able from Equation (5). 

7.2 BACKGROUND LIGJ.IT LEVEL 

While the S/N ratios of communications systems are ultimately lim- 

ited by the discreteness of photon flow, practically achievable S/N ratios may 

be significantly lower than this due to the noise components introduced by back- 

ground light (photosensors and subsequent electronics). Evaluation of degrada- 

tions due to background light requires knowledge of the amount of such light 

that is incident upon the photodetector from each of the many sources which 

my appear, either wholly or in part, within the optical field of view. For 

a deep-space communications system, the possible sources of background light 

are energy from the moon, planets, the sun and its corona, the stars,and the 

earth and its atmosphere. The paragraphs below consider these sources and 

present data which is useful in estimating the degradation of S/N to be expected 

in a given system due to light from the aforementioned sources. 

Earthshine and Earth Self E%ssion 

A review of the orbital considerations of a deep-space vehicle re- 

veals that the earth may appear either fully illuminated, as in the case of a 

vehicle near Venus, at Venus inferior conjunction, or totally dark as for a 

vehicle near Mars at Mars apposition. Further, a plot of a Hohman Elliptical 

Trajectory to Mars, Figure 7-5 (Reference 34, page 71, indicates that earth- 

shine will vary quite markedly reaching a nearly zero value at some point on 

the trajectory. It is evident, therefore, that total received earthshine will 
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be not only a function of distance but, in addition, a function of the phase 

of earth illumination. For vehicle receivers with fields of view which include 

only a portion of the earth, received background earthlight will be a function 

of earthshine intensity adjacent to the earth beacon position. 
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Figure 7-5. Angle Versus Time of a Space Vehicle Along 
a Hohmann Elliptical Trajectory to Mars From The Earth 

Figures 7-6 (Reference 34, page 150) and 7-7 (Reference 34, page 34) 

show the maximum total estimated irradiance produced by the earth at the moon 

(separation distance of 238,000 miles). This data can be simply corrected, 

assuming a squarelaw reduction of irradiance with distance, to yield the irrad- 

iance at other distances. Assuming that the earth is a lambertian reflector also 
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and self-emitted blackbody irradiances from Figure 7-6) 
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allows use of the data for rapid estimation of the light accepted by systems 

with fields of view which include only a portion of the earth. For such cases 

it is assumed that earthshine (solar reflection) varies cosinusoidally with 

angle 8 (see Figure 7-8). 

Sun Vehicle 
* n 

\ 
\ \ \ \ 

Reflector) 

Vehicle 

Figure 7-8. Earthshine Intensity Varies As Cosine 8 
When Viewed From Vehicle 

Since the solar reflection curve of Figure 7-6 is applicable only for a fully 

illuminated earth (i.e., with vehicle between sun and earth), some correction 

is required for those conditions where the phase of earth's illumination, 0, is 

other than zero. Figure 7-9 indicates the appropriate correction factor and 

was computed from the formula: 

7-13 



I 

1 

120" 

Phase of Illumination (Angle Between Observer, Earth, and Sun) 

Figure 7-9. Radiant Intensity of Earth as a Function of Phase of Illumination 
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J = $H. 2 
S 

7j- a2([z -S] co@ + sir@) 

where 

J is the apparent radiant intensity in watts/steradian; 

p is reflectance or albedo; 

Hs is the irradiance at earth due to sun in watts per 
square centimeter; 

a is the radius of earth; and 

p is the angle between sun - earth - observer (always 
positive). 

Figure 7-10 indicates the radiance distribution, assuming lambertian 

reflectance, over the earth's surface and is useful in those cases mentioned pre- 

viously where only a portion of the earth is within the optical field of view. 

The self emission curve in Figure 7-6 can be assumed to vary only 

with distance in square law fashion for systems whose fields of view include 

the whole earth. For systems with narrower fields of view, corrections are 

readily computed since the radiance for a lambertian emitter is constant (viz: 

if the field of view subtends an angle of N times less than the earth's angular 

subtense, the irradiance curve for self emission, corrected for distance, is re- 

duced by N squared). 

Solar Irradiance 

The irradiance as a function of spectral wavelength, h, at one 

astronomical unit is shown in Figure 7-11 (Reference 34, page 136). Since the 

photosphere displays essentially constant radiance over its surface, background 

light in systems viewing l/N of the photosphere are readily computed via a 

square law distance correction factor and a L 
N2 

field-of-view correcti.on factor. 
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Figure 7-11. Solar Irradiance Curve from 0.2 to 3~ 

The solar coronal radiance (K and F components), expressed as a 

fracti.on of the photospheric radiance, is shown by Figure 7-12 (Reference 6), 

and can be used, in conjunction with Figure 7-11, to ascertain light level in 

cases where coronal background exists. It is assumed that the spectral distri- 

bution of coronal light is essentially the same as the photosphere. 

Lr-~~~iange_5rom.Planets, Stars, and Moon 

References 34 and 35 provide reasonably good estimates for irradi- 

antes above the earth's atmosphere from the moon, planets, and stars. Curves 

from Reference 35 (page 466), which are duplicated here as Figure 7-13, are 

based upon published values of visible magnitude and effective temperatures 

and the assumption that the Planck radiation function is applicable. The self 

emission curves shown for planets are based upon the equation: 
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.Figure 7-12 Coronal Radiance, BcOr, Normalized by 
Photospheric Radiance % Expressed as a 
Function of Distance r in Terms of the 
Sun's Radius Rg 
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where 

T(peak) = WhmaxCT) C1 A) 
4n 

wh max(T) is 

T(peak) is 

T iS 

(I-A) is 

peak value of the Planck function; 

peak spectral irradiance in watts/cm2/mFcron; 

effective surface temperature of the planet; 

the assumed emissivity of the radiating body, 
where A is the value of the albedo in the.vis- 

ible region; 

fid2 
4 is the radiating surface of the planet (d is the 

diameter); 

D is the distance to the planet from the earth. 

The methods used in Reference 35 to obtain spectral irradiance 

curves for the stars were used to obtain an approximation for the irradiance 

in watts/cm2/micron per square degree of starfield. This was accomplished by 

utilizing existing probability data for the number of stars per square degree 

expected in or near the galactic plane for each visible magnitude range. Such 

data yiel.ds the probably visible irradiance due to stars in each magnitude 

range per square degree (refer to Table 7-l). Summation of visible irradiances 

for all magnitude ranges between second and twenty-second magnitude yields the 

total visible irradiance expected per square degree of sky as 10 -13 watts/cm2/ 

micron/degree2. The assumption that the stars in each square degree are dis- 

tributed spectrally, as indicated by Table 7-2, allows the Planck radiatfon 

curve representing the contribution from each star color class to be constructed, 
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TABLE 7-l 

Calculation of Total Visible Star Irradiance Per Square Degree 
in or near Galactic Plane 

7 I 9 
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TABLE 7-2. Spectral Distribution of Stars 
by Color Class 

s9 
-__ 

E 

A 

F 

G 

K 

M 

22 

19 

14 

32 

3 

12,00O='K 

8,500'K 

6,50O='K 

5,OOO"K 

3,400'K 
--..-. .-- .--_~----_ 

---.-.- -.-..- 

Wavelength of Peak Irradiance 
(From Wiens Displacement Law) 

_..____ .---.-.--..-.----.-----;. _. - _ _._ .-.L-.-..------- - -. "'E 

0.116~ 

0.2415~ 

0.3415 

0.446 

0.58 

0.853 
-___- - 

$ 

*Sp denotes spectral classification. 
**Reference 6, page 234. 

Each curve peaks at the wavelength derived from Wiens Displacement Law, 

h max T = 2898 

where T is effective temperature in degrees Kelvin and hmax is wavelength in 

microns, and each curve is drawn through h = 0.55 microns at the value of vis- 

ible irradiance, corresponding to the visible contribution of the color class 

(viz: for A stars at 22% x 10 -13 watts/cm2/mFcron). Figure 7-14 shows the 

separate curves for each of the assumed six color classes and, in addition, 

the total curve obtained by addition of the separate curves. It should be 

noted that the assumption of the Planck radiation function for the M stars is 

reasonably correct up to about four microns and may be appreciably in error 

for longer wavelengths. Hence, all curves are shown only for shorter wave- 

lengths. Moreover, the curves do not extend below about 1500%, a region 

wherein stellar atmospheric absorption effects can cause significant departures 

from the assumed Planck radiation characteristic. 
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Figure 7-14. Probable Spectral Irradiance from a One 
Square Degree Starfield In or Near the 
Galactic Plane 

7-23 



Additional data for irradiances at the surface of the earth's 

atmosphere due to brighter stars and planets was obtained from Reference 34 

and is duplicated here as Figures 7-15 through 7-23. 

7.3 DETECTORS 

Previous paragraphs have considered the effects of photon descrete- 

ness on signal-to-noise ratio both for the case of noise in signal only and for 

the case where background light also prevails. Also presented has been data on 

irradiances to be expected from earth, planets, the sun, and the stars so that 

S/N can be calculated for the latter case for typical communications systems. 

Since additional degradation of S/N can be expected due to photosensor noise 

contributions, a limited review of available detectors was performed to gather 

data relavent to photosensor performance. Because existing data* (refer to 

Figures 7-24 and 7-25) is relatively current and complete for the wavelength 

range above one micron, efforts were restricted to supplementing published data 

for sensors which appeared optimum for use at shorter wavelengths. 

Inspection of the spectral response characteristics of available 

photoemissive surfaces (Figure 7-26) indicates S20 and Sl to be close to opti- 

mum for the range of 0.32 to 1.0 micron with only two other surfaces (S17 and 

S5) offering slightly higher quantum efficiencies over portions of this spec- 

tral range. Measured data for several RCA 7265-S20 (selected for low dark cur- 

rent) was tabulated (refer to Table 7-3) and utilized to obtain average expected 

*Reference 34, page 67 reproduced here as Figure 7-24. 
Reference 35, pages 386-483. 
Reference 37,,pages 386-483; page 1 reproduced here as Figure 7-25. 
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cathode dark current (21.9 x 10 -16 amperes at 25°C and 0.505 x 10 -16 amperes 

at -70%). The results were plotted in terms of equivalent input watts as a 

function of wavelength and are shown in Figure 7-27, along with a similar curve 

based upon manufacturer's published data for the EMR 543C-51 photomultiplier. 

It should be noted that the 7265 measured dark currents at +25'C are nearly 

equivalent to the published data for the DfI 9558-520 photomultiplier. It is 

felt that the curves presented represent achievable performance. 

Tubes with smaller photocathode areas should exhibit proportionally 

less dark current and should be consideredj if available and applicable, for 

specific optical system designs. 

7.4 ACQUISITION PHCtiMETRY 

The problem of earth beacon acquisition by a deep-space vehicle 

shall now be investigated to establish whether a simple approach exists. Con- 

sidered will be a system in which the following rather reasonable assumptions 

exist: 

(1) -The receiver aperture area is one square meter. 

(2) The earth beacon output power is one watt at 6328i 

and the beacon btamwidth (including atmospheric 

spreading) is ten arc-seconds. 

(3) Initial ground station tracking of the vehicle allows 

prediction of the vehicle's future angular position 

to within 3.6 arc-seconds. 
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Tube 
Code No. 

Anode Sens. 
(a/P )M* 

Cathode Sens. Anode Dark Current* 
(pa/J? Yr** (Nanoamps or Rquiv. Lumens) 

Cathode Dark Temperature 1 
Current (Amperes) ("C) 1 

11.1.407 3160 

-r 

4 

145 8x10-l2 
.247~10-~' 

-18 1160~10-1~ 
35.8x10 

6.2.185 1000 141 

6.2.183 1070 95 4x10-l2 
.6x10-l2 

6.2.173 2500 142 -12 
.';;;",,- 12 

-18 
;z;;,'"l8 

6.2.154 1760 126 

2.2.417 3800 134 20 na 
2 na 

12.1.41 960 123 18 na 
.15 na 

2.2.440 4500 

-18 
';";=:;-18 . 

-18 
;;5;;;o-18 . 

-18 
',;";::;-18 . 

-18 3050x_1p8 
18x10 

2.2.537 2780 

135 

102 

22.6~10-1~ 
.6 na 

4*1x10-l2 
1.0 na 

PMI PERFWMANCE SUMMARY FOR S20 RCA 7265 
(AS MEASURED BY PERRIN-ELMER) 

-..-.A, 

I 

+25 
-70 

+25 
-70 

+25 
-70 

+25 
-70 

+25 
-70 

+25 
-70 

+25 
-70 

t25 
-70 

+25 
-70 

Average cathode current at 25'C**: 21.90x10 -16 

Average cathode current at -7O'C: 0.505x10-l6 

*Tubes were specifically selected for low dark current and spatial uniformity. Spatial uniformity was 
-+20% from nominal value over a l-inch diameter photocathode area. 

**This fs almost identical to that quoted (16~10'~~) for the EMI S20 9558 @ 25'C, 

***Dtili,rFng a 2870°R (color temperature) tungsten light source. 



(4) The vehicle can predict earth location with an accur- 

acy in the order of one or two degree.s. 

The first rather basic question is whether the receiver can have 

a sufficiently wide field of view so that the earth beacon can be acquired 

without resort to narrow fields of view and scanning techniques. Considering, I 
therefore, that the system's field of view is one square degree, the S/N ratio 

(including noise in signal, noise due to expected background illumination, and 

detector noise) shall be computed for a lo8 mile range. According to Figure 

7-2, the signal power density at the receiver is 2.1 x lo-18, corresponding to 

a received power of 2.1 x 10 -14 watts. The maximum earthshine irradiance at 

this distance from Figure 7-23 will be: 

1.5 x lo-5 (238,000) = 8.5 x 10 -11 watts/cm2/F , 

(lo8)2 

indicating that the earthshine power received will be a maximum of 8.5 x 10 -7 

watts/v or 8.5 x 10 -11 watts/;. The assumption that only a one square degree 

of stellar background exists, in addition to earthshine, leads to an additional 

component of received power which is (from Figure 7-14) 8 x lo-l4 watts/cm2/u, 

representing a received power of 8 x 10 -1' watts/p or 8 x 10 -14 watts/i. 

For this situation the contribution from the starfield is one 

thousand times less than earthshine and can be neglected. An RCA 7265 uncooled 

photosensor (from Figure 7-27) used as a photodetector, will contribute an addi- 

tional 8.3 x 10 -13 watts of equivalent input power, and operation at-70°C could 

reduce this to 2 x 10 -15 0 
watts equivalent input at 6328A. Table 7-4 suunuarizes 

these results for, systems using various spectral filters and phototube tempera- 

tures, taking into account estimated spectral filter losses. 
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TABLE 7-4 

RELATIVE PWER LEVELS AT PHOTODETECTOR 
FOR 6328% OPERATION 

1 2 3 4 
Condition PMT @ 25OC Pm @ -7ooc 

1sI Spectral O.lEl Spectral 1El Spectral O.lEa Spectral 
Power at De- Filter Filter Filter Filter 
tector (watts) 

~-- ~~~- ~. 

Signal 10-14 2x10-15 10'14 2x10-15 

Earthshine 4.2~10'~~ 8~10'~~ 4.2x10-11 8x10-13 

Stellar Power 4x10-14 8~10-1~ 4xio-14 8x10-16 

PMT (7265) 8.3x10-l3 8x10-l3 2x10-15 2x10-15 
___-.- 

NOTES: Transmissions of 18 and .18 spectral filters have been 
assumed as 509. and 10X, respectively. Atmospheric 
transmission has been assumed as unity. 

The calculated signal-to-noise ratios for conditions one through 

four of Table 7-4 are 0.6, 0.62, 0.607, and 0.875, respectively (based on Equa- 

tion (3), page 7-5, a Af = l/2 cps (At = l), and an S20 quantum efficiency of 5X). 

These results lead to the following conclusions for the assumed system: 

(1) Reduction of spectral filter width need not result 

in a substantial increase of S/N ratio, because PMT 

dark current equivalent power is cc..stant and the total 

photon arrival rate is decreased due to higher filter 

losses, thus, tending to lower S/N ratio. 
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(2) An increase of beacon power to 10 watts will 

increase signal-to-noise by a factor of ten 

for the same bandwidth or will allow bandwidth 

to be increased by a factor of one hundred while 

maintaining the same S/N ratio. Alternatively, 

both bandwidth and S/N ratio could be increased. 

(3) The total field of view of the system can be sub- 

stantially decreased without noticeable effect on 

S/N ratio since starfield background contributions 

are very small. Hence, acquisition can be per- 

formed tith a large field of view and subsequent 

efforts to increase S/N ratio by field narrowing 

techniques will be largely ineffective. 

