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FOREWORD 

This document is the final report on Contract NAS8-20629' entitled 

" 
"A Narrow Beam, Broad Bandwidth Optical Conmunications System." 

I 

(Later knOWll as the Airborne Visible Laser Optical Communications, AVLOC~ l, 

PJ:;ogram subsequent to contract Modification No.9. ) The program is 

sponsored by th~ George C. Marshall Space Flight Center of the National 

Aeronautics and Space Administration, Huntsville, Alabama. The technical " 

representative for the Government contracting officer is Dr. Joseph L. 

Randall and the cognizant Government program manager is Mr. Wayne 

Wagnon. 

This work was performed by the Aerospace/Optical Division of 

International Telephone and Telegraph Corporation, San Fernando, California. 

(The Aerospace/Optical Division has more recently merged with the ITT 

GUfillan Division.) The principal contributers u; the program were Mr. John 

H. Ward, program manager and technical director, and Messrs.' V. Hammock, 

, , 

, , 
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j 

E. R. Marcusen. J. R. Priebe, J. J. Redmann, R. R. Waer, and R. W. Yancey. 
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1.0 INTRODUCTION 

This d.ocument c.onstitutes the final rep.ort .on C.ontract NAS8-20629. 

The purp.ose 01 this rep.ort is t.o describe,the del;ign, devel.opment and .operati.on 
,.. 

.of airb.orne and gr.ound-based laser c.ommunications and laser radar hardware 

in supp.ort .of the Airb.orne Visible Laser Optical C.ommunicati.ons (AVLOC) 

pr.ogram at NASA Marshall Space Flight Center. This-has been a highly 

successful pi.op.eering pr.ogram c.ontributing much kn.owledge toward the 

realizati.on .of .operati.ona1laser c.ommunicati.ons systems. ~TG is very 

pleased t.o have been ass.ociated with this devel.opment and values highly the 

experience gained. 

The maj.or emphasis .on this c.ontract was t.o devel.op a highly flexible 

test bed f.or the evaluati.on .of laser c.ommunicati.ons systems techniques and 

c.omp.onents in an .operati.onal envir.onment. The hist.orical trend in c.ommunica-

ti.ons has been t.o higher and higher frequencies. Hence, it is n.ot surprising 

that engineers have s.ought t.o apply the laser in c.ommunicati.ons systems 

since it was first intr.oduced ar.ound 1960. Their interest in this applicati.on 

of the laser stems, largely, fr.om the pr.omise .of greater inf.ormati.on 

capacities and c.ommunicati.on distances than had been realized heretof.ore. 

The pr.operties .of laser radiati.on which make these i~pr.ovements p.ossible 

are its sh.ort wavelength and its relatively high degree .of c.oherence, as 

c.ompared with .other s.ources .of .optical radiati.on.. H.owever, the real 

advantage in c.ommunicati.ons at .optical frequencies lies in the ability t.o f.orm 
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narrow beamwidths with small "antennas." For ihe first time, a source 

of optical radiatio!l is available which approac~es a carrier in spectral. purity 

:' 
, , s~ggesting the use of many of the coherent ~etection. techniques that have been 

. 
developed to a high degree of sophistication in the J."~ spectral region. 

.' Uhfortunately, the performance of a coherent detection system at optical 

frequencies, particularly at the visible wavelengths, is severely lim~ted by 

a .tnrbulent transmission medium such as the atmosphere through which any 

" 

i! ground-based systam must operate. Under these conditions, the simpler 
H 

photon-counting receiver can still be used to exploit many of the laser 

properties in communications. 

When comparisons between approaches are made, consideration 

must be given to the performance of the o~erall communications system. A 

comparison of laser efficiency alone, for example, is,inadequate for judging 

the performance of optical communications systems. A photon-counting 
. , ~ 't 

system is considerably simpler and less critical of mechanical alignment than 

a heterodyne or homodyne system and is potentially more reliable. Further, 
-. 

the use of visible or near -visible wavelengths, which exhibit impractically 

small coherence apertures in a turbulent medium are very desirable from 

the detector standpoint. High detecti vity, large gain -bandwidth product 

detectors are available in this spectral region. Many of these detec;tors 

can bt~ "electronically gimballed" to provide <1 large search/acquisition 

field-or-View and a small, low-noise field-of-view for tracking and 
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• communicatirg. Tne high degree of background spatial filtering offered 

by these devices when combined with currently available narrow bandpass 

optical filters, Virtually eliminates the optical background problem. These 
l 

acquisition and tracking techniques make the handling of extremely narrow 

(fractional arc second) transmitted beamwidths practical. 

The basic justification for communications at optical frequencies 

lies either in the need for extremely wide information. bandwidth 'Or in the 

need for the very high "antenna" gains available. The latter provides a 

number of useful advantages including e}.tteme link privacy and efficient 

utilization of transmitted power for very long range (inter planetary) 

communications. Also, laser communications system performance is most readily 

and inexpensively obtained through narrower beam handling. The basic laser 

communications system elements are illustrated by the block diagram of 

Figure 1-1. It becomes apparent, as a result of erXperience in the design and 

development of systems of this type, that the major systems emphasis should be 

plaoed on narrow beam handling. Communications per se becomes almost 

secondary for data rates up to several hundred ~egabits per second. 

The specific program objectives are: 1) Evaluation of optical 

acquisition, tracking and pointing techniques, as well as optical communica-

tions systems performance in an aerospace envlronment, and 2) determine 

tUrbulence effects on laser beams propagating vertically through th~ 

atmosphere. To accomplish these objectives, the experiment is to establish 

a two-way laser com)l1unications link between a high altitude aircraft 

(50.000 to 70,000 fClot altitude) and a ground station. The exper.imental 

system has the capability of automatic acq~isition at each teFminal and auto 
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';I BASIC ELEMENTS 
'A . 

.SCARCHANO L<1~ _______________ ... 

TP.ACK J.J ' ", ,', I ' ' 
\'.., 

J' 

! A , 
"BORESIGHT AND d ~_;I '"."'trdT1NG ; . ...,.<:fi--.;~," . 

. POINT AHEAO ~:----------.··>Lr tv '" \I 'f'""'" , V '.' 
.. _______ "'1 .... ___ rr'll ___ .....,," 

"I 
' . .... :. 

TECHNOLOGIES INVOLVED 

• NARROW BEAM HANDLING 
• COMMUNICATIONS 

Figure 1-1. Laser Information ,Transfer Sys,tems 
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track and continuous closed loop point to maintain communications as the 
• 
aircraft "orbits'! the ground station. 

of this configu:ration. 

Figure 1-2 shows an artist, concept 

/ 
I 

l( 

A comprehensive experiment measu:'ements plan pursuant to these 

technical objectives was p~epared by the technical staff of NASA/MSFC. The 

objectives fall iz:tto ~ee cate~ories: 1) To evaluate system techl)iques for 

wide angle acquisition, precision tracking and pointing in a real and dynamic 

enVironment, a"ld to evaluate quantitatively the performance of the direct 

detection communications link; 2) Pi:ove certain system components as 

related to their suitability to the environment - particu1.arly with respect to 

narrow beam handling, and 3) Advance the understanding of the effects 

·of atmospheric propagation on the performance of an optical communications 

link. 

, 
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OBJECTIVES ' 

• EVALUATE INTEGRATED 'OPTICAL 
COMMUNICATION SYSTEM 
r:::CHNIQUE 

" ACQUISITION 
t'TRACKING 
t' POINTING 
" COMMUNICATIONS 

• PROVE COMPONENTS 

• ADVANCE KNOWLEDGE IN 
ATMOSPHERIC OPTICS 

e 

" UP-LINK ATMOSPHERIC 
PROPAGATION MEASUREMENT 

t' SIMULTANEOUS DOWN-LINK 
SCINTILLATION CORRELATIONS 

+' UP-LINK APERTURE 
AVERAGING EFFECTS 

Figure 1-~.' Airborne Visible Laser Optical C()mm1.'mications (AVLOC) Experiment 
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1.1 System Discussion 

In order to place the ITTG effo'i·t in ':his program into proper per!'pec-
i 

tive, an overall AVLOC program system hatdware tree is presented in .the 

block diagram shown in Figure 1-3. This program tree emphasizes the ITTG 

items and attempts to show their relation to the other program elements. 

These items indicated by heavy outlines will be described in detail in 

the following report sectbns. Major contri~utions we-re made in the 

interface area as well and will be descriQ~d where appropriate in the 

hardware sections. Fur~her, ITTG has previously submitted safety 
: 

plans, interface control doc.;uments~ cabling, operation and maintenance 

manuals, and operating plan inputs which will not be repeated in this 

report. It should also be noted that some system de sign modifications 

andimprovements have been made by NASA/MSFC technical personnel 

subsequent to the first flight test series and will not be reported herein. 

The following sections will present the design and analysis 

for the major deliverable hardware items. The approach taken in 

organizing this report is to discuss each deliverable item firstly at a 

top level interim of the de sign parameters and overall specifications 

and the',l to break the system doWn into' a logical set of subsystems 

either fuctional blocks or critical componen ;s. The sy3tem hardware 

tree provided with each item serves to inter:relate the various ,system. 

elements. 
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ITTG has designed equ.ipment for both the flight system and 

the ground system. The flight system items include the cube corner 
i 

assemblies, the AOCP, the Remote Equipment Rack.(RER), and the 

Ground Checkout Equipment (GCE). ITT ground system hardware consists 

of the Ground Based Acquisition Aid (GBAA). One of the more difficult 

.1!'" yet successful aspects' of the program was that of interface between two 

prime contractors having overlapping responsibilities and complex 

interrelationships. The success of this dual C'ontractor approach was due 

to the excellent personal relationships and singleness of pu;rpose on the 

part of all program personnel and to the outstanding .leadership and 

guidance offered by the NASA/MSFC technical and management personnel. 

Cooperation among contractor technical personnel, side -by-side working 

relationships, and free exchange of design data were essential to the 

success of this difficult program arrangement. ITTG wishess to compli-
, 

ment the CCSD personnel for their contribution as system integration 

contractor for supporting this coop~rative attit\lcte. "'. 
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Field tests from the ITTG rooftop dOlTIe at San Fernando, California, 

to a mountain site 5 miles away were cond1:cted, using an 8-inch 

aperture collecting telescope at the r,~'ceiv(;r terminal. 
I 

Thed,second Interim Report (Reference 2), prepared by 

John R. Priebe, and dated 15 September 1969, covers the next 23 

months. It describes improvelTIents in the equipment, including the 

additions of pulse shaping and thre sholding circuits in the communi-

cation system, and the provision for simultaneously monitoring and 

recordin~ Bit Error Rate (BER), Photomultiplier Current, and mean 

square value of the signal fluctuations. The repo;rt also develops a 

mathelTIatical model for estimating performance of the communication 

system under ideal and noisy conditions. The report contains a sum-

mary of experimental data gathered .under a variety of atmospheric 

conditions, using the nominal 5 mile range from a converted trailer 

to the mobile unit atop a nearby mountain. The addition of a 22-inch 

diameter tele ~cope for the receiver (in plac E! of the 8-inch unit used 

previously) permitted measurement of aperture averaging effects. 

Because of the in-depth coverage of activities and results pro-

vided in the comprehensive Interim Reports, no additional information 

is pre sented in this document on the period from July, 1966 through 

September, 1969. 
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On 27 October 1969, ITT submitted to NASA/MSFC a proposal 

(Reference 3) entitled, "Aircraft Optical Communications Packag~ and . 
... 

Optical Acquisition Equipment," in response tc NASA RFQ 1-O-40~02596; 

ITT was selected by NASA t~ design and build the equipment for the 

Aircraft Visible Laser Optical Communications (AVLOC) program as 

a result of this pro.posal·, and the work was performed under an-exten-

sion of Contract NAS8-20629. 

The equipment consisted of: 

1) A Ground-Based Acquisition Aid (GBAA)" which is a pulsed 

laser tracI-:ing radar used to acquire and track the cooperative target 

aircraft carryir,:g the aircraft optical communication terminal. 

2) Precision optical retrorefiector s, for .attachment to the 

aircraft. 

, 
3) An Aircraft Optical Communications Package (AOCP), with 

auxiliary equipment located in Remote Equipment _Racks (RE~-{.). This 

equipment included a TV Tracker (provided by ITT on loan to NASA), 

a laser transceiver, atmospheric scintillation measurement devices, 

and various commandable functions for varying experiment parameters. 

4) Ground Checkout Equipment (GCE), for exercising, testing, 

aligning, and bore sighting the AOCP, simulating the up-link optical 

communication system, and exercising the gimbal mirror and computer 
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provided by the Integrating Contractor, Chrysler Corporation 

Space Division (CCSD). 
J .' 

/ 
This equipment is discussed/in more detail in subsequent sections. 

Operation and Maint~nance Manuals (References 4 aneJ 5) and engineering 

drawings have been provided previously. 

~--
A list of important dates in the AVLOC program follows: 

6-7 l+ti:ay 1970 Prelhninn.ry Requirements Review 

5-6 August 1970 Preliminary De sign Review 

15 October 1970 Critical Design, Review 

June 1971 AOCP and GCE shipped to NASAl 

Michoud Facility 

Septembe r 1971 GBAA shipped to MSFC 

October 1971 Retroreflectors shipped, 32 to 

, 
CCSD, 3 to MSFC 

12 October 1971 AOCP and GCE shipped from Michoud 
~ ~ 

to MSFC for further test and eva1ua-

tion, and subsequent integration with 

CCSD equipment. 

May 1972 AOCP and GCE shipped to Kirtland 

AFB, New Mexico, for integration 

by General Dynamics into RB-57 

Aircraft, along with CC~D equipment. 
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! 

16 August J972 

August 191Z 

GBAA successfllly acquired RB-57 

Aircraft, and tracked it for about 
:' 

/ 
/ 

two hours. 

Integration and testing of equipment 

in aircraft completed, and the air-

crafttl'ansferred froIn the Air Force 

to NASA. All equipment sent to 

Ellington AFB, Texas (near Houston) • 

.. \ 
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SECTION 2, 

" 
t ./ 

I 

2. SYSTEM MATHEMA TICAL MODEL 

In the following paragraphs a mathematic -al model is developed for USe 

in predicting potential performance of the Op~ical Communications Systenl. 
First discussed is the ideal system, one limited by only the most fundamen­
tal types of noise. This ideal model is then modified to include the most 
common sources 6f noise, encountered in photon-counting communications 
systems operating in the field. A list of symbols and abbreviations used in 
this discussion is presented in Table 2-1. 

2.1 Pedorrnance of an Ideal System 
.,'. 

An ideal optical com.m.unications system has its performance limited 
by design parameters (such as laser power, modulation index, collection 
aperture diarneter, etc.) and the fundamental fluctuations in the detected 
signal due to photocurrent shot noise. This section is concerned with 
introducing both these system concepts and the analytical techniques that 
will be expanded later to form a general model. 

2. 1. 1 Sensor Photocurrent and Its Variance. - It is important to clarify 
first the term "modulation index, II Figure 2 -1 depicts a partially modu­
la~e~ binary pu~se tr~in. The peak amplitude o,f this train is Ap, and the 
mmlrnum amphtude 1S Am. The average amphtude is A =(A + Am) /2, 
assuming a long random and equally likely series of binary p~lses. The 
modulation index M is defined as 

A 
M= ....£..-1 

A 

A - A 
= P m 

A + A 
P m 
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(2. 1) 
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TABLE 2-1. LIST OF SYMBOLS AND ABBREVIATIONS 

" 

BER 

PSR 

D/A 

Var 

L .1 ,i 
p p 'm 
c 

At 

. , 

N,N ,N ,N 
P m s 

k 

:or - -·~.N ,N 
P 111 

P,Q 

a 

Bit error rate 

Pseudo-random 

Digital-to-analog conversion 

Modulation index 

Signal amplitudes 

Statistical variance 

Photocurrents in electrons per s(,~cond 

Time interval in seconds, the inverse of the system bit 
transmission rate 

Set number of photoelectrons per bit interval use as threshold 
decision value 

Number of photoelectrons per bit interval (defined from N) 

Factor describing increase in current variance with a noisy 
amplification process . 

Random variables describing numbers of photoelectrons in an 
ideal system 

. ,. 
Tabulated probability error fWlctions 

Random variable describing noi!;e multiplicaLive with 
signal 
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f 

• i 

x.~ ,X 
P m 

p 

2 m,O' 

g(x) 

'It 

Random variables describing nurnbers of photoelectrons 
in a noisy communication system 

Coefficient of variation 

Mean and variance of a normal distribution 
--... ' 

Probability density function 

Line-of-sight zenith look angle 

....... 

"\ 

.. 
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"Mark" sent 

t 
A s 

• 
~ "Space" -se nt 

Figure 2-1. Partially Modulated Binary Pulse Train 

...;,..;-, . 

In terms of the average amplitude A, the peak amplitude can be written as 

Alp = A (M.! 1). In a like manner the minimum amplitude Am can be written 

as _Am = A) 1 - M). The signal amplitude As is defined as the difference 

between the maximum and minimum. amplitudes. Consequently, it follows 

that As = Ap - Am = 2M "A. 

The amp1i~udes of Figure 2-1 may represent any of a number of types 

of information carriers. For instance, the peCl.k amplitude Ap may repre­

sent peak numbers of photuns, photoelectrons, photocurrent values, or 
• 

other like quantities. In an ideal system, the average photoelectron current 

is directly proportional to the average radiation incident on the photosensor. 

Consequently, in using the system 0: subscriptl'l introduced above with an 

average photoelectron current (electrons per sec'ond), of T, the resultant 

expression that represents a mark having been sent is the term (1 + M) i, 

and likewise, the photocurrent representing a sp~<:e is (1 - M) I. 

The shot noise fluctuations in a photocurrent are well described by 

a Poisson statistical distribution. Hence, the statistical variance of the 

numbE~r of photoelectrons counted during a time inter.val f::, t is proportional 

to the product of the photocurrent, i , and the sample period-, f::,t. In 
pc 
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equation form, 

..•. 'p = (1 + M) 1i 1m,::: (1 - M) ii and 

var { fpc I = k i ~t. pc 
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(2. Z) 

The constant of propor~ionality, k;e 1, is used to describe the noise eHects 
of amplication, s'7ch as dynode noise in ~ multipli~r phototube, 

2.1.2 The Bit Error Rate (BER) and Its Effects. - The product of the 
sample period, ~t, and the photoelectron curr~nt, i pc , is the number, N,o( 
electrons counted during a sample interval. 1he decision as to whether a 
space or mark was sent is made by comparing the number of photoelectrons 
counted with some threshold value Nt. If the number of electrons counted is 
greater than Nt. it is decided that a mark was sent. ,If the number counted 
is less than Nt, it is decided that a space ,was sent. Because of the variance' 
in the values of ipc. there is some statis.tical probability thCl,t, although a 
mark was sent, tl.e product ipc ~t in the receiver will be less than Nt. 
Hence, the receiver logic circuitry Will make an incorrect decision in such 
cases. The probability of making an incorrect decision during a sample 

. interval is called the bit error rate (BER). 

Although other factors such as signal-to-noise ratio could be used, bit 
error rate is more indicative of the quality of a digitally coded communications 
channel. For channels using non-digital modulation schemes. it is clear that 
the lower the system's potential bit error rate, the better the infor'ilation 
transmission (as measured by fidelity, signal-to-noise ratio, or any other 
method), even though there is no linear relationship between these character­
istics. The use of a system's potential bit' error rate as a basis to judge its 
performance provides the advantage of easily considering the adverse effects 
of many and varied rtoise factors as a whole. For example, some criteria 
of performance rt!quire that all noise sources, to be' combined, must have 
similar frequency spectra. Thes e analytical techniques would have di£.ficulty 
in estimating the simultaneous effects of signal current shot-noise and 
atmospheric turbtLlence. 

It is of vaba to compare the subjective quality of a closed circuit video 
picture as a functi.on of bit error rate in the communications channel. 
Figure 2-2 shows the resultant degradation in received picutre quality as 
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GILFILLAN ITT 
the BER is increased from iO-

S 
to 0.30, by attenuating the radiation of the transmitted laser beam. These photos were taken during"a laboratory test 

of the Optical Communications System identical to the AOCP and ground 
station hardware. 

.' 
I Z. 1. 3 Computation of the Ideal Single- Channe 1 BER. - In a single- channel photon-counting type of digital system, a mark- or space decision is based upon whether or not the number of photoelectrons counted in one photo­

sensor during a oit interval is larger than some threshold value. Nt. An error occurs when either: (1) a signal is sent but not detected or , (2) when the threshold value is exceeded duri'ng an interval when no signal is sent. In equation form," the probability of an error d)-Iring a bit interval (the bit error rate) is . 

BER = P {signal sent} . P {nois'e and signal S Nt} (2.3a) 

+ P {signal not sent}· P {noise> Nt}' 

• Since in the randf')rn. MRZ coding con.sidered here, the probability of a signal being sent during a sample bit interval is 1/2, Equation 3. 3a becomes 

BER = 1/2 P {noise and signal S Nt} 

+ 1/2 P {n~ise >Nt }. 

(2. ~~b) 

The derivation of the system bit error rate discussed here is concerned with only the var:lations in the signal amplitude it.self. These fluctuations ill the modulated and unmodulated portions of the collected laser beam are 
caused by the inherent photocurrent shot noise. Using the above terrn.inology, we correctly consider a mark to have been sent if the number of photo­
el:ectrons N counted during a sample period is larger than the threshold 
valUe Nt' p W ! correctly_decide .,!hat a space has been sent if ;"'e dete.ct a smaller value Nm . Both Nand N are random variables because of the eflects of photocurrent shofnoise. mlntuitively, the th~shold_value Nt should be set at some number between the average values of Nand Nm . One of the purposes of the following analysis is to deterrr:ine the v~lue of Nt which minimizes the sYlJtem's bit error rate. 
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Equation 2. 3 .:an be rewritten to include the variables Nand N as 
p m 

/ 
. 1 N' L N } 

BER = -2 P {N 5 Nt} .A. :; P {N > Nt • p .~ In 
(2.4) 

In terms of probability distributions, the components of the last equation are 

(2. Sa) 

(2.Sb) 

For large num.bers of photoelectrons N the shot noise (Pois son) 
distributions are approximately normal. '. 

Hence, keeping in mind that N (l + M) ~t = i and N (1 - M) ~t = im , 
we find that the combination of equations 2.2 and f. 5 results in 

l 

P{N sN }=lNt 
dz 

P t -IX) 

\ 1 z - N (1 + M) 2 

e - 2' ~ N k (1 - M) 

~ 2rr ~ N k (1 + M) 

1 
2 

--
dz e 2 N k (1 - 1\1) 

{2; ~N k (1 - M) 
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e We can use here the tabulated functions P and Q where: 

(2.7>. 

so that Equation 3,4 for the hit error'rate simplifiE.ls to 

. ,N -N (1 + 1\1» : (N -N (1 -M») 
BER ='! p . t + 1. Q t • 

, '2 ~k N (1 + 1\'1) 2, Nk''N (1 - 1\1) (2. 8) 

In this case, the bit error rate is minimized for a threshold value of 

1 
, -

k 1+M - ? 
[ ( )~ 

2 

1 + 2 MN I.A 1 _ 1\1 ~N~(l - M"') I 
(2. 9) 

e 
• an app~oximation easily justified for large values of N. With this optimum 

value of Nt' the bit error rate from Equation 2.8 is found to be 

BER I Single = Q ~(" 1 + M 
~hannel, 

(2.10) 

Optimum 

or ,appl"oximately 

7M

5 

++~~ 128 + • 
, 

Equation 2. lOis plotted in Figure 2- 3 for two values of modulation index M. 
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tit Z. 1. 4 Computati9E...2f the Ideal Binary Chan,1el BER. "" Analysis of an 
ideally balanced binary system is somewhat simpler than that of the single 
channel, since th~re is no threshold value Nt to be considered. In this 
situation, the decision as to whether a mark or space was sent is based on 

,which of two channels has the greater numbe'r of photoelectrons. Using 
subscripts 1 and 'Z, for the two channels~ we can write the expression for 
the bit error rate, analogous to Equation 2.4- as "~ 

BER:: .! P {N' < ~ } + .! P {N < N } 
2 PI m2 2 P2 m l 

(2. 11) 

For a balanced synunetrical system, the two probabilities are equivalent, 
and we can write • 

BER = P {N < N } 
PI m2 

(2.12) 

Written in terms of conditional probability distributions, the last equation 
is -

(2.13) 

Approxi~ating -the probabilities with normal distributions, as was done with 
Equation 2.6, the last expression can be arranged in explicit form as 

BER :: L dz .t:dY 

2-11 

- 2 _ .! ( y - N (1 - M») 
e 2 ,kN (1 - M) 
~=:.;::-.. ~====--.:...- .( 2. 14) 
-V2T1'~kN (1 - M) 

,f 

\ 



I. 

.. 

GILFILLAN ITT 

This equation, wh,~re N is the product i b. t averag'ed on one photosensor, can be integrated directly to obtain the pc simpler form 

~R I Binary = Q(M/! ) 
Channel, 
Optimum 

The last equation is plo~ted in Figure '2-4 for modulation indices ranging 
irom. O. 3 to O. 8. 

2.1.5 Comparison of Ideal Single Channel and Binary Channel Systems. -The practical differences between. a single chan:1el system. and a binary 
channel system arl~ mainly in the added complexity involved in the binary 
system's receiver. It is interesting to consider how great an advantage is gained from this additional receiver complexity. Given tha.t the two sys­te,ms would have the same types of photosensors, modulators, etc., we can calculate the increase in remote terminal laser power' required by a single channel system to equal the performance (BER) of a binary cl1annel system. By comparing Equ~tions 2.10 and 2.15 we see that the single channel 
system's laser power must be increased by the factor 

Required Laser Power Increase = 1 + /1 _ M2 (2. 16) 

For example, if th~ modulator used were capable of a modulation index of 0.5, the required single channel laser power increase would be about 87 percent. 

. Equation 2.16 implies that both types of systems i1ave about the same performance when used at high modulation indices and very low noise levels. 

2.2 Calculation of Model System l s Performance Under Noise Conditions 

In the optical communications system under study there are seven principal sources of noise. For convenience in analysis, all seven may' be considered together at the photodetector, even though some noise factors may not actually exist at that point in the signal processing train. Those noise factors not ptesent at the photodetector (such as noise in later 
amplifiers) can be ... ·eplaced in analysis with an equivalent noise generator 
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. • at the photodetectcr. The ei~ht principal noise factors occurring in the 
system under study are a,s i<lows: 

e 

a. Laser Generation Noise - a time varying factor multiplying the 
average radiative power from t.he laser. These fluctuations in 
laser power may be caused by power supply r.ipple, micro­
phonics, etc. 

b. Atmospheric Scintillation Effects these act in much the !:lame 
manner as the Laser Generation noise above, but of course with 
different frequency and prob-ability distributiuns. 

. c. Signal and Background Shot Noise - variat.ions in the photo­
electron current that are proportional to the square root of the 
current. 

d. Backgrot.nd MQ.dulation - a factor usually encountered in 
scanning systems, in which the background noise may be much 
greater than that predicted by shot noise calculations. 

e. . Dark Current - in the system's photodetector, normally of 
concern only when operating with infrared sensitive Sensors 
at low signal levels. 

f. Dynode Noise - significantly increases the fluctuations in photo­
electron current during the first stages of amplification. If an 
electron multiplier type phototube were not used as the photo­
sensor, the preamplifier would then be an important source of 
noise of this type. 

g. Johnson cr Thermal Noise - usually of concern only if the 
sensor's load resistor preceeds most of the signal amplification. 

2.2. 1 Sensor Photocurrent and Its Variance. - In a two level digital signal the seven noise facbrs discus sed above can be combined into multiplicative and additive contributions to the Sensor photocurrent, i • For the con­dition of a "mark" being sent, the signal photocurrent iPcand its variance are described, as was done with Ec:pation 2.2, by P 

... 

I = a(l + M) i + L: i . N = i At P . n' P p (2 •. 17a) 

" var (i ) = k i At = k N pc P P 
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For the conditions of a "space" being /Sent, the' last equations take the fornl 

- " 'A i = a(1 - M) i + ~ i ; var (i ) = i 6t = k N " 
.In n .' pc m m 

(2.17b) 
l 

:' ~ 

In the last equations, ipc is the instant~neous photocqrrent (in electrons pel' 
second) and the term a is the product of factors describing system radiom­
etry, time varying atmospheric scintillation, and laser generation noise 
~ffects. The last terrn ~ i , represents the st:..m of the dc noise currents, 
such as background and defector dark current. In the equations for the 
photocurrent variance" var (ipc)' the coefficient k describes multiplicative 
a.mplif ier or dyno.de noise, and as before,. b. t represents the time interval 
over which the photocurrent is sampled. 

2.2. 2 General Form for the BER of a Noisy System. - But for an added 
complexity in the component Equations 2. 5, the deriva.tion of the system 
VER using Equations 2. 17 follows that of Eq~ation 2.2. In regards to the 
previous ideal system, it was as sumed that the average signal irradiance 
on the photosensor was constant. Variations in the photoelectron current 
were due to shot noise alone. However, in the situation where the system 
suffers from phenomena such as atmospheric scintillation and its resultant 
time varying effects, the major variations in the sensor photocurrent can 
De due to similar variations in the signal irradiance on the photodector. 
Hence the term P f Np = z} in Equation 2. Sa m~t be replaced with a more 
complex statistical expression. The term. P {Np = z} is the probability 
that "z" photoelectrons will be counted during a sample interval ifa "mark" 
~s sent, and the long-term average number of photoelectrons counted is N. 
However, in the presence of scintillation or fluctuating laser power, N is' 
pot constant and must be replaced by a random variable N. The shot noise 
in the photocurrent still exists, but a parameter of its distribution, i. e. , 
the population mean, is also a variable. For this reason we have a con­
~itional distribut~on P ~ Np = z; x ~. This expression represents the proba­
bility that the number of photoelectrons counted for a "mark" sent be z, 
given tha.t the rnean number N is x. It can be seen that the original expression 
for P I Frp = Z l is replaced by 

£
eD , 

P {N = Z} :., dx p {N = z; x} " P { N = x} 
p ,-CD p. . (2. 18) 
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As a consequence. the form of Equations 2.5 fot a aingle channel BER is 

changed to 

.' J 

N .' . 
_. ltD ttl -. -P {No SNt };: dx_ dz P{N =,z;x} '.p {N=x} 
,P -en tD P , 

P{N > Nt} = (tDdx (NtDdZP{N =z;x}. P{N=X} 
m . ,J-en J~t m , 

(2. 19b) 

These, combined with Equation 2.4, describe the BER for a sin~le channel 
system with additi:\re and ulUltiplicative noise. 