(4) Earthshine input power can be reduced only by reduc- 

ing the field of view (POV) to less than the 16-arc- 

second apparent earth diameter at lo8 miles. Roughly 

speaking, reduction of the ZUV to 8 (or 4) arc-seconds 

will result in S/N ratio improvement factors of two 

(or four) since noise is mainly determined by earthshine 

input power. S/N ratio improvement with range'reduc- 

tion will be substantial as range is reduced below that 

at which the tracking XIV is equivalent to the earth's 

angular subtense. At larger ranges S/N ratio should 

remain constant. 
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(5) System operation at approximately 840& would decrease 

earthshine input by a factor of less than two (refer to 

Figure 7-16), but photosensor dark current equivalent 

would increase by a factor of at least five. While there 

are more photons/set corresponding to 1 watt at 840$, an 

overall loss in S/N ratio should be expected since quantum 

efficiency will be at least ten times less. 

(6) More accurate ground prediction of vehicle angular 

position would allow a S/N ratio increase, through 

reduction of beamwidth, to attain higher signal power 

density at the receiver. It is doubtful, however, that 

this will lead to ratio improvement factors exceeding 

four. 

(7) Larger diameter receiving apertures, in all four cases 

considered above, will increase S/N ratio at least 

proportionally due to increasing the total photon arrival 

rate. 

(8) Smaller PMT photocathodes will increase the S/N ratio 

appreciably only when phototubes are not cooled and 

narrow spectral filters are being used (viz: in case 

2 the S/N ratio could be increased to a maximum of 

.62x fi = .875, identical with case 4). 
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(9) Inclusion of optical heterodyning apparatus should 

result in much better signal-to-noise ratios since 

very small spectral bandwidth is achieveable with- 

out further reduction of photon arrival rate, as in 

the case of the spectral filters assumed-above. 

Further, it is theoretically possible to increase the 

S/N of the foregoing examples, through use of high 

local oscillator power, to effectively approach sen- 

sor conditions corresponding to higher quaatum effic- 

iency. With this approach, local oscillator shifting 

will be required to compensate for the Doppler shift 

expected ( ==: .$ ) due to vehicle velocity with re- 

spect to earth. Such shifts appear prohibitively 

large compared to those available from present lasers 

(viz: c$ .O& utilizing Zeeman Effect), while in the 

case of narrow spectral filters such shifts are read- 

ily produced by thermal control. Another approach is 

to tune the IF channel, but even the use of traveling 

wave photomultiplier tubes (3,000-megacycle response) 

allows only a O.Ob shift. 

(10) Without earthshine, the signal-to-noise ratio can be 

large enough to permit direct beacon detection with 

large stellar background fields. With earthshine 

conditions which result in low beacon detection sig- 

nal-to-noise ratio, the earth can be located with 

earthshine sensors. 
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The possibility of coronal light background exists only for condi- 

tions where earthshine is essentially zero (refer to Figure 7-12). Let us 

consider, therefore, what coronal area will introduce the same quantity of 

light as produced by earthshine in the previous four systems since, under this 

condition, the former S/N ratios are directly applicable. 

At 6328; the solar irradiance is 0.17 WattS/Cm2/P (Figure 7-11) at 

1 AU where the sun's angular subtense is 32 arc-minutes. The maximum earthshine 

irradiance at lo8 miles ( ~,l AU) and 6328; is 8.4 x lo-l1 watts/cm2/p. At this 

distance the earth subtends 16 arc-seconds. Hence, light from the photosphere 

must be reduced by 8.4 x lo-L1 = -5 x lo-9 
.17 in order to be equivalent to 

earthshine. Such a brightness reduction occurs (Figure 7-12) at a distance of 6.4 

solar radii (-1.68O) from the center of the sun and four times this brightness reduc. 

tion occurs at 12 radii (m3.2O). It is concluded that a half degree (or one degree) 

FOV can be used during initial acquisition without additionally degrading S/W 

if the edge of the field does not approach within 1.68" (or 3.2O) of the sun's 

center. This does not appear to be a significant limitation. In contrast with 

the case of earthshine background, subsequent field narrowing will significantly 

improve the signal-to-noise ratio. 

A second system in which the earth beacon frequency is 8400; shall 

now be considered. Since coronal light and earthshine are assumed to have nearly 

the same spectral distribution, the preceding comments related to coronal effects 

are also relevant here, Table 7-5 summarizes the results for this case, based on 

the same assumptions as Table 7-4. 

*The basic 'assumption is that coronal light induced degradation should not exceed 
that for the case of maximum earthshine. 
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- .- ~.~~ .- 
TABLE 7-5 

RELATIVE POWER LEVEIS AT PHOTODETECTOR 
FOR 8400H OPERATION 

CONDITION 

Case 1 Case 2 

PMT AT 25'C 

Component of 
Power at Detec- 
tor (Watts) 

Signal 

Earthshine 

Stellar Power 

1; Spectral 
Filter 

lo-l4 

3x10-l1 

2.5x10 -14 

2.2x1o-8 

0.l;; Spectral 
Filter 

2x10-l5 

6x10-l3 

Case 3 Case 4 

PMT AT -70°C 

G Spectral 0.; Spectral 
Filter Filter 

2.5x10-l4 

1.1x10 -14 

The signal-to-noise ratios in the first two cases are negligible, 

while those for cases 3 and 4 are 0.213 and 0.302, respectively. An increase of 

power by a factor of 10 (or 100) would raise these S/N ratios to 2.13 and 3.02, 

respectively (or, accomplish this end and also allow simultaneous increase of 

bandwidth from l/2 cps to 50 cps). The 8400; systems examined above appear to 

be the most practical since 3- to 4-watt Ga As lasers are a reality, while cur- 

rent He Ne lasers are in the order of 200 milliwatts. For the specific case of 
0 

a 4-watt 84OOA earth beacon and a vehicle following a trajectory to Mars, the 

earthshine will be that corresponding to an earth-illumination phase exceeding 

90 degrees. Under such circumstances the S/N ratio will be increased at least 

1.78 times due to lower earthshine and approximately four times due to higher 

laser power. The S/N ratio during acquisition can thus exceed 2.14 for a 1/2- 

cps bandwidth. This is great enough to detect the beacon and commence field 

narrowing without beacon loss. As the field is reduced, excluding more and more 
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earthshine, pointing servo bandwidth can be increased to avoid beacon loss due 

to high frequency torque disturbances which, being of small amplitude because 

of system inertia, would otherwise cause beacon loss for narrow field conditions. 
-. 
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SECTION VIII 

OPTICAL COMMUNICATIONS 

8.1 GENERAL CONSIDERATIONS APPLICABLE TO DEEP-SPACE AND 
SATELLITE COMMUNICATIONS 

An optical communications system in a space application must meet a 

number of diverse requirements. Foremost among these is the requirement that it 

permit reliable connnunications over interplanetary distances at information rates 

substantially greater than those possible utilizing microwave systems. As indi- 

cated earlier in the introduction to this report, the development of an optical 

cannnunications system for a deep-space application is justified only if it can 

be demonstrated that the advantages it enjoys overshadow the inherent difficulties 

of precise acquisition and tracking. 

Although the potential afforded by broadband optical comnunications 

has long been recognized, the problem of achieving the practical implementation 

of such a system has yet to be completely analyzed. 

It is necessary to fully evaluate the promising transmission, modula- 

tion, and detection techniques against the particular constraints imposed by a 

space application. These constraints are: minimum size, weight, and power con- 

sumption and high performance and reliability in a space enviromnent. The com- 

paratively extensive experience with microwave systems can only partly be applied 

by analogy to optical communications. At the low signal levels characteristic of 

deep-space comnunications, the quantum nature of light requires the use of new 

analytical tools to evaluate or predict performance. Techniques applicable to 
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the analysis of continuous channel microwave cotmnunications must be modified 

for the case of optical communications. 

This section of the report will introduce criteria for judging the 

performance of an optical communications system, together with a procedure for 

comparing different optical communications techniques. Several possible modula- 

tion techniques are evaluated in terms of communication performance and hardware 

implementation. 

One particular optical conxnunications system is analyzed numerically 

both to illustrate the analytical procedures involved and to demonstrate the 

order of performance which can be expected. Both the deep space and synchronous 

orbit cases are treated. In no sense does this preliminary cormnunications system 

analysis represent an optimum choice. 

In addition, another optical connnunications system is described which 

appears as a suitable candidate for the synchronous satellite case where high sig- 

nal levels are possible. 

8.2 INFORMATION CAPACITY OF AN OPTICAL CHANNEL 

In order to meaningfully assess the capability of various optical 

modulation and detection schemes, it is necessary to establish a theoretical 

standard for comparison. Analytical approaches dealing with the information 

capacity of a quantum channel have only been investigated in recent years. 

J. P. Gordon38 has considered the theoretical information capacity 

of an optical communications channel and has taken into account the quantum high- 

frequency effects which are not dominant in a lower frequency r.f. channel. 
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Gordon has shown that the maximum rate at which information can be transmitted 

over a single quantum channel can be expressed as: 

5 = Af log2 I+ ,,+2,] + [p] log2 E+ E] - 2 Log2 [+ +j 

This is the capacity of an electromagnetic wave, CW, expressed in bits per second 

as a function of: 

(1) Channel bandwidth, Clf cps 

(2) Average signal power, P 
S 

(3) Average noise power, Pb 

(4) Carrier frequency, v cps. 

It is assumed for the derivation of cw that the noise is additive white noise and 

that the available average signal power is attained when the signal has the charac- 

teristics of white noise. The values of P s and P b used in the equation for C W are 

all referenced to the optical receiver input. 

It is interesting to note that if the noise power Pb is much greater 

than hvhf, CW approaches the classical channel capacity formulation: 
r- 7 

c = Af log2 
pS 1 J l+p 

b 

If there is no additive noise, i.e. Pb = 0, and the signal is much larger than 

hvAf, one obtains an approximate equivalence to the above classical formulation 

by assuming the presence of an equivalent "zero-point" noise power, hvAf/e, where 

e is the natural logarithm base. 

It is necessary to point out that the above expression for Cwave is 

limited to waves existing in a transmission system for which only a single 

transmission mode of the field is used. 

For the case considered below, of pulse code modulation utilizing 

left and right polarization, an analogous expression for the wave capacity must 
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be derived. This is true since the analysis by Gordon does not take into account 

the information obtained from the knowledge of field polarization. 

Work is currently in progress on the derivation of a wave capacity 

expression for this case which will permit an evaluation of the information 

extraction ability of this modulation technique. 

8.3 SIGNAL AND NOISE LEVELS AT TM OPTICAL RECEIVER 

The average power, P, radiated by the transmitting telescope depends 

upon the choice of laser transmitter power, modulation techniques, and the opti- 

cal efficiency of the transmitting telescope. The signal energy density at the 

receiving telescope aperture depends upon the atmospheric transmission, the range 

and the divergence of the transmitted beam. The amount of signal collected de- 

pends upon the receiver aperture. 

Finally, the signal having an average power, Ps, arrives at the detec 

tor after suffering losses as it passed through the receiver optics and pre- 

detection noise filter. The receiver is also subject to noise due to a number 

of background sources previously described in detail in this report. In addition 

to the above attenuation factors, the average noise power, Pb, at the receiver 

detector is further limited by the narrow bandpass of the pre-detection noise 

filter and the field stop which restricts the receiver field of view. 

The following equations express Ps and Pb in terms of these factors. 

The signal power may be expressed as: 

where 

pS 
= Pi x Ar x rO-rf 

pi = power density incident on the receiving telescope aperture; 
n 

nD ,' 
Ar = area .of the receiving telescope aperture equal to -f. 

where Dr is the diameter of the receiving aperture; 
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7 = 
0 

optical transmission of the receiving telescope; and 

Tf = transmission through the narrow-band pre-detection 

filter. 

pi.’ in. turn, can be  written as: 

4K.P 

.R2a2 rA t 

where: 

K = the factor converting uniform power density to 

that for a  circular diffraction pattern at the 

half-width point of the central maximum. (ikO.45) ; 

R = range; 

P = power radiated by the transmitter; 

rA = atmospheric transmission; and 

a; = transmitted angular beam divergence which may be  

considered diffraction lim ited for transmission 

from space to earth, i.e., at = 1.22 4  where D 
t t 

is the diameter of the transmitting aperture. 

Rewriting the expression for Ps and grouping factors yields: 

Ps = [ (l.;2)2 ] x [ q-j x [ Pl$oTf ] 

(geometric (wavelength dependent  
factors) factors) 
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for a ground station receiving a signal from space, and: 

's = [ '1 x [&] x [ "AToTf 1 

(geometric (wavelength dependent 
factors) factors) 

for a.space station receiving a ground transmission where at is not necessarily 

diffraction limited, but has a minimum value of about three arc-seconds due to 

atmospheric effects, 

The parameters involved in the expression for received average noise 

power pbj may also be divided into the same two categories: 

'b = (Y$)' x [D:h:a] x [ NA~o~f] 

(geometric (wavelength dependent 
factors) factors) 

where: 

a = r receiver angular field of view; 

M= pre-detection filter bandpass; and 

Nh= spectral radiance of the noise sources. 

If a photomultiplier tube is used as the photodetector, then the rates at which 

signal and noise photoelectrons, n and 
S 

nb respectively, are generated by the 

cathode surface is given by: 

pB n = 
S hc/hE 

(‘b + ‘,‘,) 
n = 

n he/h s 
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where: 

PD = radiant input power equivalent to photomultiplier 

dark current; 

E = detector quantum efficiency; 

h = Planck's constant; and 

C = velocity of light, 

Both the quantum efficiency and the dark current equivalent power 

are strongly wavelength dependent. The quantum efficiency alone can vary from 

a fraction of 1 percent for ultraviolet wavelengths to nearly 100 percent for 

super-cooled detectors in the infrared region. In addition, PD is greatly de- 

pendent on the temperature of the photomultiplier tube. 

8.4 SELECTION OF OPTICAL SYSTEM PARAMETERS 

This section presents a possible systematic procedure for choosing 

the optical system parameters which meet the requirements for a particular space 

application. 

It appears necessary to first examine potential laser transmitters 

to determine the applicable characteristic emission frequencies and maximum power 

output associated with each. Latitude in this selection is necessary to allow 

for the rapid change in the state of the art. Engineering judgment must be em- 

ployed at this step to reject those sources which are obviously unsatisfactory 

in terms of power'consumption, weight, cost, or reliability. 
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In order to determine the average signal and noise power incident 

on the 'detector, it is necessary to select values for the factors involved in 

the receiving and transmitting telescope design. These are chiefly: receiver 

and transmitter aperture diameters, transmitter beam divergence, receiver field 

of view, and optical rejectlon filter bandwidth. These parameters should be 

clearly achievable but not necessarily the most advantageous for the final appli- 

cation. A more detailed consideration of these factors is involved in the final 

choice. 

The wavelength dependent factors necessary for the calculation of 

the average signal and noise power incident on receiver photodetector can be 

evaluated for each potential transmitter wavelength. Sufficient experimental 

data and analytical methods exist which permit an evaluation of the following 

factors: optical transmittance of the transmitting and receiving telescope, 

transmittance of the atmosphere, background spectral radiances, and noise filter 

transmittance. 

It is then necessary to identify possible encoding and decoding sys- 

tems, again using engineering judgment to make a preliminary selection. 

In accordance with a potential user's requirement for channel capa- 

city and error rate, the bandwidth required for each candidate system can be 

evaluated for each potential laser transmitter frequency, and the associated 

values of Ps and Pb may be referenced to the receiver input. The subset of 

bandwidths calculated in this manner will be further limited by hardware con- 

siderations. 
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At this stage, the error rates are computed for each candidate mod- 

ulation scheme and remaining possible laser transmitter frequencies. Only those 

communications systems for which the computed error rate is less than or equal 

to the desired error rate are retained. 

The above procedure will have to be repeated for other initial choices 

of system parameters such as those involved in the transmitter and receiver tele- 

scope design. 

The communications systems which meet or exceed the desired perform- 

ance criteria must be more closely evaluated in terms of their comparative desir- 

ability concerning cost, size, weight, power consumption, and reliability. In 

addition, it is necessary to insure that the couununications system is compatible 

with the acquisition and tracking requirements. 

805 MODULATION SYSTEM CONSIDERATIONS 

Candidate Modulation Systems - Two promising candidate modulation systems have 

been studied in some detail. They are: 

(1) Pulse Position Modulation with the highest received 

pulsemarkingthe pulse position (PPM-HP or briefly, 

PPM); and 

(2) Pulse Code Modulation using left or right circular 

polarization to mark the binary "one" or "zero" 

(PCM-PL). 
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These two systems have been analyzed by other investigators, 39 

but we believe the analysis presented here is a suitable point of departure 

from the previous work for several reasons: 

(1) Poisson statistics were used rather than Gaussian 

statistics. For the optical communication systems 

from deep space, the photon arrival rate is so low 

that a Poisson statistical model should be used. 

(2) Since this analysis has the benefit of the previous 

work, the cormnunication system chosen for the analy- 

sis is intentionally less conservative in order to 

permit clear comparisons between one approach or the 

other (PPM versus PCM). 

To illustrate these points specifically, we have analyzed a PPM sys- 

tem in which the the pulse location is marked by the highest pulse received (PPM-HP) 

and compared the performance of this approach with a PPM system in which the first 

pulse to exceed a threshold marks the pulse position. The comparison of these 

two approaches is shown in Figure 8-l. Note the significant advantage of 

the PPM-HP approach over the PPM-Bias Level approach in the presence of large 

background radiation (The cusps in the PPM-Bias Level Curves are due to discrete 

changes in the bias level in the analysis.) On the basis of this improvement, 

further study on the PPM and PCM-PL communfcation approaches was initiated. 

The following steps were taken in analyzing the PPM and the PCM-PL 

systems: 
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(1) A near optimal configuration was chosen and a model 

was defined. 

(2) Poisson photoelectron statistics were assumed for 

both signal and background sources. 

(3) An equation for probable error rate as a function of 

mean number of received signal photoelectrons S per 

sample period, mean number of received background 

photoelectrons B per sample period, and a system param- 

eter was derived from each model. These equations are 

presented and discussed in Appendix.D. For PPM the param- 

eter J was the number of distinguishable pulse positions 

in a sample period as limited by receiver bandwidth. 

The error rate RB for PPM was the probability that a 

wrong pulse position was received in the sample period. 

For PCM-PL the error rate R was the error rate per bit, 

i.e., the probability that any particular code.bit is 

incorrectly received. The parameter K for PCM-PL was 

the number of code bits in a word. One word is to be 

transmitted for each sample. 

(4) Two computer programs were written for each system. One 

program ("Error Rate Analysis") computed probable error 

rate as a function of S with B as a parameter for selected 

values of the system parameter. The other program ("Equal 

Error Rate Curves") computed the minimum S required to 
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maintain a selected error rate +l percent as a func- 

tion of B with a selected value of the system parameter. 

(5) Computer runs of these programs were made and the re- 

sults were plotted. See Figures 8-2 through 8-9. 

Examining the lower portions of all these figures, it 

will be noted that the logarithm of the error rate ap- 

proaches asymptotically a state in which it decreases 

linearly with increasing signal. In all cases the 

asymptote depends upon the three independent variables, 

S, B, and K or J. Ihe maximum error rate per bit for 

PCM-PL is l/2 for zero signal. Such an error rate cor- 

responds to the recovery of zero information. Of 

course, one could obtain an equal amount of informa- 

tion by flipping a coin to decide what binary digit 

is received, and that is precisely analogous to what 

the system internal noise and the received background 

quanta actually do when no signal quanta are received! 

The error rate for PPM is 1 if neither signal nor noise 

quanta are received,and the information recovered is 

zero. If no signal quanta are received during a partic- 

ular sample period there is a slight probability that 

any background quanta received may mark the correct 

pulse position. Hence, the error rate drops slightly 

below 1 when background quanta are received. Operation 

in the region of high error rates is not anticipated 
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Figure 8-3. Pulse Position Modulation - Highest Pulse Error Rates 
64 Resolvable Positions 
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Figure 8-6. hbe Coda Ibduhtion Ikror E8tea, Five-Bit Code 
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unless error correcting codes are used, or it is 

decided-to superimpose a pulse amplitude modulated 

signal upon the PCM-PL or PPM signals with a low 

maximum frequency. The latter possibility is partic- 

ularly suited to PPM or PCM-PL, since for both the 

average signal power is constant, independent of the 

signal waveform. 

(6) Tentative comparisons of these systems were made. 

Comparison Considerations - In comparing these systems there are several consider- 

ations involved. 

(1) Power Limitation - If S for PPM is taken equal to S 

for PCM-PL, then the systems are being compared on 

the basis of an average power limitation and no peak 

power limitation (e.g., with reference to a pulsed 

solid state laser system). If S for PCM-PL is taken 

equal to S times J for PPM, then the systems may be 

compared on the basis of a peak power limitation (e.g., 

with reference to a gas laser and high speed shutter 

system). 

(2) Bandwidth - For equal sample periods the bandwidth re- 

quired by J-positSon PPM can be shown to be J/K = 2K/K 

times as great as that required for a K:bit PCM-PL system. 
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(3) Sample Quantization - For equal sample resolution 

the number of resolvable positions for PFW is 2 K , 

when a K-bit code is used with the PCM-PL system. 

(4) Information Capacity - The error rate per sample RE 

in PPM is not, in general, equal to the error rate R 

per bit in PCM-PL for equal information capacity. 

The probability of receiving a PPM sample correctly 

is l-RE. The probability of receiving a PCM-PL 

sample correctly is (l-R)K. 

It may be desired to compare the signal power required 

to maintain a specified information capacity for the 

two systems. If so, error rates for the two systems 

should be chosen which give an equivalent information 

capacity. If each system parameter is chosen properly 

as in (3) above for equal resolution, then the error 

rates must be chosen for equal equivocation. The 

choice may be made conveniently by referring to Fig- 

ures 8-10 and 8-11. For a derivation of the equations 

plotted in Figures 8-10 and 8-11 refer to Appendix D. 

(5) Sample Error Rate - On the other hand, it may be desired 

to compare the signal power required to maintain equal 

sample error rates for the two systems. This should 

also be done for systems with equal sample resolution, 
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i.e., J = 2K ae above. The probability of error 

for PPM is RR and the probability of a sample 

error in PCM-PL is R'R = 1 - (~BR)~ (provided an 

error correcting code is not used). 

(6) Realizability and Complexity - Obviously, even if 

one system may be shown to have many theoretical 

advantages over the other, the choice of a system 

is an engineering choice. The choice must be partly 

based on the relative practicality of the systems 

with reference to the state of the art at the time 

of the choice. 

Rxamplts of Syeteni Comparison - Let us first compare PCM-PL and PPM for the case 

of equal information capacity and then for the case of equal sample error rates. 

Refer to Figure 8-12 throughout the following diecueeion. 

It will be necessary to choose a sample period fore quantitative 

comparison. A SOO-nanosecond sample period is chosen because of the .following 

considerations. The OTS requirement is a 10 Mcps optical information bandwidth. 

The information capacity C of an ideal continuous Shannon counnunication channel 

with a eignal-to-noise ratio of 1 and a bandwidth of 10 Mcps ie: 

C = Af log2 (1 + S/N) = 10 M bits/set 

Neither PPM nor PCM-PL qrt continuous collnnunication systems. They are etmpltd 

systems, and for optical frtqutnciee and low signal and background levels they 

art alro quantized syeteme. Hence, their information capacity cannot be calcu- 

lated with Shannon'e formula, and it .ir meaningltse to speak of a signal-to-noise 

,,': 8-26 
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ratio in any ordinary sense. However, PPM and Pa-PL do have a definite in- 

formation capacity which can be calculated from the entropy of the signal en- 

coding scheme and the equivocation, provided the sample period and some error 

rate per sample or bit is known. Let us, therefore, choose a sample period 

for the two systems which gives a 10 M bit/second channel information capacity. 

For the transmission of television pictures it may be sufficient to transmit 

every resolution element with only 32 possible gray levels. Let each resolution 

element constitute one sample, and then log2 32 = 5 bits per sample will be trans- 

mitted. This can be done by using PCM-PL with a 5-bit code, or PPM with 32 re- 

solvable positions. Now, if 2 x lo6 samples per second are transmitted,, the in- 

formation transmitted is 10 M bits/second. For a sampling rate of 2 M samples/ 

second the sample period is 500 nanoseconds. 

Note that if an analog waveform is to be transmitted with a sampling 

system the Nyqulst sample period should be used to prevent loss of information 

and waste of power. If the sample period is T, the maximum significant frequency 

f max in the analog waveform should be no greater than 1/2T. Thus, if T = .5u set, 

f max = 1M cps. 

The optical bandwidth may have to be greater than lo7 cps to receive 

recognizable pulses. 

Having chosen the sample period, we may now compare PPM and PCM-PL 

for the two cases desired. 

Case I: Equal Information Capacity - Suppose it is desired to transmit samples 

with an error rate of roughly l/400. This may be a suitable error rate for TV 

pictures. Then for 32-position PPM the error rate per sample is just BE = l/400. 

The minimum S to maintain BE for various amounts of background B is plotted in 

Figure a-12. Note that for an average power limitation, as shown, all the signal 
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quanta would have to be transmitted during the pulse time (l/32 of 500 nano- 

seconds) and none before or after. For equal information capacity with straight 

5-bit coding, a PCM-PL system would have to maintain an error rate of R = l/1560 

per bit. This corresponds to an error rate BIE per sample of l/313. It would 

also be possible for the PCM-PL system to transmit eight code bits in the sample 

period, where the coding is so chosen that all words transmitted may be corrected 

at the receiver if no more than one of the code bits has been incorrectly received. 

The sample resolution remains at 32 levels (5 bits) since the extra three bits 

are error correction bits and do not add information. Then the sample error rate 

R'E will not be higher than l/313 as long as the probable error R per bit is not 

greater than l/92. Reference to Figure 8-12 will show that fewer signal quanta 

per sample period are required to maintain this R for an &bit code than for 

R = l/1560 and a 5-bit code. However, the required bandwidth has been increased 

by 8/5, since now eight separate pulses must be transmitted in the same period 

of time as was allowed for five. The complexity of the coding and decoding equlp- 

ment has been increased somewhat also. 

Case II: -i Equal Sample Error Rates - Let the sample error rate now be fixed at 

l/2000, i.e., RE = R'E = l/2000. Suppose a signal having low redundancy is to 

be transmitted. If an error occurs in a received sample it will then not be poss- 

ible to correct the sample by referring to the samples immediately preceding or 
- 

following it. Hence, a low sample error rate may be required. Given that 

R'E = l/2000, reference to the formula for R in terms of RtE in Appendix D gives 

R = l/10,000. The equation for the straight line portion of the PCM-PL 5-bit code 

curve for R' E = l/2000 in Figure a-l.2 is S = 8.24 m + 35.9. Arbitrarily 

choosing S/B = 1 and solving for S we have S = 130. (Note that R may 
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be maintained equal to l/10,000 for varying ratios of S to B, depending on the 

value of B, merely by making S large enough. The ratio S/B = 1 is chosen purely 

for purposes of illustration.) 

If an a-bit error correcting code is employed, then R'E = l/2000 lm- 

plies that R = l/237. See Appendix D. The equation of the straight line portion 

of the PCM-PL a-bit code curve for R' E = l/2000 is s = 7.28 @ + 30.1 and 

S/B = 1 implies that S = 94.6. Note that (130-94.6) x 100%/130 = 27.2% less slg- 

nal power is required for error correcting coding than for simple coding with equal 

signal-to-background ratios. As an alternative comparison, if S = 94.6, the error 

correcting system maintains RIE = l/i000 with B = 94.6, while the simple coding 

system cannot maintain RfE = l/2000 if B is greater than 50.7. Thus the back- 

ground tolerance for the error correcting system is (94.6-50.7) x 100%/50.7 = 86.6% 

greater than that for the simple coding system, when S = 94.6. These results are 

summarized briefly in Table 8-l. 

Condition 

S/B = 1 

S = 94.6 

Bandwidth 
Required 

Complexity 

TABLE a-i 

COMPARISON OF SIMPLE CODING AND 
ERRCR CORRECTING CODING 

Five-Bit System 

s = 130 

B 5 50.7 

F = 1 unit 

1 unit 

Eight-Bit System 
With Error Correction 

_. ~- f. .:..-e ._ --- .z 

S = 94.6 

B 5 94.6 

F = a/5 unit 

> 1 unit 

I 
Percentage 

-27.2% 

86.6% 

60% 
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We may conclude that the advantage of the error correcting system 

is only clearly apparent when: (1) background is high and/or signal power is 

quite restricted; and (2) bandwidth is available. 

A curve for 32-position PPM with an average power limitation and 

R'E = I/2000 has been plotted on Figure 8-12 also. Since in PPM all the slg- 

nal power is concentrated in one pulse, for 32 possible positions and rectangu- 

lar pulses the peak power is 32 times the average power. (In comparing PGM-PL 

systems it is not necessary to consider differences between peak power and 

average power, since for rectangular pulses they are equal.) Gas lasers are 

likely to be limited by their peak power to no more than about ten times their 

average power, and even then the average pulse repetition frequency is much too 

low for the sample rates contemplated. Furthermore, the pulses may not be easily 

located in the sample period. Giant pulse ruby lasers are limited only by their 

average power, but once again the pulse repetition rate is much too low for the 

PPM system envisioned. In addition, a 32-position PPM system requlres.32/5 = 

6.4 times more bandwidth than a five-bit PGM system. 

If some laser is developed which may be operated with a l/32 duty 

cycle and a (say) 2 MC average repetition rate, then the advantage cf the PPM 

system over PCM-PL is remarkable. It may also be more possible to obtain a 

laser whose peak power is as much as (say) 6.4 times its average power, with the 

same duty cycle and average repetition rate as before. (Such a system might be 

realized if the laser had a duty cycle somewhat greater than l/32 and a fast 

shutter were used to shape and precisely locate the pulse.) The curve for 

Pm-32 positions and peak power = 6.4 x average power shows the minimum required 

signal for R'R'= l/2000. For this system only a little more signal power is 
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required than for PCM-PL-5 bits. NOW if a system la found for which peak power 

= C x average Power, where 6.4 b C. > 1, its characterlstlc will fall between the 

two PPM characteristics on Figure 8-12, and may give some advantage over PCM-PL. 

The exact characteristic may be found simply by multiplying S for each point on 

the Pm-average power limitation curve by C, and *plotting the resulting points. 

The PPM and PCM-PL systems were analyzed in detail since they are 

promising candidates for the envisioned optical conununications system. The 

literature has very little modulation systems comparison for sny other condl- 

tione than Gaussian distributed signal processes operating against additive 

white Gaussian noise. In particular, analyses of fading effects for the varl- 

ous systems are lacking. It appears that these questions could bear much further 

investigation. Due partly to its awkwardness the Poisson Distribution has not 

been used much in analytical investigation. The studies we have presented here 

of conrmunicatlons systems with a low photon rate were enhanced due to the avail- 

ability of a digital computer. The area is hardly exhausted and considerably 

more work mst be done before a system is evolved which is identified as near 

optimum. 

8.6 CGMMIJNICATIONS IN DEEP SPACE 

Discussion - Calculations have been carried out to demonstrate the procedure 

for selecting optical system parameters for communications to and from deep 

space at interplanetary distances of the order of 100 million miles. A first 

indication of system performance is also provided by these calculations. 

Selection of System Parameters - The system parameters that have been chosen.for 

this initial analysis are presented in Table 8-2, and w-ill be discussed briefly. 
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TABLE a-2 

Design Parameters for Laser Cormnunlcations Between 
a Deep-Space Probe and Earth 

Input Paramterm 

Emge (Statute Hilea) 

Wavelength Received (i) 

Tranmmitted Power (Watts) 

Tranalittad Be- Divergence (Redlam) 

Diemeter of TrPnamitting Aperture (Q4) 

Diameter of Receiving Aperture (Ql) 

Receiver Field of View (Radlmr) 

Atmospheric Trensmiarion 
(60. From the Zenith)(X) 

Optical Syrtem Tranrmiralon (%) 

Pro-Detection Filter Tranrmimaion (%) 
____. -o-~- 

Pre-Detection Filter Bandparr (A) 
--___ 

Baclrgrmnd Brightness Blue Sky at 632& 

kiiekp) 
Background Brightnear Earthshine at 6400; 

( 
Watte 

cl? -Ster-p ) 

Background Brightneea Average Starfield 
Toward Ecliptic Plane 

( 
watta 

02 -Ster-p > 

Receiving Photmltiplier Tuba 
- 

Dark Current Radiant 
Input Power Equlv. @ -7O.C (Wattr) 

-__- .-~ 
Dark (5Jrrent Radiant 
Input Pover Equiv. @ 25OC (Watta) 

PHT Quantum Efficiency (%) 
__--_. _ 

Sylbol 
___- 

P 

A 
.__.-- 

P 

at 
Dt -- 
Da ____- 
ch 

5s 

Pd_70-C 

'd 29c 

E 

*Darived from Figure 7-14 
tlee Figure 7-27 

A8ae Figure 7-26 
ttDerived from Figure 7-7 
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Reception on Reception in 
Earthof Space Space of Earth 
Tranada8ion Tranadarion 

TrL Ni8ht hY t?i&t 

1T log 

6328. 8400. 

0.1 I 200. 

-,1.22k 
t I 

1.45 x 10'5 
(3 Arc-Set) 

50. 50. 

15 @ . 50. 

0.5@ 1.0 

5.0x10-3@ 0 

1.2x10-2@ NO 

* 
3.4-i 10'10 

RCA 7265 EMR543c 

2.0 x 10-15(f) 1.1 x lo-14@ 

-- -4r-+--+ 
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The space vehicle transmitter is a helium-neon laser which radi- 

ates a diffraction-limited beam at 6328; through a one-meter diameter optical 

system. Laser transmitters presently exist which are capable of radiating 

the 100 milliwatts of cw power assumed here. 