To describe the BER for the binary channel system in a noisy environ­
ment, art expression similar to Equation 2. 13 can be derived. Hence, 
written in terms of conditional probability distribution~, 

BERln' = rOdz·rdY rdXP{N = Z+Y;N=X}'?{~ =Y;N=X}. P{N=x}.(2. 20) 
mary ).C1J 1:.m' h' p m 

Channel 

Equations Z .. 19 and 2.20 describe system BER with statistical expres­
sions. In order to obtain numerical values, these terms must be replaced 
with algebraic expressions. Th~ most important additional source of noise 
to be considered here is h.'1at due to atmospheric scintillation. It is well 
known that these turbulence induced statistical variations in beam trans­
rhittance do not [onow the normal probability dis tribution. For this 
reason, the next s:ection digresses somewhat to discuss the log-normal 
distribution, whic:h:. is more appropriate for use in modeling atmospheric 
effects. 

2.2.3 Log .. NormaI Probability Distribution. - The log-normal probability 
distribution is applied in situations where a series of independent random 
~tnpulse~ c j havE!' effects on a phenomenon which are dependent on the 
Instantaneous state'x. of t.3:le phenomenon. Furthermore, the magnitude of 
the change in state. o{ the phenomenon. x. I-X" is proportional to the magni­
tude of the impuls,e: c .. an.d SOIne function Ji(x.) ~f the instantaneous state. 

1 . J 
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Here the state Xj of the phenomenon was produced by c. -1' The equation 

for the effect ofc. is J 
.J 

.. 

Xj I-Xj = c. f(x.) =6x. ./" . J J J 
(~.21) 

Ip the present application, we consider the change (l'lXj) to be a variation in 
the radiant power transmitted by a turbulent atmosphere. and this variation 
to be equal to the product of the r.adiant power itself, i. e •• f(xj) = Xj' and 
the magnitude of a number of turbulf:?nt impulses cr . As a consequence we 

can rearrange the last. equation to obtain the form 
<. 

Ax. 6x. 
c=......L=--L 

j f(x.) 
J 

(2. 2~) 

The sum C=I;jCj of a large number of impulses, which we a~sumed above to 
be independent. tends to have a normal distribution ~s implied by the central 
limit theorem. If each of the impulses c· has only a very slight effect 6x·. 
then the resulting state x caused by a vJry large number 0.£ impulses c, 1s 

n . 

n n 
C =l: c. =~ 

j=O J j=O 

Ax. fxxn dx xn 
--1::= - =In,-

x x x x 
j 0 ,0 

(2.2,3) 

which, in the limit, has a logarithmic relationsh~p to the impulses. Hence.: 
we have a reasonable justification for writing the relationship 

in x = u, 
(3.24} 

where x is a linear function of the instantaneous radiant flux transmitted 
through t:he atmosphere, and u is a normally distributed variable dependent 

on the characteristics of the atmospheric turbulenc~. 
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To relate the characteristic parameters of x to those of u. we assunte the 
variate u to have a. mean m and a variance cr 2. The distribution function 

of u is .' 
/ 

/ 9. 
(u-mr' 

J. 

. U 20"2 

P {u ~ u} =L du -=e~==::--
-.... ~21T 0"2 

(2.25) 

., 

The distribution function of x. cp (x). can b~ determined from Equation 2.25. 
since from Equation 2.24. x is a function of the random variable u. With, 
the appropriate change of variables we find that 

_ (Lx-r!2l 
~ 

X 20' 
p{x ~X}= ~(X) =1 dx ..;;e~=== 

o· X ~ 21T 0"2 
x ~ 0 • 

The mean or expected value E(x) of the variable x is given by the Stieltjes -

integral 

In a similar manner the expected value of i can be found to be 

The variance of x is f"ound from the well-known relationship 

. 2 . 

} 
2 2 2m+0".[ 2 J . Var {x :: E (x ) - E (x) = e e -1 
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(2.30) 

It is convenient to work with the normalized vai-iable xl E(~), which also 
has a log-normal distribution. In terms of the original parameters m and 
a. we find 'that ' 

E~...!-]=m-(m+ L)=_£ r E(x) \ 2 2 (2.31) 

and 
• 

(2.32) 

The' ratio x/E(x) may be considered here to describe the instantaneous 
transmittance of the atmosphere between the rl.!mote and base terminals. 
Averaged over a sample interval, the photocurrent, i, and the number of 
photoelectrons counted, N, are related to the variable x above as 

N 
N 

r = = 
i 

The distribution function for N is 

• (x) = P {N ~ x } =lx 
. 0 

E(x) (2. 33) 

dx 
(2.34) 

exp _ [~X-~12 
X~2TT(]'2 ~2C12 J 

/ 

" 
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Using Equati.en 2.27 and the expression ECN) = ~i, we find that the probability 
function for N is 

where: 

!!L = g(x) = -L 
dx XVTr 

1 [u/ 1 x ]2 exp - - - + - .~ -=-
2 2 u. N 

, 

g(x) = O. x<o 

(2. 35) 

(Z.36) 

7.. Z. 4 At'mospheric Scintillation Effects - TyPical Values. - The principal 
signal fluctuations encountered in a space-to-space optical communications 
link ar,e those due to the impressed modulation and funpamental photocurrent 
sh"t noise. However, in a satellite-to-ground terminal situation, atmos-
pheric scintillation along the space-to-earth link is expected to influence 
the system's bit error rate to a great extent, dorLlinating the simpler effects 

.. f 

of photocurrent shot noise. _ , 

Typical values for the log- amplitude variance, CQ (0), for an optical 
path alon~ the zenith angle Ib ar11e,~imated to be. f~irly well represented ~y 
the equahon CQ (0) =0. 73 (sec 1/» • The coefilclent 0.73 of course vanes 
from day to day for different locations, and for most astronomical observa­
tions, is probably too large. The variance, Var {p ~, of the detected beam's 
radiant power P is related to C.2 (0) by the equation c 

} 
2[ .] 22 

Var {pc = P e lexp {4 C1 (On - 1 :: P p (Z.37) 

where 8 is a complex function of the collector diameter, optical wavelength, 
and log- amplitude variance. Values of Equation '2. 37 for collector diameter.s 
of 50, 100, and 150 cm are shown in Figure 2-5. It is clear that the relative 
fluctuations represented by the normalized variance p2 in the collected 
radiant pOwer will affect both the modulated and the unrnodulated portions of 
the beam {i:"om the tlatellite terminal. 
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Figure 2-6 illustrates the effect of atmospheric scintillation on the 

transmitted signhl. Figure 2- 6A depicts the digitally coded laser beam •. 

with a modulation index of o. 5 and average, amplitude A. The relative 

,fluctuations in the effective transmittance of the atmospheric path are 

shown in Figure 2-6 B. For purposes of illustration, these fluctuations 

are pictured as varying at megahertz rates. In an actual system, these 

atmospheric scintillations would be concentrated below 100 hertz and woplJ 

vary extremely slowly compared to the data rate. Figure 2-6 C illu~t1'ates 

the resultant signal amplitude as collected by the ground terminal. The 

modulation index itself is unchanged 'from that of the transmitted beam in 

Figure 2-6. 

2.2.5 Noisy Single and Binary Channel BER. - We :--~-'lay use the variable, 

x = aiM in Equation 2. 17 to obtain the diffinitions: 

~ = (1 + M)x + ~i At, 
P n 

'" N = (1 - M)x + l:i ~t 
m ' n 

(2.38) 

• 
. 

" . 
With these substitutions, Equation 2. 3S can be used to rewrite Equations 2. 19 

i1~ the more general form: 

(2. 39a) 

2 

( Z-9) 
r r+<> -t Jkf;lp P 

= IN dz J 0 dx g(x) e r;:-JIJf; 
t ,,21T_ k Np 

(2. 39b~ . 
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Using the expressions of Equation Z. 7, we find that th~ noisy single channel 

BER is 
, 

BER . = i loco dx g(x) 
Single 
Channel 

[ IN .. ,;:~ I IN - ~ \] p t P +Q t m . 

~ Ikr J'" .... p :> , .J'" j,'m 

(Z.40) 

~. 

The optimum value for the, threshold setting Nt can be found by ~iffere~tiation 

to be 

pm. kLcqN /R )] 

or approximately 

Nt~~~ N . . m p (Z. 41) 

Hence, by substituting this value for the threshold into Equation Z. 40 we 
obtain the simple:t: form 

, , 

~ < 

BER I .'. = rdxg(X) Q [~ -~] 
OptImumJ Jo . <it ,. :'.l. 

(2.42) 

Single ' . 
Cha. .. m"l 

Z-Z4 

. .~ 

; y 
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In a similar manner, the expression for the balanced binary channel 
BER can be written from Equation 2.20 in expllcit form as 

/ 

BER 

_.! ~ + y - ~p)2 .1 ~ -~m J2 
2 ~ A . 2 A 

kN kN 
o co CD p e m -r dz r dy r dx g(x) e · 

Balanced j:rJ )0 )0 r::-~ I r;.:--
Binary . ' '\j 2Tr. "J k N P "J 2Tr '\j k N m 
Channel 

This expression m~ly also be integrated to obtain tho' simpler form 

BER Balanced 
Binary 
Channel 

(2.43) 

(2.44) . 

Equations 2.42 and 2.44 describe the performance of single and binary 
channel systems in the presence of additive noise. Measurements on the 
present optical communications system indicate that, in the laboratory and 
field tests perfor.med, background noise and photosensor dark current are 
negligible i. e., 1:i ~ O. Representative values of system BER for these 
tests copditions ar;; plotted in Figures 2-7 an~ 2-8 for a dynode noise 
factor of 1. 6. 

2.3 Data, Communications Channel 

Although many cOlTlplex parameters affect the performance of an 
optical communications system, four factors are of major concern in the 
system's evaluation. These are: laser power, signal beam modulation 
index, atmospheric scintillation, and the resulHng bit error rate. 
Figure 2-9 is a portion of a recording tape generated with the engineering 
model during a field experiment. The raw data shown here are the bases 
(or calculations that lead to evaluating system p~rformance. 

ThE~ two curves in the upper portion of F;gure 2-9 are measurements 
o{ anode ·current of the system's photomultiplier tube sensor. The straight 
line at the top of the figure is the system's zero or dark level. This 
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current measurement is made with all radiation blocked from the photo­
sen80r, and is an indication of the tube's dark current. The second curve 
It;om the top is a record of the tube's outp:ut current and shows ,the noisy 
effects of atmospheric scintillation. This curve was generated on the 
5~mile test range at ITTG, San Fernando, Ca.i.ifornia. The normalized 
variance determined from this data was r=0 .. 31, the term r being an exper­
imental estimate of the parameter p of equation 2.30. The laser beam was 
heavily attenuated with neutral density filters during this test run, limiting 
to 44 the average number of signal events per sample period. 

The lowest curve of Figure 2-9 is a series of one second timing marks, 
. used for setting the horizontal scale. The curve above these timing marks 
indicates the instantaneous system bit error rate, the output of the bit error 
detector. Under close inspection, it is seen that error bursts occur as a 
nonlinear, almof:t threshold function of the de':ected signal current. With a· 
digital counter reading the output of the bit error de teetor, the bit error 
rate for the sample of Figure 2-9 was found to be 4. 1 x 10- 3. 

A 22 inch telescope was successful in allowing experimental control 
over the scintillation effects of atmospheric turbulence. The two photo­
graphs of Figure 2-10 show the irradiance distribution of the down-link 
las.er beam across the full 22 inch aperture. These two photos were taken 
approximately 500 msec apart with the same exposure - 1/1000 second. 
The differences in scintillation and the resultant variations in detected 
radiant power are apparent. 

It was pointed out that the sys tern's bit e!'ror rate is a complex functic n 
of atrno.spheric scintillation amplitude r, the ratio of the measured standard 
deviation to the mean (of any linear function) of the detected signal radiation. 
The factor r is useful in predicting system performance and, as Figure 2-5 
shows, is somewhat under the system designe:: ' !? control in that scintillatiol. 
amplitude is greatly affected by receiving aperture diameter. Thecurve 
of Figure 2-11 indicates the strong relationship between aperture diameter 
and a system's bit error rate. It should be noted that this curve considers 
the scintillation averaging effects of various aperture size, neglecting the 
greater radiation collecting ability of larger arertures. The bit error rate 
curve of Figure 2 -11 would fall at a much greater slope if a constant detected 
power had not been maintained by attenuating the beam with neutral density 
filters al:J the aperture was increased. 

2-29 

L
'~ 

-.- -·'~-f':~l'=';.:::!:tl'=-=U:::~c.:.:.:...:;; . ...JL..;..,",':.:., 

· · • 
.' 
.1 

.. 1 



, , 

z N
 

N
 

. ' . , 

, 
>

 . , . 
. 

" ; 
"
-. 

2
-3

0
 

, 
t
.
 

U
 

w
 

V
') 

.-
• w

 

... 0::: 
:::> 
V

') 

0
-

X
 

w
 

Ll-8L.LL 

R
EP on Tr.lH

IlX
rY

 O
F THE 

If; 
1

) 
G

 I'~ IS pO
O

R
 

,... 0 
.. ~
 

... tV 
..-f 
...... 
. ~
 

... c: 
.
~
 

() 
C

/) 

(
)
 

.
~
 

~
 

4
) 

...c: p.. 
C

ll 
0 

S 
... <

 
0 ...... I 
N

 4
) 

,I 

~
 
~
 

I 
• 

bO
 

. ~
 

P1 



I . 
1 0-3 __ -~-""""'--"'--1-" 

-a:: 
w 
co -w .-
~ 

10-4 

o 10-5 
~ 
a:: 
w .-

" Of 

R = .31 

R = .22 

R = .18 ,,' 

\ 
'R = .14 ·-' 

.1. 

t 

. 1 

-0 o $ 10-8~ __ ~ ____ ~ ____ ~ __ ~ ____ ~ 

o 5 10 15 20 5 

SIGNAL HELD 
CO STANT ITH 
NEUTRAL DE 51 Y 

ILTERS. 

~ 500, S ~ 300 

,ODULATIO 
INDEX = 0.3 

TEMP: 48°F 
WI D: 5 PH FRO E 

RE LATIVE HUM. : 33010 

. 2000 HRS 

RECEIVI G APERTU E DI ETER (I CHES) 

Fi ur 2 - 11. Bit E rr o r Ra s R c ivin p r ur 

EPR DUCmll..1TY OF THE 
I£" ~ 1 r, ~ IS P R OR \r • 

2-31 



, . 

i, 

J! ., 
( 

,,' 
I: 
~ i 

e 

GILFILLAN ITT 

Figure 2-12 ~,hows the performance of the communications system in 
fit~ld tests under conditions of heavy turbulence. For comparison the 

- tht~oretically predicted performance for p ;: 0,. 35 is represented as ,the solid 
cu:rve on the right. Data runs with varying laser radiation intensities were 
re(:orded, and the l'esults are shown as horizontC'..1 bars. The term r is an 
estimate of the parameter p, calculated from experimen~ data. Since r is 
a sltatistic of the non- stationary atmosphere, its valuE" is constantly changing 
and the use of the ,,'or interval is appropriate. '!;'he fit of theoretical pre­
didions to the tested performance of the systert is seen to be quite close. 

2.4 Ra.diometric Analysis 
.;::;:;.:=.;:;..:;.:.:.=.:..:--;~-, '",-

This section presents a system performance analysis for the tracking 
and communication functions. Since the end-to-end link analysis involves 
the ground terminal as well as the AOCP, certain assumptions are made 
regarding the parameter values and specifications for the ground terminal 
hardware. The radiometric analyses are presented as uplink and downlink. 
The uplink analysis implies radiometry from. the ground terminal transmitter 
to the AOCP receiver and includes atmospheric propagation considerations. 
The transmitted beamwidth are as sumed to be large compared to the pointing 
noise, therefore, dynamic pointing error effects are not included. Trans­
mitted beam profiles are assumed to be gaussian and the performance is 
evaluated at the beam half-power point. Also, the beam cross section is 
a~surned to be large compared to the collection aperture. 

Derivation of the fii1~ tracking noise equivalent angle is presented and 
applied to determine the theoretical blocking acc\.'racy. In the communications 
performance analysis, the detection threshold is assumed to be ideal and the 
optimized level is denned. Although this hardware does not utilize an 
adaptive detection threshold circuit, the merits of such a circuit have been 
analyzed and a possible implementation for such a circuit is presented. 

The analysis presented here was aided by an IBM 360/65 computer 
available through an APL telephone terminal which also plotted the results 
given in Figures 2-13 through 2-16. 

Figures 2 -13, 2-14, and 2-15 were given by the algorithm PDUP pr'e­
sented in Figure 2-17. Figure 2-16, however, was generated by a program 
SCINT. ThJ~ subroutines it calls are not presented in this report in the 
interest of brevity and were given to NASA/MSFC p"reviously. 
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2.4.1 Selection of Parameter Values. - Although the parameters chosen 
for the several ltnks are printed out on the curves t~ey are presented in 
Table 2-2 with SOIne explanation where requir(;d. .' 

... 

TABLE 2-2 

UPLINK PARAMETERS 

Laser Max Power (Watts) 

Laser Ave PowcI;' (Watts) 

Transmitter 'Transmittance 

Atmospheric TransInittance 

Ra.nge (Fee t) 

Background Radiance w / cm
2 

-j..l-ster 

Optical Filter Width (microns) 

Receiver FOV (arc-sees) 

Collector Diameter (inches) 

Photo-cathode Sense (including Inesh) 
(amps/watt) 

Multipiier Noise Figure 

Receiver Transmittance (comm) 

Scint Receiver Transmittance 

Track Bandwidth (hz) 

. Corom. Ba,r.dwidth (hz) 

-.' 

0.2 

O. 1 

0.01 

O. 1 

84,853 

0, 0.014 

0.002 

18.0 

3.71 

0.025 

1.5 

0.182 

0.034 

1,000.0 

50, 000. 0 

The maxiInuIn power of 0.2 watts is the ground station laser pow~ 
radiated in the absence of Inodnlation, PM. The laser average power, P 
ha.s been set at P~t1/2 for Figures 2-13, 2-14, and 2 .. 15. 
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Thus, the power radiated by the intensity modulated laser is: 

PM 
P (1 + IJ cos W t) (1 + IJcos w t) P F. = = ," 2 s s 

I , 
where 

P
B = modulated laser power 

IJ = modulation index 

'W' = subcarrier radian frequency. s 

The transmitter transmittance of O. 01 is a perhaps conservative 
estimate of the gr ound transmitter transmittance. The atmospheric trans­mittance of o. 1, however, is the transmittance of a very clear atmosphere for the range of close to 85,000 feet used. 

o The range used, ..... 85 Kit, is the 45 slant range to an aircraft 60 Kit 
above the ground station.' 

• '2 Background r~diances of 0 and O. 014 wi cm -1-1- ster bracket all the backgrounds to be encountered. The higher value is that for sunlit clouds . . As can be seen from the curves, the sunlit background is \lS ed. The optical o 
filter of 20 A serves only to limit the background power to the receiver. The receiver field of view of 18 arc seconds serves the same purpose 
a1tho~gh it is mor.'l intim.ately associated with design considerations of 
aperture size in the irrrage dissector and the focal.lengUl of the telescope. 

- . The collector diameter is the effective unobscured diameter of a 
collector which is 3. 88 inches in diameter with 1. 13 inches of central 
obs cur ation. 

The photocathode sensitivity is taken from the standard S -20 photo­
cathode curve and divided by 2 to allow for losses in,the mesh following the photocathode in the image dissector. The multiplier noise figure of 1. 5 is a realistic value based on experience which agrees with analyses. 

The communications receiver transmittance of O. 182 is the result of 
multiplying the trc.nsmittances and refledances of the several elements in the light path of th e receiver optics. The value of o. 034 for the scintillation monitor was obtained in the same way. Table 2-3 lists the elements and the effective transmittances used for both paths. 
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Uplink. (MU=O. 1, o. '2~., O. 5, O.75) 
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'" Figure 2-17. A VLOC Radiometric Analysis Program. 
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Afocal Telescope 

Z Steerer 

Y Steerer 

Beam Combiner 

Narrow Band Filter 

Beam Splitter 

Lens 

Neutral .Density Filter 

Mirror 

TABLE 2-3 

.Comm. Receiver Path 

,.-
0.60 

.96 

.96 

.90 

.• 6 

.82 

.80 

.96 
l ~ '. 

.97 

o. 182 

, 
Scint Monitor Path 

0.60 

.96 

.96 

.9:0 
: 

.6 . 

• 14 

.85 

.97 

0.034 

The uplink tracker receiver 1S, of course, common with the commu­

nications receiver until the output of the image dis sector is reached where 

. the 10. 7 megahertz subcarrier tone is separated from the low frequency 

components which really contain the tracking information. 

The tracker scan generates a 1 kc module.tion of the I. D. output 

current. 

Although 'the tracker modulation index is self imposed by the tracker 

and is unrelated tc the sub-carrier modulation index, it will affect the 

communications S/N ratio. This cross-coupling was not done on the 

computer simulation because of the many possible combinations. 

. 

In fact, the SIN current ratios of the uplink cornnunications channel 

aSSUnle the tracke~ modulation is zero. However, during the track modula­

tior the communications SIN will range between the maximum given by 

Figure 2-13 and J 1-\-1 T times that value. Thus, if the tracker imposes a 

50 pen:ent modulation index on the average incoming power, the SIN current 

ratio of Figure 2-13 will vary at a 1 kc rate fro'n the values given by the 

curves toJ 1-0. 5 = 0.7 of those values. 
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The IIsignal current" used for the track ch3.nnel i,s its own modulation 
signal. The" s Lgnal current" used for the communications receiver is the 
10.7 megahertz tone with a noise bandwidth C?f 50 kc. 

Note also thai; the signal to noise ratios gi,ren are defined as: 

SIN 
rms signal current 
rms noise current 

(These values must be squared to obtain power SIN. ) 

In the case of the scintillation monitor; total power to the photomultiplier 
only is plotted against the transmitted beam divergence. ~ 

2.4.2 Downlink Parameters. - The downlink sy:ltelU maxim.um laser power 
used in 5 milliwatt5. The modulation index of O. 749 was calculated based 
on supplying 0 to 46 volts to the intensity modulator and using fob,; =1ctual 
wave shapes resulting when square waves were applied. Under those con­
ditions it was found that the maximum transmittance of the modulator was 
0.29 and an extinction ratio of 7 was achieved. 

The plot of th\~ downlink analysis, although more complex than was 
done for the uplink, is far more useful because tradeoff analyses can be 
done with it. 

The abscissa variable is actually the normalized power density of the 
signal at the receiver on the ground. It has been labeled II zetan" for 
IInorm~lized zeta" 

{,N = 
(PT/PTO) (TT/TTO) (T AfT A~) 

(R/RO)
2 

( <I> B/ <I> B 0 ) 2 

where 

PT - Laser Power 

TT = Transmitter Transmittance 

TA = Atmospheric Transmittanci! 

R = Range 

("B = Beam Divergence Angle 
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The "0" subscrip'; represents the reference value used for that particular 
pararrleter - i. e., P TO = 0.005 watts, etc., 

If all parameters are at their refer'ence \'alue~'4 sN = 1. From the 
results of Figure 2-16 however, we note that l;, N= 10 or even less gives 
acceptable bit error rates. ;' . 

We can therefore state that: 

and a tradeoff analysis between these parameters, which satisfy the above 
inequality, can be made. 

For example, the reference beam divergence of 10 microradians 
allows the beam divergence to be increased to 1000 microradians as long 
as the other parameters are at their reference values. Similarly, i'f the 
beam divergence of 10 microradians is us ed along with the reference values 
for the other parameters, the laser power could be dropped four orders of 
magnitude from its reference of 5 milliwatts without noticable system 

. performance degradation. Alternatively, the atmospheric transmittance 
can drop to 0.00008 from o. 8 etc. 

The reference values are chosen rather arbitrarily because of the 
above. It is important to know only what the reference values ~ not 
whether they are accurate at the time. For example, although the trans­
m.itter transmittance was referenced at O. 25, it has since been determined 
that a value 1/2 as great is more accurate.' Also the range of 52,800 feet 
b inconsistcr:r. :-=>r comp;arison with the uplink where 84,900 feet was used 
along with an atmospheric tran~mittance of 0.1 instead of 0.8 Using these 
values: 

I 
1 = Z 

1 
x - x 

'8 (
528)2 
849 
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we find that 

(DB ~ 156 microraaiar.s 

-9' to get bit error rates of the order of 10 errors/ sec or 

c,oB '~. 220 microrads 
. 

-7 for a bit error rate of 10 sec. 
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The slope 'of BER vs sN shown in Figure 2:'1 & means that actually 
using <liB = 220 microrads does not allow for atmospheric transmittance 
degradation unles s t e range is reduced. 

To tradeoff other parameters, it is necessary to generate other 
curves to be perfectly general, but the same curve applies if 

= (~:::) (~) (~:) aN = 1 • 

Y
N ,. (N: ) (:x~) (f:~~ ) 2 = 1 

6
N - (B::)(~r = 1 

MUN 
MU 

1 -
MUO 

= 
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where: 

DC. = collector aperture diame.ter 

I 

= receiver transmittance 

" = photocathode sensitivity 

6
A 

= optical filter width 

fov = field of view of receiver 

BR = bit rate 

KN = r~ceiver noise figure 

M = modulation index 
U 

,. . 
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.' 

That is: If the receiver transmittance is reduced by 50 percent, 
the collector effective diameter must be increased by 40 percent (J 1/2-1 ) 

to maintain the performance curve given. 

Figure 2-18 is a plot of the beam dimension between 112 power points 
. for some ranges vs the beam angular dimensions'to relate to the collector 

aperture diameter. 

2.4.3' 'Irackin'g SIN 

Noise Equivalent Angle - A scanning t::,acker for which the signal 
spot diameter, d s , is smaller than the. s..canning aperture diameter, 
d

a
, yields signal electrons proportional to the approximate area, 

d d. (See Figure 2-19. ) 
a s 

The noise equivalent area, or the area d
N 

2 
which receives an average of 

one elect~on, is then: 

d 2 = 1 
N KT 

(2) 
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All other parameters constant, 
the electron count, e , is . s 
proportional to this area. 
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Substituting (2) into ( l) gives: 

= 

= 

d d 
a s 

d 2 
--N 

or 

GILFILLAN ITT 

/' 
I 

( 3) 

(4) 

Dividin~t both sides' of equation (4) by the square of the focal length restatt;s 
'the equa,tion in terms of angles. 

Finally, the equation for the tracker noise equivalent angle is: 

a 
N 

( 5) 

(6) 

T~acker noise equivalent angle,_ O!NI versus aperture angle, 01 ; ~pot size 
ang. Ie, 01 ; and electron count per bit, e s . a s 

Electron Count for Reliable Tracking. - Track 1 ')ck - The ability of the 
tracker to maintain track - becomes relatively unreliable if the equivalent 
noise angle exceeds about 1/4 the aperture angle (emperically determined). 

era 
4 (7) 

Substituting ( 5 ) into ( 6 ) and solving for e s gives the number of electrons 
per bit, eST required to maintain track, as: 

as -16 
(8) 

Electron count per bit for reliable tracking. 
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Noise Equivalent Pointing Angle. - The derivation of ~N (equation 6 ) 
gives the accuracy for the tracker itself. Th(! tracker is used to point a 
transceiver or r .. ~ceiver by means of beam ste~ring devices which gener­

. ally increase the bit integration time. .Although this factor is generally 
10, we shall maintain generality and call it n. 

Noise equivalent pointing angle. a • 
p 

Q 

P 
~o( ,in N 

(9) 

" 
SNR Degradation. - It should be noted that SNR degradations such as wiil 
occur in the detector photomultiplier and else'.vhere in the system makes 
it necessary that the electron counts derived be increased by a factor of 
about 6 when the electron counts at the detector photocathode are being 
considered. 

Z.5 Adaptive Signal Processing Threshold Analysis 

First, the adaptive threshold concept as applied to analyses using 
normally distributed noise density functions as an approximation to Pois son 
statistics is briefly described. The adaptive threshold concept using 
Poisson statistics for the noise density function is then developed. The 
optimum threshold value is derived in equation forrn. This form is then 
manipulated into a .form which minimizes the equipment accuracy require­
ments. An alternate concept leading to a practical circuit is also 
developed and described in detail. 

Z. 5. I Ideal - Threshold Circuit. - Table 2-4 lists the parameters of inter­
est to this subject. Figure 2-20 illustrates the continuous probability 
density curves associated with the assumption of a normal distribution of 
the probability of achieving a particular count during an integration time. 
If the Laser transmits at full power continuously, then the average count 
per integration tim.e will be D + B + LM = P, and the area under the mark 
curve will be unity since the probability that a mark is being sent is 
100 pe rcent. If, fol' example, the probability that a mark (one) is being 
sent during any randomly chosen integration tlrLe is P(M), then the area 
under the mark rurve will be equal to P(M). Since the Laser contribution 
to the count during the actual reception of a mark is still LM, the value of 
P is \.tnchanged by a variation in P(M), and only' the height of every point 
on thr;: mark curve is scaled by P(M). 
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TABLE 2-4. PARAMETER LIST 

B = Background::c 
.' 