There appear to be a number of important advantages in sharing one 

optical system for receiving and transmitting functions in space. Cost and 

weight are reduced by utilizing a common optical transceiver rather than separ- 

ate transmitting and receiving telescopes. Precise boresight alignment between 

the optical axes of the two telescopes required for accurate point ahead is 

eliminated. Narrow-band pre-detection filtering and two separate widely spaced 

laser frequencies will substantially reduce the mutual interference. 

Thus, the space-borne receiver utilizes the same telescope as a 

light collector,together with an EMR 543C photomultiplier tube which has an 

S-l surface for maximum quantum efficiency at the received wavelength of 84001. 

Values assumed for the optical system transmission and the noise filter band- 

pass and transmission are realistic. Limiting the receiver field of view to 

3 arc-seconds is considered feasible as a means of restricting earthshine, 

which is the dominant noise source when the receiver views the earth during 

the day. At night, the thermal radiation from the earth can be shown to be 

negligible at 632&. 

The earth station communication system, in turn, consistsof a 

lo-meter-diameter receiving telescope which functions only as a light collec- 

tor and,therefore,may consist of multiple, elements, since precise optical' 

alignment is not required. The receivedwavelength of 6328A is detected 



with an RCA 7265 photomultiplier tube which has an S-20 surface. A Lyot filter 

is considered to reject noise at a bandpass half that assumed for the space 

receiver, since the additional complexity of this device is justified at the 

earth station for daylight communications. Atmospheric turbulence during the 

daylight hours and the inability to stabilize the thermal environment will 

cause large image motion at the ground and require restriction of the field 

of the receiving telescope to greater than 3 arc-seconds (perhaps as large a 

field of view as 20 arc-seconds, which is used for these calculations). 

In the daytime the dominant noise source is specular radiance of 

the blue sky, for which a maximum value has been assumed. On a moonless night 

viewing well off the horizon, the only background noise is due to the star 

field, for which an average spectral radiance has been computed (see page 7-23 

of this report). 

Transmission takes place through a separate telescope aperture, 

but the radiated beam is not diffraction limited because of atmospheric scat- 

tering which limits the beam divergence to about 3 arc-seconds. A radiated 

power of 200 watts at 84OOA is assumed to be possible in the near future 

through the use of a number of ganged lasers operating in parallel. 

A number of factors are comnon to both. the earth-based and space- 

borne systems. Both photomultiplier tubes require cooling to limit dark cur- 

rent noise.. This is especially true for the EMR 543C photomultiplier tube for 

which a temperature of -70°C is assumed. Admittedly, it remains to be seen 

if cooling to this extent is possible by passive means in space. Atmospheric 

transmission is: high at an angle ,60 degrees off the zenith for both laser wave- 

lengths. 

8-35 



Finally, a PCM-PL, 5-bit code modulation system is assumed for 

the communication system encoder analysis. In order to permit meaningful 

comparisons of the channel capacities and error rates of the PCM-PL modula- 

tion system, the quantum efficiencies of the previously mentioned photomul- 

tiplier tubes are assumed to be. equal to unity. The actual values differ 

markedly and would prevent meaningful performance comparisons between up- 

looking and down-looking cases. 

Sample Calculations of Con5urications Performance - The analytical procedures 

presented in the preceding sections will now be used,together with the parame- 

ters chosen,to define the optical comrmnicating system under study. Sample 

calculations are presented'which derive system performance step by step for 

daytime communicationsinboth directions between earth and deep space. Per- 

formance during the nighttime has been similarly calculated, but only the re- 

sults are presented. These calculations begin with the determination of the 

average signal and noise powers incident on the detector, and end in the cal- 

culation of the information capacity.of the PCM-PL modulation system, together 

with corresponding error rates. 

Calculations for the daytime case of reception on earth of space 

transmission is presented in the following steps, 1 through 11: 

(1) Transmitted beam divergence, 01 : t 

at = 1.22 ?,/D 

1.22 (.63~) -6 x10 m = 
lm G 

= o.77x1o:6 radians = 0.16 arc-second 
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(2) Signal power density incident on the receiver 

aperture, P : I 

From Figure 7-2,for at = 0.16 arc-second, 

R = lo8 miles , and P = 2.2 watts, 

Pi = 1.0x10 -14 watt. However, P = 0.1 watt 

here, therefore: 

Pi = j$ x 1.0x10 -14 watt -= 2 4.6~10~1~ watt/cm' . cm 

(3) Signal power incident on the photodetector, Ps: 

pS = Pi A rATorf 

= 
( 

4.6x10-l6 

= 1.9x10-l1 watt 

( 7.86~10~ cm') (0.7)(0.5)(0.15) 

(4) Arrival rate of signal photons at the photo- 

detector, ns: 

pS n 
S =hc/h m 

6328i~lO-~' r 
= Ps x 6.62x10 -34 joule-set 

)( 
3x108 m set 

= 1.9x10 -11 watts x 3.18~10~~ joule-' 

= 6.0~10~ photons 
set 
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(5) Background noise power incident on the photo- 

detector, Pb: 

'b = NhA +rR2 &rorf 

(Nh =N hB + N& 21 N)JJ) 

Pb = 
( 

5.ox1o-3 watt 
2 cm -ster-p 

2 
9.7ox1o-5 rad 

x (.5x10-4p) (.5) (.15) 

= l.lxlo-l" watt 

(6) Signal-to-noise ratio in terms of 

incident on the photodetector SNR 
P 

radiant power 

: 

SNR = pS 
P 

p + p 
b d 

1.9x10-ll watt = 
( 1.1x10 -10 + 2.0x10 -15 

1 watt 

= 0.17 

(7) Arrival rate of background noise photons at 

the photodetector, n - B' 

'b 
nB = he/h 

= l.lxlo-l" watt x 3.18x10 18 joule -1 

= 3.5~10~ photons/set 
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(8) Equivalent arrival rate of dark current 

photons, nd: 

'd 
nd = he/h 

= 2.0x10-l5 watt x 3.18x10 l8 joule-l 

= 6.4~10~ photons/set 

(9) Generation rate of signal and noise photo- 

electrons, n and n es en' 

n =n xe es S 

= 6 OxlO7 -x . l o5 photoelectrons 
set photon 

= 3.oxlo6 photoelectrons 
set 

n en = (n b + nd) ' 

= (3.5xlO8 + 6.4xlO3) Photons x .05 photoelectrons 
set photon 

= l.gxlo7 photoelectrons 
set 

(10) Information capacity, CpcMSpL, and probable rate 

of error per bit, R, of PCM-PL S-bit code (without 

photodetector) where Af, the information bandwidth, 

equals lo7 cps: 

The bit time, T, equals l/Af, where Af is the in- 

formation bandwidth. The sample period, T, in turn, 

is equal to 5-r. Therefore, T = S/Af. In this case, 

Af = lb7 cps, and T = 5x10 -7 sec. 
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S, mean signal quanta per sample period, 

= . OxlO photons set ) (5r10B7 set) 

= 30 photons 

B, mean noise quanta per sample period 

=n bT = ( 3.5~10~ phzzns) (5x10B7 set) 

= 175 photons 

From Figure 8-6, page 8-18, the probable rate 

of error per bit, R, for these values of S and 

B is 0.18. 

Channel capacity is equal to the coding entropy 

minus the equivocation, divided by the sample 

period. (See Page D-16 for the derivation of 

PCM-PL equivocation using a 5-bit code.) Then: 

c = $ {l + log2 [R~(~-R)'-$ 

Substituting, 

C 5 = 
5x1o-7 

.18'18 (1-.18)l-.18 

Ji 

= 3.2~10~ - bits 
set 

(11) Information capacity, Cp(=M-,L, and information 

bandwidth, Af, of PCM-PL S-bit code (without 

photodetector) where the probable rate of error 

per bit, R, equals 10 
-4 

: 
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The curve 

where R = 10 -4 may be 

S = 8.24 n + 35.9 

in Figure 8-12 for signal quanta versus noise quanta 

represented for large values of B by the expression 

(refer to page 8-29). 

Now S = nsT and B = nbT; 

therefore, n 
S SB = 

="b 

6.0~10~ B 

35x107 
, 

S = .172 B. 

Finding the simultaneous solution to these equations 

yields: 

S = 464, B = 2,700. 

Now T = 5/ns, and C =5/T where 

-4 R= 10; therefore, 

C 5nS 5(6.0x107) = 6.4x10-' - bits = -= 
S 464 set ' 

and 
5n 

Af = $ = -$ = C = 6.4~10' - . bits 
set 

The calculations for the daytime case of reception in deep space 

of earth transmission is presented in the following steps 1 through 11: 

(1) Transmitted beam divergence, a t, is independent 

of transmitter aperture because atmospheric af- 

fects limit the emerging beam to a minimum diver- 

gence angle of 3 arc-seconds. 
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(2) Signal power density incident on the receiver 

aperture, Pi: 

In a manner similar to that shown on page 8-37, 

Pi can be calculated for 3 arc-seconds, where P 

equals 200 watts and R = 10 8 
miles: 

pi 
= 1.8~10~~~ watt/cm2 

(3) Signal power incident on the photodetector, Ps: 

pS 
= Pi A TAroTf 

= 
( 

1.8x10 -15 y) (7.85x103cm2y c.85) (.5) (.5) 

= 3.1x10-l2 watt 

(4) Arrival rate of signal photons at the photo- 

detector, ns: 

pS n = 
S he/h 

= 3.1x10-l2 watt x 4.22x10 l8 joule-l 

= 1.3x10' photons 
set 

(5) Background noise power incident on the photo- 

detector, Pb: 
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(6) 

(7) 

(8) 

Pb = i 1.2x1o-2 2watt 7.85~10~ cm 2 
cm -ster-w >( I( z 1 45x10e5rad 

2 
. 

= 3.9x10-l3 watt 

(5) Continued - 

Signal-to-noise ratio in terms of radiant power 

incident on the photodetector SNR : 
P 

SNR pS 

P = Pb+Pd 

SNR 3.1x10-12watt 
P -70°c = 

( 
3 9xlO-13+l lxlo-14 . . J watt 

= 7.8 

SNa, 250c = 
3.1x10-l2 watt 

--. - 

3.9x10-13+2.2x10~8 > watt 

= 1.4x1o-4 

Arrival rate of background noise photons at 

the photodetector, nR: 

'b 
nB = he/X 

= 3.9x10-I3 watt x 4.22x10 18 joule -1 

;: 1.6~10~ photons set 

Equivalent arrival rate of dark current photons, nd: 

nd 
= 1.1x1o-14 watt x 4.22x10 l8 joule-l 

==, 4.6~10~ photons 
set 

8-43 



(9) Generation rate of signal and noise photo.- 

electrons, n and n es en' 

n =nxE es 8 

photons set 
(.oo36) photoelectron 

photon 

= 4.7xlo4 photoelectrons 
set 

n en = tnB + nd) ' 

n en = ( 1.6~10~ + 4.6x10 4) photons x .0036 p hotoelectron 
set photon 

= 5.8~10~ photoelectrons 
set 

(10) Information capacity of PCWPL 5-bit code, Cp(=M,m, 

(calculated for a photodetector of unit quantum 

efficiency): 

The bit time, 7, equals l/Af, where Af.is the in- 

formation bandwidth. The sample period, T, in turn, 

is equal to 57. Therefore, T = 5/Af. In this case, 

Af = lo5 cps and T = 5x10W5.sec. 

S, mean signal quanta per sample period, 

= “s T 
= ( 1.3x10' photons 5x1o-5 set set )( 1 

= 650. photons 
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B, mean noise quanta per sample period, 

= c 1.5x106 photons set ) 

= 80. photons 

Although theae values of S and B are off scale 

set 
> 

in Figure 8-6, page 8-18, the probable rate-of 

error per bit, R, for these values of S and B 

is < 10-5. Channel capacity is given by 

C = $ {1 + log2 [RR (l-R)'-;} 

For very small values of R, log2 RR(l-R) 1-R ry 0 

3 

_ 

Therefore, Cl--, 5/T 

C 5 = 
5x1o-5 

=105 - bits 
set l 

(11) Information capacity, CpcMspL, and information 

bandwidth, Af, of PCM-PL 5-bit code (without 

photodetector) where the probable rate of error 

per bit, R, equals 10 -4 : 

7 
S = "a B = 1.3x1o 

"b 1.6~10~ 
B, 

S = 8.1 B 
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-From Figure 8-6, page 8-18, 

satisfied for R = 10 -4 when 

Then, 

this.equation IS 

S = 55, B = 6.8. 

5n 
C = 5/T = -$ = 5x1.3x10' 

55 = 1.18~10~ bits set 

Af = 5/T = 1.18~10~ cps. 

Discussion of Results - These calculations are summarized and expanded in 

Table 8-3 to include both day and night operation in both directions between 

earth and deep space. 

The results for earth reception will be discussed first. The 

signal-to-noise ratio, SNR 
P' 

increases markedly from .17 in the day to 950 at 

night. This increase is due to the large reduction in noise power, since at 

night twenty arc-seconds of blue sky brightness are no longer viewed by the 

receiving telescope. In this case the dominant noise term is the dark cur- 

rent equivalent noise power incident of the photomultiplier tube equal to 

2.0 x 10 -15 watts. 

The large reduction in noise at night also leads to a greater 

channel capacity of 9.9 x lo6 bits/set compared to 3.2 x lo6 bits/set in the 

day for an assumed information bandwidth of 10' cps. However, a probable 

rate of error per bit of 0.18 is too large for useful daytime communications. 

Conversely, system channel capacity and information bandwidth 

have been calculated for a low error rate of 10 -4 , which is probably accepta- 

ble for most communications purposes. The steps carried out in the sample 

calculations show that for such a low error rate the channel capacity and 
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TABLF: 8-3 

Laser Comuun ications Performance Between 
a Deep-Space Probe and Earth 

Computed ParaYters 

Signal Pmmr Density Imib 
3, 

oa the 
lbcdvsr Aperture (Wmttr / 

Signal Pa*rr Incident on th* Photo- 
Detwtor (Watta) 

Background Noimc Pomr Incident on the 
Photodetector (Watta) 

Dark Current Equivalent Power Incident 
on the Photodetector (Watta) 

Signal-to-Noiac Ratio of Signal Radiant 
lower Incident on the Photodetector to 
Noiac Power 

Arrival Rate at Photodetector of Sigrml 
Photon8 (#/Se4 

----.- _,. --".--~."..-. - .~.~---.--.--...- 
Arrival Rate at Photodetector of Back- 
ground l?oise Photons (#/Sac) -- --_---_--- ..-.,.-. ..__ ~~~ .,-. .- --"- 

Arrival Rate at Photodetector of Equiva- 
lent Dark Current Photona (#/Set) ----. ._ ----._ ._--. ^,.. .-- -- --._.- - .-,__.- 

Emission Rate of Signal Photoelectrum 
(#/Set> 

-- .-__- .-- ._.- - -_._~. _-- 
IPaimion Rate of Noire (BackSround + Dark 
Current) Photcelectrone (#/Set) 
__ . . ..-.- -.___-..._ ._,.... -_ ,~ ._.. _- -.~-;- 
tipacity for PCU-PL S-BIT Code l4adulatiol 
Sy1t4m (F) 

Wrobablr Rata of Error Par Bit 
--., ..-.-. ----_- --._ -.-, -- ._-. . ..__. --- -,-- 
tCqacity for PQGPL 5-BIT 

aadm hidati0n sJ*tr 

tInfo=tion Bandwidth 
Af (CPS) 

-~ 

*caku tad formInformtionI)rndwidth 
of 10 P CPS for hth rrwtion, and 11Y5 
QS fat sp8m reception. 

tCslculatd for a probable rate of error 
per bit of 10-4. 

;yabo1 

pi 

pS 

pn _.. 

n 8 
-__.- .- 

% 

n an 

CPCM-PL 

B 

CPCM-PL 

Af 
. . . -- 

&c.ption ml 
Earth of Spacl 
Tranmiamion 

w Right 

4.6x10-l6 

&Xl614 @+70°c 

0.17 950. 

-.-. --- 

6.0~10~ 

3.5x108 25. 

6.4~10~ 

3.2~10~ 9.9x106 
-.. ..~ - 

o.641c106 7.2~10~ 

Reception Ln 
Space of Earth 
Tranniraion 

Day Might 

1.8~10-~' 

3.1x1o-l2 

4.6~10~ 
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information bandwidth are numerically equal. Table 8-3 shows that the infor- 

mation bandwidth or channel capacity 
6 

increases from 0.64 x 10 in the day to 

7.2 x lo6 .for nighttime earth reception of deep-space transmission. 

The photon shot noise power for the optical communication system 

can be expressed as hvAf watts. For the earth reception of deep-space conmruni- 

cations the bandwidth Af is lo7 cps and the attendant photon shot noise power 

is 3.13 x 10 -12 watts. The received signal power is 1.9 x 10 -11 watts, which 

is approximately six times the possible minimum noise level. 

Next, consider the performance of the space receiving system at 

lo8 miles from earth. As with earth reception, signal-to-noise ratio increases 

markedly for night reception over daytime operations when earthshine is the 

dominant noise contribution. At night, SNRp equals 280, while in the day, SNR 
P 

equals 7.8. 