./ 
I 

L = Laser* 

LM = Laser transmitting a Mark (one)* 

LS = ~aser transmitting a Space (zer~~* 

P = Peak (maximum value);~ 

v = Valley (minimum value)* 

T = Threshold* 

N = A general counting parameter:~ 

.,. = Integ ration time • 

M = (P-V)/(1',j-,V) = modulation index at the receiver 

GM = Current gain of the photomultiplier 

R = Photomultiplier load resistance 

G
AGC 

= Preamplifier voltage gain 

= Tra.:,sresistance amplifier gain, if used is equivalent 
to (R) (G

pA
) 

= Gain of the gain-controlled section. 
equal to, or les s than unity 

May be greater, 

= Gain of the amplifier from the AGC section to the threshcJld 
comparator 

Q ,'. Electronic charge in coulombs 

,,'cAll of the above parameters are photoelectron counts accumulated 
during one integration time. 
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e Considering first, only the interva.ls 1:1 which a mark is, actually received. 

fa 

P(M) = 1, the mear. count is P and the value of the normal prubability den­
sity curve at any count N is 

/ 
I 

PO = 1 exp(- 0.5 (IN PliO'p)2) 
(I (211') 1/2 

p 

In general, however, th~ probability density curve height is scaled by the 
probability of occurrence of the case it represents so that the value of 
PDM at an arbitrary count of N will be . 

(POM) = P(M) 
exp(- O. 5 .,.~p 2) 

0'- (211') 1/2 
P 

where n = IN - pi 
the number of 0' that T is from P p O'p 

and (lp = 1/-:: 
(variance, of P) ~ 

Since the nor:rnal curve is intended to simulate e Poisson distribution for 
which the vari.'lnce is equal to the mean, let (] = JP. Also, typically, but 
not always, P(M) =P(S) = o. 5 where P(S) is the ~robability that a space 
occupies a randomly chosen integration tirne. Similarly the value of the 
"space c'arve" PDS at any count N is then 

CPOS) = P(S) 
exp (- O. 5 ny2) 

O'y (211')1/2 \ 

where = IN - yl 

O'y 

and = IV 
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Now if Trepresents an arbitrary threshold for makIng a mark versus 
space decision, t:le ar(!a under PDS to the left of T is the probability that a 
received space (zero) will be decided to be.a Sl?ace, and the area PES under 
PD~ to the right cf T is the probability that a space will be incorrectly 
counted as a mar<. Shnilarly, the area under PDM to the right of T is the 
probability of correctly calling a mark as a mcLTk, and the area PEM is the 
probability of an error \vhen receiving a mark. 

Then the total probability of error is 

PE = PEM + PES=' JT (PDM) dN + h't. PDS) dN 

-= T 

It rnay be SE~en from Figure 2 - 20 that mo ving T up from V, toward P, 
increases PEM and decreases PES. It may also be anticipated that PE can 
be minimized by choosing an appropriate value for T. 

Let us find the value of T which minimizes PE.' 

~ (PE) = (PDM) - (PDS) = 0 
dT 

(PDM) = (PDS) 

• 

Thus the intersection of the "mark curvetl and the" space curve" is the 
location of the opthnum threshold. Note that these curves cannot simply 
be the tabulated probability density curves ,but must include the a priori 
P(M) or peS) scaling factors. Note also that if more than one intersection 
Occurs, the intersection at which the slopes of the curves are of opposite 
sign must be chosen. 

2-53 

r . ·"~··.C..,r'''''''.JO:''~-'·~~-''''''''--- • 

___ -.'-""""'.~~iZi.::.ii!.~.._.."",._,,;~._.L-.M_.l\.r<!_~y~~:"""~J~~~~L'IL'Ii>..~,!!r_~6ft~,~'L,~~;:·;'~-~~~il~"-'. ..... '......rn..i.""~'l,:~,~J-,:~:.-:m.~ . .c&.";",,,'-'!!t. ,:~,. '~'>:_".i 

, 
j 

I 
.~ 

I 
~ 

j 

~ 
f.· 

! i 
f .) 

! 1 I 

." 

. :: I' . 
" ' ::1 I . 

~ . 

: ,."' .. 



I , . 

. "1 

, . 

GILFILLAN ITT 

It may be readily shown by equating PDM and PDS that the minimum 
error rate occurs for the following value of thel,hold count T. 

For the typical case of P{M) = peS) = O. 5, 

T a/'pV (1 1n PI V) 
!= V· + P - V 

Note that for any given Ply ratio, as the values of P and Yare both scaled' 
upward,.the 2n P/v is divided by an increasing P-Y. Thus in general for 
large counts Tis c_losely approximated by·'" 

Consequently 

u I P - TI , P -JpV/ 
= = .,fP l' up 

= /P-JV 

also n IT-V!=.IJpv-v/ = v' Uv JV = .jP -F 

.. ' 
'( 

The threshold distClI'Lce from the peak or from the valley is the same number 
of (J or (J for the large-cou'nt case. One may say the mark signal-to-noise 
ratiJ' (SNR) is equal to the space SNR and we may speak of ~ SNR of the 
system without bebg ambiguous. 

In the truly general and accurate nor~nal approximatiotl, the optimum 
threshold is somewhat different from J PV and the mark SNR is not exactly 
equal to the space SNR. In order to avoicl ambi~uity then, one must either 
spca.k of the mark and space SNR separately or must define II the SNR". A 
c~nvenient ~efinition ~f an una.mbiguous SNR is: Jp -J V 10' in gene:t'al, it 
wlll not· by ltseli speclfy the blt error rate. . 
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Consider r~ow the implication of the integration from - OJ. A normal 
probability density curve is symmetrical abot.t the mean value and extends 
to infinity in both directions. Obviously, in the case under consideration, 

,a negative count N has no physical meaning. The normal curve therefore 
cannot be correct. It is simply used as an approximation to the Pois son 
distribution because of its convenient symmetry. 

The Poisson probability density distribution yields the discrete 
(discontinuous) probability of counting any integral number of equally­
probable independent eyents during a given time duration located arbitrarily 
in time. It provides, t.herefore, a good modd.foz: the counting of photo­
electrons during any randomly located time interval of known duration. 

Applying O'lr previously defined pararne~ers to the discrete Poisson 
distribution we have: 

(PDS) = 

and (PDM) = 
N 

P{M) x P e-P 

N! 

• 

where, in this case, N is defined to be the integral number of photoelectrons 
which has the probability of occurring during any, arbitrarily chosen integra­
tion time for which the mean is P for a mark and V for a space. To enhance 
the similarity to the normal distribution case, let us plot the discrete proba­
bility of a given integer count of N occurring as an equal probability density 
value extending froITl N-l/2 to N+l/2. For the actual Poisson distribution 
of,photoelectrons, the curves of Figure 2- 20 will be replaced by curves of 
similar overall shape. The curves will be made up in detail of unit width 
vertical flat-topped bars whose heights obey the Poisson expr'essions given 
above. If we atteITlpt to set the stepped PDS and PDM Poisson "curve~" 
equal to each other to find the optimuITl threshold, it would be an extraor­
dinary coincidence if an integer count would exist for which the two bars 
would be of equal height. The expected situation would be for PDS to 
exceed PDM at one integer value of N, and for PDM to exceed PDS for the 
next highest integer value of N. The optimuITl value of threshold would 
then be midway between the two integer values .. Consequently. if We allow 
N to vary continuously and then set PDS = PDM and solve fO"l;' N, we can 
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determine a threst old value which will lie between the proper tw,? integer 
values. Theoretically, the threshold should, be, set midway between these 
integer values. P':actically, it is anticipated that the precision with which 
T can be evaluated in a working system would not justify the additional 
circuit complexity necessary to approximate a. threshold voltage lying 
midway between the two highly magnified counts existing at the point in the 
system where thresholding is to be applied. 

The optimum threshold count (as defined above) will now be deter­
mined at the integer counting level, recognizing that the non-integer value 
so determined wili actually be us ed at the high-Ieve.l thresholding point in 
the system. Equating (PDS) and (PDM) yields 

P(M) x pTe .p 

T! 

in which T is assumed to vary continuously, and all functions of Tare 
assumed to be continuously defined. 

e P • V =(p)T(P(M)) 
V P(S) 

P-V = TinP/V+lnP(M)/P(S) 

Tin PI" = (P- V) - In P (M) /P{S) 

T p. V 1n P(M) /P(S) 
= in P / V - ! n P J V 
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For the typical case of P(M} = P{S) = O. 5, 

T -
P-v 

in p/v 

This then is the threshold count which, when referred up from its present 

photocathode level (or aperture level in the case of an image dissector) to 

the actual thresholding point in the system, will yield the minimum bit 

error rate for the typical case of P(M) = P(S) = O. 5. 

If the signal were to be d~ coupled through all intermediate circu itry, 

then the actual th;eshold voltage would be QTG/.,. less any dc biases accrued 

by passage through the circuit elements. For practical reasons the signal 

will not be dc c01.:.pled through all stages. MOl'eover, the customary thresh. 

old, T C' midway between the amplified peak and amplified v:alley is readily 

achieved. Thus 

P+ V OG 

2 T 

may be achieved without regard to the' numerical value(; of G, 1", or Q by 

means of two suitably connected peak detectors. 

It would th.ereiore be desirable to manipulate the expression for the 

ideal Poisson threshold into a form in which the nlean of the peak and valley 

would constitute the primary component of the threshold and the rem:!.~nder 

. , 
of the expression won.ld represent an adaptive adjustment. The required 

manipulation is displayed below: 

". 

3 5 

.J For X>O,.tn(X) = 2 [v + y +y + 
1 3 5 

where 
x-I 

y .=X+i 

If x = (P/V) 
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e .then y 
(P/V) -1 p- V 

= (P/V) +1 = p+'T= M 

.' wh~re M equals the modulation index appa~ent at the receiver. 
I 

So for (P/V) >0, 

.In (P/V) 

!n(P/V) 

Then 

T 

T 

T 

d. [~ + ~3 + ~5 +. . .J 

= Z ( ~:~) [1 + ~ + ~4 + 

P+V = Z 

. .J 

. .J • 

P+V [1 _ ~z _ 14M4 36M
6 80M

8 

= Z 45 14175 - 42525 
- . . 

P+V P+V [MZ 14M4 36M
6 80M

8 

= Z 2 3 + - 45 + 14175 + 42525 

. 
" ' 

.J 
+ . 

1 
T 

P+V 
- (P-V) [ ~ 14M

3 36M
5 

80M
7 

= + 90 + 28350 + t. . . J 2 85050 

T 

T 

P+V (p_ V) [ O. 166667M + O. 155556M
3 

= '2 

+ O. 001270M
5 + O. 000941M7 + ~. 00019M

9 
...... .] 

= p ~ V _ (P _ V) [f(M)] 

This last expressior may be referenced to the actual thresholding point in the 
circ.uit by multiplying. as previously, by the factor, QG /r. 

QTG/, 
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The first term represents the potential midway between the mark and space potentials delivered to the thresholding circuit and can be "delivered" by a circuit simih.r to Figure 2-21 in wh~,ch the adaptive component is set ,to zero. / , 
I 

The circuit consists basically of two peak detectors of opposite polar­ity. such that the potential difference between their filter capacitors is 
equal to the peak-to-peak swing between the amplified mark and space. 
levels. This whole circuit is referenced to ground by a center-tap on a 
resistor connecting the two filter capacitr)rs. Thus the potential midway 
between the mar~ and space potentials applied to the comparator is forced to be equal to zerd. Referencing the comparator to zero. then also puts 
the threshold at the average mark and space potentials. 

Now consider the adaptive portion VA of the previous expression for 
high-level threshold. 

= -
QG 
l' 

(P- V) [0. 166667M + O. l~5S56M3 + O. OOl270M
5 

. 

+O.00094lM
7

+0.00019M
9

+ .J 
Nqw recognize again the (OG/ T){P- V) is the actual difference between the 
mark and space levels (peak-to-peak voltage) as ITleasured at the threshold-ing poin't in the' circuitry. Note also that this quantity is tightly controlled by the AGe circuit and ITlay be considered constant. Thus the only variable component of the expres sion for the adaptive portion of the threshold voltage is the infinite series representing the function of.M. the apparent modulation index. Since this function is precalculable, it can be stored in a function generator. Thus the only variable parameter whose value must be known, to set the adaptive threshold. is M. MeasureITlent of M is ideally possible by cornbining O. 5(Pt V)(QGMRL/r) available at the photoITlult~plier output with (OG IT )(P-V) available at the AGe detector output. The practical 
difficulty lies in determining G/GMRL , the gain between the photomultiplier output and the thresholding point tn the circuit. The pr.actical difficulties 
involvc~d in evaluating M. due to determining this gain to the r'equired accuracy, appear to render this approach unreliable. 
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2. 5.2 Practical Threshold-Circuit. - In the search for a realizable adaptiv<! 
threshold circuit, the following concept evolved. It was recognized by a 
numerical invest: gation that, at the level of electron counts involved, little 

. difference occur! in the signal-to-noise ratio, whether a Poisson distribution 
or its normal approximation is chosen. Accordingly the situation of primary 
interest was recognized to be the attainment of signal-to-noise ratios (SNR~s) 
during mark inte!'vals and during space intervC\ls which are proportional to 
the probability of occurrence of marks and spaces. In the typical case of 
P(M) = P(S) = O. 5, the Mark SNR should equal the Space SNR in order to 
minimize the sum of the mark and space bit error rates. Equal SNR' s 
will be attained when the mark-to-threshold dis'tance bears the same ratio 
to the mark noise 'as the space-to-threshold distance bears to the space noise. 
A circuit was devised which will yield a measure of the mark noise on one 
wire and a measure of the space noise on a second wire. Figure 2-22 inc1u~Les 
enough detail to iI~dicate the theory of operation of this adaptive threshold 
method. 

The two center diodes and two capacitors form,two peak detectors whose 
detection efficiencies are adjusted such that the upper capacitor floats at the. 
average space level. Note that during a .space, the upper capacitor remains 
at the mark level, and during a mark, the lower capacitor remains at the 
space level. The capacitors thus act both as a reference voltage for their 
respective differential amplifiers as well as a bias source for the diode feed-

. ing of the other differential amplifier input terminal. The net result is that 
the upper differential amplifier yields an output waveform cons isting of a 
zero baseline whir.h rises only to follow the excursions of the mark noise 
above the average mark level. Similarly the lower differential amplifier 
outpt't waveform consists of a zero baseline which rises to follow the excur­
sions of the space noise below the average space level. The peak detectors 
following the diffe,:"ential amplifiers then yield dc voltages proportional to 
the lnark and space noises, respectively. These dc voltages are summed, 
amplified and gain controlled to a Ie vel equal to half the peak-to-peak voltage 
of the input bit stream. The dc output of the lower peak detector is put onto 
a carrier and passed through the same gain controlled channel and then 
demodulated back to a de voltage. The summing resistor R2 f~om the modu­
lator to the amplifier is adjusted so that the gain from D to C is twice the 
gain from A to C (assuming the MOD and DEMOD gains are unity). The 
referE!nCe voltage R is one half the peak-ta-peak signal voltage and 

P-v ., ... 
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Also the threshold voltage (above ground) is 

. T 

T KfI'VGAC 
= (P- V)/2 K( O'"p + ITv)G

nc 

T CGAc
) ( ~v ) - = p-y 

GDC ITp + ITy' 

~ince we have set GDe = 20 AC 

T -p-y = 
fl'p + O'"y 
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Since the signal wa-;eform into the comparator has its negative peak (valley) 
clamped to zero, we can write: 

T-V -P-V 
CT- V) fI' Y 

:: = -=--:--::--(P-T) + (T-V) O"p + lTV 

or T-V -peT 

fT' 
V 

:: ---
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2. 6 Analysls of the Ground Based Acquisition System 

The purpose of this section is to briefly state the analytic approach and 

l'elm}ts obtained on (:xaminillg the l'equircmcnt's and performance of an an active 

ground basod acquisition !System. This system utilizes a pulsed laser transmitter, 

a.nd rdroreflective (cubecol'ner) targets on a coopcrative aircraft. The laser 

fs scanned in space o.,,'er the e:'q)ected aircraft path, and when the aircraft ent~rs 

the beam, the reflecll?d signal is detected by an image disscct{)r !Jhototube caml")I'a. 

The relationships betweon lhe ground equipment characteristics (laser 

JlOWE:r. pulse repetition rate, wavelength, optics aperture, detector sensitivity), 

target chal'acteristks {size and number of retrorenectors}, aircraft parameters 

(altitude, velocity). and predicted system performance (detection probability, fD.Is(;J 

pJ:\rm rate) are examined, and specific cases of interest are discussed. 

Developed :c. Lho following p:lra~raphs are the r~lationships between the 

scan geometry of the laser transmitter, thc aircraft velocjty and altitude, the 

pulse rep-etition rate of the laser, and the beam divorgence of the Jaser transmitter 
• 

(i. e., the scan element angular size). 

The geometry of the system Is shown in Flgure 2-22. The aircraft is flying 
- . 

at. velocity v and altitude II, ;:md i.s at range n from the ground bflsen a.cr~lIisj1.jnn 

sy~tem. The line of sig1tt from the ground station to the aircraft is at [.n augI.:.: e 

with lite local vertical. The angular velocity of the aircraft \'lith respect to the 

• 
ground ::;Iation j,:; e.. The :l~flllisition system transmits laser pulses of anguln.l' 

wioth ,~~ , llsilJg n €llUh pulses to sweep out tilE:! search scan angle l\J. Successive 

p~lsc;;, overlap bJ th (} fraction n • 
. . x 
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Figure 2-22. Systen: Geometry 
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'l'he imago dissector camera is effectively ulactive during its retrace, which 

e requir.es some fraction E of the trace scan lJeriod. 

In order to allow some time IT, to changc mode of operation of the ID . acq 
Camera from "search" to "acquisitio.ll and track", an effective overlap 'in the scanlling . 
scheme is provided in the dtrection of the aircraft velocity. The overlap factor is 

p • 
y 

The targct aircraft is Imovr'n to be flying a course that will pass wiUul1 l.h~ 

search scan angle t).., and is traveling with an angular velocity (3; therefore, its 

possible pOSition sweeps qut a soUd angle at a time rate of 

. • n = ~e 
a 

. (1)' 

(The subscript a refers to "aircraft l1
.) 

The ground acquisition system operating in the sear:ch mode must sweep out 

or scan its search fie:Jct of view at a somewhat faster rate, because of the overlap 
• 

factors and In tube .oetrace factor previously mentioned. The search s\veep !'~tc cf 

the system is 

n = n (1 + E) (1 + p ) 
s a x 

(2) 

or, from (1) and (2), 

• n = ~ e (1 of f. ) ( 1 + P ) (1 + P J 
S X J 

(3) 

A diagram illustrating the above relationship is shown in Fi~re 2-23. 

Let llte laser pulse repetition rate be f pulses per second, the t'ime between 

pulses be t seconds, and the laser beam have a square cross section of angular· 

dimension A <D • 

4' 
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·1 

(; = retrace factor 

p. = overlap factor, x 
x 

p. = overlap factor, ~. 
y 

. , 

(1 + () (1 + P ) I/J x . 

Q = e I/J (Shaded Area) 
a • 

o = (1 + cr) ( 1 + P ) (1 + Cl ) e IP 
s x.' Y 

Figure 2-23. i{cprcscntation of Solid Anglc' scan rate (slcradians/
scc

) 
for ain:raft (n ) and search s\'::;tem (0 ). a . S .. 
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The pulse repetition rate is the reciprocal of the time between pulses, i. e., 

f= ...l ,. 
The solid angle of the laser beam must be " 

= n T 
B 

/1 
I' , 

The number 0: elements per search scan line, n, is then 

n= 
"'( 1 + p.) x .. 

(4) 

(5) 

{6) 

Taking the sql'are root of equation (5), and substituting in (6), one obtains 

"'(1 + P ) .x 
n=--.......=.~ 

[ n~ l' J. 1/2 

Substituting (3) into (7\, 

n = 
• . 1/2 [ ~ e (1 + E ) (1 + Px) (1 + p) J 

This Simplifies to: 

1/2 
n = [_~_1jJ (_1_+.....:.:Px>~ __ .. _ ] 

e( 1 + E ) ( 1 + P) T . 

(7) 

• 

(8) 

(9) 

The time T <p ""for the aircraft to pass through the b~amwidth 114> is 

" 
(10) 

+, • 
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" 

The minimwl1 (\\'orst case) time the system will have to perform the modc 

change from "sea.reh" to "acquisition and track" is 

Also. 

T - p T = 
acq y ~ 

p ~ct> 
y 

• e 

The search line scan period, T I/> 

T~ = n T (1 +E) 

T~ = 

It should be noted that 

= T + 
~ 

T acq. 

(11) ,. 
, 

is 

(12) 

(13) 

(14) 

.. 
} 

" '-:, . 

Application to Specific Cases 

The rcL'ltiol1ships derived in Section 2. 1 are now applied to specific caseS of 

interest. and the results presented in ta.bular form. These results are utilized' 

later in radiometric calculations. 

The following values are assumed: 

~ = 10 degrees 
• 
~ =0.5 degree/second 

.. =0.2 

P
x 

= 0.1 

P . = 0.2 
Y 
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Ie 
1 

I 

e 

• 
It is noted that 8 , i'.1 radians/sec, is 

e = ~ - cos2 e, where v is the aircraft velocity and H its altitude. 

The assumed value (If 0.5 deg/sec, is appropriate fOI' acquiSition at 8:::' 45 degrees 

for' an aircraft of velocity 675 ft/sec (400 nautical miles/hour) at an altitude of 

.0,000 feet or greater. 

Several pulse repetition ~ates are of interest, corresponding to the ranges 

available from Gallium Arsenide semiconductor diQde lasers and pulsed Argon ion 

.. gas lasers. 

The specific value,s chosen for fare: 

200; 400; 1. C:)v; 2,000; 4,750. 

.. 

Using the above assumed values in Equation (4) and (9), on·,3 can calculate 

n. the number of laSCi' pulses (or resolution elements) per scan. This result is 

substituted into Equation (6). which is solved for 6. <P • 

Also, TAt T ,and T", are calculated· from Equations (10), "(11), aLu , ... -," 
..... a('q 't' 

. . 
The results are tabulated in Table L 

~, . 
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2.7 .§ystem Pel'formance Prediction 

The purpose of this discussion is to determine the relationships among the GBAA 

system parameters and to predict the system performance in a specified environment. The ~ 

procedure to de1ermine performance will be to establish the require~ signal power level 

required to achieve a spHcified detection and falsA alarm probability during a laser radar ; I 

pulse period. 

The required photoelectron current is determined, based on an assumed background 

radiation level. This required photoelectron cur-rent is then used as a basis for computing 

the required radiant flux density at th~ ground station, with specific values assumed for 

the optical collector area, optical efficiency, and photocathode sensitivity. The radiant 

nux density at the ground is then used to compute the requi"l.'edradiant flux denSity at the 

ground station, with specific values assumed for the optical collector area, optical 

effiency, and phJtocathode sensitivity. The radiant flux density at the ground is then 
.~. 

used to compute the required radiant flux density at the aircraft, for assumed values of 

atmospheric transmittance, number of retroreflectors and area of each. Finally, the 
. 

reqUired laser power for various ranges is calculated, based on the requi.red flux density 

at the aircraft, :\ssumed value of atmospheric transmittance, a~d solid angle of the 

laser beam. 

2. 7. 1 Required Photoelectron Current. - The average current lb (in electrons! sec) 

due to background in the image dissector phototube receiver is 

(15) 

where: 

N 1 h b watts 
, b s t e ackground spectral brightness, in ' evaluated at 

cm
2 -steradian-.~ 

the laser wavelength. 

A A is the width of the spectral filter in the :x:eceiver, in microns • 

. T F is thE:' optical filter transmittance 

'In is the uptical trallsmit~1.I\ce of the receiver 

K A A is the image uissector photoca.thode spech'ul sensitivity ut the laser 

wavelength, ill amps/watt, or equivalently, in coulombs! sec-walt. 
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i , 

AR is thc area of the rcceiver optics, in cm
2 

Wu is the solid angle of the instantaneous ficU of view of thc receiver, 

in steradians. . 
e is the electronic charge, in coulombs/electron. 

Dimensional analysis of Equation (15) shows consistency, i. e. , 

watts 
2 

em -ster- l.l 

= 

!..l '. 

electrons 
sec 

. coul 2 
• cm ster • electr~s 

sec-watt coul 

A 'convenient approximation in working with.small solid angles is that a solid 

angle expressed in degrees
2 

'can be ~onverted to sterac1ians by multiplying by 

" 

3.046 x 10-4 steradian!degree
2
• The solid angle field of'view of the image dissector 

receiver must be somewhat larger than the solid angle of the transmitted laser beam, 

• to account for the tolerance in the mutual alignment of the transmitter and receiver 

'under dynamiC search conditions. (For tracking, it may be desirable to have the 

laser beam solid angle larger than the instantaneous field of view of the receiver, so 
t 

that the image dissector can "dither" without "dithedng" the laser beam.) 

, , 

Assuming that an overlap of 0.17 in each dimension is adequate, then the receiver 

field of view solid angle must be (I. 17) 
2 

or 1.40 times as large as the transmitted 

l 

beam solid angle, or 
2 

W R = L. 4 (A 4> ) 
, 

for A 4> in radians, and 
2 -4 

W
R 

= 1.4 (.604» x 3.046 x 10 

for 114> in degrees 

(16A) 

(16B) .' 
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111e following values are used for the quar, tities in Equation (15), and are 

applicablc to a Gallium Arsenide Lascr opern.ting at a wa\'elength of 0.9 iJ.· 

-4 
Nb = 8 x 10 

A). = 0.2 

TF = 0.8 

TR = 0.7 

~3 
K A A = 3'x 10 

AR = 55 

e = 1.6xl0-
19 

The result is, 

(Blue sky, at O. 9 [-l) 
" / 

/ 
I 

(S-25 photocath0ge, at 0.911) 

(lens dia. approx. 8. 3 cm) 

.;'. 

- 12 . 
t b = 9.24 x 10 fYln) electrons/sec 

._~ • t 

(17) 

! , 

For the Argon laser operating at 0.514 micron, the appropriate values for use 
-3 -3 ~2 

in Equation 15 are Nb :." 3 x 10 ,and A A = 2 x 10 , and K I:l A = 6 x 10 , and the 

result is: 

1 = 
b 

13 
6.93 x 10 (WR).electrons/sec (18) 

It is noted that the assumption of a blue sky background is appropriate for a cooperative 

high altit,ude aircraft, since no clouds are likcly at the high altitude, and any clouds 

~r~;sent at lower levels will probably obscure the aircraft completely. 

The required signal current for a given probability of detection, PD, and time 

between false alarms, TFA, is dependent on the background current, and the electronic 

bandwidth ~ f of the system. The bandwidth may he set, based on the laser pulse width . . 

at 1/2 power t t. 

1 
ilf= -

2t (19) 

. \ 
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,:A '. Using Gaussian statistics, which approximate ihe more exact Poisson approach at 
higher current levels, one can Obk1.in tho following rclnttonships: 

- j, [TFA~(6tj ] It ::a 'b + r.k (~,1) lb log e 
(20) 

i
2 

+ i [ 1r k (At) loge 4(1-PO) - 2 it ] + i~ = 0 (21) 

(22) 

The total current i is .the sum of the background current and signal current, 
and it is the threshold current. The factor k is a noise factor associated with tile 
dynode gain in a photoml'ltiplicr, and is approximately equal to 1.6. 

The method for determining the required signal current is to compute lb 
from Equation 17 or 18, ~s appropriate; next, compute/:, f from Equation 19; select 
a probability of detection and time between false alarms, and solve Equation (20) 
for threshold current, it; use this result in Equation (21)', 4nd solve for ij finally, -

' solve Equation (22) for the signal current required. 

A computer program for implementing the above method was written. It was 
utilized for the Ga~lium Arsenide a~alysis, which require~ ~ f = 5 x 10

6 
Hz, based 

on a 100 nanosecond pulse duration. The outpu.t data is is for various ~ values, 
for a sptlcified PD (0.990) and TFA (100 seconds). The data is shown in Table 2-5 
and plotted in the graph of Figure 2- 24. 

From Table 2-6, the angle of the laser beam, Ace, Jor the various pulse 
repetition rates of interest, can be determined. This is used to determine W R' 
the solid angle of the receiver, from Equation (16 b), which is substituted into 
Equation (17) to determine lb' Then, is is determined from the graph of Figure 2-24. 
The results are tabulated in Table 2-7, along with other related data. 
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TABLE 2-5. SIGNAL CURRENT CALCUL~TIO.N FOR GALLIUM ARSENIDE LASER 

I 

I : 

I, 
I 

~~"1;lts.,.. 

!NPUT OATA 

" 

" = 1.60 
,Pq = O.C)C?PO 

I 

ffA = O.lOUUUf:: 

tef.lA~ fOL T't, 

0 100(10: 07 ().~OOOO2 

(l. 1 ':HY.' (i:: O~ o • ~l ') 0 0 0 :: 
O. 1 nOn,\) f 09 o. r;()OO0~ 
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07 
07 
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TA L 2-
, 

I , 

f 
'T n 6. ~ 'i' T~ T cq 

(s ) ~ ~ ( c) (s c) 

2 0 0. 0 5 • 1 97 • 793 o. o . 63 

4 0 0. 00 2 O. 3 0. 2 32 o. 236 o. 45 

1.000 0. 0010 2 0. 0 527 o. 705 O. 421 0. 028 

2.000 0. 000 1 3 0. 0601 O. 02 o. 002 0. 020 

4.750 0.000 2 0. 03 5 0. 07 . 0 52 0. 0 
.' 

,< 

,I . 
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TAB 2- 7 

1 

1000 2.2 5 x 1 1x 0 2. 75 ' . 7 2 x 10- 7 

- 07 - -7 

2000 1. 0 3 ' . 22 10 3. 0 . 57 1 

4. 
-7 -7 0 3. 0 

- 0 . 8 
-7 

4750 7 
0 . 75 0 0 

" 

" 

-7 



2 . • 2 ..;;;..;;.;--=;.;.. 

(n 

I d 

-rim.' , 

( 

th 

( 

D O :J 

Oll. urn 

G) = 
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rscnide laser , 

Css" 
e rgon las r, 

( . ) :; 
[ 

1. G x 10- 9 J 
55)(. 8) . 'i) G x 10-

2 

~ . 66. 10-
20J 

G, 

3) 

( , 2 
s/om) (2 

I , 

-1 
25) = . 73 x 10 

" ... 

(26) 

airCl'a , FD • 

I so he r ge rom he ound to the 

rc aft can b of ach 0 he cubeco ners s 0.027 t
2

• 
c 

cause of a rno ' he 1c scintillation, he cub co ers \~ll n be illum na ed 

uniformly durin any ticul laser ulse. Some ay not b mum! a ed at all. 

Th fo ,to nclud his f ec in he n ly . • a scin lllation ef ciency factor, 

Is in 0 uce . 
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The flux density at the aircraft, for a peak laser power of P watts, is: 

FDA = 2 
watts/ft 

/' 

(27) 

i/" . 

2. 7.4 Required Lase:c Power. - The flux density on the ground (watts/ft 2), resul tlng . 

from the retroreflection of the laser beam productlng the flux density at the aircraft 

Is 

." NA (FDA)' T . TA 
FDG= --- c c 

R2 W 
c 

= "NAe P TA2 Te TT /R
4 

We WT 

R 4W T Wc (FDG) 
or p = 

" 

The symbol W is the solid angle of the beam from the retroreflecting cubecorners, 
c 

and is assumed to be 4 x 10-
10 

steradians, corresponding to a 4 SeC'beam spread. 

T is the cubecorner transmittance. c 
" Substituting for (FDG) from Equation (24) into Equation (29) 

R 4W W ie' 
P=, T c s 

f1 N Ac T! Tc TT AR TF TR k,6,A 

(30) 

This equation states that for a given required signal current, the laser power 

required increases directly as the solid angle of the transmitter and cubecorner beams; 

increases with range to the fourth power; and is inversely proportional to the square 
, . 

of' the atmospheric transmission; is inversely proportional to the optical transmission 

of transmitter, cubecorner, and receiver; the area of the N cubecorners and of the 

receiver; and inversely proportional to the spectral sensitivity. All of these factors 

are in the right direction, which serves as a check on the correctness ~f the derivation. 
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Equation (29) is solved for P, using the various valu~s of W
T 

previously 

listed in Table 2-5, for several ranges. 

Assume 71 ::. 0.5 (i. c., half the cul;ccornel's are ur.Jllurfdn;ILed uuu lo 

scintill~tion effects). Asswne N::: It:, 'fA = 0.1, T =: 0.9, TT:: 0.5. , c Sui:~slit.utillg 
/" 

into Equation (29), 011e obtains ,.. 

P = 4.0 x 10-7 [ R4 W
T 

(FDG) J -: .. ' 

(31) 

Table 2-8 lists the results for the Gallium Arsenide laser. 

All the parameter values used for the Gallium Arsenide case are listed 

below. 
.... 

~ 

Calculations on a pulsed Argoll lager system were performed manually. AsslI :)~ll" 

tiOl~5. calculation method. and results al'C summarized below. 

The Argon laser operates at f = 400 pu.lse~"per second, and the pulse width (1/2' 

power), t, is 1 microsec. From EquD.tion (19), .:if = 10
5 Hz. From Equation (9), 

n = 82. From Equation (6), b.¢= 0'.134 degrees, which makes the solid angle (l)~ )2, 

equivalent to ~~ T = 5.48 x 10-
6 

steraclians. Substituting this into Equation (IS) .::;'ives 

'\ = 3.79 X 10l:S electrons/sec. From Equation (20), it = 4.33 x 10
8 

electrons/sec. 

From Equation (21), i = 4.553 x 10
8 

electrons/sec, giving i = 7.63 x 107 electrons/sec, 

from Equation (22). From Equation (26), FDG = 6.61 x 10-~2 wat.tfl/cm2• or G. jG'X 10-9 

'watts/ft
2

• Substituting into Equation (31), using th~ desired range R. the ~eqll.ired laser 

power P is obtained. Results are tabulated in the lower portion of table 2-8. 
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TABLE 2-8 

f FDG WT R 
" 2 -1 

steradian feet' sec watts/ft 

f 
-,.' 

I 
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TABLE 2-8. CONDITIONS FOR CALCULA1~ION ON GaAs SYSTEM 

laser pulse length J 00 nanoscc 

Wavelength O. 9 ~ 

A ~ • 02~ (200A) 

Il f = 5 Megnherh~ 

16 cube corners, 4 in
2 

area each 

, Atmospheric transmission O. 1 

o 
~ = search scan angle:.;: 10 
• e max == 0.5 deg. sec, at acquisition 

K = 1.6 (dynode noise factor) 

PD == 0.99 TFA = 100 sec. 

Retrace factor 0.2 

Overlap factor, parallel to scan 0.1 

OVerlap factor, normal to scan 0.2 
-4 2 Nb = 8 x 10 watt/em /ster/jJ@ • 9u{blue sky) 

Overlap facto!' of receiver aperture edge over transmitter beam 

OF =' 0.17. This implies 40% solid L- overlap sir.ce (1.,17)2:;: 1.4 

Gaussian approximation assumed 

Cube corner transmittarce = 0.9 

Cube corner beam sprea.d == 4 sec 

Scintillation factor == 0.5 

Laser transmittel' transmittance == O. 5 

Receiver optiCS 3. 2 in. dia. 
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'Jihe result of these rnc1iomctric"colculations will be 0 statement of system . 
I>erformancc, e~:presscd as the \\;orst-casc atmospheric transmission and 

sCintillation which will ollow a systcm probnbility. of dctcction, PD = 0.9, with a 

time bctween fruse alarms, TBF = 100 seconds. 
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2.7.5 Powcr Distribution in the Gaussian Beam. - By inspection of the Gaussian 

distribution, the beam width at the half-power ,points is 2.4/
4 

= 0.6 of the beam width 

at l/e
2 

points. 1 Skolnik's2 derivation for A(;) = .::os2 (IT z/2) is applicable to the 

Gaussian distribution to a close approximation, and will be used. ., 

Let Pt = the total power in the Gaussian beam, 
f~-

< ~-' 

. 2· -
¢t = angUlar diameter of the laser beam at the l/e power density 

points in radians, 

2 
{It = cOL"responding solid angle of the laser beam = '" ¢t /4, 

-- angular diameter of the laser beam at the half-power points 
ill radians, and 

• 36 'Itt = corresponding solid angle of the half-power laser beam. 

! __ Then the peak power density at the center of the Gaussian beam, according to 

. ,'" 

Skolnik is 

• 667 x P t 2.358Pt -1 
'" It 2 ' = watt steradians , . 

¢ 2 4' (.6 ¢t) t 

w. 

.667 x P
t 1. 852Pt 

watt steradians 
-1 ,or = . 

• 36 "t It 

1 
ITT Reference Data for Radio Engi.neers; fifth edition, pg 39-4, or fourth edition, 
pg 988 

2M•I• Skolnik, Introduction to Radar Systems, McGraw-Hill, 1962, Pi~ 26"l 

., 
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Also, by inspection of the Gaussian distribution, at a diameter one-half that 
at the 1/e

2 
points, the power density is 0.6 of the peak power density, as noted 

. in paragraph 2.1, above. Therefore, the power density at the corners of any . 
individual scan. spot is / 

-1 watt steradian • 

Similarly, the peak power density at the center Jf the beam returned by the 
corner cube retrorefiector array, in watts steradian -1, will be 1~852 times the 

cr total power (watts) in the retrorefiected beam. Since the transit time of a laser 
pulse from transmitter to retroreflector to receiver. is much smaller than 
atmospheric scintillation cycle times, the retroreflected beam may be presumed 
to travel the same path as its. actual energy travelE!d from the transmitter, and the 
receiver will boa at or near the center of the retroreflected beam. , 

2.7.6 Scintillation Effects. - The total transmi3s!on of radiaI1t energy over any rela-
tively long path through the earth's atmosphere fluctuates with time, but the energy 
received is always less than the energy transmitted. For conveinece, the attenuating 
influences are separated into two concepts, (1) a steady-state transmission factor, T , . a and (2) a fluctuating "efficiency" factor to account for atmospheric scintillation effects 
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over the path, K • It is unnecessary, here, to discuss the mechanisms involved 
se 

in producing these effects, other than to point o~t that: both factors are pure 
! 

numbers less than one. The worst-case minimum allowable value of the pr("tduct 

of those two factors will be a result of the following calculations. 

2.7.7 Calculation of Signal and Background Currents. - The symbols, definitions, 

and numerical values of terms used in the radiometric equations are summarized~ 

for convenience in Table 4-3. 

-"0 

The signal current available at the ITT F 4 0 12 Vidissector tube photocathode, 

in electrons per second, produced in the GBAA system, when the retrorefiector 

8 array on the aircraft is at the corner of one of the square acquisition scan spots, 

is 

TK 1.852 NAT T,K 
a sc a sc 

1.8 = 
R2 

3.292 x 10
19 

P
t 

N A A KJ\} cr cr r w 

cr cr cr • 

\{I cr R2 

T
t 

T T
f 

T (T K )2 electrons sec -1. 
cr rase 

The average photocathode current, in electrons per second, due to blue sky 

background within the receiver instantaneous field-of-view is 

-1 
electrons sec • 

As shown in ITT Technical Proposal 301530, dated 27 Octoper: ~969, for this 

system, the threshold photocathode current is 
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-1 
electrons sec , 

t he total photo'Jathode current, L , is thesolutiC'n of the following quadratic 

equation, 

J 
I 

L 
2 

+ L ['II' KpMT 6.f loge 4(1-PD) - 2 Lt ] + Lt
2 

= 0, 

and the minimum signal current, required for syste~ operation with the 

probability of detection and time between false alarms used in the previous 
> 

equations, is 

This last quantity is to be compared with the available signal current, calculated 
• 

by means of the first equation, above. 

2.7.8 Evaluation of Optical Transmission. - The numerical values to be used in 

the calculations. as shown in Table 2-9 are taken generally frQm data furnished by 

the suppliers of the respective items. All transmitting glass optical surfaces. except 

the receiver filter and the Vidissector tub~ face, are assumed to have the OeLI HEA 

antireflection coating, optimized for the . 5145 micron wavelength, for which the trans-

mission factor is .997 per surface. The transmission of the filter., T f == .45. includes 

surface effects, and the tube face (two surfaces) is assumed uncoated, with 4.4% loss 

per surface. ~he receiver lens manufacturer quotes its transmission as 81 %. 

~ . 
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Folding mirrors will have optimized interference··type reflection coatings, whose 

reflection factor is 99.5%. The beam deflector mirrors are assumed aluminized, with 

reflection factor of 88%, each. The efficiency of total reflection, such as in the corner 
:' 

retroflectors, is taken as 99.9% per reflection. Transmi~sion through glass is taken 

as 1% loss per 10 cm length of path. 

'. 

The laser output used iIi the calculations is the minimum of 1. 7 watts peak, stated 

by the manufacturer. However, the manllf~cturer' s measurements on the actual 

laser furnished showed 2.1 watts for the .5145 micron TEM operation. Its 
00 

beam divergence was taken from catalog information; if tests indicate a worse case, 

the beam deflector optics can be changed appropriately. 

• 

The ITT-published data for cathode s~lnsitivity is conservative, and cathodes are 

consistently made with considerably higher sensitivities. Since the published data 

for 8-20 photocaflodes show 0.05 amperes watt -1, no difficulty is expected in 

-1 . 
obtaining K, A. = 0.065 amperes watt for the GBAA application. 

The scan aperture in the ITT FW 4012 Vidissector on order for the GBAA project 

is .004 inches square. In calculating the receiver instantaneous field-of-view, 

¢ and . .y, a 10% allowance was made for electronic fOCUSing of this aperture 
r r 

a t the phococath()de, and scan spot. 0044 inches square was used. 

.. ' 
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'rhe value of N
b

, the radiance of a clear daytime sky at .5145 microns is cited 

in the Journal of the Optical Society of America, Volume 50, December 1960,· 

-3 -2 -1 -1 
page 1314 as at:.proximately 3 x 10 watts em ster micron • 

;' 
I 

2.7.9 Calculations. - Substituting the values fr.om Table 3-1 into the equations 

of paragraph 3.3, the following results are obtained. 

, The available &ignal photocathode current is 

10 2 -1 
I. = 4.584 x 10 (T K ) electrons sec • 

r; a sc 

The average background photocathode current is 

_ 8 ~ 

I.b = 3.039 x 10 electrons sec 

The threshold photocathode current is 

8 -1 = 3.375x 10 electrons sec • 

The total photocathode current is 

8 -1 
C, = 3.468 x 10 electrons sec . 

'. The'minimum required signal current is 

_ 7 ~ 

. I.
s 

= C, - Lb = 4.285 x 10 electrons sec • 

... 
Setting the available equal to the minimum required signal current, 

7 10 2 
4.285 x 10 = 4.584 x 10 (T K ) a sc 

• 
r 

" 

then the minimum product of atmospheric transruission and atmospheric scintil-

lation efficiency factor is 

T· K =.031. a sc :. 
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U we assume minimum T n 

,. 

i . 

__ 0.1, then the minimum K = 0.31 for sc 

: __ probability or detection oC 0.9 with averag( time between false alarms of 100 

~." rW 

seconds. 

The calculations show that the system will operate satisfactorily under a worst-

case condition, as f"Hows: 

1. Probability of detection, O. 9; 

2. Average time tJctwce.a false alarms, 100' seconds. 

3. Retrorf'fiector at the extreme corner of an acquisition scan spot. 

4. Retrorefiector at extreme range of 100, 000 feet. 

5. AtmospheriC transmission and scintillation effects combined, 

T K = 0.031. That is, for an atmospheric transmission, T , 
a sc • a 
a~ low as 0.1, the transmission can be degraded by scintillation 

effects by an additional factor of K = 0.31 sc 
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TABLE 2-9. DEFINITIONS AND VALUES 

DEFINITION 

Peak power in transmitted laser beam 
" 

Number of corner l'etroreflectors 

Active a:rea per corner retroreflector 

Receiver optical 'collector area 

Photocathode response at .5145 ll.licrons 

Radiance of background at filter passband, 
taken as clear daytime sky 

o} 

1. 7 watts 

N A 
er cr 

VALUE 

2 ' = .33 ft. 

.053 ft. 
2 

or 49.5 cm
2 

. -1 
.065 amperes watt 

3 x 10 -3 watt cm -2 ster -1 
micron-1 

. , 
" r 

Receiver optical filter passband at .5145 microns • 002 microns .... 

Transmitter optical transmission .749 

Corner retroreflector optical transmission .99 
. , 

I 

Receiver optical filter transmission .• 45 

ReceivfJr lens and tube face optical transmission .74 

Atmospheric optical transmission (one way) TBD 

Efficiency factor to account for atmospheric 
scintillation effects (one way) TBD 

AnguLar diameter of transmitted laser beam 
at 1/e2 power denSity points 

Solid angle subtended by ¢ t 

Angu:ar diameter of retroreflected laser 
beam at l/e2 power density points 

Solid angle subtended by ¢ 
cr 

Angle of one side of square receiv~r 
instantaneous field-of-vlew 

2-93 

3.86 milliradians 

-5 
1.17 x 10 steradian 

• 02 milliradian 

-10 
2.95 x 10 steradian 

1.7 milliradians 
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. TABLE 2-9. DEFINlTIONS AND VALPES (Continued) 

SYMBO!!... 

'lar 

R 

t 

DESCRIPTION 

Solid angle of square receiver 
.: instantaneous field-<>f-view 

Maximum distance from transmitter and , 
receiver to corner retroreflector 

Laser wavelength (TEM mode) 
00 

Transmitted pulse duration 

Receiver system bandwidth 

Pi 

Photomultiplier dynode noise factor 

TFA Time between false alarms 

PD Probability of detection 

-1 Signal photocathode current, electrons sec 

Background photocathode current, 
electrons sec-1 

lot ' Threshold photocathode current, electrons sec 

I. Total photocathode current, electrons sec -1 

2-94 

VALUE 

2.96 x 10 -6 steradians 

5 
10 feet 

.5145 micron 
. 
: -6 

1:$ x 10' second 

4 
5 x 10 Hertz 

~ 

3.14159 

1.6 

100 seconds 

0.9 

TBD 

TBD 

-1 
TBD 

TBD 
... 

~ 
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2.7.10 Radiometric Equations. - The factors of interest are N
b

, the radiance of 

the background, Ta' the transmission of the,. air-path between the GBAA and the 

aircraft-mountef. retroreflector, and K ~. an additional multiplying factor to account 
~ . 

for the minima reached in energy transferred along this air path, due to atmos-

pheric scintillation alone. The controllable factors of interest are the range, R, 

the prob~bility o~ detection, PD, the time be5ween false alarms, TFA, and the 

characteristics of the retro-reflector array. as represented by N , the number of 
~. cr 

r(~troreflectors, A ,the effective area of a single retroreflector, and T ,the'. 
cr cr ' 

optical transmission of the retroreflector. The quantity, NAT ,is treated 
cr cr cr 

as a single ,'arK able herein; diffraction of the retroreflector is a function of A , 
cr 

and is considered constant. 

The radiometric equations reduce to the following, when all items considered 

constant are co~bined and designated C
l

, C
2

, C
3

, and c
4

• 

, 
Available 

Required 

C
1 

N A T (T K ) 2 
cr cr cr a sc 

electrons sec 
-1 

c. = 
R4 s 

C
2 Nb electrons sec 

-1 .... 
I. = . 
b 

1/2 -1 
I.t = Lb + (C3 (.b loge [C4 TFA J) electrons sec 

2 2 
I. T C. [ C3 (loge 4(1-PJ') ) - 2 ''t ] + ~t. = o. 

L - t. b 
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Now, let G ;: 
NAT 

er cr cr 

Then" = C
1 

G. s . 

(T K )2 
a se 

Let Z = C [ log 4 (1 - PD) 1 - 2 "t' 3 e 

- Z + 
Then tJ = 

2 

~-"1__ • _~ 

(Use posit.iv~ root only). 

Setting available "s equal to required L. s' 

The four constants are evaluated as: 

31 
C

1 
= 1.3932 x 10 , 

.11 
C2 = 1.013 x 10 

. , . 5 
C

3 
= 2.513 x 10 

(6) 

(7) 

(8) 

. (9) 

(10) 

and 4 
C 4 = 2.5 x 10 • The appropriate units have been used in this evaluation. 

t Equati.ons (2), (3), (8), (9), and (10) were entered' into a computer, and 

. f, computations were made for various values of probability of detection and time 
~, 

I between false alarms, and for background radiances ranging from daytime blue 
" ~ 

.~ sky to sunlit clouds. The results are plotted on. Figure 2-26,' sheet 1, of the 
~ 

. t attached graphs, which shllw the probability of detection' versus the "G" factor 

e 

" 

defined in equation (6). To, aid in interpretation of the 3e results, the relations 

between the factors compriSing "G" are plotted on sheet 2 of the figure. 
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As an cxa.·nple of the usc of these results, consider the case calculated 

in the 8-6-70 report. The conditions of this case are as follows: 

R:.: 105 ft. (maximum range) 
'J 

N A . = O. 33 ff" 
cr . er 

T :..: 0.99 cr 
-2 -1-1 . Nb ~ 0.003 w em ster ~ 

at 0.5145 microns (blue sky) 

T = 0.1 a 

K = 0.31 sc 

TFA = 100 seconds 

Enter sheet 2 at 100,000 ft. range. The curve for T == 0.1 intersects this at 

the normalized value G = 9.61 x 10-
24

• This value must b: multiplied by the retro~ 
renector characteristics NAT ==. 3267, resulting in 

cr cr cr 

-24 
G = 3.14 x 10 

Now, enter sheet 1 at this value of G. This intersects the curve for Nb == 0.003 and 

TFA = 100 at a probability of detection slightly higher than 0.90. 

The curves plotted on the attached graphs can facilitate predictions of the 

operation of the BGAA system for many other conditions. In general, and as expected, 

factors which increase the "G" factor increase the probability of detection. 'The 

system, as designed, has low sensitivity to relatively large changes'in time between 

false alarms. Decreasing the sky background radiance, enhances the probability 

of detl~ction greatly. 
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It is pointed <-·ut that the curves are calculated for the case where the 

scintillation factor is K = 0.31, a rather pessimistic value. This factor sc . . 
iSI mathematically identical in effect to the atinosphE ric optical transmission 

i .. equation (6), and will shift the curves of sheet 2 ip ,the sa'me manner. Thus, 

when other conditions are marginal, scintillation can aid or inhibit target 

acquisition, its effect depending upon the statistics of the percentage of time 

its value drops below 0.31. 
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2.8 GBAA System Design. 

Many system design decisions have ~een made in the previous work. as show" 

in Table 2-10. These are the starting points for the present work, and the justifi- ' 

cation for these parameters is not included herein. 

TJ.1e purposes of 'the present work are to update the optical design of the laser 

transmitter, including its beam deflector, and to calculate the radiometric 

performance of the GBAA system. Transmitter optics are shown in Figure 2-27. 

TABLE 2-10. GBAA SYSTBM PARAMETERS 

Transmitter 

. . 
Laser, Britt Model 2000A Burst Argon Lonser 

TEM 0.5145 micron wavelength 
, 00 

Pulse width: 15 microseconds 

Repetition rate: 1000 Hertz 

Minimum peak power: 1. 7 watts 

2 
Beam diameter at 1/ e intensity points: 

Beam divergence (before deflector optics): 

Z -1 01 

"'. 

0.079 inch 

0.75 milliradian 

__ """"' ....... _,·d~y-",~_~..a""'_~...;,.~~ .. L,..~~".~-"- •. :,.,,~.t.""'~_~,,~'-~~· .,.,.,;.~~.,,"~"~,,;m.;=1:o:::iL:t 
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TABLE 2-10. GBAA SYSTEM PARAMETERS (Continued) 

Receiver 

ITT F 4012 Vidissector Tube with ~.-20 photocathode 

Cathode minimum sensitivity (f'elected) at 0.5145 microns, K6A = .065 amperes 
per watt 

Tube scanning aperture, square, .004 inch per side 

Lens, DeOude Delft "Rayxar" E 65/0.75, serial No. L09172, efl 65 mm, 
f/0.75,· measured entrance pupil 3.125 inches dianiet\~r 

System bandWidth, 6f = 5 x 10
4 

Hertz 

Optical filter bandpass at 0.5145 microns, 6A = 0.0020 microns 

Retrorefiector Array 

Glass "corner reflectors, II mounted on aircraft 

Total effective area, A cr 

. 2 
= 0.33 ft • 

Beam spread after retroreflection, ~ = 4 arc sec included angle, cr 

~r 0.02 milliradian diameter or 2.95 x 10 -10 steradian solid angle 

Operating Parameters . , 
o 0 

Acquisition and tracking total field-of-view, square 10 x 10 

Scan lines per raster: 128 
.... 

Scan steps per scan line: 128 

Scan fly-back time: 12.5% of line time 

Distance,. transmitter and receiver to aircraft, 3.~ 10
4 

< R '105 feet 

2-102 

.: , . 

_---= ........... ".&i.,.,<:~~=~.,,~~,~.'c,,~·.~ I 

. ".~. 

j 

4 
, '{ 

: ; 

; 
.: 

.' 1 

:l' 
4i .. ' 

. .,. .. .. . 



If -' ""-(~..... «ii"". 

"

;' - • i'¥ 

~
p ------_ ... WI' --" 

! . . 
"""Gt 

I 
I 
l 
~ 

I 

I 
I 
t 
I 
r 
r: 

I 
! 

r 
! 
~ 

~ 
~., 

r 

N 

o 
~ 

~ 

OUTPUT SCANNING BEAM 
SPREAD 3.86 MR DIAMETER 

10° x 10° SQUARE \ 
RASTER IN SPACE ~ 
128 RESOLUTION UNITS 
PER SCAN LINE ~A1\' 

1"" ~ 

e 
N 

8 
0-. 
-0 

~'-~ -- ~ -

OUTPUT LENS 
40MM Eft 

. (RAMSDEN TELESCOPIC 
.' EYEPIECE) 

TWO GT+ E 
PIEZO-E LECTR Ie 

300 MM "THROW" BEAM DEflECTORS 
FOR 2ND DEFLECTOR :I:: 40 SEC DEFLECTION 

'':':- ~ 

--r-"-~~" 
I 

PULSED ARGON LASER 
BRITT MODEL 20005 

INPUT 
SIMPLE LENS 

• -119 MM EFL 

~-

~": 

~ 

OBJECTIVE LENS 
220MM EFL 

OBJECTIVE LENS 
381 MM LENS 

Figure 2-27. GBAA Transmitter Optics 
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2.8.1 Transmitter Optical Design. 

2.8.1.1 Transmitter Output Beam Divergence. - In the TEM mode, the distribu­m 
, 

'tlon of laser beam power across the beam follows tle Gaussian curve, and the beam 

diameter is defined as the diameter at which the power den~ity falls to 1/ e
2 

or 

13 .• 5% of the maximum power density in the beam, as shown in Figure 2-28. 

.:....-. L __ . Beam 

. / D\ameter 
----\: ... 

~ .. -----.. -. - - -------_ ... -.. 

o 
Distance from Beam Center 

Figure' 2-28. Gaussian Beam 

-

Maximum 
Power DenSity 

Note that the beam diameter at the half-power -density points is approximately .6 

of that at the 1/e2 points, and that the power denSity corresponding to a diameter 

of one half that at the 1/e
2 

poi nts is approximately. 6 of the maximum power 

density. These two approximations are used later in this discussion. See ITT 

"Reference Data for Radio Engineers," fifth edition, page 39-4, for information 

qn the Gaussian distribution. If atmosphere turbulellce is absent, the Gaussian 

distribution of beam power holds at any appreciable distance from, the transmitter. 

Turbulence effects will be discussed later. 
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Since the 10
0 

x 10
0 

raster contains 128 lines of 1.28 scan spots each, each scan 

spot will be a square 0.0781
0 

or 1.364 milliradians on a side. (Note that both the 

transmitter bea.m and the receiver instantaneous field-of-view are larger than 

this.) The diar;onal of each individual scan spot is 1. 928 milliradians. In the 

worst case, the corner reflector will be located. at one corner of the square scan 

spot. Since the transmitter beam is non -uniform over its crossection, it is 

reasonabl,e (but ,arbitrary) to decide that the power density at the spot corner 

must be not less than 0.6 of the power density of the control maximum. As shown 

') 

above, this dia:neter is one-half the beam diame';er at the 1/t3-- pOints. Therefore; 

the transmitter beam diameter shall be 

()t = 2 x 1.928 = 3.856 milliradian included angle 

2 

", = -L- (3.856 x 10 -3) = 1.168 x 10 -5 steradian solid angle. or 
t 4 

2.8.1. 2 Beam Deflector Optics. - The piezoelectric-driven beam deflector, with 

an associat~d optical system, has been furnished as Government-Furnished 
. t 

Equipment (GFE) to the GB.A.A project. It is shown schematically in Figure 2-29. 

-~f - ,·F ' 
! i . i 

INPUT I I 
--~~. 

Folding (' 
Mirror -' 

. Two-Axis /""" 
Beam Deflector ~ 

F -Jf ~-. 
o i 0 I 

i I ---
·----::-_~I) --6'UTPUT 
-'-::- ! ~----

, .------
-~-". L·,.·· -1 

Figure 2- 29. Beam Deflector Optics 
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The output beam ceilection is determined by the beam deflector movement and 

the ratio LIfo' T:le beam deflector mirrors move t.20 arc minutes, and the laser 

. . 

beam in the locatilln of "L" moves ±.,40 arc minutes. It is required that the output 
:' 

beam deflect ±.,5 degrees. Therefore, 

L 
f . 
o 

= 
5 x 60 

4n 
= 7. 5, which determines tbe {oeal- length of the output 

lens, f , other factors being set. 
o 

.. 

. 
NOTE: The two doflector mirrors are near each ol;her, but at different distances 

"L" on the optical axiS. Use the shorter "L" in the calculations. This implies 

that slightIy less drive voltage is required for the deflector having the larger 
\ 

distance, inversely as the ratio of the respective distances. 

The optical system is essentially two telescopas, back-to-back, and the output 

laser beam's divel g>9nce, ch , will be the divergen.Je of the input beam, ch., 
o . 1 

multiplied by the magnification of the system. 

f1 F 

¢o = ¢i 
--2-

Fl f 
0 

From construction, Fl = 220 mm 

F.o = 381 mm 

L = 312 mm 

Calculati.ng, 

f 
L 312 

41.6 mm = = = 
0 7.5 7.5 
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Usc a 40 mm Ramsden lelescop~ c)'cpicce £orthis lens, since it bas less 

aberrations th3J1 3 nuygcns eyepiece, and Is readily avaibble. Therefore, 

f a 40 mm. 
o 

From Table 1-1, ~i = 0.75 milliradian, and from paragraph 2.1 

-0 I: ~ = 3.856 milliradians. 
~ 

3.856 x 220 x 40 
0.75 x 381 

= 119 xnm. 

This lens can be a simple bi -convex lens, such as Edm~d Scientific Company 

: 

No. 94388, which h~s 114 mm focal length and 29 mm diameter. Only the central 

2'or 3 mm or this le~s would be used. Note that the beam deflection scale factor 

1s set by the output lens, f , and that the beam divergence is set by the input lens, 
,0 • 

f
1
, after the output lens has been selected. 

, 

"'. 
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2. 9 Additional Lase'/." Candidate Consideration 

The purpose of this discussion is to extend the l.Jonsideration of candidate 

lasers to include an analysis of the applicability of a neodymium doped yttrium 

aluminum garnet (Nd;YAG). 

The equations previO,usly developed will be utilized. The parameters of 

optical system size, filter and atmospheric transmission, number of retrorefiectors, 

etc., remain the same. New parameter values are listed below: 

1. 

2. 

3. 

4. 

-4 
Nb = 7 x 10 

watts 
2 

cm - ster - f.l 
(Blue sky @ 1.06 f.l ) 

A.\ = 0.002 Il (20 X bandpass filterl 

-4 
K AI\. = 4 x 10 amp/watt (S-l photocathode) 

p == 0 (i. e., no overlap in y direction - overlap will be 
y 

provided by increasing the transmitted beam size, as 

part of a trade-off, as discussed later). 