The information bandwidths for communication to the spacecraft 

need not be as great as lo7 cps, since it is anticipated that control functions 

can be encompassed with an information bandpass of lo5 cps. For example, no 

need is envisioned for real time television transmission to the spacecraft 

which would require an information capacity in excess of lo5 cps. 

For reception in deep space, the photon shot noise power is now 

2.37 x lo-l4 watts. The received signal power is 3.1 x 10 -12 watts, which is 

approximately 130 times greater than this value. 

A bandwidth of lo5 cps leads to a channel capacity of lo5 bits/set, 

at an error rate per bit less than 10 -5 for both day and night cases. 
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For an error rate per bit of 10 -4 the calculated channel capaci- 

ties and bandwidths increase, equalling 1.2 x lo6 for daytime reception and 

1.6 x lo6 for the nighttime case. 

The performance derived in the above sample calculations reflect 

optimistic bandwidths and channel capacities. Actual design implementation 

will degrade the performance by introducing the effects of photodetector 

quantum efficiencies less than unity, multiplication disturbances due to at- 

mospheric turbulence, and noise contributions from communication circuitry. 

8.7 COMMUNICATIONS WITH A SYNCHRONOUS SATELLITE 

Selection of System Parameters - The canmunications system analyzed for the 

deep-space situation is modified to represent.accurately the case of a satel- 

lite in synchronous orbit, 23,000 miles from earth. Table 8-4 lists the de- 

sign parameters used in the performance evaluation for this case. 

Several system parameters have been relaxed in accordance with 

the greatly increased signal power available due to the great reduction in 

range. The space laser transmitter power has been reduced from 100 milliwatts 

to 10 milliwatts, and the earth transmitter has been greatly reduced to 0.5 

watt from 200 watts. The earth receiver aperture is reduced to 12 inches and 

the space receiver noise filter bandpass is increased to 5.Oi. The tempera- 

ture of the EXR 543C photonultiplier tube is considered to be 25OC, since 

cooling does not appear feasible for the satellite case. 

Discussion of Results - Comparing the conmrunications performance for the syn- 

chronous satellite presented in Table 8-5 against that for deep space, it is 
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TABLE 8-4 

Design Parameters for Laser Communications Between 
Satellite in Synchronous Orbit and Earth 

Raception by 
Batallita of Earth 

Ranwmiasion 

Reception on 
Earth of 8gtallita 
Tranami8sioa 

W Night 

2.3 x lo4 

6328. 

0.01 

1.22 * 
t 

100 ' 

30. 
(12 Inches) 

9.7 x 1o-5 
(20 Arc-Set) 

70. 

. 

15. 

Yz+ 

0.5 

0 

3.3x10-lo 

RCA 7265 

2.0x10-l5 

- 

DW _I Night 
e- =-v F 

2.3 x lo4 

Input Paramaters 

Range (Statute Kiler) 

Wavelength Received (3 

Transmitted Power (Watts) 

A 8400. 

0.5 P 

=t 1.45 x 1o-5 
(3 Arc-Set) 

Transmitted Beam Divergence (Radians) 

Diameter of Ranemitting Aperture(Cm) Dt 
Diameter of Receiving Aperture (Cm) DR 100. 

Receiver Field of View (Radiana) =R 1.45 x 1o-5 
(3Arc-See) 

Atmospheric Tranamieaion (7.) 
(60' from the Zenith) rA 85. 

Optical System Tranamiesion (Z) -. 
Pre-Detection Filter Transmission (%> 

‘0 

'f 

Pre-Detection Filter Bandpaes (i) 5.00 

Background Brightness Blue Sky 
at 6328i NAB 

Background Brightness Earthshine 
at 84OO;h 

/ 
1.2x10-2 0 

_.I __ 
Background Brightness Average Star , 
Field Toward Ecliptic Plane~~~~~~ 

- 

Receiving Photomultiplier Tube 

Dark Current Radiant 
Input Power Equivalent at -70°C (Wattr) 

Dark Current Radiant 
Input Power Equivalent at 25°C (Watts) 

EM1 54x 
- 

-~ 
2.2x10-8 

Pz4T Quantum Efficiency (Z) 0.36 
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TABLE 8-5 

Laser Communications Performance Between 
Satellite in Synchronous Orbit and Earth 

Computed Parametarr 

Signal Power Density Incidant 
on the Receiver Apertura (Watts/C& 

Signal Power Incident on the 
Photodetector (Watts) 

..-- -_-- .--- - .-~ _ .-.-- -_~ 
Background Noise Power Incident 
of &he Photodatactor (Watta) 
.~ ~---I-. -- .- -~.. 
Dark Current Equivalent Power 
Incident on the Photodetector (Watta) 

_____. ---. - -~. 
Signal-To-Noine Ratio of Signal Radiant 
Power Incident on the Photodetector to 
Noime Power 

Arrival Rate at Photodetector of 
'Signal Photo- (#/Set) 

-. 
Arrival Rate at Photodetector of 
Background Noisa Photona (#/Set) 

-~ __. ..-_--. . 
Arrival Rate at Photodetector of 
Equipment Dark Current Photons (#l&c) 

~_ .-- ___~- .~_. ._ __,. - ._. 
tiission Rate of Signal Photoelectrons 
(#/Se4 

-- -_ 
mmsion Rate of Noire (Background + 
Dark Current) Photoelectrona (#/Se4 

~~. ----_.. -.--~--_.-. -_.. _~~ 
*Capacity for PCM-PL S-Bit 
Modulation Systam 

Code BITS 
( > TiE .._. -.--___ ~~--- .- .,-~ 

* Probable Rate of Error Par Bit 

tcapacity for PCH-PL S-bit 
Mndu1r(t10li sy8tam 

jInfonnticm Banbvidth 
Af 

l Calcu ated for eu Infomation Banduidth 
of 10 3 CPS for Rarth reception, l ud lo5 
QS for mpacr recaption. 

+Calculatad for a probable rata of l rror 
per bit of 10-4. 

Symbol 

pi 

pS 

pB 

pD 

n s 

%I 
.---1 

nd 

n am 
-. 

n an 

%M-P: 

R 

%u-P: 

Af 
~ 

Reception on Raception by 
Rerth of Satellita Satellite of Earth 
Tranamiaaion Transmission 

-~ iiiyl-- ii&t DRY Night 

8.6x10-10 8.6x10-l' 

3.3x10-8 1.5x10-7 
7 

l.Oxlo-13 6.6~10-'~ 2.0~16~~ ' 

20x10-14 @)-70% 2.2x1o-8 @25=X 
.- -_. 

3.3x105 l,6xi07 6.8 

1.0Jc1011 6.3~10~~ 

3.2~10~ 4.7xlo-4 9.2~10~ 0 

6.4~10~ 9.3x1010 

5.0x10g 2.3~10' 
~-_ .d- 

1.6~104 
_ 

3.2x102 3.4x108 

1.0x10' 1.0x105 

~.z10-5 .&lo'5 

l.2x1010 7.5x1010 

1.2x1o1o 7.5x101a 

czewsL 
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clear that the large reduction in range for the synchronous orbit leads to 

greatly increased signal power levels. The signal power at the photodetector 

for earth reception is 1700 times g,reater for the satellite than for deep space. 

Similarly, in the case of satellite reception, the average signal power is 

approximately 50,000 times greater for the synchronous orbit case than for 

the deep-space situation. 

The signal-to-noise ratios are substantial for both day and night 

earth reception. However, the signal-to-noise ratio of 6.8 at the satellite 

is somewhat smaller, compared to the value of 7.8 obtained for deep-space re- 

.ception. The reason for this decrease is that the dark current contribution 

to the noise at 25°C is nearly one million times greater than at the -7O'C 

temperature of the photodetector in deep space. 

The higher signal powers do not lead to an appreciable increase in 

channel capacity, calculated for information bandwidths of lo7 cps and lo5 cps, 

in the satellite case,compared to the results for deep space. However, the 

probable error rate per bit has been reduced to a vanishingly small value, 

<< 1s5 for coannunications in the synchronous satellite case. 

A marked increase in information bandwidth and channel capacity 

occurs when these values are calculated for an error rate equal to 10 -4 . At 

this error rate, both information bandwidths and channel capacity exceed 10 10 

for both earth and satellite reception. 

Modulator Hardware - An external modulator built up around a Pockels cell using 

KDP as the working substance can be used as a modulator at 632& in the space- 

to-ground experiment. Perkin-Elmer and other companies have experience with 
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this form of modulator. The Perkin-Elmer modulator includes low-pass and 

band-pass operation and capability for both single and multiple transits of 

the crystal. The prism arrangement.for a modulator employing three passes 

through the crystal is shown in Figures 8-13.and 8-14, and an exciter used 

with it at 100 megacycles per second is shown in Figure 8-15. 

The final choice of modulator for the space-to-ground experiment 

should be deferred as long as is reasonable in order to maximize the effi- 

ciency of the modulation subsystem. Since GaAs lasers are used aboard the 

synchronous satellite for the basic experiment, the modulator requirement 

for these devices is an order of magnitude less difficult, and the efficiency 

problems of the Pockels cell are now insignificant. The difficulties of cool- 

ing the GaAs laser to liquid-hydrogen temperatures or even to liquid-nitrogen 

temperatures are now present. Further, the output of the GaAs lasers availa- 

ble is not diffraction-limited (the gas laser beams are nearly diffraction- 

limited).and, as a consequence, the spread of the beam is greater. However, 

the development of these semiconductor lasers is rapid, and one can hope that 

by the time a system freeze must be made, improved hardware will be available 

in either or both of these areas - modulators for gas lasers, or lower dis- 

persion diode lasers. 
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Figure 8-13. Three-Pass Modulator Optical Diagram 
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Figure 8-14. Prototype Multipass Modulator 
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Figure. 8-15. Multipass Moaulator with Resonant Line Exciter 



8.8 A C~ICATION APPROACH FOR TEE OPTICAL TECHNOLOGY SATELLITE 

System Considerations - Ideally, the communications approach for the satellite 

experiments should be capable of being extrapolated to predict system perfoxm- 

ante in deep space.- Also, the hardware that is developed for the experiments 

in near earth space should be capable of being used with little or no modifi- 

cations. Practically, this ideal situation has pitfalls. The bandwidth that 

is.desired with present state-of-the-art components for near earth space is 

10 megacycles with a very adequate signal-to-noise ratio and using conserva- 

tive ratings for each element in the system. The chief difficulty is the ex- 

ternal modulator efficiency for the gas laser. 44,45,46 The modulator sub- 

system is available today, although its efficiency is still not high. Power 

inputs as low as 12 watts have been obtained for a RDP modulator. HOW- 

ever, this device attenuates incoming laser light so that the output light 

level is reduced by a factor of four. 45 

Based on an anticipated three-year launch cycle for the OTS pay- 

load, a subsystem freeze on even this component is at least one year off. As 

a consequence, the development status of a more efficient external modulator 

for the gas laser seems like a reasonable assumption. If that is the case, 

the preliminary design efforts on the OTS for Phase II will turn out to be 

conservative approaches and the probability of success for the mission will 

be enhanced further. 
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While the external modulator is, at present, a technical limiting 

item from an efficiency viewpoint, an alternate course is to consider the 

prospective improvements in solid state (diode) lasers like gallium arsenide 

(GaAs) . These devices are several orders of magnitude more efficient (typi- 

cally, 20 percent efficiency) than gas lasers and are considerably easier to 

modulate (Reference 47, page 46). Thus, the diode laser connnunication experi- 

ments will have much higher optical power generated and at a lower power input 

level. The modulator power and. even the hardware itself will be an order of 

magnitude better than that for the gas laser. The limitations in today's 

GaAs lasers are the low temperature requirement and the non-diffraction-limited 

optical beam output. Perhaps the low temperature problem can be solved prac- 

tically by evaporative cooling techniques (Reference 48, page 23) or by passive 

radiant cooling techniques in the spacecraft. This area requires further in- 

vestigation. 

The remaining problem is then the beam dispersion from the crystal 

(a narrow-beam laser might have a dispersion of 4 degrees 49 ). For near-space 

experiments this dispersion is of limited significance. For deep space, how- 

ever, the advantages of an optical conrnunication system are absolutely depen- 

dent upon the dispersion angle. For even with large-aperture transmitting 

telescopes, if the light source is not diffrac'ton-limited, the beam will not 

traverse the interplanetary distances in a ti ly collimated bundle. At this 

point in time, the choice of an optical comm :ation system for the satellite 

experiments is contingent upon judgments of sd of developments of diode 
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lasers operating with more nearly diffraction-limited performance and gas laser 

modulators of higher efficiency. 

The Phase I efforts for the experiments are predicated upon the 

testing of both gas and solid-state lasers. 

One further observation of the future deep-apace connnunications 

system should be permitted. Error rate calculations shown in Tablc.8-5 indi- 

cate that a lo-megacycle deep-space signal is not possible now because of the 

limited power output of gas laser transmitters and/or lack of a narrow-beam 

powerful diode laser. Yet, for the satellite case, we persist in considering 

10 megacycles. The justification for our recommendation is that improvements 

in modulators , gas laser power, and/or GaAs laser beam widths will permit deep- 

space bandwidths of 10 megacycles. Since the operational mission in deep space 

is many years off, the collection of the data to operate an optical communication 

system at 10 megacycles should proceed for the satellite case, since lo-megacycle 

bandwidth can be obtained at reasonable signal-to-noise ratios. 

With this type of logic, we proceed to recommend an optical couauun- 

ication system for the OTS. In the discussion, below, of engineering experi- 

ment (13), the recommendation is based on a lo-megacycle bandwidth. The material 

developed in the previous paragraph on pulse code modulation is one of the 

possible communication systems which can be considered. For the deep-space 

case, this form of digital communications system. is developed with the use of 

the Poisson statistics necessary for optical communication techniques 
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at long ranges, rather than the more c-on Gaussian statistics which apply 

to the microwave cormnunication systems. Yet, for the satellite case, the 

range is comparatively short, the signal levels are high and the Poisson 

models simplify to Gaussian models. Thus, classical microwave statistical 

and cormsunication approaches are applicable. 

We have chosen to discuss one of these well developed systems for 

the satellite case for which the Gaussian model is applicable. It is presented 

as a considered communications approach for the satellite case even though it 

is probably not optimum for the deep-space case. 

A Suppressed Subcarrier Camnunication Technique for the OTS - An experiment for 

transmitting toward earth with a modulated laser with a lo-megacycle bandwidth and 

a suitable signal-to-noise ratio is a primary experiment. * Therefore, a decision 

basic to the design of any optical cosssunication system is the manner in which the 

temporal and spatial coherence of the radiant output of the laser is to be 

employed. The spatial coherence of the laser beam (regularity of wavefront) 

is the property which allows collimation to extremely small divergences, and 

it will be employed in this communication system in that context only (i.e. as 

the source of a very high equivalent antenna gain). The temporal coherence is 

the property which accounts for the very narrow linewidth characteristic of 

lasers, and will be employed as a property which allows the use of a narrow 

(less than 1;) spectral filter before envelope detection of the received light. 

The first detection will be performed in a photomultiplier tube. Coherent 

(heterodyne) detection will not be employed in this basic experiment for 

* 
NASA MSFC Work Statement 
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telescope 1. 
* 

The second detection, the detection of the modulation, will 

be coherent. 

Modulation in Baseband - The simplest modulation system would employ amplitude 

modulation of the light with the information-bearing waveform. This modulation 

technique would be applicable to lasers exhibiting a low-pass self-modulation 

characteristic, such as gallium arsenide at 77"K, and to other lasers when 

combined with an external modulator possessing a low-pass characteristic. A 

combination possessing low absorption and scattering losses in the atmosphere 

and good detectability with photomultiplier tubes is the helium-neon laser 

operating at 6328x with an external modulator. The most suitable photocathode 

for a wavelength of 6328i is the trialkali cathode with S-20 response. 

The self-modulation characteristic of gallium arsenide, the modu- 

lation characteristic of the Pockels cell, and the detector characteristic of 

photomultiplier tubes are nonlinear for amplitude-modulated signal purposes. 

The distortion resulting from a combination of these elements will impair an 

analog link to some degree. A digital link will be insensitive to this dis- 

tortion but will require excess bandwidth. For example, a signal whose amp- 

litude can vary over a 32:l range in At seconds.can be coded as a 5-digit binary 

number every At second. This coding will require five times the bandwidth and 

five times as much noise power will be admitted through the pre-detector pass- 

band, but this excess noise is more than compensated for in the detection 

process. 

* 
Heterodyne detection is an experiment for telescope 2. 
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Modulation with a Sub-Carrier - Should modulation of a sub-carrier be desirable, 

perhaps because of the availability of an attractive modulator possessing a 

bandpass characteristic, the modulation situation becomes more complex and the 

number of choices becomes greater. The recommended method within the sub- 

carrier category is described in the following paragraphs. 