Using equation (9) from the original report, 

11° 2 
N= 142. From Eq. (6), Arp = 142 = 0.0774 deg. Then, (Arp) = 

3 2 -6 
5.99 x 10 deg - or 1.825 x 10 steradians. From Eq. (19), A f = 
5 x 10

5 
Hz. From Eq .. (15), ib = 1.97 x 10

5 
electrons/se .. c. Substituting 

Eq. (20), it = 3.10 x 10
6 

electrons/sec. From Eq. (21), i= 1.36 x 10
7
' 

electrons/ sec. and from Eq. (22), i is equal to 1.34 x 10
7 

electro.ns/ sec. s 
Note that the background current is very small compared to the required 

signal current. Frc:n Eq. (26), the required flux density at the ground 
-10 ,2 -7' 2 

FD G = 1.74 x 10 watts/cm, or 1.62 x 10 watts/ft. Substituting 

in Eq. (31), using range R;: 105 ft, P = 4 x 10-7 x 10
20 x 1.825 x 10-

6 x 
-7 

1. 62 x 10 = 11.8 watts. . , 

'. 

, .' , 
.: 

( 
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The use of a commercially available Nd:YACi laser in the Ground Based 

Acquisition Aid is now discussed. 

The Coherent Radiation Laboratories Model 60 Nd: YAG, with Model 460 

Q-switch. is specified to produce 400 watts (Peak) pulses of nominal'llJSec, 

duration at 1000 pps. The price for the laser witl,out the Q-switch is about 
, 

$10.000. The head is 8 in. wide. 6 in. high. and 30 in. long, and weighs 50 Ibs.' , 

. 
Considering the results of the analysis above, 11. 8 watts peak power were 

required for the 10
5 

ft. range, so 400 watts available from the Model 60 laser 

gives a factor of ~4 to trade-off. The number of cube corners could be reduced 

to 4 from 16. requiring 4 times as mu,.::h power. Also, the transmitter solid angle 

could be e::q)anded 4 times to facilitate tracking, i. e •• permit "ditheringll the 

image dissector without requiring "dithering" of the laser beam deflectors. This 

reduction of excess power by 4...'X for fewer cube corners and 4 X foi" larger trans­

mitter angle thus leaves an excess power factor of 34/16 or 2.1. This pennits 

operation under slightly lower atmospheric transmission conditions, or slightly 

lower perfortrl::tnc-e of any of 'j),e system compcnent, 

The above analysis indicates that a Nd:YAG laser could be used for the 

Ground Based Acquisition Aid. 

It should be noted that the high power requirements at 1. 06 microns are 

caused by the low quantum efficiency of available detectors. 

Frequency doubling of the 1. 06~ radiation (to permit nperation where detectors 

are much more sE;usitive) by non-linear effects in certain crystals, with high 

effiCiency in the intracavity configuration, has been achieved. One such system 

which will soon be available commercially is the Chromatix Modell000D Nd:YAG 

laser with Acoustic Q-switch and Ll 103 frequency doubler, using the Model 1090-1 

current regulator. This unit uses continuous operation of the krypton arc lamp for 

pumping, and Q-switching at between 360 and 3,600 pps. The peak output is about 

360 watts ('rEM ), and pulse length about 200 nanoseconds. Price is about $23,000, 
00 

with deilivery estima.ted at 120 days. The laser he;>d dimensions are 10.25 x 6.31 
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x 27.25 inch, and its weight is 40 pounds. Cables and moderately stiff COCk.at 

car.rying tubing are attached to the head and may put excess torque on a telescope 

mount designed for arc second tracking accul·acy. 

Cost and delivery schedule prevented use of this laser approach .. 

• 9 • 
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2-110 



" 

. , 

,,' . , ...... ' .. 
, 

'I 

. 1 

~'Y"r=~'T"""''''.'' '"~~~'~\~-·'~"'·'~"Y~~·~'7<"7''''''':';''''~~~<~''3;J,~''''n_~'I'"~'l!J,~_~''''~'
''~,",,~"""""'F'"""'~~'~--~~:~."Cr"'"-~~tlllll""""'."~'''''.­.. 

i 
l 

3. AIRBORNE OPTICAL COMMUNICA TIONS PACKAGE (AOCP) 

3. 1 General 
.,' 

3. L 1 Functional Description. - The AOCP is a laser transceiver system 

:II 
J 

1 
l 
1 

j 
providing the capability of duplex communications and includes acquisition, t: 
tracking. pointing, and atx:nospheric scintillal.ion monitoring subsystems. 

Figure 3-1 is the, AOC:P hardware tree showing the various system elem.ents 

and their relationships. Included is a cescription of the TV acquisition, aid 

subsystem which utilizes an ITT owned TV Ccmel'a and tracking system . 

. The AOCP design specifications wer,e determined early in the pro-

graIn as a result of several planning meetings held at NASA/MSFC between 

ITTG technical personnel and the AVLOC principal investigation team. 

Table 3-1 gives a complete list of the AOCP specifications. These final 

system specifications did not vary appreciably from those set forth initially, 

although some were made more complete or more stringent as the operational 

envirorunent becamse better defined. 

Figure 3-Z shows the AOCP unit m.ounted in its test fixture. This 

equipment view shows the receiver collection aperture and the concentric 

folding mirror and periscope path to the TV acquisition aid. The coordinate 

reference frame is also defined in this view. The x- axis is directed along " 

the line of sight and the position sensing is in llW orthagonal y. z plane. It 

should be noted that the transm.itter aperture is offset from the center of the 

cassegranian receiver collector alld located in the center of the annulus. The 

o reason for this is to avoid a cent:l.'ul obsc\.lration in the transluitted beam. 
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TABLE 3~1 AOCP SUMMARY SPECIFICATIONS 

COARSE ACQUISITION TV TRACKER !-

Acquisition Field-of- View 50 x 70 (87.2 mr x 122 mr) 

Linearity < 10 percent 

Frame Rate 60 per second 

.... 
Probability of detection > O. ~9 

Tltack accuracy <.1. 5 rnrad. .' t i 
, . 

Detection Sen siti vity 1 x 1 0 - 1 0 wa tt / e m 2 •... 

OPTICAL APERTURE, AOCP 3.88 inch diar~1.eter (9. 85 em) 

RECEIVER- TRACK/COMMUNICATIONS 

Detector Type ITT 4012 

Spectral Response S-20 

Minimum. Detectable Powel' 1 x 10- 12 watt at photooa~bdelc.~ 

Fine Acquisition FOV 0.5 x O. 5 degree 

(8. 7 mr x 8. 7 mr) 

Instantaneous FOV 18 x 18 arc sec 

(87.3 :..:rad x 87.3 IJ.rad) 

Efft!cti\re Focal Length . 1. 13 ri1.ete r s 

Acquisition FraIne Rate 1 Fr'ltne / sec;. 

Scan Format 128 x 128 element digit~l 

raster . . 
3-7 
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TABLE 3-1 - (Cor.tinued) 

Track Scal1 Type partial scan-c ruciform 

Track Scan Rate 16 kiloHertz 
/ 

" 
Track Bandwidth ;' 

up to 1000 Hz 

Tracking Accuracy o. 2 arc seconds rms 

Receiver Attenuation' 30/1 variable 

COlntnunications Bandwidth 50 kiloHertz 

Modulation Type 10.7 MHz subcarrier FM 

Optical WCLvelength o. 488 mic romete r 

Optical Bandpas s + 1.0 nmeter 

Tracker Signal Dynamic 

Range 60 db • 

Tracker AGC Bandwidth 300 Hz 

• Optical Transmission • 15 

RECEIVER-SCINTILLATION MONITOR 

Detector Type Photomultiplier RCA 8644 

Field of View 0.5 x 0.5 degree 

(8. 7 mr x 8. 7 mr) 

Dynamic Range 60 db 

Bandwidth 5 kHz 

Outputs 1. baseband linear 

2. 10. 7 MHz linear 

3. 10.7 MHz log 

3 -3 
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TABLE 3-1 - (Contir.ued) 

Effective Aperture 

Ratio of Aperture Variation 

Optical Bandwidth 

Optical Wavelength 

Optical Transmission 

PaINTING SUBSYSTEM 

Beam Steerer Type 

Bandwidth 

Steering Angle Range 

Closed Loop Fa.inting 

TRANSMITTER 

Laser Type 

Laser Power 

Wavelength 

Beam Divergence 

Modulator Type 

Modulation Format 

Modulation Index 

Data Rate 

Weight 

POwer Consumption 

3-4 

3.8 inch diameter (9. 85 cm) 

lOO/~ in area 

J 
,:t£ 1 nmete r 

.f 

" O.48U micrometer 

0.2; 

Torquer driven mirror-Flex 

. pivot mounted 

240 Hz 
.,:'. 

± O. 5 degree two axes 

s 1 arc second peak-to-peak 

HeNe 

5 mw. TE~OO 

,0.6328 micrometer 

5 to 120 arc seconds variable 

Tran sve r se field- electro_ 

OOK 

75 percent-variable operating 

pOint 

30 Mega bits I second 

. 167 .pounds '(exch;ding RER) 

200 watts 
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• A more thorough a.nalysis of this effect is given in a latter section of this 

respot. . . 
,.-

The opel'ation of the AOCP can I),e undel'stood by reference to 

Figure 3- 3 which shows the system functional block diagram. • J I 

3.1. Z MechanicaL Packaging of AOCP. - The Aircraft Optical Cotnmunica-

tions Package (AOCP) ~s subjected to" operating in an 'environme~it that is 

most hostile to precision electr%ptical devices. The altitude, which causes 

, 
wide pressure val iations; temperatur~ variations; and vibration are the three 

main enemies of any precision E-O device. All three of these factors are 

present in the AOCP operating environment and have, established the packaging 

rationale. Figurss 3-4, 3-5, and 3-6 show the layout of cOl}'lponents of the 

e AOCP. 

The two basic assemblies most affected by the operating e~vironment 

are the Laser /Modulator package, and the basic optical package. The pack-

aging rationale for each of these shall be discussed in turn. 

The AOCl? mechanical structure is formed from a hogged-out ribbed 

aluminunl block to maximize strength and alignment stability. All optical 

elements are mounted directly to the main plate on either the top or bottom 

levels. The laser compartment was designed so that a 15 pound/ squar,e inch 

pressure loading would not deform the laser/modulator mounting plate and 

cause aboresight error between the transmitter and receiver. Figure 3-4 

shows a yiew of the AOep top level with the lase'r compartment cover removed 

and indicates the location of the various system, components and assemblies. 

+ • 
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A more detailed description of the mechanical design of the transmitter 
:J 

compartment will be given in a later section of this report. 

3.2.1 Laser/Modulator Package. - The laser itself is a commercial unit , 
I 

adapted to the AOCP and as such is not designed to withstand any of the 

deformations caused by pressure variations. These pressure variations 

introduce misalignment in the laser itself and severely degrade performance. 

To eliminate these deformations, as approach was necessary that would 

maintain a stable environment for the laser. 

The approach taken in the laser .mo<;l~~ator package is to have 

the laser, the laser modulator, and associated optics all mounted on 

a rigid baseplate. This baseplate has large opening s machined" e through it.and the bottom: of the package is closed via a steel dia­

phragm. Th-.; remainder of the package is enclosed in an aluminum 

container which is ribbed to preserve its structural shape and to 

ensure that the O-ring sealing surfaces are not distorted. In opera-

tion, the entire package is pressurized at 1 atmosphere constantly. 

Any pressure variations are compensated for by the diaphragm. Thus 

the volume of the Laser /Modulator package is constantly changing as 

a function of exterr.al pre ssure change s causing the diaphragm to flex 

the net resu.lt is a constant pressure environment for these critical 

components. 
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Since the temperature variations also cause pressure changes, 

compensation for these ten'lpel·ature i~duced pressure variations are 

also compensated for by "the diaphragm technique. 

This en.tire package has been te sted .in a vq.cuum environment ",,; 

(10- 5 TORR) (',nd has demonstrated the sour.dness of this approach., 

3.2.2 Optical Package. - The optical package itself, to which the laser/ 

modulator package is affixed, is a complex and' densely packaged unit. 

The constraints of the program in terms of time and costs predicated a 

"Building Block" approach to the de sign. Rather than fabricate an 

intricately machined housing with a multiplicity of integrated optical 

devices, a baseplate design was utilized which permitted all other • 

devices to be fastened to it as discrete components. This is a very 

cost and time effective method of packaging an engineering type of 

unit as it permits concurrent discrete parts fabrication and also lends 

itself well to the myriad modifications necessa.ry on an engineering 

unit. It was possible to modify an individual element without com-

pletely disassembling the entire unit. 

The basic·concept then required a rigid, reasonab~y light 

bCliseplate or "Optical Bench", if you will, to which all other compo..; 

nents were attached. A wrought aluminum billet was procured for 

the baseplate ci':1.d was extensively machined on both top and bottom. 

. . 
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_ The net result was a light yet rigid baseplace with high webbed walls around 

its periphery and with considerable internal webbing. Thisyielded a light, 

," 

. , rigid structure tha.t was not too difficult to fabricate and yet had the high 
f 

degree of torsional rigidity so vital in any optical system. The billet was 

. rough machined, stress relieved, and then finish machined. This ensured 

the lon~ term stability ~equired. The baseplate could hav:e bee.n fabricated 

out of a weldment of brazement but the fabrication of the weldment 

pieces, welding, heat-treating and subsequent finish maching and 

stress relieving would constitude a longer fabrication cycle without the 

dimensional stability inherent in a homogeneous billet. 

Once the base plate w~s fabricated, all of the other elements 

of the electr%ptical train, which had been fabricated concurrently, were 

fastened to it as completed subassemblies. These subassemblies mount 

.. 

via precision interface and have sufficient adjustment capability built into 

. , 
them to facilitate accurate system alignment. 

The entire optical baseplate is then enclosed top and bottom. 
P, 

Mounting ears are provided to interface with the carrying vehicle. These 

ears provide a three-point suspension in the vehicle. 

Figure 3-7 shows the AOeD mechanical package configuration with 

the outline dLtnensions and approximate cg location. 

··3.2 Common Optics Subsystem 

',1 

'r ' 

j. i 
f 

" 

,~ 

The common optics subsystem includes the cas segranian- catadioptric 

objective lens, the collimating lens, the beam steerer mirror: and the 

dichroic beam combiner. (See Figure 3-8. ) 
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The ca.tadioptric objective lens serves as the system 

"antenna." This lens system was manufactured by Wiley Optical Co. 

from a design Ear NASA/GSFC. The iY{itial design specificatlons 
r 

were for a compact (short length) 0.2 degrt:?e:- (0.035 radians) field of 

view with resolution defi~ed by the Rayleigh criteria of better, than 

2 arc seconds (10 x ~0-6 radian). 'The objective l~ns focal length 

.. 
is nominally 25 inches (63. 5 cm) and clear aperture of 3. 88 inch 

(9. 85 cm), giv~ng a numerical aperture rati') of £/6. The objective 

lens is a modified Sclunidt design shown schematically in Figure 3- 9. 

The total system length was' 6 inches (15. 24 cm) which made an 

~nusually compact design. The focal length was variable over a 
, 

. 
considerable range by adjustnlent of the secondary mirror. Another 

feature was the prime focus location inside the primary mirror 

which permitted the collimating lens to be mounted directly into the 

objective housing. This provides a substantial reduction in the size 

of the AOCP common optic:s section over an earlier design around a 

Questor objective. 

The second unit proved to be unacceptable in a Facult test 

because of a cusp peak in the corrector plate in the center of the 

entrance pupil annulus. The objective lens was reworked a second 

time and the ~"'erformance was greatly improved. This latter lens 
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system was installed in the field after the system had been delivered 

to NASA/MSI'C • 

The collimating lens is a multielement NIKON objective 

having a focal length of 75 mm. An ,ad'apter plate was mc"de to 

I 

interface the collimating lens to the catadiophric, objective and form 

an afocal telescope as, shown schematically in Figure 3-10. The afocal 

telescope power was determined by a careful measurement of the 

system entrance and exit pupils and determined to be 8.398. The 

exit pupil is located approximately 4. 5 inches (11.4 cm) from the 

vortex of the collimating lens rear element. This permits the pupil 

to be located between the bea.m steerer mirror to minimize vignetting 
II. 

,. 

due t~ mirror motion. ' 

'tlie beam steerer mirror size is det'ermined by the size 

of the exit ray bundle and the field of view divergence as illustrated 

in Figure 3-: 11. The distance of beam steerer mirror from the system 

ex~ pupil is made as short as possible to reduce the mirror size and 

improve its dynamic characteristics. The beam steerer mirror 

diameter, D , Ilormal to the optical axis is given by. 
M 

where 

a' = (System field of view) x (afocal magnification) 

X
M 

= distance from exit pupil to mirror 

D = Diameter of afocal system exit pupil. e 
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For a J.O. 5 mrad (0.6 degree) field of view, a magnification 

of 8.4, an exit pupil diameter of 0.462 inches (1. 17 cm) and a mirror 

separation of 1.5 under (3. 81 cm) from the pupil, the mirror. 
I 

( 

diaxneter projected onto the normal to' the optical axis is O. 56 inch 

(1.42 cm). To allow for a 450 mirror tilt and a ±2 degree mirror 

rotation, the mirror size was set at 1 inch (2. 54cm). 
t ,-

·The last element in the common optics train is the dichroic 

beam combiner. This element was designed for a nominal 40 degree 

incidence angle. The 0.633 micrometer reflectance is 0.8 or greater 
r ; 

and the 0.488 micrometer transmission is O. 95 or ,greater. The 

beam combiner is gimbal mounted wich spring loaded retention to 

p~rmit coarse mechanical boresighting of the transmitted and " , 

received paths. The precision bore sight is achieved electronically i 
1 . 

by offset tracking bia.s. 

. t 

The first lens was manufactured to ITT wavefront deforma-

'i 
j 

" 

:1 

.. 

I ~ f 
:' . . ' . 

tion tolerances of better than >../20 but was broken in shipment. In I 

the interest of schedules, the lens was repla.ced by Wiley from stock 
CI, 

with a rework of the corrector plate. t 

• ~ 
1 
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3.3 Receiver Subsystem 

The AOCP receiver section comprises the receiver optics, tracking/ 

communications sensor, tracking electroniclJ, communications electronis, 
I 

scintillation :monitor, and the beam steering subsystem. Although bean:-

steering is a common element with the trans~-nitter, it is controlled by the 

receiver tracker and will be described as a receiver subsystem. Location 

of the various receiver elements to be discu~sed in this section can be 

determined by referring to the Figures 3-4, 3-5, and 3-6. 

The primary functions of the ACOP receiver sUbsystem are: .... 
a) Acquisition of a micrometer laser beacon within a 

0.5 x 0.5 degree 0.488 field of view. 

b) Lock-on and auto track of the laser beacon with preci-

sion of a few microradians with a I kHz tracking band-

wi.dth; providing two-axis output ~ignals proportional to 

the position of the beacon relative to the sensor elec-

trical null position. 

c) Closed-loop pOinting of the transmitter laser beam 

through the beam steering elements to a precision of a 

few microradians rms in a 300 Hz bandwidth. 
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,d) Monitor atmospherically induced signal fading over a 

wide dynamic range both at baseband and at a 10. 7 MHz 

sU"~carri~r frequency with a bandwidth of 5 kHz. 

,. 
, e)' Dttect modulation on the/up-link laser beam for com-

ma~d of the AOCP status and .. :' 

f) Provide electronic boresight correction between the 

transmitter and receiv~r subsys,~en:s. 

.. 
• 

r , 

3.1.1 Receiver S"bsystem. - A modulated (10. 7 MHz subcarrier) Argon 

laser beam (0.488 micron) from the ground station (or ground checkout 

! ' t. t· .; 1. 
f i 

,\ 

equipm.ent, GCE) is guided by the coarSe gimballed m~rror onto the relatively 

wide-field-of-view TV acquistion aid. T~e TV acquisition aid sub.:;ystcm 

detects and tracks the position of the ground beacon within its 50 x 7
0 

field ... of-view and provides pointing commands in two axes to control the 

gimballed mirror to within the fine acquisition field of view (0. 5 x O. 5 

degrees). The fine acquisition is accomplished by 'an all electronically 

. , 
" 

scanned image dissector detector'searching sequentially a 128 x 128 element 

raster with a frame time of 1 second. Each raster element is approximately 

68 micro radians on a side, and the instantaneous field of view ~s 87 micro 

radians which provides better than a 20 percent scan overlap. For the 

fine tracking system to acquire, the optical signal must exceed a threshold 

1 
-12, 

evel (approximately 1 x 10 watt) and be modulated with a 10. 7 MHz 

signal. This latter condition prohibits false lock-on to bright objects in the 

e background. 

.. . 

" lJ l 
" ' , . 
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Upon identification of th~ beacon, the receiver tracker switches 

into a track scan mode (the mode control functions and circuitry is 

described in the beam steering section ~{this report). The track scan 
;" 

is of the cruciform type which effectively displace s the optical image 

of the beacon back and forth in two axe s alternately about the detection 

aperture as illustrated in the lower illustration of Figure 3-12. This 

action place s a scan modulation on the detected signal which when 

synchronously demodulated with the sweep drive signal provides a 

measure of the optical image position in the sampling aperture. A 

more complete design discussion of this technique is given in the 

tracker section of this report. 

The tracker output is a measure of the position of the optical 

beacon image on the detector photo cathode relative to the detectors 

null axis. The output signals are in rectilinear coordinator in the 

. , 
YZ plane. 

Referring to the block diagram of Figu!"e 3-3 and tl}e photograph . ... ". 

of Figure 3-8, the receiver optical path can be traced and the physical 

components identified. Laser radiation from the ground bea70n is 

collected by the 9.85 cm diameter catadioptic objective and passes 

through the collimating lens, reflects from the Z-axis beam st-eer'er 

onto th(~ Y-axis beam steerer and through the di.chroic beam combiner. 

From the beam combiner, the received radiation passes through a 
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bandpass filter centered about 0.488 micrOlneters and is divided into 

two paths by a neutral beam- splitter providing 80 percent of ~he energy 
.. 

into the tracking receiver path and 20'percent (less absorption losses), 
I 

into the scintillation monitor path. Considering the tracking receiver 

first, the r.eceived radiation is reflected from the splitter passes 

through the imaging lens and receiver attenuator N. D., filtet and is 

folded onto the receiver narrow band optical filter and focused at the 

image dissector detector photo-cathode. The path to the scintillation 

monitor detector is frorn the splitter through a lens which forrns an 

image of the system entrance pupil; through an ap~rture stop located 

in the pupil irnage plane, and folded onto the scintillation monitor 

·e photomultiplier detector. A detailed discussion and analysis of the 

receiver optical system is presented ,under the,optical discussion 

heading. 

, . 
The key element of the acquisition and tracking receiver is 

the image dissector detector. This device has the capability of 

effectively scanning a large search field of view with a smaller 

instantaneous field of view thereby providing a large rneasure of 

spatial' filtering of the background scene. The image dissector detec-

tor construction is illustrated in Figure 3-13. An optical scene 

imaged on the photocathode produces an equivalent photoelectron 

image that is relayed onto the aperture plate by electromagnetic focus 
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coils surrounding the electron drift tube section. By applying a 

deflection field through a second set of coils, the electron image, . , 

,corresponding to the optica1scnne can be' swept about the small 
r 

aperture. Only the photoelectrons pas sing throu~h the sampling 

aperture enter the multiplier section of the detector and produce an 

output. Consequently,. the image dissector detector effectively scans 
' .. 

a large scene with a small sensing element all electronically. 

Figure 3-14 defines the effective focal :~eJ.!gth of the AOCP 

receiver imaging system. The optical system comprises the 8.398 

powe7: afocal telescope and a 135 mm foca.l length Snyder lens result-

, , 

ing in an effective total system focal length of 1133.73 mm.· Figure 3-15 

4ft illustrates the, total search field of view obtained by the 12.7 mm 

ta 
~ 

square search area on the image dis sector photocathode. Similarly, 
, ' 

Figure 3-16 defines the angular size of the scan aperture corresponding 

to the O. 1 mIn image dissector square aperture •. 

The imaGe dissector tracker is caused to scan the search field 

of view in a sequerY"ally stepped raster containing 128 x 128 elements with 

~ 24 percent area overlap to insure complete field coverage. J'his mode 

providt!s considerable spatial filtering of the uniform background level.' 

Additional background suppression is obtained by narrow band optical 

filtering centered 'uound the 0.488 micrometer beacon wavelength. 
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FigUl·C 3-17 illustrates the narrow band optical filter 

characteristics. Furthe!" background suppression. is achieved ?y 

.. 
looking for the beacon modulation or signals exceeding the detection 

I 

threshold. If a signal should exceed the detection threshold, the 

tracker would pause for a time at that eleme .. 1.t and determine 

whether or not it was, due to the beacon by sensing the 10. 7 MHz sub-

carrie;r modulation presence. If the modulation was not present, the 

acquisition search would continue. It should be noted here that the 

switching between search and track modes)s completely automatic. 

Any time track lock-on is lost,. the system automatically reverts to 

" 

a search mode. 

3.3.2 AOCP Optical Tracker. - Figure 3-18 gives a functional block diagram 

of the AOCP image dissector.' When a beacon image has been acquired and 

identified b the search mode, the circuitry auto~atically switches to the 

track scan mode. Sweep waveforms are generated by converting the outputs 

of a 14 stage synchronous counter to a.nalog .:urrent. The firfit seven bits 

(highest frequency) are converted to generate the Y-axis stair\-:ase sweep and 

the last seven bits are converted to generate the Z-azis staircase sweep. 

The waveforms are shown in Figure 3-19. 

The step reate is 16 kHz giving a dwell time of 62. 5 microseconds 

per element and a frame time of 1 second. 
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A stl~P size of 14. 1 arc seconds c~vers the 0.50 dimension 

in 128 steps. With an IFOV of 18.5 ar5! seconds, a 24 percent 

, 
overlap of el(lmental areas results throughout the scan. 

In the acquisition Inode, the IDT (immage dissector tracker) is' 

essentially in an open 10'op configuration as compared to the track mode in 

which the videa inforInation is processed for position. Offsets and/or drifts 

that might affect the acquisition sweep are prevented by use of solid state 

switches on tl:e track loop and track sweep circuits. 

Video froIn targets will be pulses of 62. 5 microsecond 

duration with amplitude dependent upon source brightnes s. Selection 

.e of the uplink beam target is accomplished by detection of the 10.7 MHz 

Inodu1ation on the bealn. As shown in the block diagram of Figure 3-18 

. 
the image dissector output is amplified in amplifier tuned to 10.7 MHz, 

rectified and level detect ed. Within one step time, a digita11eve1 

hereafter referred to as VIDEO PRESENCE (VID PRES) is generated 

indicating that acquisition of the uplink beam has been completed and 

fine tracking can be commenced. 

In this track mode, a modulation is placed on the optical s;ig-

na1 (henceforth called the video) by partially deflecting the photo-

electron ima:;f! out of the detection aperture in two axes. A partial 

-
deflection scan irnlJiies that the photoelectron image is not completely 
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swept out of the aperture. The part.ial scan is employed so that some 

photoelectrons from the beacon image always enter the detector so 

,,' 

that continuous cornrrlUnication is maintained. The amplitude modula-
I 

tio!! thus produced is demodulated synchronously with the deflection 

sweeps to determine th~ precise location of the photoelectron image 

centroid. A bias current is supplied to the def1ectio~ coi1~ to exactly 

center the deflection sweep about the photoelectron image centroid. 

The bias current supplied to the deflection coils to effect the aperture 

scan centering is a measure of the beacon image position relative to 

the sensors null axis, i. e., zero bias position. 

The video presence (VID PRES) logic ,level controls the 

Acquisition/Track mode status. When VID PRES is in a "l II state; 

1) . the clock input is removed from the acquisition sweep. 

, , counter stopping the search scan. 

2) the track sweep switches are enabled thereby commenc-

"'. 
ing a cruciform scan at the immediate DC position 

3) the demodulator steering gates are enabled thereby 

providing for closed loop tracking of the target image. 

The track sweep is a.n analog cruciform of 8 kHz 'with 

individual Y and Z axis waveforms as shown in Figure 3-19. The 

scan amplitude is set so that the target electron. is never conlpletely 

deHected off the aperture. Although ~e sweep amplitude is dependent 
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on the optical image size, it is nominally :Less than ±l IFOV for the 

AOCP IDT. The scan causes a pulse width and pulse duration modu-

lation of the video signal. I 
I 

I 

The track video signal shown typically in Figure 3-20 has a 

frequency of 32 kHz (4 tin1.es the track scan frequency); The video 

is amplified arid limited, thereby prov:iding a position and duration 

pulse train to the demodulator. A three stage AGC is employed by 

the stages preceding limiting in order to nlinimize delays (phase 

shift) which result in an unstable track t"C;ck due to cross talk at the 

demodulator output. The AGC accommodates a 70 db input dynamic 

range in a 300 Hz bandwidth, which is typical of signal characteristics 

due to scintillation. 

The video signal is synchronously demodulated with 

the output being an analog error signal proportiOnal to the distance 

(the angle) between the center of the cross scan and the center of the 

target. It is noted that the transition from acquisition to track takes 

place when a TAR PRES is generated. The target image can be any-

where within the square 18.5 arc second IFOV and most probably 

not at the center. 

The demodulator error signals aTe summed with the initial 

cross scan position to move the cross scan such that it becomes 

centered on the targt;!t '.1Uage and the demodulator error voltage 
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approaches zero. The centered video wavefo.':'m is shown in Fig-

ure 3-20. The track mode is characteriz.ed by a Type-O contro1100p 

where any ~ovelnent within the acquisition field of view results in an 

automatic correction to the deflection coil cur.rent so that the cruci-

forl1l rern.ains centered on the target image. The track loop band-

, 
width is nominally 1 kHz. 

.. 
While tracking, valid target position signals are generated by', 

sampling the deflection coil currents. The tat'get position signals, 

having a transfer function of O. 33 v/min. are applied to the bearn-

steerers. The beamsteerers position the uplink target image to a 

reference position and fine point the down link beam based on this - . 
reference. 

Tracking is maintained as long as VID PRES is "1". The 

VIn PR.ES status is relatively high bandwidth in that the status change 

occurs within tens of microseconds of applyine or removing a 

10.7 MHz signal at the preamp. Due to scintillation, signal fades of 

100 milliseconds duration are common. Therefore the VrD PRES 

changes states during these fades. Even with intervals of no signal, 

the track scan position is maintained within an IFOV. To prevent 

breaking lock during fades, the VID PRES loss is delayed approxi-

matE!ly 180 rn.illiseconds. The resultant digital level is refereed to as 

TAR PRES and is the digital level used by the IDT to sequen~e between 
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acquisition and track. The return to acquif.ition occurs therefore, only 

if the 10.7 MHz signal is lost for greater than 180 milliseconds. 

Loss of TAR PRES returns the IDT 1.0 the acquisition mode. 

The transition is also used to place a 50 millisecond short on the 

tracking loop error demodulators as noted previously, the tracking 

functions are disabled during acquisition. However the .error demodu-

lator outputs which have a 2 second line constant can become high 

during tracking since they effect the closed kop operation. The out-

puts are shorted momentarily upon return to acquisition to prevent 

offset and drift of the acquisition scan. 
" 

The YIn PRES signal is the primary AOCP mode control. A 

timing diagram of the various control signals derived from the VID PRES 

signal is shown in Figure 3-21. 

Two of the control levels, namely TAR PRES and DEMOn 
. , 

SHORT are used internal to the IDT and were discus3ed in the pre-

vi.ousl,ection. The BEAMSTEERER RELAY 'tevel is delayed 

120 milliseconds from the YID PRES signal. The BEAMSTEERER 

RELA Y "l" level represents the time during which the pointing is 

under control of the IDT. The SPEED LIMITED level is derived 

from the TAR PRES signal, and provides a. 600 millisecond delay 

during which the Beamsteerer Drive voltage is limited. 
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The SeINT HOLD is derived from the VID PRES and TAR 

PRES levels. It is used to insert a hold or_ the Beamsteerer Drive 

. 
amplifier during times of signal fade.. It essentially lowers the 

/ 
Beamsteerer loop bandwidth so that effects .of IDT drift during times 

of no signal are minimized. Of course if the fade interval exceeds 

120 milliseconds, the BEAMSTEERER RELAY becomes "a" and 

control of the loop is returned to the TV Tracker. 

3.3.2.1 Trar:k Loop Analysis. - The IDT is essentially a modification d , 
-- ~ 

previous ITTG tracker designs. In this respect, a significant amount of' 

design analysis was not required. In the early design phases, a model of 

the target and variations thereof was not necessarily accurate. Therefore, 

- design modifications to the initial tracker were made during field tests 

when actual targets and background were beiItg encountered. 

An important modification of the previous ITTG tracker de'sign 
. , 

was the extension of the tracking loop bandwidth to 1 kHz. A block 

diagram of the loop components. is shown in figure 3-2? 
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The closed loop gain of the loop is gi.ven by 

The bandwidth is 

c 
o -e. 
1 

The IDT constants have the following nominal value 

Kl = Z volts/sec 

T = Z.2 sec 

K
Z = 2,54 rna/volt 

K3 = 35 sec/rna 

Using these. values 

WL = 8880 rad 

fL = 1500 Hz 

It is noted that the demodulator gain K is dependent on 
1 . 

the signal strength. The value stated would be the maximum attain-

able. As the signal strength decreases, the va.lue of K 1 decreases 

and the loop bandwidth decreases proportionately. 
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The maximum steady-state error would occur when initial acquisition 

of the target "las at a field edge. For this case 

/ 
f 

/e. 
E 1 = ss KIK2K 3 

30 min - . 
17760 .. 

= o. 1 sec 

! • 

3.3.2.2 Track Video Amplifier Test Results. - One major modification 

to the IDT was made as a result of field tests; Minor changes and 

additions were made with the VID PRES signal to facilit'lte the handover 

between the TV tracker and IDT. 

During initial field tests between the Astrionics Laboratory 

and Madkin Mountain, apparent angular modulation was experienced 

which was excessive in both amplitude and frequency. Because of 

this effect it was impossible to close the beamsteerer loop and only 

intermittent tracking was possible with the IDT. This apparent angu-

lar modulation was traced to amplitude scintillatjon in the atmosphere 

causing dynamic phase changes in the IDT video amplifier. 
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Two separate problems existing in the ID tracker contributed 

to the tracking difficulties experienced in tho initial field test. They 

were: 

1. Excessive phase shift in the video signal over the input 

signal dynamic range. 

2. Inadequate AGe bandwidth •. 

The phase shift problem existmg in the video amplifier was a result 

of the. gain controlling device working against the reactances of the 
.... 

image dissector and the input to the 10.7 MHz comm:unication ampli-

fier which is paralleled across the tube at. this point. The resulting 

phase shift over the input dynam.ic range was in excess of 70°. 

The initial AGe bandwidth was approximately 10 Hz which is below 

the normal frequency range of amplitude scintiJ.lation. The video 

amplifier low frequency cut off was approximate.'lY 100 Hz and 

limited the e££9ctive AGe bandwidth that could be inco .. :porated. 

Modifications were made to the amplifier. These changes 

brought about performance improvement and corroborated the fact 

that inability to track was due to the amplifier phase shift charac-

teristics. However, it became~apparent that a new·amplifier design 

was needed to supply the AGe dynamic ra:,1~e and bandwidth. 
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A new amplifier was designed and tested. It replaced the 

original amplifier of the IDT and successful operation of the AOCP 
r . 

with Madkin Mountain was demonstrated on 2/10/72. The amplifier 

f 
design is shown in Figure 3-23. Three attenuato1."s are used to effect, 

-, a dynamic range of greater than"60 db. The initial gain control is 

applied by the yolta,ge divider of Rl and the FET attenuator No. 1. 

As the signal increases the R
Z 

-FET attenuator No. 2 is added. Each 

divider is capable of 25 db attenuation. The bandwidth of the loop with 

these two attenuators was measured to be 120 Hz. 

The input stage buffers the tube output £Fom attenuator 

No. 1 thereby making the effect of attenuator capacity change 

negligible. However, the buffer stage must accommodate the dynamic 

range linearly. Attenuator No. 3 provides the necessary range. 

This third cOlltrol becomes operative only ~or high input and can 

easily accommodate 15 dB. 
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3.3.3 Beamsteerer Loop. - The keynote of beamsteerer design philosophy at 

onset of AOCP was flexibility. FundaI7e!:btl to the selection of this course of 

design was the fact that little was known of the dynamics of t.ile atmosphere for, 

.which the beamsteerers were to correct. Much has been learned during the ",ourse 

of the AVI,OC Progt:am regarding beamsteering that could and would be 

factored into later such designs. NotWithstanding the evolution of the beam-

steering subsystem during the program the fin-u iteration showed marked 

similarities to system originally shipped. ~p.e major differences are manifest 

in the very portions of the subsystem set aside to absorb those anticipated 

evolutionary changes, viz the loop compensation circuits. Figures 3- 24 and 3- 25 

. are presented to give an indication of those changes that ultimately took place 

during the life of the, program. The final configuration shown in Figure 3-25 is 

that used in the final successful test flights. 

The design analysis· presented ~erein will accomplish the following 

purposes: 

1. Present the final beamsteering subsystem configuration 

and brief operational description. 

2. Define the characteristics and sources (when appropri~te) ,. 

of the elements making up the beamsteerer SUbsystem. 

3. Present a complete servo block diagram of the subsystem 

(y-Ioop). 
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Simplify the loop consistent with the bandwidth of the 
4. 

subsystem. 
,,' 

5. Develop a root locus of the simplifi ed system, indentifying 

the location of the closed loop poles and zeros (P-z) for the t", I,' 

appropriate loop gain. 

6. Present pte results of a frequency response taken from the 

p-z configuration and compare the' analytical results with 

test measurements. 

..,". 

I Ie 
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Operational Dt1scription. - One loop (or channel) of the beamsteer~r SUbsystem is 

shown in Figu::e 3-26. This figure describes the basic elements from a functional 
I . 

viewpoint. The incoming laser beam is collected by a four-inch aperture afocal"., 

telescope. The beam emerging from the telescope is routed to beamsteering 

mirrors, one for each channel ( y and z ) then to another set of optics whose 

purpose is to focus the beam on the face of the image dissector tracker. 

The ~acker develops three sets of outputs that are of further '.lse 

to the beam steerer subsystem. 

1. Y and z error signals 

2. video from the image dissector 
• 

3. 10.7 mHz target present signal 

Image dissector video output and the 10.7 mHz target present signal 

control the mode of the beam steerer subsystem. The error signals are 

appropriately routed to the remainder of the SUbsystem as called for in each 

mode. 
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The Collecting Telescope. - The first functional block of Figure 3-26 is the 

t'elescope. This device was purchased fForri Wiley Optical Corp. of . 

! 

Florida. Its principal characteristics are: 

a. 4" aperture 

b. 24" focal length 

. c. 2 arc second resolution 

d. Magnification of 8.4 
RAD 
RAD 

,. . 

Beamsteering Gimbal, Mirror, Torquer, and Flexpivot .. ,- This assembly 

was fabricated by ITTG per Drawing 5520160. The mirror and flex 

pivots were purchased from Precision Optics CompcUlY and Bendix, 

respectively. The mirror was manufactured to tight tolerances with a 

flatness of better than )../20, and was mounted with a gimbal cell fabricated 

by ITTG. The gimbal cell was fashioned with tabs that worked in con-

junction with a Karman Science Corp. position pickoff (Model KD- 5001-12) 

so as to convert rotational to linear pickoff. The effective moment arm 

of the tabs was 0.65 inches. The electr.onics associated with the pickoff 

developed an output calibrated at 63 V /in over approximately 0.050 inch 

movements. Tb.e mirror and gimbal were mount~d to the optical baseplat~ 

through the Bendix flex pivot. A set of two flex pivots were used, one on 

either side of the gimbal. 
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The flexpivots provided a no-power, return-to-zero capability as well as 

precluding use of bearing s. 

Torque wp,s supplied the assembly by use of one Aeroflex Corp. direct 

drive brushless torquer TQ-IOY-35P, which was provided with a special order 

low resistance winding. A photograph of the fine beam steering assembly is 

shown in Figure 3-27. 

,A summary of the characteristics of these devices . 

. follows. . > 

a. Mirror 

• Flatness - 'Ano 

• Size - 25 mm diameter 

• Angu~ar gain - 2 rad/rad 

b. Kaman Science Corp. Pickoff 

•. Gain 63 volts/inch (calibration curves on file) 

, • Moment arm (effective 0.65") 

c. Bendix Flexpivots 

o 1/4" pivot 5008-600 

• 13. 1 oz in/rad torque gradient 

d. Teroflex torquer TQ-IOY - 35P 

• torque gradient O. 885 oz in/amp" 

• resistance - 4. 350 

-3 
• inductance - O. 966 x 10 h. 

• -3 
back EMF - 5.53 x 10 v/rad/sec. 
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e. Polar moment inertia of rotating assembly. The 

rotating assembly includes 

• 
• 
• 
• 

mirror 

gimbal cell 

rotor of torquer 

,.. 
,,-, 

( 

outer shell of fiexpi vot 

total polar moment of inertia 

y loop -5 2 I 9 x 1 0 0 z in sec 

z loop -5 2 19 x 10 oz in sec 

,. 

Focusing Optics. - The focusing optics (Schneidfi!r, refractive) have 

the following characteristics: 

, focal length - 135 mm (5. 31 in) 

f/3.5 

Transmission 75 percent" 

Image Dissector (ID) Tracker. - The ID tracker was designed and fabri-

cated by ITTG. It is described in detail elsevrhere in this report. For 

our purposes its principal functional characteristics are sufficient. The 

output of the tracker is expressed as volts per inches of displacement of 
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the focused image from the electrical center of H.e tracker at the photocathode. 

In addition, the tracker has a nominal 1 KHz banc:width. Summarizing: 

Tracker output gradient: 25.6 volts/inc h 

Tracker bandwidth: 1000 Hz 

Mode control: ~ The operating mode control is an important part of the acquisitio'n, 

process if operation in a signal fade environment is required. The function of the 

mode control sub~ystem is to provide switching signals to select the appropriate sensor 

, " 

controlling the system operation. For example, the mode control logic determi~es 

when the system should be in coarse or fine track, search or track, pointing 
i i 

sYl3tem angular rate limit, pointing angle hold~, or fine track search raster reset: 

Figure 3-28 indicates the logic level condition for the control of the various modes 

1,ndicated and the time associated with the delay intervals. The rate limit for 

instance limits the velocity of the optical image at the image dissector detector. 

This is necessary because aa}uisition near the edge of the field-of-view would 

cause the tracker to apply immediately a large rate command to zero the image 

po~ition ,to the beam steerer subsystem. Such a rate 'yould otherwise exceed the 

tracker's rate capacity. other delays are built in to permit transients to damp 

out. ?he beam steerers hold command is provided so that, during periods of 

deep signal fades when the beacon presence is lost, the system will continue to 

remember the last target position for immediate reacqUisition should the signal 

reappear. If, after a time, long compared with 4;he expected signal fade period, 

the signal is not detected, the system reverts back to a fine acquisition search 

and then into a coarse acquisition. 

Operatlonally the mode control aspects are critical, they however do not 

enb~r the closed loop dynamics of ordinary functioning. 
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Forward Path Compensation. - From Figure 3-2.> we extract the circuits shown 

in Figure 3-29. Some simplification is also accomplished in that switching is 

Dot included. The circuit shown makes up the cOlllpensation block of Figure 3-26. 

The characteristics of each stage of the c'ircuitare developed below and shown 

adjacent to the appropriate part of the circuit in Figure 3-29. 

Figure 3-30 is the appropriate timing diagram for the modes. 

These various modes of operation are necessary to allow the sub-

system to handle transient conditions associated with target lock on and loss, 
, , 

and d~ep fades of the incoming laser signal. 
~. -. 

When the beamsteerer subsystem is operating in its tracking mode, 

the tracker error signal is supplied to the forward loop compensation circuits. 

The output on this circuit is summed with the compensated output of the 

beamsteerer mirror angle pickoff properly phased for negative feedback. 

The resultant signal is utilized to drive the torquer which acts on the gimbal, 

mirror and flex pivot. 
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1st State (AIA1. - ThL is a simple feedback amplifier arrangement with 

the error supplied to the inverting inpu~. '.:'he gain of this stage is: 

error supplied to the inverting input.... The gain of this stage is: 

• G - R fb = 36K = 6 - 1 .3 R. 2.2K 
ln 

. , 

'. 
2nd Stage (ArB). - This is a similar configuration to 1st stage that has a 

gain of unity. 

G 
Rfb 2.2K 

1 = = = R. 2.2K ln 
• 

3rd State. - This stage is merely a r~.sistor divider that splits the signal 

10 
in the ratio '"i41 = 0.0715. 

4th State. - Stase 4 represents the first stage with frequency dependent 

terms that help shape the response of the subsystem. 

function for this stage is found in the usual mannez;: 

-3 
GH = 564 (15 x 10 S + 1) volts/volt 

2.25 + 1 
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15th Stage. - This circuit is the summi!lg impedance which interfaces 
/ 

.' 

~ith the sum:.ning impedance trom the Feedback ~ath Compensation 

circuits. The circuit impedance will be necessary when the summa-

tion is made. It is therefore shown below 

3 -3 = IOxlO (O.lxIO .Stl) 

1. lxl 0 - 3Stl 

Clearly this circuit provides additional frequency dependency 

and hence contributes to the compensation. 

• 

. . 
" 

" .. 
, , 

Feedback Path Compensation. - This block will be considered next since its 

contribution in a similar way to the B/S Torquer drive amplifier as does the 

forward path compensation. Figure 3-31 extracts from Figure 3-26 the 

portion of the subsystem concerned with feedl?ack path compensation. 

This will be handled as the forward path was. 

1 st Stage (A3A). - This stage acts as an amplifier for the· s.~gnal emanating 

from the Kaman position pickoff. It should be noted that the signal 

is into the non-inverting input of the amplifier. As a result the 

expression for gain of the first stage is slightly different. Note 

'.' 
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Figure 3- 31. ' Feedback Path Com.pensation Ci'rcuits 
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also that whil e the transfer function developed has a frequency 

dependent teI'm, its influence is not felt in the region of interest to the . . 
" 

B/S subsystem. A simple gain is \ls'ed when applying this stage to 

latter uses. The transfer function is: 

KG = = 5 [ I -9 JVOJts/volt 
~. l6xlO S+l .. 

2nd Stage. - This stage provides a portion of the feedback path com-

pensation by virtue of its input resistor I capacitor combination that 

is effective in the B/s frequency range. Its tI'an'sfer functions: 

• 

.KG = 
-3 

O.82x10 S volt sec 

(5. 58xIO- 9S+I) (0.03xlO- 3S+I) volt 

3rd Stage. - The 3rd stage of the feedback co~pensation is the summing 

impedance that interfaces with the forward path. Its electrical 

characteristics are identical viz: 

Summing Amrlifier. - The first point to deal with is the character of the 

summing process. For this the model shown in Figure 3-32 is used. 
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e and e represent the conditione:! signals from the 
y po 

tracker and the pickoff. Z A is the summing impedances previously 

derived. Using current summing at NQd'e 0: I ,+ 1 ,+ lfb = 0 . ey p.o ' 
/ 

I 

Z 
o 0 fb ~e 1+ e ~ glV1ng. e :.~.o.--

, '0 Z Y po 
A 

On this basis then we obtain: 

Zfb = 0.51 (1. lxlO-'3Sill 
Z A ' O. lxlO- 3S+1 

" 

In this case the high frequency influence of the 520 pf capaci-

tor has already been removed from the expression. 

Beam Steerer Torguer Drive Amplifier. - The Torque Systems Inco PA20l 

is used for torquer drive pUI:poses. This amplifier has a bridge output 

configuration. and, as a result, even with the signal being delivered to the 

apparently non-inverting input, the gain for the device in the voltage mode 

is: R 
K = ~ = .47. 5K = 

Ro 4.7K 
10 volts/volt 

m ",' 

The Y and Z axis drive amplifier balance adjustments and angle 

kickoff output centering and gain controller aloe located on the underside of 

the AOCP and shown in detail in Figure 3-33. This completes fhe subsystem 

description necessary before discussing the perfo~mi!.I~.c;e analysis. 
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• Performance Analysis 

All of ti'le information (except for high frequen<;:y terms) 

developed above is shown in the blo~k diagram of Figure 3- 34. In additic.n I 

the figure is laid outin a fashion to facilit;ite analysis, i; e., each block has the 

transfer characteristic as sociated with it. Our analysis will start 

with the inner mos~ loop - the gimbal and flex pivot l~op - .and con-

tinue expanding until an expression for the complete system is 

developed. Since earlier analyses have dealt with the relation 

, 9 Ie., we shall continue that approach. This means that the effect e .1 

of the collecting telescope never enter s the analY:sis. 

1. Flex Pivot/Gimbal Cell Loop 

Using the notation shown in Figure 3-34 we have 

90 -= 
T 

0.043 
'rad/oz in -6 2 7. Z5xlO S +1 , . 

As expected this is a marginally "Instable loop because 

of the undaznped nature of the mass/springs of the flex pivot/ 

gimbal cell. 

z. Torquer IGimbal Cell Back EMF Loop 

Not a significant amount of damping is provided ~y the 

back EMF of the torquer, but this loop is included since earlier 

analysis considered it. 
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______ O ..... _qo883 tad/volt 
-9 3 ~6 2 -3 1.61xl0 5 + 7.2xlO 5 + 0. 271xlO 5+1 

when the denominator of this expression is investigated for roots, the 

following is obtained: 
. 

(5' = '4~ 5xI0 3) (52 + 75 + 138xi03
) •. 

The very small coefficie.nt of the 5 term in the quadratics indicates that 
< ' 

damping, although sma.1l, is afforded by the back EMF of the torquer. 

3. Gimbal Angle Pickoff/Compensation/Torque Drive Amplifier Loop , 
- . 

" 

The characteristic \~quation'o£ the B/5 subsystem becomes 

more involved as more and more of the mechanism is encompassed 

by the expres sion. Applying the proper rule of combination we have: 

e -3 .. 3 -.£. _ 0.0883 (0. lxl0 5+1)(0. 03xlO 5+,1-,) __ r_a_d~/ __ v_o_l_t ____ _ V - -18 5 -12 4 -9 3 ' -6 2 -3 c 4.85xl0 5 +0.Z32xlO 5 +2.56xl0S +15.7xlO 5 +0.410xl0 5+) 

We note at this point that the DC gain is precisely 10 times that of 

the previous loop. This is due to two factors: r) The torque drive 

amplifier has a gain of 10, and 2) the DC gClin of the feedback path _ 

is zer':> as a r~sult of the free 5 in the numarator of the compensation 

that COfi.1.eS from the series capacitor in the feedback path. Clearly 

the.n the feedback loop of concern at this point of the analys'i.~ is 
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ef'fective only so long as dynamics are in existance, i. e., when e is 

not constant. Considering the very undamped nature of the gimbal! 

: fiexpivot situation, the kind of feedback 'provided is quite to the 
r 

point; having its greatest effect in dynamic conditions. 

4. Tota.l Open Loop Expression eB/Oe 

At;. this point we' re ready to look at the complete be ani- steerer 

8ubsystem. First the. total open loop expres sion for 9"e/ Be will be 

written in the form of the previous relations t.o expose the D. C. 

gain of the open loop expression. Following this, the exp.ression 

will be converted to the form used in Root Locus (R'/L) work and 

th~ analyses carried on from that poi!lt. The significant steps in 

the following will be 

• 

(I) Obtaining the total open loop expression • 

(2) Conversion of expression to RIL form. 

(3) Simplifying the expression on thE! pasis of th~ pole 

and zeros in the open loop. 

(4) Drawing a RIL, locating the pole locations at the point 

called for by the existing loop gain vatues. 

(5) US1ng the pole locations from the R I L, develop the 

closed loop expression for the ratio e !O" and plot 
e 1 

the poles and zeros of this relationship. 
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(6) Perform. a frequency response of the 0 10. and compare 
e 1 

it with the m.easurements taken on the system. •. 

I 
I , 

, 
- 3 -3-3 - 3 . ~. 

_ 7907(l5x10 S+lX1.1x10 S+1)(0.lxl0 S+1)(0.03::-::10 S+l) rad/rad 

- (0. 159x10- 3S+1)(2. 2S+1)(0. 1xl0-3S+1)(4. 85x10- 18S5 

'. 

• 
From. this we see: 1) that the D. C. gain of the open loop is 

7907 radiahs/~adian, ant'. 2) a pole and 'zero at S = -10x10
3 

rad/sec 

exists and hence cancel each other. 

Continuing; the expression is now converted to R/L format. 

a 12 3 ' 
~ _ 2.32xl0 (S+33.3x10 )(S+66.6)(8+910) 

°e - (S+O. 455)(S+6. 4x103)(S5 +47. 8x10 3S
4 

+528xl06S 3 +3234x10 9S2 + ••• 

+l6S8XI0
1Z

S+ZC6XIO
is ) 

Synthetic division is used'to factor the 5th order term, giving: 

= 
2.32 x 10

12 
(S + 33.3 x 103) (S + 66.6) (S + 910) 

(S+O. 455){S+ 6.4x 103){S+ 202).{S+ 348)(S+ 35. 5x 10 3) 

" ' 
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CI " Note ~hat two more simplifications are in order at this point: 1) The 

e 

pole .It 5 = "-35. Sxl0
3 

rad/sec is very close to the zero at 5 = -33. 3x 

. 3 ". " 
10 ; we shall consider these as cancelling ea.::h other; 2) three poles 

I 

are so far out from the area of interest that their deletion would make 

but small change in the continuing analysis. Figure 3-35 shows the root 

l~cation!? for tot~l OB /,e e. 5ince our concern focuses in the region of 

"f" 

o - 3000 radians per second, a good representation of the system 

, 3 

can be achieved by eliminating the contplex poles at S = -5.9xlO ± 

J7xl03, radians per sec, and the real pole at"S = 6.4xl0
3 

radians/sec. 

To properly eliminate these poles the "gain" value must also be 

Inodified. Carrying out the proper operations results in: 

4090(5 + 910) (S + 66.6) N 

(5 = 0.455) (S + 202) (S + 348) 
= D' 

This set of poles and-zeros is shown in Figure 3-36 along with 

the locus of the poles of the closed loop expression for Oe/Oi as the 

open loop gain goes from 0 ... 4090. The final location of the poles 

is that of the closed loop for gain 4090. 

On the basis of the root locations and the fact that 

g e 1 1 

9. = = -N'-' 9 B 1 , 
1 + 1 + D -g

e 
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; t , 

ge D 

'tJi = poles location from Root Locus 
l 

.i 

= (s+o. 45S)(5+202)(5+3'~ 
(5+66.6)(5+1020)(5+3540) 

! • 1 
for which the DC value is 7887 • ,close to the reciprocal of the DC ~ain 

of 7907 developed earlier. 

The pole/zero configuration of a /a. is shown in Figure 3-37 •. 
e 1 

Jfrom this arrangement a frequency response was generated. The 

results of this is shown on Figure 3-38 along with test data. 

Inspection of Figure 3-38 shows that the test d~ta and analysis 

of the Y loop agree quite well to the vicinity of 100 radian! sec. The 

resu1t~ di.verge in the neighborhood of 100 radians/sec and pick up 

a somewhat parallel response after that point which seems to differ 

from the analytical results by a factor of 2. This difference is 

unexplained at this point in time. 
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I , 

3.3.4 Scintillation Monitor. - The scintillation monitor subsystem was - , 

~dded to the receiver later in the program and as a result of a PI meeting 

held at NASA/MSFC. The purpose of the scintillation monitor is to 

measure ahnospherically induced intensity fades in the received signal. 

A functional ~loc1<-diagram, of the scintillation monitor is-given in 

Figure 3-39. 

The scintillation monitor is located in the AOCP receiver 

section and receives energy split from the tracking and communica-

tions channel by the beam splitter shown in Figtlre 3-8. The lens 

that follows the beam splitter images the entr,ance pupil of the AOCP 

~focal tele scope onto an aperture stop and also serve s as a field lens 

to converge the received radiation onto the socintillation monitor photo-

multiplier detector. The field of view of the scintillation lUonitor 

detector i's approximately 0.6 degree diameter which assures that 

there is no vignetting edge modulation ind~ced by the oealU steerer 
... 

pointing noise. 

The radiation detected by the scintillation monitor photo-

mul~iplier is modulated by a 10 MHz (appr0ximately,) stihcarrier. 

This subcarrier is al1nplitude modulated by variations in atmospheric 

transmission of the uplink path. The output of the photolUultiplier 

passes through a matching network (bandpass filter) to a lO MHz 

AGC controlled amplifier. The amplifier output is rectiijed, 
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f~ltered to 10 MHz. and utilized as the AGe control for the amplifier. 

A dc control voltage varying from +O,~ 5 to +4. 5 volts supplie s 80 db 

of control :range to the amplifier. The chcuit sensitivity is there-

fore 10 db/O. 5 volt. linear in db/volt throughout the range. Since 

the AGC control loop bandwidth is 10 KHz, the A~C voltage is a 

,direct logarithmic'indication of the up~ink optical scintillation. 

A linear amplifier coupled out of the matching network also, 

op~rates in tl1e 10 MHz range. A manual gain control allows selection' , 
.... 

of a portion of the log amplifier range and will be especially useful 

for selecting high level signals that are compressed in the logarithmic 

output. A detector, filter, and amplifier after the linear amplifier 

permits utilization of the maximum dynamic range for a 10 KHz 

scintillation, monitor bandwidth. 

A third output is derived directly from the photomultiplier 

detector and :s linear with received optical power over a basebanci 

range (dc coupled) to 5 KHz. 

Three calibratable signal outputs are provided in the scin-

tillation m.onitor as follows; 

1. A signal linearily proportional to the total power 

inciden~ on the detector at baueband (0 to 5 KHz). 
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.2. A signallinearily proportional to the fluctuations in 

power of the 10. 7 MHz subcarrier modulated onto the 
, 

.' 
'r 

ground station beacon, and 

3. A signal proportional to the log of the power in the 

'10. 7 MHz subcarrier on the received beam. 

Calibration and technique s data are given in the calibration 

and test section of this report. 
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3.4 Transrr.itter Subsystem 

, 
~ 
~ 

~ " \' ,Q 

~ 

~ ,,' 

The transmitter sub sys tern co~s is ts 0 £ the helium -nt;lon las el", 
" . optical mod\:lator. modulator driver, optical compensator and polarizer, 

beam divergence control telescope, and laser power monitor. 
J.i 

The laser, modulator, and modulator driver are housed in a 

hermetically sealed compartment under on~ at,mosphere of dry- nitro-

gen. The construction of the laser compartment is illustrated in 

Flgure3-40. ~7he laser, folding mirrors, a:nd optical modulator are 
I' 

mounted on a O. 5 inch thick aluminum plate hermetically sealed to 

the AOCP main frame. This mounting plate is pressure released to 1 
" 

avoid flexing i.n reduced pressure en;"ironments. The corn,partment 

pressure seal is formed by a thin steel plate recessed into the AOCP 

-main frame with hermetic £eedthroughs for electrical power and 

" 

I 
modulator dr:.. vel' signals. 

The source of optical radiation is a CW helium-neon laser, 

operating in a single mode (TEMOO) at.O. 6328 micrometer wavelength 

with an output power of approximately 5 mw. The laser beam is 

directed thr01:~gh the optical modulator by finely" adjustable folding 

mirrors providing both lateral and angular positioning of the beam in 

the modulat,or aperture. 

Further description of this laser has been provided in the 

O&M manual and will not be repeated in this report. It has been I 
! + • 
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necessary to replace the laser plasma tube several times during the Course 

of the system operation because of difficulty in start-up. At least one. flight 

was made during which the laser failed "to stiut. The specific prDblem , 
I 

identified with this characteristic was low voltage from the 1lOV power . ~' 

system on the Llc. 

The transmitter path can be traced by refe'rring t~ the Figure 3-41. ,. 
Beginning with the laser, the 0.6328 micrometer laser beam is foleded 

twice and directed through the electro-optical modulator and out of the lasp;r 

compartment through the cover seal window. From the window, the polariza-

tiol.l modulated beam is passed through a variable phase retardation plate 

(Soleil-Bobinet compensator), a polarizer and reflected fr9m a folding mirror 

and directed into the lower le .... el. Referring again to Figure 3-41, the 

transmitter path enters the lower level and is directed past a cut-off shutter 

and through the beam divergence control telescope. 