For systems employing a sub-carrier, the information in the base- 

band will be impressed on the sub-carrier in a symmetrical form, i.e., both 

sets of sidebands will be employed. The sub-carrier will be suppressed because 

it conveys no information. A double-sideband system will be employed because 

of the relative ease with which Doppler shifts associated with a signal orig- 

inating at a moving source can be acconrnodated. A more detailed discussion 

of the possible modulation techniques and the specific recommendation of a 

system follows. 

'J&o broad categories of modulated signal can be identified as those 

which occupy one baseband on either or both sides of the carrier (hereafter used 

to refer to the sub-carrier, not the light) and those which are expanded in band- 

width occupancy and occupy more than one baseband around the carrier. The ex- 

panded bandwidth signals involve a trade in bandwidth occupancy for an improve- 

ment in signal-to-noise ratio in the post-detector passband over signal-to-noise 

ratio in the pre-detector pass band. Wideband FM, such as broadcast FM, is the 

best known example. The communication efficiency of expanded-bandwidth systems, 

when compared with the efficiency of normal bandwidth systems is not considered 

to be a favorable trade. This is especially true when consideration is given 

to the difficulty of reducing such a system to laser hardware. For a parti- 

cular condition in the communication link, an expanded-bandwidth transmission 
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will be recommended, but this case involves maintaining the bandwidth occupancy 

at 10 megacycles while reducing the information rate as the minimum signal 

strength threshold is approached. 

Comnunication efficiency requires minimum redundancy in the signal. 

Any carrier power is totally redundant. Single-sideband modulation is generally 

carrier-suppressed and not easily employed in an environment in which Doppler 

shifts will be encountered. Transmitting the carrier makes accommodating Doppler 

shifts easier but introduces redundancy. The minimum redundancy goal and the 

tractability in the presence of Doppler shifts dictate against conventional amp- 

litude modulation (AM) and single-sideband modulation (SSB). These same reasons 

identify double-sideband suppressed-carrier amplitude modulation as a sound choice 

for the UCS conraunication system. 

The performance of any communication system is dependent on the ef- 

ficiency of detection. The envelope (diode) detector is acknowledged to be an 

inefficient detector because the signal-to-noise ratio in the detected signal 

is dependent upon the pre-detector bandwidth. Envelope detection is suited-to 

double-sideband suppressed-carrier (DSBSC) signals because, in the absence of a 

carrier, the sidebands beat against one another instead of against the strong 

carrier and this beating produces 100 percent second-harmonic distortion. 

Detection of a DSBSC signal requires that the carrier which was sup- 

pressed in the original modulation process be recreated in proper phase. For- 

tunately, the synanetry of the sideband structure in a DSBSC signal contains in- 

formation about the frequency and phase of the missing carrier. The synchronous 

detector illustrated in Figure 8-16 provides the missing carrier for demodulation. 
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Two phases of the carrier are used, one in phase with the suppressed carrier 

and one in quadrature with it. Each phase of the local carrier, in beating 

against the incoming signal, produces a demodulated signal. When these de- 

modulated signals are mutually phase detected, the dc term in the resultant 

output contains the necessary information for completion of a phase lock to 

the suppressed carrier. This technique is described in detail in the litera- 

ture (Reference 50; Reference 51, pages 534-537; Reference 52, pages 1383-1385). 

The block diagram of a laser communication system employing a synchronous de- 

tector is shown in Figure 8-17.. It is suitable for analog or digital signals. 

In describing a DSBSC cccununication system operating with binary 

signals it is generally called phase-shift keying (PSK) because the two binary 

levels each correspond to transmission of the carrier at one of two phases. 

This phase characteristic exists with bipolar analog signals also, but with 

the additional property that the amplitude of the carrier at one phase must 

duplicate the amplitude of the analog signal in the polarity associated with 

that phase. 

Every ccnmnunication system has a threshold, a level of received 

power for which weaker signals are detected with an insufficient signal-to- 

noise ratio or with excessive error rate if the message is digital. Often it 

is desirable to maintain the link operating at a reduced message rate (band- 

width) rather than accept failure of the link at its maximum bandwidth. This 

can be best accomplished for digital messages by encoding the characters so 

that a "zero" consists of N elements in code A and a "one" consists of N ele- 

ments of code B. Very efficient correlation detectors exist for signals of 

this sort. A block diagram of such a detector is shown in Figure 8-18 and a 
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and a block diagram of a communication system employing a correlation de- 

tector is shown in Figure 8-19. 

In a coded communication system, as the detectability threshold 

is approached, the message rate (character rate) is reduced but the band- 

width occupancyis maintained by continuing to send elements at the same rate 

but reducing the information value of an element from 1 to l/N. The optimum 

bandwidth (generally) for any detector is that which matches the message rate 

(character rate). This match is maintained without change to any of the major 

transmission elements of the system such as the optical modulator, modulator 

driver or the receiver. The changes are limited entirely to the low level 

message handling input and output elements. 

Codes with desirable characteristics for this type of system exist 

(Reference 53, pages 153-161), as do simple means for their generation. 54 

The most important characteristic sought in a code is an autocor- 

relation function with low sidelobes. The most c-on method of generating 

the code employs a clock driver shift register with feedback. For defining a 

character, the number of elements (N) available from a register of (n) stages 

is: 

N = 2"-1 

Signals with symmetrical sideband spectra and a suppressed carrier 

have been identified as most desirable for reasons centering on signal effi- 

ciency. A method of obtaining range information from a spacecraft will be 

described as an indicator of the versatility of a coded DSBSC system. Envision 

an earth-spacecraft instrumentation which includes an earth-to-spacecraft 
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microwave link and a spacecraft-to-earth laser link. An uncertainty, of some 

size, about range to the spacecraft exists. Suppose that a code character of 

M elements is transmitted continuously to the spacecraft via the microwave link 

and retransmitted to earth via the laser link. If this character had a duration 

greater than the transit time of light through the range uncertainty distance, 

the range uncertainty distance can be reduced to l/M of its initial value, i.e., 

the range increment associated with a transit time of one element duration. For 

the case of complete range uncertainty, a character duration would have to equal 

or exceed a complete, round-trip, transit time, including transponding delays. 

The use of coded cw transmissions for range measurement has been employed suc- 

cessfully in the Courier program. 55 Simultaneous transponding via microwave 

and via light could conceivably yield new information on relative radio and 

optical refractive indices. 
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APPENDIX B 

ORBITAL CONSIDERATIONS 

The orbiting technology satellite must revolve in a nearly syn- 

chronous orbit in order to simulate properly the low angular velocities which 

occur between the ground station and a space vehicle traveling at interplane- 

tary distances from earth. This analysis evaluates the angular velocity of a 

satellite as measured by an observer at the equator for a number of orbital 

choices. 

In each case, the satellite is considered to revolve in the same 

direction as the earth along a circular orbit at constant tangential speed. 

Only the earth's rotation is considered in deriving the relative angular veloc- 

ity between observer and satellite; other minor perturbations are ignored. At 

any instant the relative angular velocity of the ground station viewed from the 

satellite has the same magnitude as that measured by an earth observer. 

A mathematical expression for the velocity of the satellite in the 

sky as measured by the observer at the equator can be derived in the following 

manner. Consider a set of inertial coordinates located so that the earth rotates 

about the 2 axis. A second set of coordinates is fixed to the revolving earth 

with the origin at the observer's site (see Figure B-l). 

.The general expression' relating the velocity of a point measured 

in two coordinate systems accelerating with respect to each other is: 

~R.A. Becker, JDtroduction to Theoretical Mechanics (1st ad. New York: 
McGraw-Hill Book Co., 1954), pp. 248-251. 
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4 -t -c-w 
*I r = i'+wxr+; (1) 

where, with respect to the primed, fixed coordinate system: 

. 
r’ = the vector velocity of the moving point, P, 

+ 
i’ = the vector velocity of the origin of the unprimed 

coordinate system, 

and, with respect to the unprimed, accelerating coordinate system: 

w = the vector rotational velocity of the unprimed 
coordinate system, 

--W 
r = the position vector of the point, P, and 

4 . 
r = the vector velocity of the point, P. 

Consider first the case of a satellite in an orbit in the equatorial 

plane at an altitude, h, as shown in Figure B-2. Then the observed angular veloc- 

ity of the satellite, ws, is given as: 

. 
w = I-7 

8 +E (2) 

and 

since the above vectors are parallel to each other. 

(3) 

The absolute value of each tern on the right side of Equation (3) is: 

-+ . 

I I 
r' = vs, the speed of the satellite along 

its orbital path, 
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- 
I I *I R = wE rE, the speed of the observer at the 

equator where wE is the earth's rotational 
speed and rE is the earth's radius, 

and 
f-w 

I I 
wxr = wh E' the apparent speed of the satellite 

due to rotation of the observer's (unprimed) 

coordinate system. 

Thus, on substitution, 

vs-wE(rE+h) 
ws = 

h (4) 

The value for vs may be found by setting the centripetal force acting on the 

satellite equal to the gravitational force of attraction: 

GmSmE 
2 mv 

8 S 
2 = , 

( rE+h) (r +h) E 

and solving for vs yields: 

v = 
8 (5) 

where 

% = mass of the earth = 5.98 x 10 27 
gms ; 

m = s mass of the satellite; and 

G = gravitational constant = 6.67 x 10 -8 dyne-cm2 

8m2 

The altitude of a satellite in synchronous orbit in the equatorial plane may 

be calculated by substituting Equation (5) into Equation (4) and solving for 

rE + h, where w = 0: s 
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rE+h = (6) 

This expression is evaluated using the above numerical values of G and mE' 

together with wE = 7.29 x 10 -5 radfsec. 

(6.67~10 -8 dyne-cm2 -2 

2 x 
g m-cm-set 

gm dyne 
rE+h = 

(7.29x10W5 rad/sec)2 

'E +h = 4.22 x 10' cm = 13.8 x lo7 ft. 

Since 

rE 
= 2.09 x lo7 ft, 

h = 13.8 x lo7 ft - 2.09 x lo7 ft, 

= 11.7 x lo7 ft, 

it is now possible to calculate vg as: 

-8 cm3 
2 gm-set H 

(4.22xlO'cm) 

V S = 3.07 x lo5 cm/set = 10,100 ft/sec. 

Figure B-3 illustrates how the observed angular velocity, ws, 

varies at altitudes other than the one for synchronous orbit. At low altitudes 

the satellite.appears to move rapidly in the direction of the earth's rotation. 
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At higher than synchronous altitudes the satellite appears to move in a direc- 

tion opposite to the earth's rotation and, as expected, ws approaches -%, the 

earth's rotational velocity, as h approaches infinity. 

If the synchronous altitude is maintained but the angle of in- 

clination, 8, between the equatorial and the orbital planes is varied, figure 

"8" patterns will appear to be generated in the sky; the satellite will move 

around the "8" once in 24 hours. These will extend in a north-south direction 

with the center of the "8" on the equator. The maximum east-west angular 

velocity, w s/E-W' will occur at the.top and bottom of the "8" when the satel- 

lite velocity vector is parallel to *the east-west direction. Attheee points, 

all the vectors of Equation (1) are parallel to one another, and, in a case 

similar to Equation (3), one may write: 

I-I 
-fe . 

r = v S - wErE - 1 I 'wxr , (7) 

and from Figure B-4, : 

++ 

I I wxr = wEd sin8 

a = 9o=p 

--e 

I I wxr = wEd coca (8) 

where d equals 
1'1 

r , the distance from the observer to the satellite. 

Substituting Equation (8) in Equation (7), 

. I-l r =v 8-E ( rE+d cosa) , 

but 

rE+d cosa = (rE+h) co& 
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and, therefore, 

l-l 
. 
r =v -w 8 E (rE+h) cos8. (9) 

Finally, 

Ws/E-W = 

and 
V S 

Ws/E-W = 

- wE(rE+h)cosO 
( 10) 

d 

When8 =O', d becomes equal to the altitude, h, and Equation (10) reduces 

to Equation (4), as it should. 

As a sample calculation, the value of w s/E-W will be calculated 

for an inclination angle, 8, of 60". From the synchronous orbit calculation, 

rE+h = 13.8 x 107ft "E = 7.29 x lo-5 +$ 

V 8 = 10,100 ft/sec 

rE = 2.09 x 107ft. 

From the law of cosines, 

d = 
[ 

rE2 +(rE+h) 2 -2rE(rE+h)cos8 
3 

l/2 

[ 

112 
= (~2.O9xlO7)2+(l3.8xlO7)2-2(2.O9xlO7)(l3.8xlO7)(.5) ft 1 = 12.9x107 ft. 

0n substitution, 

10,000 ft/sec-(7.29x10-' g) (13.8x107ft)(.5) 
Ws/E+' = 12.9x107 ft 

9 

Ws/E-W = 3.94x10-' radlsec. 
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The maximum east-west angular velocity is plotted in Figure B-5 for other 

inclination angles up to 60" 

The maximum angular velocity,.~s,N-S, in the north-south direction 

occurs at the point where the path of the satellite crosses the equatori'al 

plane, as shown in Figure B-6. At this point, the sate-llite is radially oppo- 

site the observation point and directly overhead, which facilitates the compu- 

tation. It is clear from Figure B-6 that 

V sin0 S 
Ws/N-S = h 

As a sample calculation, again consider 8 = 60'. Then, 

Ws/N-S = 
(10,100 ft/sec)(.866) 

11.7 x lo7 ft 

Ws/N-S = 7.48 x 10" radlsec. 

(11) 

The north-south angular velocity at inclination angles up to 60" is shown in 

Figure B-7. 
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APPENDIX C 

RRFLECTOR STUDY 

I. REFLECTOR PARAMRTER RELATIOBJSHIPS 

A. Introduction 

A reflector intended for use as part of the space-borne optical or 

microwave system should generally represent the best possible combination of 

the following characteristics: 

(1) Light weight 

(2) Sufficient rigidity to permit fabrication and test- 

ing on the ground (in a gravity environment) to the 

degree of accuracy necessary to assure correct dimen- 

sional properties in gravity-free operation 

(3) Sufficient strength to survive the rigors of launch 

vehicle environments with no permanent deformations 

(4) Surface accuracy, resistance to thermal and other 

environmental effects, and dimensional stability 

consistent with the performance requirements of 

the system. 

It is apparent, of course, that the cell or support system is a 

critical factor in all of the above characteristics. It is thus virtually 
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impossible to realistically consider reflectors without simultaneously con- 

sidering their support systems either implicitly or explicitly. The support 

systems for' fabrication, testing, launch, and operation may all be different. 
I 

Each must meet different requirements and must operate in a particular environ- 

ment. 

Selection of materials for reflector fabrication invariably re- 

quires a compromise between conflicting requirements. Desirable properties 

include high stiffness-to-weight ratio, high thermal conductivity, low thermal 

expansion, ease of fabrication, dimensional stability, mechanical strength, 

and suitability for the degree of surface finish required. 

B. Summary 

The relationship between reflector diameter, reflector weight, and 

operating wavelength is of considerable interest in the evaluation of overall 

system characteristics. The following discussion attempts to arrive at a rea- 

sonable means of reducing the many variables suggested by the above paragraphs 

to a point where meaningful relationships between aperture, weight, and wave- 

length may be discerned. 

Three approaches have been considered. In each case, it has been 

assumed that diffraction-limited systems are required, i.e., that the allowa- 

ble departure from the ideal surface must be limited to a specific small frac- 

tion of the operating wavelength. The first of the three approaches effec- 

tively assumes geometrically similar support systems for reflectors of various 

diameters. In so doing, the full responsibility for maintaining constant de- 

flections as diameter increases is placed on improved stiffness characteristics 
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of the reflector. The second approach assumes that the number of support 

points would increase in direct proportion to the area of the reflector. 

This assumption assigns full responsibility for maintaining constant deflec- 

tions to the support system, and results in reflector stiffness requirements 

being independent of diameter. The third approach represents a compromise 

between the first two, and yields relationships which require both the sup- 

port system and the stiffness characteristics of the reflector to improve as 

diameter increases. 

The three alternative approaches are discussed in detail in the 

following paragraphs. 

C. Approach No. 1 

Perhaps the most difficult characteristic to define for a re- 

flector to be used in the absence of gravity or inertia forces is required 

stiffness. Operational stiffness requirements, assuming a support system 

which does not introduce constraining loads, are nil. The stiffness require- 

ments are thus determined by ground fabrication and testing requirements and, 

indirectly, by the need for resistance to launch loads. If it may be assumed 

that satisfying requirements for fabrication and testing will automatically 

result in a workable solution to the launch problem, the latter may be neglected. 

How stiff must a reflector be to permit fabrication and testing? 

Ideally, a very good support system, consisting, for example, of a large num- 

ber of precisely adjusted counterweights, could be provided to balance out the 

weight and hence eliminate gravity deflections , permitting testing of even the 

most flexible of reflectors. The extent to which this ideal situation may be 
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approached is determined by a variety of practical considerations, including 

the accuracy with which the various supports may be located and adjusted. 