The transmitter beazn emerges from th~ divergence control telescope 

and impinges onto a beam sampling splitter which reflects les s than 1 percent 

of the power in the transm.itted beam onto a power and modulation monitor 

photomultiplier detector. The primary beam passes through the beam 

sampling splitte:t' a.."l.d is reflected from a path folding mirror onto the ,dichroic 

be,am combiner where the transmitted and received optical paths combine. 

The transmitter and receiver paths are made parallel, i. e., boresighted 

mechanically at the beam combiner and exits through the same path followed 

by the received beam, but offset to avoid the central obscuration of the 

cassegranian telescope. 
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When an eledric field is applied to materials of this type, the 

crystal's symmetry changes to bi-axial, ma.king the crystal 

birefringent. / 
( 

In crystals of low symmetry, such as KDP, the optical 

dielectric property (or refractiv~ inde~) of the crystal varies with 

,the magni~de and direction of an applied elect~ic field. For the 

case of the electric field applied along the crystal's optic axis, and 

for light propc:.gating normal to the applied field, as illustrated in 

Figure 3-42, the difference in indices for the two principal planes of 

polarization is given by 

• 

where 

DO = ordinary refractive index 

De = extraordinary refractive index 

r63 = electro-optic coefficient in ern/volt 

E 
Z 

= magnitude of the electric field applied in the z direction. 

The signs depend upon the sign of the nppliedelcctric field. Fora crystal of 

length L, a phase shift .is induced between. the two principal waves dn 'propagation 

through the crystnl~"which is related to the ma6'11itude of the applied electric field. 

The time, t, that light takes to traverse the crystal in the y direction, depends UPl)n 

the presence or a,)sence of the electric field, as well as the plane of polarization. 
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The times of traversal of the two orthogonal polarizations directed along z and x, 

respectively, are given by the following equatic.ns: 

Ln, / Ln 
t ~ z = = ,z c VA .. 

and 
Ln Ln 

t = ~ = ~ x c VA , 

,. 
where c is the speed of light in vacuum. The difference in the traversal time, 

between the two waves at the crystal's output is 

The phase difference, r, is related to the differential time by 

r = 21'vllt 

217lJL :: -en -n\ 
c z x 

217' L ( .) d' ::- - n - n ra lans. A Z , 

Substituting equ~tion (2-1) into equation (2-7) gives 

• 

. , 

. , 
'f . 

The first term in the transverse fie~d equation represents the natural birefringencc. 

and the second term indicates tbr· field Jependent retardation. One of the more 

difficult problem:; with the transverse field modulator. arises from the field 

independent tenn because of its sensitivity to environmental changes. It is 

possible to construct a modulator which is thermally compensated by cancelling 
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the natural birefringence terms. This is ac(!omplished by arranging 

the electro-optic crystals in suitably ori:nted pairs. 
;' 

.. .' 
'Tbe polarization state at the modulator' s o~tput is, in genera~, 

elliptical, with an ellipticity which depends upon the relative phase 

difference, r, between the two normal field components. By applying 

, tht: correct electrica1 field magnitude, t\1e output can be made either 

right or left circularly polarized. This occurs for an induced phase 

difference of ± 'Tr/2 radians respectively. Th~~ voltage rf.~quired to 

change the output polarization from one orthog<:mal state to another is 

defined as the modulation half-wave voltage, V "A/2', and corresponds . 

to a unity modulation depth. 

Since system performance is related to the information 

. carrying power, rather than the total power in the transmitted beam, 

it becomes necessary to define a modulation depth parameter. Con-

sider the transfer characteristics of the system's optical elements, 

shown schematically in Figure 3-43. Element number one is the 

optical modulator which is effectively a variable phase retardation 

plate, haying axes denoted 51 and F l' and pruduces a phase differ-

ence, r
1

, between polarization components directed: in the SI and 

Flaxes, of amount 
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__ Element numb~r two is a. phase plate having axes 52. and F 2 rotated 

. ,. 
'. 

r' 

th;rough an angle qI with respect to the ref;erellce direction F I ~nd 

" 

which produces a phase retardation ribetwe.m components along 52 . ' 

and F 2.. The Saleil-Babinet compensator is a precisely variable 

ppase retardation plate which permits a continuous adjustment of r
2 

over several optical wavelengths. Element number three is the 

polarization prism which spatially separates the polarization compo-

nents having dir~ctions along Q and P. The p:>larization prism has its 

P axis' rotated through an [engle ~ with respect to the reference direc-

tion F 1 •. It can be shown by simple analysis that th~ transfer charac­

teristics pf this series of elements c:re given by equations in Fig-

u;e 3-44, where Ep and Eq denote the electric field amplitudes of 

the two spatially sepa~ated beams o . Either the Ep or the EQ field can 

be selected in an OOK communications system as enlployed in the t:, 

AOCP. The trigonometric representation is used, rather than the 

Jones calculus in this analysis because it read:ly displays the cyclic 

nature of the component's orientation. A computer program has been 

written which gives the ratio of the output beam intensity to that at 

the input to the optical modulator with· optical bias apd component 

tolerances and orientations as parameters. 

Figure 3-45 shows the transfer characteristics of the 

train of components illustrated in Figure 3 -43 for~ of 0 and f3 of 'fr/4 

radians. The optimum operating point 'can be seen to occ.ur at a 
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je modulator bias point of r
1 

::: 0 radian. It can be seen by inspection 

of equations of Figure 3-44 that the Ep ,and EQ amplitudes v~ry in . ~ 
. r 

j quadrature with r
1 

for this operating' point. 

The outputs of the square-law photodetectors are proportional' 

to the input beam intensities, or the square of the beam a¢.plitudes. 

The respe~tive' output photocurrents Ip and ~Q ~re given by 

2 . 1 ( ) Ip a Ep O! Z I - cos r 1 

• 
for 

Fz ::: Tr /2 radian 

~::: Tr/4 :radian. 

A modulation depth parameter? M, can be defined as 

M ::: 
I r - I 
peak 0 

I . 
o 

for each channel, where I k is the peak intensity of the beam, and 10 pea 

is the average beam intensity for r
1 

::: 0 for the operating point shown 

3-101 

, 
I 

f 
1 

! 
I . 



in Figure 3-45. Note that, for this condition, the transfer charac--_ .... ,_ .. - -...... -- ' ... _-
teristics are symmetrical for the two outputl1 and the modulation 

. . 
depths in the two channels are equal. Figure 3-46 shows a plot of modu­

.(. 

la-tion index M for the optimum operating point, and· indicates the 

nonlinear' nature of the transfer characterist:' cs of the system with 

respect to phase retardation r I and the applied modulation voltage. . . 

...... 
Another useful parameter for describing modulation in the 

.dynamic extinction ratio, i. e., the ratio of the energy in off state to 

that of the on-state. Figure 3-47 illustrates the modulated waveform 

and gives the dynamic extinction ratio for various rpodulation waveform 

use and fall times. 

Modulator Design 
-.~ 

Modulator Design. - The optical modulator is shown in Figure 3-48, with 

the crystals expos ed. The modulator consists of four, 90 percent 

deuterated KDP crystals having dimensions 3.5 mm x 3. 5 mm x 

50.8 mm. The crystals are arrangedin pairs to cancel the natural 

birefringent terms. Two crystal orientations are employed in this 

construction as illustrated in Figure 3-49 (a) and (b), with the elec-

tric field applie4 along the crystallogrd.:phic (001) axis in both 
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Figure 3-47. 30 Megabit Beam ~.{odulation 
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'1 

orientations. Figure 3-50 shows the arrar.~ement of the crystal pairs 

in the modulator. The crystals are alternately rotated 900 ~nd the 
, 

driving voltage polarity at each crystal is selected so that the elec-

trically induced birefringence terms are additive, and the field 

independent terms cancel. 

. . 
The modulator is Hlled with a lightweight, silicone oil 

(Dow Corning 550 Fluid) which provides both improved thermal sta-

bilityand a geod optical interface index matching. 

The h."lngitudina,l half-wave voltage (i. e. , voltage required to produce a 

"radian phase difference between two orthogonal polarizations propagating along the 

. optical axis) has been measured for the deuterated KDP to be 

v ~ (longitudinal) 

2 

= 3.2 Kv. 

The corresp?ndJ.ng voltage for the same material used in the transverse mode 
. . , 
(i.e., light propagating transverse to the optic axis and electric field direction) is 

given approximately by 

where, 

VA (trnnsverst3.) 

2 

I 
2d 

= 5 
T 

V A (longitudinal) 

2 

... 

d = crystal dimension in direction of elec.trie field 

= 3.5mm 

S' = total crystal length 
T 

= S1 + 82 + 53 + 54 

= 203.2 mm. 
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The computed V). for the transverse mode is 

2" 
V) (transverse) 

2" 

3 (2 x 3.5 mm) = 3.2~10 volts 2032 ' / \. mnl 

= 110.2 volts. 

The meo.:5ured transverse mode half -wave voltage is within 2 percent 

of the calculated value. 

The modulator appears electrically as a parallel plate capacitor of squRre 

cross section with ~ capacitance given by 
;. 

" 

" 

where 

ST = total modulator crystal length 

K = di,electric constant 

= 50, 

~ = free space permittivity 
-12 / . - 8.854 x 10 farad meter • 

The~omputed modulator capacitance is 

c -12 
= 50(8.854 x 10 farad/meter} (0.2023 meter) 

= 8C.95 x 10-12 farad. 

The measured capacitance is approximately 100 pico;arad. 

The difficulty with a modulator of this type arises from its relatively high 

capacitance and the concomitant problem of constructing a driver eat:!able of providing 
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the required char~:ing currents for fast rise time p..llse operation. It can be shown 

that the capacite.nce, C. of the modulator is related to the half-wave voltage I V ~. bJ 

where 
(' = 

:: 

nO = 

r63 = 

). = 
a = 

v ' = 
A 
2 

pennittivity' of the ele~tro-optic materia? 

2 2 
442.7 coul /nt-m ,. 
ordinary index of refraction 

electro-optic coefficient 

laser wavelength 

laser beam cross section diameter. 

'2 

This equation shows simply that, for a given modulator, the half -wave 

voltage can be reduced only at the e~-pense of increased modulatoZ- capacitance. 

1 • 

e The 'modulator/driver problem becomes one of effecting a suitable voltage/current 

compromise for a desired performance which is compatible with available elechunic 

components and to devise a driver circuit which is conservative of driver power. 

; 
1 

, 1 
\ 

The pre1ent system has a modulator cryetal length of 20 em with an 

aperture of 3.5 mm. and has a half-wave voltage of 110 v. Modulator capacitance 

is apprOximately 100 pf. The charging current required for 10 nsec pulse rise 

time'is 

.1 :: C Y. 
t = 

-10 2 
(10 farad) (1.1 x 10 volts) 

-8 
1() sec 

= 1.21 amperes. 

This voltage/current requirement exceeds the rating of existing semiconductor 

c~mponents capable of the fast switching speed~; consequently, some compromise 

must be made. The present modulator/driver is cap!1ble of providing 50 v with. 

the required rise time for 3. modulatiol1 depth of 65 porcent. 

"'. 
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by: 

where 

The input power required of the modulator driver is given 

v 

p 
max 

" f 

( 

1 " 2 = Z cv 1 (.N) watts 

2 

C = modulator capacitance = 170 pf. 

= modulator half-wave voltage = 55 volts 
T/2 

applied to modulator) 

N = number of signal transitions pe~ second 

(or voltage 

~. i .. " 

\ .. 

A 30 megabit/second data rate, assuming alternate ones and zeros gives approxi­

mately 3 x 107 transitions per second", Figure 3-51 shows the maximum drive 

power required for this modulator, 

Modulator Driver 

" , The modulator driver performs the function of interfacing 

the AID converter with the optical modulator. The driver accepts a 

nominal 0 and 1 volt digital signal from a 75 ohm source and provides 

a 0 and 50 volt output at the necessary impedance match to drive the 

opti~al modulator. The driver employs an all solid state design and 

cons~sts of three pulse amplifiers, two \;!mitterfbllowers, a~d a 

modified push-pull output stage as illustrated by the schematic 

diagram of Figure 3- 52 • 
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A 1. 0 'Volt input pulse is rece ived at the b~se of Ql. With a 1. 0 volt input. 

tht! transistor is just turned on and yields little gain so the 6. S K resistor was 

ndded in the base circuit to prebias the base, thereby allowing the input pulse to draw 

,his transistor into full conduction. The second tranr,istor is an emitter-follower 

which acts as a buffer for the first amplifier. The following amplifiers, Q3 and 

Q4 sharpen the pulse rise time and develop the power necessary to drive the output 

stage. The emitter-follower Q5 matches the pulse drive to the input of the final 

st$ge which is a PT 2GOO high frequency power transistor. Since this ~evice is 

capable of operating with amps of collector current: it requires a good bnse drive 

to. deliver output power. To be an effective driver, the unit must operate at a 

3Q megabit rate which requires ,handling pulses of 33 nsec duration. The driver 

lU~st deliver these high voltage pulses to a capacitive load of approximately 100 pf 

(the crystal modulator), The capacitive load tends to store a charge. Unlike a 

resistive load, it must be caused to discharge rapidly enough to reproduce the 

input pulse with reasonable accuracy. Discharging the load is relatively easy 

as Q6 is caused to condud by a positive pulse on its base, it forms a very low resistance 

path to ground, rapidly discharging the load capacitor (the dischD.l'ge time being 
" 

. 
12-14 nsec). 

If the required charge path for the capacitor was through the 5 watt load 

resistors which tota1140 ohms it would take, conSidering 5 time constants for full 

charge, 70 nsec to charge the capacitor. Therefore, a different charge path is 

J!equired. At the end of the input pulse, . Ute negative going edge is "'coupled cnpac itively 

(0 Q7 causing Q7 to draw current during the negative transition and thereby charging 

,he load capacitance in 18 nsec through the low resistance path of the emitter to 

collector of Q7. The input to Q7 is delayed a few nsec to allow Q6 to begin tt\rning 

·off. If Q6 were not turning off, it would supply a low resistance short through its 

collector to em.itter junction which would draw a destructive current through Q7 . 

Q7 is a relatively low current transistor compared to Q6. The unique pUHh-pull 

method described nbove is made necess:u'y b~' the lack 'of high power, high 

frequency PNP transistot's on the market. The l'T 2600 is a 5 watt amplifier .. 

3-114 

,-

· · b, 
:: {: " · . ; · 

,. 

.? 

t 
""" ..... 

t ." 



I 
Ie 

I 

-~ 

which has us~able gain at 250 mc; no PNP complement could be found 

for this devi( e. The PNP transistor, 2N2905, which is use4 dissi- . 

pates less tha.n 1.0 watt, but has the.~ecessary frequency response. 
( 

for this circu~t. In addit.i.on to the power and frequency requirements. 

the transisto:..'s Inust be capable of handling high collector-to-base. 

voltages, the ~equi.rement here oeing a minimum" of 50 volts. This 

, . 
made PNP transistors even more scarce for this application. 

The modulator driver has been operated into dummy loads 

of up to 200 pf capacitance at a 30 megabit rate with a 45 volt output 

pulse amplitude. The pulse width and pulse repetition rate capabilities 

are from 30 nsec to 50 J.Lsec pulse width and 15 MHz to ~ KHz pulse 

repetition .rate. 

,Figure 3-53 shows a comparison of the signal waveform at 

the driver inFut to that at the output of a PMT detector. The signal 

waveform is derived from th«~ 31 bit pseudorandom generator in the 

·RER. 

The longest pulses anticipated in the nonreturn-to-zero 

system is 667 nsec. No pulse stretching should"occ~r for a'pulse of 

this duration. However" transistors which haNe been saturated for 

a considerable length of time tend to rem<:".in in a conduction state 

due to the base storage charge. The driver will operate better with 

digitized TV pictures of lower contract, i. e., no rapid transitions 

3-115 

1 

! ~ 
,I . , .. 

, 
,,~ 



(J-" ...... '-r~---

---~rii¥Wiiiil,:iiFFi~~iiiiiirwe7e;;;='f~ 

I 

~ 
I-j ~ 

;f 
t 
I~' 

i; ,. 
~I 

~. , 

i 
~;; 

I 
t 
~, '. 
:~; : 

F,l 

!I ! 
i 
f 

.. ~-- -

w 
I ..... ..... 
0"-

'c·~ 
~8 .-..'r'O 
->-(~ "......( 

r5 z· 
~o r-c. 

('") 

~b3 
Q~ 
L-:l\::\ 

Kl I-l 
(f:; 

t-d
0 

oqj 

@~ 
t:<:J 

~ :" 

.. 

0 

CD 

-It) 
I 

-0 o 
% 

.:. 

eO.' 

~~=~~-~. 

.-:: ..... : >:' .. :. : . ... .'.:·i-. .. :; ·'~r',:~,rf;:-',· i\.~~· -l~" ",,; ;~", . ;"~"~>~'" -t~"j'j~~~. JL~~,. . ':1 
.• "". <'n '\1'.' .~~. ~1" w .. '··:·: .... :~ ... <s< L·.·'·. ~,; L.! ... , y r .... ,,;i. f!,,~'::---:-"?'~. '.~ . .-,;'-"'" './~. ··/·~~..,-l:"L.· ,1~'i,J;':" .: .. A'} .-\."",.,.1!;.~": '" ... . ,::.~I!r.J!-; .-" .,,1'( "<t,t'<f" ~ . .(,~~ '" ·l 
\\.:" .;.,.-.c:.;~.~.(:.~.{~.::; ;- \ • . ' ~ , ... :-:. ... ! ';..-!., ~' ~. . ~. 
. . .. ',. ,. .... ~.J.,;.' ~.J .• JJ~d,' .... '-...". _'~y,,,,' .--::';"'., I.""> ,. t"~ .f""" ,', 

,H'I' .:'~"",.)..,'~).~ .... ~~,. ~' .. , ........ -..l.-., .. ··.,"I~~· .,... ... ,~~.{ (,-I(,' '''',;",,{·f~. " 
. l .} •.• ;' ........... .(~t 4,t. .. '(<II«"" '.;' 'iI~'~ •. \., tilrl'"W;>''~'''''''~/''''''' ()~.!f. ... ~.~~ .fP:,l. 

it.;~f;~~~;j~y~;1~\grr~·:~@.~t;? :;~::}~¥P?:\;· '.: ':\)'. t. ::T~~j~i,· . ',' '. ,~ .,;.,~~.,,;;>;. ,,~,;~ 
t ': ::~J:'~' '\;:'r:1,~~;:tS:;:'1~~~:" :;!~;·.i'~~ ;;- :i~~;.~:";': ::;,:;: .~-=:;~ . ':' :~~t,.~~~, ~~tj~:~~:.·,! :;, . -,:1 r; - . ' " '. ,.. -, - .,':'.,' ", 'F':' ,; ", '-;' ,", 'I:~:,~'::{:"./' 

•• 10'" ,l', 
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{r,om black to white, o/here there is the opportunity to generate long 

p\:lls es. 
I 

This is not to conclude that it will not operate with high . 
contrast, but the error rate measured' is hjgher, althQ'.lgh picture 

I 

ql;1ality appears good. For example, when the vidicCl~ beam is turned 

down so there is no picture, the AID converter transmits a 1:2 on-,off 

ratio of 33 nsec pulsel; at a 100 nsec repetition rate. The measured 

error rate 'for this condition is mu'ch lowerthah for a high contrast 

picture. 
f i 

t' 

The construction and operation of the driver. is relatively 

simple, in that there are no variable components ,and, therefore, no 

need for tuning or adjusting to becom.e operational. The.unit is 

reliable, even when handling high power, fast rise time pulse informa-

tiem; no failur~s have been recorded throughout laboratory or field 

3.4. 3 Laser Power Monit.or. - The function of the laser power monitor is to 

m,easure the average modulated laser power and to monitor the noise on the 

output laser beam within a 5 kHz bandwidth. The noise measurement is 

m;ade so that any noise existing within this bandwidth will not be 

interpreted as atmospherically induced. The laser power monitor 
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is an RCA type 8644 photomultiplier sampling less than 1 percent of 

the transmitted laser power. Narrowband. and neutral density f~lters 

I - . , are located in the power monitor path to' reduc;e the laser power and 

. .-' -10 
background power on the detector to an acceptable level (-.... 10 watts). 

The laser power monitor subsystem circuit diagram is given 

in Figure 3 - 54. 

3.4.·4 Beam Divergence Control. - The beam divergence control subsystem 

provides a continuously variable transmitted bearn ~ivergence control, i. e., 

~thOllt interruption of the transmitted beam. The divergence is made in 

six discrete steps by displacement of one lens of a small telescope. 

The range of adjustment is from near diffraction limit for the 

1.5 inch (3. 81 em) output beam diameter to arproximately O. 5 mrad. 

The calibration data for this device is presented in a later section. 

This beam de collimation is achieved w~thout lnss due to vignetting 

",-nd without su,hstantial output beam diameter change in the design. 

selected. 

The bearrl divergence subsystem comprises a. moveable 

paritiv~ focal length lEms, L
I

, and a fixed positive focal length relay 

lens. L Z• Lens, Ll provides a twofold funli=tion, 1) it produces a 

point image of the laser input beam which is moveable relative 
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to lens L
Z 

and 2) it pC2:"m.its a selection of the:appropriate teles cope 

powe,r to control the exit beam diameter to ensure proper location and. 

" 

size of the transmitted beam in the primary optical system exit pupil. 
I 

Figure 3- 55 shows the optical schematic for the beam divergence 

telescope. The basic equation describing the beam divergence sub-

system operation are a,s follows: 

e 
tan- = 

2 

or for small angles 

e, =: 

where e = bealnwidth in object space from the system primary 

. , afocal telescope 

M = 1vlagnification of primary afocal telescope 
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Figure 3-55. Beam Divergence Telescope Optical 
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Figure 3- 56 sho'.vs the mechanism that controls the beam 

divergence. The actuator is a six position stE'pper motor cont~ol1ed 
r; I 

by an electronic logic circuit. Lens Ll is mounted ~n a honed piston/ 

cylinder for precise axial motion. The spring loaded piston assem-

bly is driven by a precision cam and follower. The cam shape and 

position on the stepper motor shaft determines the range of the beam 

divergence adjustment. Calibration of the beam divergence control 

is' descrribed in the test and calibration section of this report. 
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3.5 ~cguisUion Aid 

The TV coarse acquisition aid was adapted f::om an ITT Electro-Optical 

Sensor designed specifically for the Short Range Missile (SRM) 

application. Some of the outstanding features 9f the EO Sensor are: 

small physical size, fast acquisition, high tracking rates, proportional error outputs 

and adaptive gates. 

The camera (video sensor) and all on gimbal components are packaged within 

. a 4.25" diameter sphere. The off gimbal electronics occupies 48 cubic j.nches of 

space excluding power sources, converters and reg-i.llat.ors. 

Acquisition times are between 10 to 150 millisecond after a target has been 

detected. The initial error outputs are available within 10 msec; however depending 

on line of sight. rates, target contr8.st and background clutter; the peak detector 

requires one or more video fields to complete target selection. 

Tracking rates are a function of gate size, t<1.rget range and contrast. 

Continuous tracking is n1aint3.ined if contrast smenr due to rel:.tive motion 

bet ... :een target and sensor does not lower the video level belo~'" sysLem threshold; 

.-
" 

the target does not move out of the gated (window) area in a 10 mscc field period; and the 

tal'gct videq is found aJove threshold an a minimum of ~ow video lines in the n d.d of 

view. Line of sight rates or. :.o.rgcts of 10,)% contrast t.hat Ull lC~ of the fieltl of view 

are in excess of ~O degree~ per second if no pointing error corrections are made. 

The azim:Jth and elevation error outputs are pOl1&~rtiol:al to the position of tiH~ 

center {If the target. in the fie] d of view accurate to "dthiJl 5% over the enU:re field and 

less than.:t 1% over the inner 40~ of the field of view. 

Acl'lptive gates wnic~ arCl a JUllction of target size and sl::1pc help reduce b,~ci~giour.d ". 

clutter in the field of view by elimimlUn!! aU video frorn the a.cea outside of the lrackimr , .. "" . . 
g:l.t~s from the sign.al .tJl"occsr.ing. The €-::ltcs rony Le set at a.r.~Y r~it~o propol'tiona1 to 

t.'trr;ct width and heigl:t and in t/lis trackc!' have beell set to twice the tal'get size so 
tl,~l Uw ga;cs arc 1/2 t:lrgc·t. dimension beyond .each cc1ze C1 tho t.:.n'~,~~t. 
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The error outputs (azimuth and elevation) are accumulated at the camera field 
rate which is 60 fiElds per second. Since no smoothing is supplied in the sensor the 
d!lt:l rat.:, 60 ~3.mples per second, is equal to the camera field rate and twice the 
fr.lme rate (30 frames per second). 

The 50 x 5° F. O. V. (field of view), minit;1um target size (9 feet) at 3 n. mi. 
I (J1:lutical miles}, a:quisition times of less ~an 200 msec and tracking rates of 30 degrees 
per second were considered in arriving at the fram~ rate and number of television, , 
lines per field. These considerations include the minimu~: number of lines to achieve 
the required resolution, the l\1TF (modulatjon transfer function) of a 1/2" vidicon and 
the ease of converting standard television sweep and interlace circuits. At a range 
of 18,000 feet the 87~ 25 x 87.25 milliradian FaY is 1572 ft2. A 9 ft2 target subtends 
9/1572 1/175 of the FOV. To obtain one bit of video iniormation the target must 
subtend at least a F ortion of the width of a scanned: ine, preferably a complete 1ine~, 
each time the FOV is s·canned. If a 50 frame/second rate with interlace is used the 
nwnber of fields scanned is 100 per second and it is necessary to subtend a portion of 
the ta rget on OI!e line in each field to obtain X- Y infcrmation at a 100 sample! second 
rat.e. Therefore at 100 fields/second the number of lines/field must be at least 175 
to assure having target information in each field for minimum target types. Sinee there 

. are 2 fields/frame with retrace time it requires 350 plus lines/frame. 
The sensor consists of two major subsystems which are the camera and the 

tracker. The camera is defined here as the vidicon and all peripheral components which 
cause it to operate in such a manner so as to produce usable electrical signals which are 
spatially referenced to the scene in time. It should be noted here that a standard 1-in~h 
vidicon camera having conventional raster scan~ and frame rates has been substituted for 
the SRM camera for the AOCP application. The tracker consists of all circuits which are 
req!.tired to suppress clutter and convert the target Signature into error voltages which may 

~ 

b~ used by the miSSIle guidance system to ultimately direct the missile to the target. In 
addition, the tracker applies gates on itself through which only a minimum amount of video 
immediately surrounding the target is allowed to be processed in the tracking circuits. 
Simplified block diD'~rams for the camera and tracker electronics are given in Figure 3- 57 

and 3- 58. 
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Tracker Operation 

! 
I To promote a better understanding of the TV acquisitio~ aid 

I 
,.. 

8(!nSOl', a signal will be traced through the sigr. a1 processor and position 
I 

, I 

'detector to show how error signals are derived from target information "';'1' ," • , . 
i i 

• imaged on the vidicon. It is assumed that the reader understands the 

: 1 

operation of a televisiol! camera and it will only be necessary here to 
.:~ 

G ~ 
estab\ish a relationship between the target spatial position, time estaqlished 1 

.'. 
"i , i 

by the sensor c1o(:k and the error voltage deriv(;d from these two. To i 
., 

I 

:;:'i ~ . ~,-~ 
': J 

;( 

facilitate ease of drawing waveforms and explanation we will use the simple 

target of Figure 3-59(A) with only 21 lines of video. ,This particular 

r 
'.~ ',. ., 

1 , .~ 
target is complex enough to demonstrate the functions of the signal pro-

cessor and position detection circuits. The voltages, number of video 

lines and relative magnitudes are used only to simplify the explanation • 

. It should be kept in m.ind that all of the operatin~ principles described are 

applicable to the actual SRM sensor shown in the Camera and Tracker 

Block Diagrams. (Figures 3-57 and 3-58.) 

The 7i~icon target is scanned by an electron beam which is deflected 

by the vertical and horizontal ramp functions as shown in A of Figure 3-59. 

For each elemental position on the vidicon target there ,is a time and 

voltage relationship with the system clock 'and the ramp functions generated , . 

by thi~ clock. (see Figure 3-59). Therefore, if the signal processor and 

position detector obtain their reference from the s arne source as the vidicon 

we can obtain a set of error voltages which indicate the spatial position 
J • . ' 

of the target center if it is anywhere within the field of view. 
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As the field of view is scanned line by line raw video is. sequentiaUy 

h 
made available to the signal detector. The w~veforms for video lines 9 

. 
through 15 are shown in B of Figure 3-59 ... 'The raw video has certain, 

,.-
inherent information which is utilized in the signal processor. There is 

th~ bac~ground level which is due to the average scene brightness, the 

target and clutter may be lighter or darker than the backgro\lnd and portions 
~-,. , 

of the scene may have more contrast than others which results in higher 

pe~k levels in the video. The raw video is first amplified in an operational 

arnplifi~r. The a."'Ilplified output is integrated t-:) achieve a d. c. voltage 
.... 

proportional to the average scene brightness. This integrator input is 

opened by an analog switch during blanking time to el'iminate blanking 

. information from the integrated output. The d. c. output is differentially 

added to the video operational amplifier input so the output video is always 

referenced to the average background. The video output is positive or 

negative with respect to grounc:! depending on whe'~her it is brighter or 

darker than the background. In addition, the d. c. generated from the 
... 

ba<;kground is added as a portion of the threshold volt age which will 

ultimately determine if video is target or clutter. A portion of the back-

ground referenced operational amplifier output is further amplified in a . , 

differential amplifier. This integrated amplifier has a gate controlled 

inl?ut which is uSI~d to disable the amplifier during camera blanking. 