Since it is difficult to predict the cumulative effect of support 

system imperfections, let us make the admittedly arbitrary but seemingly rea- 
. 

songble assumption that the net effect is equivalent to one percent of the 

mirror weight acting at its center and reacted uniformly over the reflector 

area. For a circular, homogeneous plate of uniform thickness, the deflection 

due to such a load is: 

(Q* 6 = 3(0.01W) K d2 
64s~ t3 

where W = reflector weight = f+; 

K = (m-1)(7m+3) ; 
m2 

1 1 m= 7= (Poisson~s ratio)2' 

d = reflector diameter; 

E = Young's modulus; 

t = reflector thickness = 4w - ; and 
olrd2 

P = material density. 

If it is further assumed that the allowable value of this deflection is l/50 

of the operating wavelength, the above expression may be reduced to: 

(2) 
d2 -= 

6 
where h = wavelength 

or, expressing t in terms of W, 

*From Roark, Formulas for Stress and Strain, Table X, Case il. 
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(3) d= - [ 1 276 E 'I8 w l/4 h l/8 

KP3 

Equation (2) shows that, for a given material, the stated assumptions re- 

quire that: 

(4) 
d2 -= constant = k 

tfi 
1 

Similarly, it is evident from Equation (3) that the attainable aperture varies 

with a constant determined by material properties, with the fourth root of the 

allowable weight, and with the eighth root of the selected wavelength. 

The above relations apply only to solid plates of uniform thick- 

ness. Such a configuration is probably not of much interest for space appli- 

cations because of the weight penalties involved. In order to adapt the ex- 

pressions to lightweight configurations, let us assume that a solid plate of 

specified thickness may be replaced by a lightweight structure, of approxi- 

mately the same thickness, with the same stiffness-to-weight ratio (i.e., with 

identical gravity deflection characteristics), but with only 25 percent of the 

weight of the solid plate. This approximation is in general agreement with 

actual state-of-the-art experience on a variety of optical reflectors. If the 

weight of the lightweight mirror is designated by WL, Equation (3) thus becomes: 

(5) d=fi- 1 1 276 E l/8 WL l/4 h l/8 

KP3 

Figure C-l charts Equations (2) and (5) in terms of diameter versus wavelength 

curves for fused silica reflectors and for various values of t and WL, respec- 

tively. Also shown are curves for various values of beamwidth, where the angu- 

lar width of the transmitted beam is taken as: 
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(6) es = 1.22 x 
d 

The most prominent characteristic demonstrated by Figure C-l is 

the rate at which thickness and weight increase with diameter. This phenomenon 

results from the fact that the way in which required rigidity was defined is 

equivalent to assuming that the support systems for all diameters are geometri- 

cally similar. This assumption leads directly to Equation (2). 

The effect of different reflector materials is evident from Table 

C-l which shows the values of the constants in Equations (2) and (5) for the 

most frequently considered reflector materials. 

TABLE C-l 

Values of Material Constants - Approach No. 1 

MATERIAL 

Fused Silica 

Beryllium 

Aluminum 

Magnesium 
cI_- ., ~---. 

5.8~10~ in 
112 

12.4~10~ 

5.6~10~ 

5.6~10~ 

118 

31.0 in718 lb-1'4 

39.4 

29.0 

32.4 

It is apparent that the various materials are nearly equivalent with the ex- 

ception of beryllium which, at a particular wavelength, permits an aperture 

increase to 12.4 58 = 1.46 = . 
127% for the same weight when compared with corresponding values for fused 

silica. 

39.4 .46% for the same thickness or 31 = 1.27 = . 
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D. Approach No. 2 

A very different approach to the problem of specifying stiffness 

requirements is suggested by the tren'd towards multiple support points for 

large mirrors. Examples include the 15-point support system for the Strato- 

scope II primary and the 36-point system which supports the 200-inch Palomar 

mirror. Suppose the assumption is made that the number of uniformly spaced 

support points will increase with the square of aperture diameter, i.e., that 

the ratio of aperture area to the number of support points is constant. This 

being true,, the maximum gravity deflections will be proportional to the re- 

flector weight over each support, which in turn is proportional to mirror 

thickness and material density. Similarly, the deflections will be inversely 

proportional to flexural rigidity, which is defined as Et3/12(1-v2). If it 

is again assumed that the allowable deflection is proportional to wavelength: 

(7) 6 = k'm(W1-v2) = k,,h 
Et3 

Equation (7) may be reduced to: 

(8) 
&= kJLz 

Again, it is evident that, for a given material: 

(9) 
1 -= constant = k 

tfi 
3 

The thickness requirements are thus independent of diameter. This, of course, 

results from the initial assumption which, in effect, requires the penalties 

of increased diameter to be compensated entirely by the support system. 
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nd2 Using the relationship W = P 4 t, Equation (8) may be re- 

written as: 

E [ 1 l/4 
d = k4 

d(l-v2> 
w l/2 h l/4 

If the assumption is again made that the weight of an equivalent lightweight 

mirror will be W L = 0.25 W, Equation (10) becomes: 

d = 2k4 [ P3(;Sv2)j1'4WL 'I2 h 114 (11) 

The attainable aperture diameter is thus proportional to a constant determined 

by material properties, to the square root of allowable weight, and to the 

fourth root of the selected wavelength. 

Figure C-2 charts Equations (8) and (11) in terms of diameter versus 

wavelength curves for fused silica reflectors and for various values of t and WL. 

The various proportionality constants were determined for this figure by taking 

the thickness (5.0 inches) and operating wavelength (20 x 10 -6 inches) of the 

fused silica Stratoscape II primary mirror as a reference point. Thus: 

k2 = 0.004 ine2 

k3 = 44.8 in'3'2 

k4 = 0.071 in-' 

Curves of d versus A for various values of beamwidth, identical with those of 

Figure C-l, are also showh. 

Comparison with Figure C-l indicates that approach No. 2 yields 

much more .optimistic results in terms of weight and thickness requirements, 
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particularly for large diameters and relatively long wavelengths. This re- 

sult stems directly from the comparison of Equations (4) and (9). 

The degree to which varying material properties affect the re- 

sults of this approach may be deduced from Table C-2, which shows the values 

of the material constants in Equations (8) and (11) for the most frequently 

considered reflector materials. 

------..-- ..-- ._ --~--- ---_ 
TABLE C-2 

Values of Material Constants - Approach No. 2 1 _I__ 

MATERIAL 

Fused Silica 

Beryllium 

Aluminum 

Magnesium 

1 

11.3x103 in1'2 

24.8~10~ 

10.5x103 

10.5x103 
--~. _- 

[ 1 
114 

E 
P3(l-v2) 

376 in7'4 lb'l12 

617 

324 

403 

Again comparing fused silica and beryllium, it is evident that at a given wave- 

length, 11.3 the latter permits a thickness decrease to - 24.8 = 0.46 = 46% and, for 

the same weight, an aperture increase to 617 - = 1.64 376 = 164% of the correspond- 

ing values for fused silica. 

E. Approach No. 3 

The two approaches discussed above involve assumptions which, in 

effect, require the entire burden of increased aperture to be borne by the 

rigidity characteristics of the reflector in one case or by the support sys- 

tem in the-other. It is of interest to consider a compromise between these 
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extremes, i.e., an approach in which the problems of increased diameter are 

shared by the reflector itself and by the support system. 

Examination of Equations (4) and (9) shows that Approach No. 1 

d2 requires - 1 or 
6 

to be a constant, while Approach No. 3 requires - 
6 ( 

do 
) 

to be held constant. 
t-6 

An evident compromise between these approaches 

d would be to define - 
6 

as constant. 

(12) 
d - .= 

t-K 
constant = K 

5 

It is difficult to assign a specific and logical interpretation to such a 

definition beyond the fact that it is a compromise between two approaches 

which do have explicit derivations. However, at a constant wavelength, Equa- 

tion (12) says that the ratio of diameter to thickness is constant. The lat- 

ter statement has long been used as an empirical or "rule-of-thumb" design 

xd2 guide for optical mirrors. Again, noting that W = P 4 t, Equation (12) 

may be rewritten as: 

113 116 
(13) d =k6W A 

Repeating the assumption that the weight of an equivalent lightweight mirror 

is WL = 0.25W, Equation (13) becomes: 

113 116 
(14) d = 1.59 k6 W h 

Figure C-3 charts Equations (12) and (14) in terms of diameter 

versus wavelength curves for fused silica reflectors and for various values 
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oft andw -l/2 
L' The constant k5 was found to be 1340 in by assuming a 

diameter/thickness ratio of 6.0 at a wavelength of 20 x 10 -6 inches (0.5 

micron). The corresponding value of k6 is 27.8 insi lb"j3 for fused silica. 

The curves of d versus k for various values of angular beamwidth are again 

included. 

F. Conclusions 

Three alternative approaches to the problem of describing the re- 

lationships between important reflector parameters have been presented. Each 

is based on a different assumption of the extent to which the support system 

used for ground testing will reduce the need for reflector rigidity. 

It is important to note that Figures C-l through C-3 are plotted 

on the basis of proportionality constants derived from arbitrary judgments or 

by reference to existing reflectors of known characteristics. The numerical 

data obtained from these figures must thus be subject to some variation. The 

character of the relationships, however, is valid for the conditions defined 

in each case. 

While specific evaluation of the relative merits of the three ap- 

proaches is not feasible, some tentative conclusions may be drawn. Perhaps 

the most evident is that Approach No. 1 is not consistent with the inevitable 

trend for support systems to become more sophisticated as aperture diameters 

increase. This is particularly true since the support system of primary con- 

cern here is that employed for testing on the ground, where support system 

weight is of little consequence. Overall system objectives would seem to 

warrant all practical emphasis onground test support systems in order to re- 

duce the weight of the mirror and, hence, of its flight support system and 

back-up structure. 



Approach No. 2 is most consistent with this concept. A relation- 

ship which shows reflector thickness tobe independent of diameter is admittedly 

surprising in terms of the thinking applied to ground-based applications. There 

appears to be no real reason, however, why development of fabrication and test- 

ing procedures specifFcally directed at this objective should not yield favor- 

able results. Since efforts in this direction are demanding increasingly 

serious attention, Approach No. 2 might reasonably be considered as a projec- 

tion of future developments. 

Conversely, Approach No. 3 is most representative of the present 

state-of-the-art. It assumes that both reflector rigidity and support system 

sophistication must increase as aperture diameter increases. It does not take 

full advantage of the gravity-free operating environment, but also does not 

impose severe requirements on the ground test support system. 

Each of the alternative approaches considers only the reflector 

itself. This, of course,. IS only part of the story. The characteristics of 

the reflector are unavoidably related to those of the launch and operational 

support systems and to the structural requirements of the vehicle. 

II. SUPPORT SYSTEMS 

Consideration of support systems for space reflectors must include 

at least four distinct situations: fabrication. ground testing, launch, and 

operation. These situations may require four separate support systems or may 

be adequately provided for by a smaller number of multi-purpose systems. 

Support of a reflector during fabrication is perhaps the least 

difficult to provide. It is almost inevitable that significant distortions 
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will result from fabricating forces or thermal inputs. As long as the re- 

f lector can be accurately tested and dimensional errors located, however, 

these errors may be repeatedly reduced until successful results are attained. 

It is true, of course, that large deflections of the reflector during fabrica- 

tion will considerably cunplicate and protract this procedure. 

The importance of the support system employed for ground testing 

was emphasized in the discussion of reflector parameter relationships. The 

degree to which extremely effective test support systems can be developed is 

a key to successful fabrication of thin mirrors. Ideally, such support sys- 

tems must negate the effects of gravity, i.e., eliminate all deflections caused 

by the weight of the reflector material. One way of approximating this ideal 

is with a system of counterweights, each of which is adjusted to exactly react 

the weight of its share of the reflector. Such a system is employed to sup- 

port the 36-inch diameter primary mirror of Stratoscope II. Figure C-4 shows 

a portion of the fifteen counterweights in the Stratoscope II primary cell. 

Various schemes employing gas or liquid pressure are of considerable interest 

where the reflector geometry is such that the pressure distribution may be 

made to match the weight distribution. 

The function of the support system used during launch is simply to 

ensure that the reflector survives the rigors of acceleration, vibration, and 

shock with no non-elastic deformations. Resonant frequencies of the reflector 

and of the reflector/mount combination are a problem of increasing severity as 

aperture diameter increases, and the system must be adequately damped to pre- 

vent excessive stresses and amplitudes. The operational mounting system must 

define the position of the reflector relative to the rest of the system. 
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Figure C-4. A Sample of the Fifteen Counterweights Which Support The 
Stratoscope II Primary Mirror 



Since inertial forces are negligible in the applications under consideration, . 

the supports need have no appreciable load-carrying capability. Freedom for 

relative thermal expansion between the reflector and the mount must be pro- 

vided. The supports should, in fact, be incapable of applying any restrain- 

ing load or bending moment which might strain the reflector. Thermal effec'ts 

mLlst also be considered; the supports should not contribute to temperature 

gradients in the reflector. 

An example of a support system which provides for launch environ- 

ments and for operation is that used for the 32-inch diameter primary mirror 

in the Princeton Experiment Package for the Orbiting Astronomical Observatory. 

This fused silica mirror, which is of "egg-crate" sandwich construction, is 

positioned laterally (perpendicular to optical axis) by three equally spaced 

tangential links, as shown in Figures C-5 and C-6. These links are fastened 

to the mirror and to the mirror cell with ball-joints so that no bending moments 

may be transmitted to the mirror. The links permit the aluminum cell to therm- 

ally contract with respect to the mirror, but accurately maintain the concen- 

tricity of the two. In order to minimize localized thermal conduction paths, 

the links are of titanium. 

In the axial direction, the mirror is supported during launch on 

three vibration isolators. The isolators attach to extensions or "feet" on 

the tangential links, as shown in Figures C-6 and C-7, and effectively protect 

the mirror from axial resonances. 

Whereas the tangential links carry launch loads as well as defining 

position, the axial isolators are not suitable for the latter function. Hence, 
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Figure c-5. Front View of (Dummy) OAO-PEP Mirror Showing 
Tangential Links 
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Figure C-6. OAO-PEP Mirror With Support Links Attached 



Figure c-7. Rear View of (Dummy) OAO-PEP Mirror Showing 
Vibration Isolators 
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they are disengaged after launch and the mirror is moved slightly forward by 

light springs until it contacts three quartz rods which accurately establish 

the spacing between primary and secondary mirrors. 

In the axial direction, therefore, the OAO-PEP primary mirror has 

separate support systems for launch and for operation. In the lateral direc- 

tion, a single system serves a dual function. 
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APPENDIX D 

COMMUNICATIONS SYSTEMS AND PROBABILITY FORMULAE _ 

The derivations and sources of various formulae used in the anal- 

ysis of pulse code modulation (PCM) and pulse position modulation (PPM) sys- 

tems are given in this appendix. 

A. Nyquist Sample Period 

The signal to be transmitted from a deep-space probe to earth or 

back will very likely be either a continuous waveform or a pulsed waveform. A 

pulsed waveform, in which the pulse height may only assume certain discrete 

amplitudes to within some tolerance, may be easily encoded to a string of 

binary pulses or some other desired coding. The string of binary pulses then 

lends itself readily to transmission by a PCM system. A continuous waveform, 

on the other hand, may assume any amplitude within a certain range and may 

vary with time slowly or rapidly. The waveform will not, of course, be able 

to change from one amplitude to another in an infinitesimal time because of 

the finite rise time of all practical circuits. It will, therefore, have a 

maximum frequency fmax in its frequency spectrum. This property permits us 

to encode the waveform in the following way. Samples of the waveform must be 

taken at regular intervals. Each sample wi.11 be some amplitude value. This 

sample amplitude may then be transmitted directly by PPM or it may be encoded 

again as a string of binary digits and transmitted by PCM. 

The question remains: How often must samples be taken from the 

continuous waveform in order to insure that the waveform may be reconstructed 
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accurately? The answer is as follows: If samples are taken periodically 

(with a period T) at a rate which is twice the highest significant signal 

frequency, fmaxJ then the samples contain all the information of the original 

continuous waveform. The period is then: 

T = l/2 f max 

and is called the Nyquist sample period, or briefly, the sample period. These 

two remarkable statements may be found in many textbooks, and are based on the 

so-called Temporal Sampling Theorem. Black devotes a chapter to the discussion 

of sampling' and Woodward has given a concise proof of the Temporal Sampling 

Theorem.' 

B. Pulse Code Modulation - Polarization 

A pulse code modulation system (PCM) is first of all a sampled 

data system. Samples must be taken as in Paragraph A above to insure the 

recoverability of the information. 

After the samples are taken, it is further necessary to quantize 

them. If they are voltage samples, a voltage discriminator may be used to 

determine whether or not the sample amplitude is equal to n(V-l/2) &V/2 for 

all permitted values of n. Thus, if the sample amplitude range is zero volts 

to 31 volts and it is desired to quantize the amplitude to 32 possible levels, 

then we have V = 1 volt and n = 1,2,3...,32. The voltage discriminator then 

indicates the proper value of n for the input sample. 

1 Harold S. Black, Modulation Theory, (Princeton, New Jersey: 
D, Van Nostrand CoPpany, Inc., 1953), pp. 37-58. 

2 P.M. Woodward, Probability and Information Theory, With Applications to Radar, 
(New York: Pergamon Press, Macmillan Coo, 1953), pp. 33 f. 
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A binary code is assigned to each of the n levels. For instance, 

the code 10001 might be assigned to n = 17. 

A pulse code modulation system then transmits the binary code. 

The system designer chooses some method of modulating the carrier wave to 

mark the binary ones and zeros. He may send pulses of two different heights, 

thus modulating the carrier amplitude (PCM-AM). He may shift the frequency 

to one of two different frequencies, as in frequency shift keying (PCM-FSK). 

He may shift the phase similarly (PCM-PSK). For optical communication from 

deep space an especially attractive method is to change the polarization of 

the laser light to left-circular polarization for one binary digit (say "1") 

and to right-circular polarization for the other binary digit ("0"). This 

last system is designated PCM-PL in this report. 

A block diagram of a PCM-PL optical system appears in Figure D-l. 

Continuous signals are sampled, quantized, encoded, and transmitted. Pulsed 

data may or may not need to be quantized. depending on its nature. It must 

then be encoded and transmitted. The modulator may be a Kerr or Pockel Cell. 

The quarter-wave plates convert light back and forth between linear and cir- 

cular polarization. The narrow-band filter admits some background photons 

along with the signal photons. All signal photons received during the trans- 

mission of a particular code bit will have the same polarization, but the 

background photons will, in general, have either polarization with equal proba- 

bility. The prism separates the photons according to their polarization and 

they enter the two separate photomultiplier and amplifier channels. The out- 

puts are differenced and discriminated. If the difference is positive, we 

assume the signal photons were SO polarized that they entered the left channel. 
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If it is negative, assume the signal was meant for the right channel. The 

selection of right or left is a binary choice and hopefully corresponds to 

the binary digit being transmitted. It will, in fact, correspond if the 

number of received signal photons plus the number of received background 

photons polarized the same way is at least one greater than the number of 

received background photons polarized the opposite way. A probability anal- 

ysis to determine what the error rate per bit will be for various numbers of 

received signal and background photons per code bit time is now in order. 

Let us be specific and analyze the PCM-PL system when the signal 

is being transmitted in the left, or positive channel. The mean number of 

signal quanta received during a sample period is S. If K code bits are sent 

as one word and one word represents the encoding of a sample then S/K signal 

quanta will be received in the left channel in one code bit-time, on the aver- 

age. During the same code bit-time an average B/2K background quanta will be 

received in each channel, when the mean number of background quanta received 

per sample period is B. 

The bit will be correctly detected if the actual number of quanta 

a received in the left channel is at least 1 greater than the number r received 

in the right channel during the particular code bit-time. The bit will be in- 

correctly detected if Q is at least one less than r. We have not defined what 

the system will do if r = 1 .3 However, if it is equally likely from one code 

bit-time to the next that the binary digit to be transmitted is zero or one, it 

does not matter what the system does, nor does it matter if the system does it 

consistently or not, when r = 2 . The probability of correct detection will be 
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l/2 when r = ,@ . To state this point in another way, if r = 1 one can gain 

just as much information about the transmitted signal by .flipping a coin as 

he can by looking at the receiver output. Therefore in the following discus- 

sion, let us assume that system internal noise causes an output, and that the 

output will be correct with 50 percent probability. 

A list of events may now be set up. If r =I the event E. has 

occurred. If r = 1 + 1, the event El has occurred, and an error has occurred. 

If r = f + m, the event Em, an error event, has occurred. The probability of 

an event is denoted P(E). Since the events just listed above are mutually ex- 

clusive (if one occurs none of the others can) the probability of error per 

code bit, R, is obtained by adding the probabilities of all the error events, 

plus (as we said earlier) one half the probability of the event E,. Thus, 

R = l/2 P(Eo) + P(E1) + P(E2) + . . . + P(Em) + P(E,+l) + . . . 

= l/2 P(Eo) + xrnTl P(E,) 

Clearly R will only be finite if 

Lim P(E,) = 0 
m-t03 

although fulfilling this condition does not guarantee the finiteness of R. 

It is now only necessary to determine P(Eo) and P(Em), both of 

which are functions of S,B,K, and the statistics of the physical process by 

which quanta are transmitted and rece.ived. The simplest physical assumptions 

lead to the following result: if the mean number of observations of an event 

(such as the reception of a photon) in unit time (such as a code bit-time) is 

A, then the probability of exactly k such events in unit time is 
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-A 
p(k;h) = e hk/k! 

For the left channel k = S/K + B/2K and for the right channel ?, = B/2K, as 

we said earlier. Now, assuming that the number of photons received in the 

left channel is independent of the number received in the right channel, the 

probability of receiving J? photons in the left and r in the right is 

P( 1 ,r) = ~(1; S/K + B/2K) . p(r; B/2K) 

-(S/K + B/2K) Q 
e = (S/K + B/2K) e 

l!! 1 [ -B/2K 
(B/2K)r 

I r. I 
-(S + B)/K P 

e = (S/K + B/21() (B/2K)r 
l! r! 

Both Q and r may independently assume any of the values 0,1,2,... Hence the 

probability of the event E. that 2 = r is 

P(Eo) = P(O,O) + P(l,l) + P(2,2) + . . . 

= cnyo p(n,d 

-(S + B)/K 
= Coo e n=o (S/K + B/2K) (B/2K) 1 n /(n!)2 

-(S + B)/K 
= e cob n=o (S/K + B/2K) (B/2K) 

I 
n /(n!)2 

If the event Em occurs,then by definition r = ,f? + m. If 1 = 0, r = m; if 

l? = 1, r = 1 + m, etc. Thus, the probability of the event Em is 
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JXE,) = P(O,m) + P(l,l + m) + P(2,2 + m) + . . . 

= gTo P(n,n + m) 

= Coo e 
-(S t B)/K 

n=o (S/K + B/2K)n (B/2K)n l m 
n! (n + m)! 

-(S + B)/K 
= e CM [(S/K + B/2K) (B/2K)Jn 

n=o ' (n!)2 

Now, substituting P(Eo) and P(E,) in the equation for R above, 

we have 

-(S + B)/K 
R = l/2 e cd0 n=. [(S/K + B/2K) (B/2K)]n/(n!)2 

+ Coo e 
-(S + B)/K 

m=l cm v 
n=o (n!)2 [ KK$!] 

-(S + B)/K 
= e co3 [(S/K + B/W (B/2K)ln 

n=o (n!)2 I 

-S/K 
For the degenerate case of B = 0 we have R =(1/2)e . This 

result might be obtained finding the limit of R as B approaches zero. How- 

ever it is much simpler to rederive the formula for R when B = 0. In that 

case the error events E 1' 5, Egr --- cannot occur. The event E. can occur 

if, during the code bit-time, no signal photons are received. The probability 

of E. ir then 

-S/K -S/K 
P(Eo) = p(O,S/K) = e and R =(1/2)e for B = 0. 
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These formulae have been plotted for K = 5, 6, 7, and 8 in Figures 8-6 through 

a-9. 

The probability of receiving a bit correctly is 1-R. The proba- 

bility of receiving a K-bit word correctly is (l-R)K and is denoted s. The 

probability of receiving a K-bit code with no more than one error is 

(z)(l-R)K +(;) R (l-RjK-' 

= (l-R)K + KR (l-R)K-l 
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C. Pulse Position Modulation 

A pulse position modulation (PPM) system is a sampled system like 

the PCM system. It is not ordinarily considered to be a quantized system at 

radio frequencies, although it may be used that way. At optical frequencies 

and for low signal levels it appears best to analyze the PPM system as a quantized 

system. Receiver and transmitter bandwidth in any case limit the resolution of 

a PPM to sane finite number of resolvable positions. Hence in this report the 

PPM system discussed is a system in which one signal pulse is transmitted per 

sample period and in which only J positions may be resolved. Furthermore J 

has been chosen equal to 2", where K is an integer, for comparison with PCM-PL. 

The position of the signal pulse in the sample period as measured from the 

beginning of the period is then proportional to the quantized value of the 

sample. 

Let S equal the mean number of received signal photons per sample 

period. These will all be received during the pulse time, i.e., at the pulse 

position. Let B equal the mean number of received background photons per 

sample period. Because a Poisson process is assumed for both signal and back- 

ground sources, the mean number of received background photons per resolution 

element of the sample period is B/J. Hence, S+B/J photons will be received, 

on the average,, during the pulse time. 

Correct detection will occur if the number of quanta received dur- 

ing the pulse time is at least one greater than the number of quanta received 

during any other resolvable position. Otherwise an error may occur. The 

formula which has been used for the probable error rate, %, is then 

p(m; B/J) 1 J-l 
c/p- $52 
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This formula is known to be slightly conservative, i.e., the actual error rate 

is lower than the RF from the formula. The model is still under study. There- 

fore no derivation will be given. Note, however, that the power required to 

maintain a given error rate is then even less than that implied by the formula. 

Even so, reference to Figure 8-12 shows that PPM requires far less power than 

PCM-PL to transmit the same information or to maintain the same error rate. 

D. Equal Information Capacity 

The information capacity of a quantized connnunications channel, 

such as a PCM channel or a PPM channel with limited resolution, is given by 

c= -cl Pi log Pi + Cl P' 1 'j 'ij log '1) 

where P i = a priori probability of sending the ith signal (relative frequency - 

of sending the ith code word or of transmitting a pulse in the 1% position. - 

The first term of H is called the entropy of the signal). 

Pti = a priori probability of receiving the ith signal. - 

pij = conditional probability of receiving the jth signal, given - 

that the ith signal has been transmitted. The second term of H is the equivo- 

cation. The information capacity is measured in bits per sample period if 

logarithms are taken to the base 2. 

It is desirable to choose a coding scheme which maximizes the first 

term and to choose a modulation system which minimizes the second, for maximum 

information capacity. 

The first term is maximized if all possible signals have equal a 

priori probabilities of transmission (so called "random" signaling). Assuming 
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that a coding scheme is chosen in this ideal way, we have for Pa 

pi = 1/2K 

and for PPM with J = PK 

pi = l/J = 1/2K 

K (We may choose J = 2 , where K is the same K as for PCM, for equal 

sample resolution.) The signal entropy 

2K 
cs = 'Cl,1 WK) log2 WK) 

= K bits/sample. 

The PC24 system sends K code bits per sample. From the calculation 

above we see that K information bits would 

were zero equivocation. We shall see that 
* 

be sent with K code bits if there 

zero equivocation implies an error 

rate per bit of zero or one. 

Neither the PPM system nor the PCM-PL system is more likely to re- 

ceive one signal than another if the probabilities of transmitting each signal 

are equal. (This statement is not true for PC&l-AM.) Hence 

PVi = Pi = 1/2K for both systems. 

The pij for the two systems are different. 

In the PPM system only background radiation can cause the signal 

to appear to be in the jt& position when it was transmitted in the 1% position. 

Given that background radiation does do that, it can make the signal appear to 

* If it is known that the nativesof some island always lie, accurate information 
may be obtained from them by asking questions answerable only with a "yes" or 
a "no. " 
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be in any of the J-l = 2K -1 wrong positions with equal probability. The prob- 

ability of an error is R E' so the probability of reception in a particular 

wrong position is 

P 
iJ 

= ~/(~-l) = Rg/(2r1) for i # j. The probability 

of reception in the correct position, P ii, is the probability of making no 

error. Hence 

P ii = l-RF 

Then for PPM the equivocation 

= RE log2 RE/(2K-1) 1 + (1’Jq log2 (1-q 
u-q 

(1-RE),(2K l)Rg - 1 
for RE f 0 and RR f 1. If % = 0 or 1 the equivocation is zero. 

In the PC&PL system, background radiation and lack of signal power 

can cause a particular code bit to be received wrongly, with probable error 

rate R. The ig code word will be some sequence of binary ones and zeros. 

Let T denote the event that a code bit is received correctly, and let F denote 

incorrect reception. Let p denote the probability of correct reception of a 

code bit and q of incorrect reception. Then 

p = P(T) = 1-R and q = P(F) = R. The event T is a success. 
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The probability of having n successes in the reception of a K-bit 

code word is then 

pn = Pn q 
K-n 

cient. 

ways of having n successes, where 

= K!/(K-n)! n! and O! = 1 

Although the equivocation for PCM-PL could be summed as the formula 

indicates, it is much more convenient to note that the equivocation is also 

equal to 

CE = CK n=. pn -2 qJ 

It will also be convenient to use the following identities: 

SK K 0 n K-n 
n=o n P4 = (p+q)K = 1 

= Kp=K-m 

Now, 

CE = [PnqK-n] 

= log2 p ZECo n 

+ K lot32 q xff=, 

= E(p loti2 P + KU-P) log29 

= K log 2 ppqq 
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I- 

= K log2 
C 

RR (1-R) (1-R) 
I 

= log2 RKR (l-R)K(l-R) 1 
for the case R#O and Rfl. If R = 0 or 1 the equivocation is zero. 

If it is desired to have equal information capacity for PPM and 

PCM-PL systems with equal sample resolution it is only necessary to equate 

the equivocations to determine the equivalent error rates. Thus, 

sRE 0-q 
(l-RE) 

D = R KR (l-Rf(l-R) 

This implicit equation may appear to be a bit formidable when 

K+ 1. It has been plotted in Figures 8-10 and 8-11. Note that for K= 1 

the solution is RE = R, as one might expect by considering a binary interpre- 

tation of a two-position PPM system. 

E. Error Correcting Codes 

Thereis some literature available on the general subject of error 

correcting codes. 

A 5-bit simple code will be received correctly only if all five 

code bits are received correctly. However, if three extra code bits are added 

to each code as a check on the five code bits used to carry the information, 

it will be possible to correct any received code-word in which one of the code 

bits has been received incorrectly. One may then say that the 8-bit error 

correcting code word is received correctly if all eight codes are received 

correctly or if only seven code bits are received correctly. 
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If the error rate per bit is R for five-bit code words, then the 

equivalent error rate per code word is 

5R'E = 1 - (1 - R) 5 

Let the error rate per bit be Q for eight-bit code words. Then 

8 $lE = 1 - (1 - Q) - 8Q (1 - Q) 7 

For equivalent error rates per code word or per sample we have 

5R'E = 8R'E 

5R - 10R2 + 10R3 -5R4+R5 = 

28Q2 - 112Q3 + 21OQ' - 2249' + 140Q6 - 48~~ + 7Q8 

For small R and Q we have 

5R 'G? 28Q2. 
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APPENDIX E 

AT?4OSPHRRIC EFFECTS ON SIGNAL WAVEFORMS 

One suggested experiment was the measurement of the rise time of a 

coherent optical pulse after passing through the whole atmosphere, or equiva- 

lently, to determine the impulse response of the atmosphere. Some study was 

made to determine what the order of magnitude of the result of such an experi- 

ment might be on the basis of known physical theory. Of all the possible ef- 

fects only one was found which could conceivably cause the rise time to be as 

great as about one nanosecond. That effect was the anomalous dispersion effect. 

It is thought to be quite unlikely to occur. 

The effect of anomalous dispersion on the rise time of a signal 

waveform is best illustrated by a numerical example. Anomalous dispersion is 

the variation of the refractive index of a gas in the vicinity of certain ab- 

sorption lines. A very strong absorption line may cause a variation 194 = 3x10 -5 

over a frequency difference of about 1 Gcps. Optical communications systems 

are unlikely to be operated in the region of a strong absorption line, but sup- 

pose that some large Doppler effect were to shift the laser frequency over the 

absorption line. If a pulse as short as one nanosecond were transmitted, its 

frequency spectrum would have sidebands extending beyond 1 Gcps on either side 

of the laser frequency. Strong anomalous dispersion would cause the sidebands 

to experience differential time delays of At = &L/C, where L = 8Km is the 

scale height of the atmosphere and C is the velocity of light. Thus, At=(3xlO -5 

x 8x103/3x108) set = 0.8 nanosecond. We conclude that anomalous dispersion in 
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the vicinity'of a strong absorption line could cause the width of a l-nanosecond 

optical pulse to approximately double. 

Since the shortest pulses likely to be used in an optical connsunica- 

tions system are about 50 nanoseconds long, and the optical frequency chosen would 

certainly not be one close enough to a strong absorption line to be shifted.over 

the line by Doppler effects, it is thought that anomalous dispersion will not be 

a serious drawback to optical conununications through the atmosphere. Although 

the question, "What is the rise time of a coherent optical pulse after passing 

through the whole atmosphere?" remains valid and a question of scientific in- 

terest, we feel that no experiment requiring highly specialized vehicle equip- 

ment should be made until experiments on the ground indicate that some (as yet 

unknown) atmospheric effect may be troublesome to optical comrmnications. 
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