Both video polarities from the differential outputs are peak detected and 

the peak amplitude voltage is held in a memory circuit. The peak 
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detector is active at all time!; in the absence of video input. After video 

information is first detected a timing circuit is energized whicl; .. oldsthe 

peak detector circuit at full gain for ap'proxirnately 15 fields. During this 

period the field of view is tested by the peak detector for the highest contrast. 

After this selection is ma~e and the gates are set around the detected 

contr:ast area the. tim~ng circuit reduces the peak detector gain to allow 

lower threshold control and consequently tracking of the entire target 

rather than the 7.1ighest contrast in the target. The peak detector output is 

summed with the background reference level to establish threshold levels 

for the video comparator. 

The video comparator is an integrated circuit dual comparator. The background 
• 

referenced video which contains positive and negative outputs is compared to positive 

an:d negative threshold levels derived from the background level and peak detector. 

The positive and negative threshold may be adjusted for different dynamic slopes 

and ranges. 

If the video input is more positive than the positive threshold or more negative 

than the negative threshold the comparator output switches state yielding a positive 

lQgic level output (B of Figure 3- 59). The comparator has a strobing input also used 

t~ apply gates ·to the video signal. After acquisition the position detector locates early and 

late gates around the target. These gates are used to disable the comparator so that 

clutter which may appear in the field of view is not passed to the position detector 

if it is outside of the gated (window) area. The output from the comparator is 

logic level pulses vhich are proportional in width to the video which is above 

threshold. 
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3'.6 Down Link Communications Equipment 
i 

3.6.1 Information Coding. - The video AID converter uses a form of th~ delta m~du­

latlon process whicl'. transmits, one bit at a time, tho changes in the video analQg signal. 
.. I 

. 
The changes in the analog input signal are qetermineti by comparing the input l~vel with 

the level of a previously 'sampled portion of the input. by means of a digital feedback 

loop. The difference between the levels of the reconstructed analog and the input 

video appears as an error .signal from the comparator which feeds a binary decision 

circuit. In a conventional linear integration delta cod~r, positive or negative pulses 

are generated at the clock rate, depending upon whether or not the reconstructed 

Qutput is greater or less than the input analog. The pulses generated are either 

~osltive or regative at each clock period, and their amplitudes are constan~ regardless 

of the magnitude of the error. The analog signal is reconstructed from the pulse 

train by an integrator whose output decreases or incre.ases a fixed amount, depending 
• 

upon the polarity of the pulse and its input. The feedback from the integrator to the 

__ comparator is degenerative,' so that the reconstructed signal approaches the input 

signal, as sho\\11 in Figure 3-60. The digital signal coupled out of the analog-to-digital . ' 

converter is the pulse train from the binary decision circuit. The analog signal can be 

reconstructed at the receiver by using an integrator identical to the analog-to-digital 

converter. 

The AID conversion employed in this equipment is a slight modification 

of the conventional process in that a pulse train of only one polarity is used to drive 

~he integrator. A pulse either exists or does not exist at each clock period. The 

integrator circuit consists of an integrating capacitor and a .. resistor . .The capacitor 

~harges one step of volt age when there is an input pulse, and discharges through the 
! • 

*esistor in the absence of :l pulse. The integrator is nonlinear, since the leakage 

current is proportional to the voltage across the integrating capacitor, as shown in 

Figure 3- 61. 
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Figure 3-62 . shows a block diagr~ of ihe analog-to~igital converter. 

The input analog video is amplified and compared with the reconstructed analog at'thc 

summing junction. The difference voltage is fed to the first binary ~ecision circuit, 

which samples the error signal at a rate determined by the system IS clock generator. 

If the error voltage 'exceeds a prescribed threshold, a pulse appears at the output of 

t~e first decision circuit. The pulses appearing at the output of the first decision 

circuit have some leading and trailing edge jitter, v'hich is proportional to t~e 

Jnagni~de of the error signal. To remove this signal, a second decision circuit is 
.~ " 

Used. The clock signal gating the second decision circuit is delayed slightly, so 

that it does not respond to the jittering edges on the p.1lses, from the first decis ion 

circuit. The pulse train from the second decision circuit is fed to the integrator, 

which reconstructs an analog video signal from the pulses. The reconstructed analog 

1,5 fed to the summing jlU'.ction, and to an output which permits monitoring of the 

analog-to-digital conversion performance. ' The digital signal from the second decision 

CirCUit, which contains the video information, is of the return-to-zero form. The 

reclocker circuit converts the output to a nonreturn-to-ze'ro signal at a nominal 

o and 1 volt level. which is accepted bv the optical modulator's driver circuit. 

A detailed description of the digital communications eqUipment has been 

supplied to NASA in a separate report. 

: 
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reaSon for considering the immediat€lly adjacent bits is to ensure that any 

intersymbol interference caused by imperfectly m'itched filtering in the 

communication dt,'tector is properly measured. 

Since the pattern is periodic, its'spectrnum consists of a number 

of discrete spectral'lines, as shown in Figure 3- 63 for the 30 Mhz bit rate • 

The scintillation measurement made with data modulation can be achieved 

by filtering out one of the spectral lines (greatest amplitude c9mpon~nt) 

anc;t measuring its fluctuating amplitude. If'the pattern is too long, the spaCing 

between spectral lines will be too close to separate with simple filters. The 

s~lected length, 31 bits, permits this filtering with convenient values of 

center frequency. For example, e:...iraction of the funda~ental spectral line 

requires the following nominal center frequencies: 

BIT RATE FUNDAMENTAL FREQUENCY 

30 ~b/ 5 970 Hz 

1 mb/s 32 kHz 
f' 

5 mb/s 160 kHz 

30 mb/s 970 kHz 

For bit rates above 30 kb/s, extraction of the fUndamental code 

frequency component reaoi!y enables measurement of scintillation within the 

entire 0 - 5 kHz band. At the 30 kb/s rate, the fil'st five code components fall 

within the 5 kHz band. Consequently, extraction of only lhe 970 Hz component 

would limit the scintillation band to nominally 0 - 500 Hz. The PN spectrum 

or lll1y intenSity modulation, poses potent;.al problems to the optical tracker. If 

the code components fall in the spectral region of t!.1e scan modulation or tracker 
>I 

bandwidth, erratic tracking or loss of track can result. 
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3.1 AOCP Calibration and Test 
i 

This section describes the calibration techniques for the various AOCP 

Ii subsystems and presents calibration data acquired prior to shipment of the 

. ~ system hardware. Because of the schedule delays resulting from the earth-

quake damage, there was considerable pressure to ship to the integration 

contractor's facility to avoid further program delays and increased program 

costs. Consequently, the system tests priOl' to shipment were not as extensive 

as was desirable. Further, the dynamic environment was not defined and tests 

in that environment were planned to be conducted at the integration contractor's 

facility. 

Calibration and acceptance test plans were prepared and the NASA/MSFC 

CQTR witnessed tests prio,r to delivery. 'The primary test instrument was the 

GeE described in later sections of this report. The following paragraphs 

summarize the calibration tests performed at the time of acceptance. 

3.7.1 Modulation Index. - Modulation index measurements were made using the 

pseudo random word input to the modulator driver. The modulation sensor in the 
..... 

GCE provided an output (dc coupled) to an oscilloscope from which th:e peak and 

minimum of the detected modulation waveform could be measured. Modulation 

index as. maximized by adjustment of the modulation transfer characteristic 

operating point using the soleil-Babinet compensator as de'scribed in the 

MOdulator section af this report. Modulation index can be varied over a range 

from ~~cro to 75%. The voltage transfer characteristic for the modulator 

are given in the Modulator section of :.:ilis report. 
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The AOCP modulation index can be readHy and conveniently measured 

using the GeE and is a routine preflight procedure. 
! 

3.7.2 Transmitted Beam Divergence. -, The transmitted beam divergence was 

- measu~ed by projecting the beam onto a scene at a long distance and determining 

the. beam cross section diameter. Figure 3- 64 illustrates the experimental 

setup. The beam diameter is measured at the exit aperture of the afocal telescope . . . .. 

and at the screen at a distance of 36. 5Sm (1440 inches). The beam diameter 

thus determined corresponds to approximately the 

The beam divergence angle, e, is given by 

B-A 
R 

1 
2 e 

intensity points. 

where B = beam cross-section diameter at the scene 

A = beam diameter at the exit puPil of the afocal telescope 

R = distance to screen 
. . 

Because of the initial poor quality of the afocal telescope corrector plate, 

considerable transmitted beam distortion was pre~ent causing .fringes to 

appear in the beam cross-section. Figure 3-65 shov:·s tracings of the beam 

profile at the screen for the various beam divergence positions. Estimates 

of the effective beam diameter were made by averaging many readings taken 

by several observers. Table summarizes the diameter averages for a 

given beam divergence control position and indi'Jates the quivalent beam 

divergence angle. This data is plotted as the original calibration data in 
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TAELE BEAM-DIVERGENCE CALIBRATION DATA 

- B .. T A 9 
Avg. Diameter A vg. Diameter Beam Beam\'ridth Beam\\idth 
Transmit Beam at Distance R (;.L rad) (Arc Sec) 

(em) (~m) 

'1.91 2.16 '. 66.4 13.7 

1.60 1.65 15.48 3.4 

2.29 2.14 123.6 25.5 

3.07 4.32 ·337 69.5 

.2.74 5.21 ,674 139 

6.10 
• 

3.00 848 175 
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Figure 3-66. Note that the beam dlvergence cam was positioned so that it was 

" possible to move on either side of collimation and actually converge the beam 

somewhat a position 1. The beam divergence control was later adjusted at 

MSFC and the calibrat ion was repeated by both ITT. and NASA personnel. The ,. 

r~vised calibrations for these two sets of measurements are pk~ted in 

Figure 3-67. with the original da~a. 

3.7.3 Laser Power l\10nitol', - The function' of the'laser power monitor is to meas-

ure the average JlloduIated power output of the AOCP HeNe laser. The laser power 

was measured at the output of the AOCP afocal telescope and compared to the 

voltage obtain~ from the power monitor output. The measurement stand was 

a precisely calibrated photo diode power detector and power level changes were 
• 

made by inserting neutral. density filters into the transmitter path prior to the 

laser power monitor location. Figure 3-68 is a plot of the laser power monitor 

calibration data. 

3.7.4 Scintillation Monitor. - Calibration of the scinJillation monitor, subsystem 

utilized the GCE modulated beacon laser as a source and an NBS traceable vacuum 

photo diode standard detector. Figure 3-69 illustrates the photo dlode 

radiometer construction. Because of a nonuniform beam intensity profile from 

the GCE, a large area collector w~s used which simulated the AOCP entrance 

pupil in size and shape including the central obscuration. The GCE modulation 

Inde=, was adjusted to 70 per cent, and the power transmitted was measured 

with the calibrated photo diode radiometer in a darkened environment. Then 
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the beam from the GCE was permitted to impinge on the AOCP aperture and 

the scintillation monitor outputs were recorded. This was repeated for various 

power levels tc obtain sufficient number of points for plotting. Note that the 

scintillation monitor outputs are related to the tltal power at the AOCP 

collection aperture rather than at the photo detentor located within the AOCP. 

Plots of the scintillation monitor calibration for each of. the three outputs are 

given in Figure 3-70. Outputs of the scintillatIon monitor ct\n be obtained 

as a function of irradiance at the collection aperture for a uniformly illuminated 

aperture by dividing the power of the calibration curves by the collection area 

as shown in Figure 3-71. 
. 

3.7.5 Tracker Linearity. - The tracker SUbsystem transfer characteristic gain-

slope and linearity was measured. The measurement procedure was u. place the 

AOCP tracker into the five track operation mode on the GCE beacon and preCisely 

~ef1ect the GCE output beam using the GCE finely adjustable folding mirror. The 

beam deflection angle, as measured by autocollimator, was recorded and plotted 

with the corresponding tracker output voltage. The data taken was plotted on a 

six-foot graph and linearity and orthogonality was determined to be better than 

0.5 per cent. A summary of this data is given in Figure 3- 7. 2. The tracker 

transfer characteristic gain is determined by the slopes of the z-axis and y-a.xis 

plots and are indicated on the graph. 

, , 
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Data was taken at various light levels covering a dynamic range of 

greater than 30 db in voltage. Figure 3-73 show,; the optical image 'shape at 
.I 

i 
the image dissector photocathode in terms of the; aperture size as determined .' 

by scanning the image plane with the image dissector aperture. ThE.~ plot 

indicates an optical image size to be very nearly the size of the aperture. . . 
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Figure 3-73. Optical Image Size at AOCP Image Dissector 
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3. 7. 6 Bore.sight Stability - The AOCP transmitter /receiver bore-

sight alignrnnnt stability was measured at reduced pressure to dem~n-

strate the integrity of the pressurized transmitter compartment and 
i 

its ability to withstand the force s produced, .. on the compartment. ",I ... 

Figure 3-74 shows the AOCP unit mounted in a vacuum test chamber that 

permitted the system to be operated and the output beam direction to 

be monitored or the pressure was' reduced: The system was pumped 

down to 10-4 torr and held for 8 hours. No beam wander was obsp .. :ved 

nor was the pressure in the compartment reduced as a resalt of this 

test. Bearn positinn was continually monitored during pump down by 

observing the position of the laser beam directly from the transmW 
• 

compartment impinging on a screen at a distance of 50 feet. 

This test also verified the integrity of the high voltage com-

ponents operating in a reduced pressure environment. Later in the 

flight test phase of the program, some problems occurred from high 

voltage breakdown at reduced pressure. This is believed to have 

been caused by the freqtuent subjection to moisture condensation 

resulting frorn faulty air conditioning during the flight tests. The 

problem was fixed by potting and additional high voltage insulation 

in the high voltage areas. 
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4. REMOT QU ME TRACK (RE ) 

rm qu' p nt r ck ( R ) h a dware i llus-

'rea In 19tu. e - 1. comprise onnec or pan 1 or ower 

dis tribu ion d ho in OCP laser pow r supply, an T 

TV i na p oc s r and rack and an n alog- o-di i 

and p.seudoraridom· word n r 0 

The pow r nd conn c or panel sho" i 19ure . -2 is typIcal 

mechanicall . of th h pan 15. 

Figure ' - 3 1 a block diag am of the E Id ntU i the 

conn c or loca . on s and li s ing h various inpu 5 and 0 pu s . 

. Detail d d scr ' p ions of h RER Uni s r cov r d in th 0 &: 

manuals and l sewh r in thi report . 
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Figure 4-3. Remote Equipment Rack (RER) Block Diagram 
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5. CUBE CORNER ASSEMBLY 

The function of the cube corn!!r assembly is to reti"o-refJ.ect 

the GBAA laser radar energy at the aircl"3.ft and thereby greatly 

enhance the aircraft's apparent optical cross-section. The cube 

corner assembly comprises the optical element and it.s mechanical 

mount as indicated in the hardware tree of Figure 5-1. Two mechanl-

cal Il'lount designs were made. ,!,he initial design was a three-point 

mount illustr3.ted in the photograph of Figure 5-2. At the request of 

the integration contractor, the mechanical mount design was Inodi-

fied to a four-point mount as shown in the detail,ad drawing of 

Figure 5-3. 

The optics were GFE items although the design was specified 

and acceptar:ce tested by ITTG. The cube corner optical elements 

were p.t"oc,ured from Precision Optical Company, Costa Mesa, 
, , 

California and proved to be of excellent quality near diffraction 

limited for the 2. 75 inch usable aperture. The cube <!orner material 

was specified as fused silica so that the optical quality would be 

maintained over a largE:.\ temperature range. Since the cube corner 

assemblies Were to be mounted externally to tht:;, aircraft, they 

. 
woulcl experiE'.nce the extremes of temperature variation from as 

high as +120o F on the ground to as low as ~~OOF at the higher 

altitudes. 
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!:!;tro-Reflection Efficiency Factor - The radiometric analysis 

presented in the GBAA section of thi~ report defined a factor: 

G = 

l 

NAT (T r:K )2 
cr cr cr a sc 

R4 

We now define a new factor 

F = 
NAT 

cr cr cr 

4Icr 

'. 

Using the definitions and values defined in the 8-6-70 report, 

. , 
The quantity, ~cr' is the solid angle of the beam returned 

by the retro-flector toward the GBAA. This is affected by two 

phenomena, the diffraction of the beam. by the aperture of each 

corner reflector, and the divergence caused by the pyramidal error 

(non~orthagonality of the reflecting faces) of each retro-flector. 

'These will be discussed separately, and then in combination. 

Diffraction: Assum.ing perfect corner cubes; the retro-

flected beam.' s divergence is a function ·of the shape and size of the 

effective area of the ,individual cornercube retroflectors. 'The 
, ... . .... 

, .. 
effective area, in turn, is a complicated func,tic;>n of the angle of 

" 

incidence of the incom.ing beam from. the GBAA transmitter. (The 
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~ , ' 
If 

, 
" , , 

incident angle 1.5 measured frum the perpendicular to the retro£l.ector' 5 

entrance-exit surface.) A simplifying and "safe" assumption is that ,. 
" 

the effective area is the equivalent-area cirde, with diameter, D. 

The beam angular divergence (diameter) is, then, 

ct»cr. = 
2.44 ).. 

D 
radian. 

For )..:: 0.5145 micron, and <Pcr = 4 arcseconds, Dmin = 2. 55 inches. 

This divergence corresponds to 4Icr = 2.95:<: 10- 10 steradian, used 

in the previous calculations, referenced ab'ove. 

Pyramidal Error: In the absence (assumed, but impossible) 

of diffraction e.:fects, a beam from an infinit.~ly-distant point source, 

filling the entrance-exit aperture of the cubecorner retroflector, will 

e~erge from the retro£lector in six distillct beams, of various shapes 

depending upon the angle of i?cidence. If pyramidal error exists, 

these emerging beams will not be exactly parallel to the entering 

beam nor to each other. For conv~nience, we define pyramidal 

~rror to be the angle between the incident beam and the wor st-case 

emerging beam. As a consequence of a large enough pyramidal 

error, it is possible for all six sections of the returning beam to 

miss the GBAA receiver. The allowable pyramidal error must be 

specified for the cornercube s. 
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., Pyramidal Error and Diffraction in Combination: In general, 

each of the six emerging (reflected) b~ams resulting from pyramidal 

c ~ ... error will have its own re spective. diffraction pattern, its exact form 

.. 
determined by the shape and size of its a,s sociated effective aperture,: 

as indicated above. These diffraction patterns, of course, increase 

the angular "diameter" of their respective beams, and, ii the diffrac-

. 
. tion angular semi-diameter is greater than the pyramidal error, the 

six retrofleded beams will merge into a single pattern, essentially 

centered on the incident beam. The re sulting pattern will be of 

more or less unifor.m intensity, depending upo~ the amount of pyra-

midal error and the incident angle at a particular time. The pattern 

in no case will be absolutely uniform. 

• 
Partial Specification of Cornercube Retroflector: If the 

diffractio,n angular diameters of the six retroflected GBAA beams 
, , 

are each to be 4 arcseconds, then a pyramidal error of Z arc seconds 

could theoretically result in zero intensity at the center of 'the com-

posite retro£lected beam pattern, and the total beamwidth could be 

8 arcseconds. To assure better overlap, specify retro£lectors with 

1 arc second maximum pyramidal error; in this case, the total 
, .' 

beamwidth could be as large as 6 arc seconds. 
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- Retrollector De sign: 
{II 

I' "i 
i' 

Shape: Two conunon shapes are used for the cubecorner - ... 

retroflectors. One is like a cube, cuf through on a diagonal between 

the opposite corners of three adjacent cube sides. The other is addi-

~onally cut to remove the" three corners of the triangular diagonal 

face produc~d in the lirst shape, so.tha~ the 4iagonal face is then a 

regular hexagon. (These last 3 cuts are made perpendicular to the 

diagonal face.) This hexagonal shape (or circular when the edges are " 

removed), is useful when the angle of incidence is always perpendi-

cular to the entrance-exit face. 

.' 
Effective Area: The effective area of the cubecorner is a 

rather complicated function of the angle of incidence and the index of 

refraction of the cubecol"ner material (glass). The graph of Figure 5-4 

shows the relationships for a triangular cornercube, for indices of 

refraction of 1. 000 (trihedral mirror - not glass), 1. 517 (Boro-

silicate glass-BSC2), and 1. 798 (Schott Glass SFll at 0.5145 microns 

wavelength). It is noted that the effective area drops off to 80 percent 

at incident angle of about 230 , for BSC2 glass. This angle rises to 

about 26 0 for the SFll glass. The curves are unsymmetrical about 

zero incidence angle, in the plane for which calculations were made. 

. The curve for fused silica (n :: 1.45) lies inte!:mediate to the curves 
! 

e for l"' = 1.0 and n = 1. 517. There are three planes, at 120 d.egrees 
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iT,ltervals, whe re the same results are obtained. At all intermediate 

planes, the results are between those sh~wn in the curves. 
/' 

Transmission Losses: At 0.5145 microns wavelength, most 

optical glas'ses have from 1 percent to 3 percent loss per inch of 

optical path length. Use a nominal 2 percent per inch in this ca1cu-

lation. until the exact glass to be used is known. 

The Fresnel10ss at the entrance-exit surface, with proper 

anti-reflection coating s, will be between O. 5 percent and 1 percent, 

per pass through the surface. Use 1 percent in this calculation. A 

sood silvered reflective surface, required in cornercube retroflectors 

• 
when the incide.lce angle is large enough to preclude use of total 

reflection, has a loss of about 10 percent per reflection. There are 

three such reflections in the cornercube. Thus, for a triangular 

, , 

corner prism, 4.33 inches on its longest side, whose optical path 

through the prism is 6.734 inches, the transmission will be 

6.734 2 3 = (1- 0.02) x (1- 0.01) x (1- 0.1) = 0.624 

Summary: As shown above, the design critf~ria ar~ 

expressed in the equation 

NAT 
cr cr cr 

"'cr 
= 1. 1075 x 109 ft2 ster- l • 

~ 

Any combination of factors which meets this requirement will permit 

the GBAA to operate in the assumed worst-case radiometric situation. 
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It can be shown that, where 5 is the length of a long side of 

the triangular cornercube in inches, the maximum effecth:e areCl; (at 

normal inci-ience angle) is / 

and that 

A = cr 

/ 

0.28868 52 2 
144 ft., and that 

T = (1- 0.02)1.,633045 x (1- 0.01)~ x (1-- 0.1)3" 
cr 

! 
\;.. t., 

,. ~L 

, - '" ~ 'j 

Note that Acr must be multiplied by the factor' ?btained from the 

attached graphs, to obtain the effective area for a given case. For 

the GBAA, this must be correlated with the flight plan of the aircraft, 

to determine the geometry involved. Comb.ining the above factors, 

, . 
N x (Factor from Graphs) 

cr 
= 60.73 

2 
(8. ~518 +'0.9696) 

S2 x (0.98)1. 633045 

The results of this calculation are presented in the graph, shown in 

Figure 5-5. 

Although the triangular. shape cube corner aperture provide s 

the greater collection area with larger incidence angles, the circular 

cross··section was selected for conveniencE! of mounting. The loss 
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,:n collection efficiency was offset by the increase in the number of 

retlectors used in the a.rrays. The corner reflector arrays are 

separated 0:1 the aircraft to minimiz'e the effects of atmospheri~ . 

scintillation. An analysis of the required separation to minimize the 

scintillation effect is presented in the Appendix of this report. 

The individual cube corners are aluminized ~nd Si0
2 

over. 

coated to maxitnize the r~flection efficiency over large angles. The . 

technique of assembly of the optical element into the mechanical mount • , 

shown in Figure 5-3, is to secure the glass into the aluminum cylin-

der with a flexible rolithane potting compound ~ixed to retain resil-

iency at the low temperatures so th.at the optica.l element is not 

stressed. The potting is used only in the region indicated in the 

assembly drawing to avoid abrasion of the coated surfaces that might 

be produced with expansion and contraction due to temperature 

changes. A small air bleed hold is place~ in the cover to permit the 

,enclosure tOctttain the ambient pressure. 

The individual cube corner assemblies are mounted in five 

arirays of six assemblies each for attachment to the aircr~,£t skin by 

the integration contractor. .One 7i the six element arrays is shoWn 

mounted on the underside of th.e RB5? wing in Figure 5-6. 
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After several flights, some coating damage was observed on 

several of the cube corners as shown in the photographs of Figures 5-0 

and 5-7. This coating flake was determiJ'.ed to have result'ed from 
I 

moisture condensation produced by returning to ,a "ery humid environ- ' .. ' 

ment from the extremely cold high altitude environment. This 

moisture collected around the coating surface and probably froze on 

subsequent flights causing mechanical'abrasions to th~ coatings. 
. . 
t .. Once a fractu·re was produced in the hard 0vercoat, moisture could 
" 

I 

attack the aluminum coating p?oducing the observed defect. The 
I 

effect of this damage is to r/~duce the reflection efficiency of the 

affected unit by an amount pr\')portional to the ratio of the damaged 
• 

area to the full area of the entrance aperture. The maximum degra-

dation for an affected unit was of the order of 15 percent and deemed 

to be an acceptable amou.nt. 
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6. GROUND CHECKOUT EQUIPMENT (GeE) 

The function of the GCE is t~ test the Airborne Optical 

/ 

- "Communications Package (AOCP), permit accurate optical alignment, 

, ''''and simulate the ground based portion of the optical communications 

linl. The GCE also is capable of exercising the ancillary equipment 

(gimbal mirror, computer) furnished by the integrating contractor. 

GCE capabilities include: 

self-checking of alignment, focusing, and optical .... 

modulator oper~tion 

tests static and dynalTlic alignment of AOCP, . with 

visual and electronic readout of alignment/tracking 

performance 

.. 
;. 

checks tracking capabilities 0: Image Dissector Tracker, 

Beamsteerers, and CCSD Gimbal.Mir,ror 

Checks operation of Helium Neon laser and modulator 

on AOCP. 

Checks comlTland decoder and command execution. 

Figure 6-1 presents the GCE' hardware tr'ee showing the 

various subs~'stem relationships. 
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The GCE consists of two units, the Control Panel and the 

Optical Unit, whlch are linked by cables (~ot bhown). The optical 
,.-

, unit is mounted on a low-profile dolly, l~O that it can be positioned 

under the fuselage of'the RB-S7 AircrC'J.ft in which the AOCP is 

: i 

1 
~ 

. ~ 
i ~I:i 
~ '~ 

Ii 
I 

" 

installed. Figure 6 -2 _ is a photograph of the QCE equipment showing 

the cover open. The GCE control console is a rack of electronic 

equipment mounted on a four-wheel dolly shown in Figure'6-3 and 

consists of the following iterns; 

(1) Tone Generator (GFE), for controlling the modulation 

impressed on the Laser Modulator in the GCE Optical 

• 
Unit. 

(2) High Frequency oscilloscope (Tektronix R454, GFE) 

fQr observing the modulation from the GCE and AOCP 

lasers, the outputs of the Y-Z Position Sensor, and for 

general utility. 

(3) Control Panel, which controls the variable speed 

nutating mirror motor, DC power on the GCE optical 

Head, provides meter readout of the Y- Z Po sition 

sensor s, controls flip mirror and shuttl~r solenoids /, 

and .l.ccepts BER clock and Video signa.ls from the 

Aircraft mounted equipment. 
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(4) PClwer Supply for RCA LD 2108 Argon Laser, which is 

. 
mounted on the GCE optical Head. (Later replaced by 

I 

Spectra Physics Model 162 laser.) 

Also included iT. the rack are two drawers for storage of cables • 

. 
A small rem9te control box, which connects by cable to 

, , 

the Control Panel, is provided to permit actuation of the motorized 

potentiometers ,:n the AOCP for adjustment 0:: electronic boresight. 

The GCE Optical Unit is an assmubly of optical and elec-

tronic components and subsystems on an aluminum ba.seplate, 

mounted on a low-slung four-wheel- dolly. The iollowing items are 

included: 

(1) An Argon Laser, with an output power of several milli-

watts at 4880 A to simulate the up-link beam to the 

optcom Receiver on the AOCP. 

(2) A set of optical attenuators (density zero, three, five, 

and infinity), rnounted on a rotary holder, and con-

.. 
trolled by a knob on the bulkhead adjacent to the:'! c)ptical 

Viewer. These attenuators control the lase}." beam 

power. 

(3) An electro-optical modulator (Lasermetrics EOM-7tH) 

and a l'nodnlaror driver . 
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(4) A 28 power laser beam expander (Spectra Physics). 

(5) An 8.3 power beam expan~er (4 inch diameter ,exit 

beam), with three "folding" mirrors, for proj«~cting the 

collimated Argon laser beam., and for receiving the 

Heli1.l.m-Neon'laser beam from the AOCP. 

(6) Vario~s beamsplitters, mirrors, and a 'cuhecorner, 

for dir,ecting the beams to desired locations. 

(7) A Viewer (telescope), for visually observing the Argon 

and Helium-Neon laser beanls and their mutual align-

ment, as well as for testing optical collimation. 

(8) A two-axis position sensor, with associated optics 

and nulling mirror, for electronic readout of boresight 

and tracking misalignment. 

(9) A photomultiplier detector and amplifier j for detecting 

the modulation on each of the laser bean-iS,. and pro-

viding signals for display on the oscilloscope in the 

GCE Control Pa.nel. 

(10) A 6-inch diameter flat mirror, mou.nted in an adjustable 

holder on the shaft of a variable-speed motor, for 

pr~viding a nutation of the proje~ted argon la.ser beam 

6-7 
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1 , 

th):ough various angles (nominally zero to six degrees) 

and at various rates. 
( 

i 
1 

(11) A rectangular mirror mounted:n an adjustable holder 

which rides on a track, for directing the projected beam 

upward into the Aircra~t window at a v~riety of angles. 

Figure 6 -4 is a functional block diagram of the optical unit 

and Figure 6-5 shows the physical layout of this unit for easier 

identific;ation of the components. 

The beacon section includes an Argon laser, operating at 

0.488 micrOlneter followed by a neutral, density filter wheel for 

controlling th.e beacon power. The initial design used an RCA laser 

model which proved to be unreliable and unstable in output 

beam direction. The laser plasma tube wa~ short lived and replaced 

three times under warranty. The Argon laser was then replaced 

with a newly developed Spectra Physics model 162 which has 

demonstrated excellent stability and life characteristics and greatly 

improved the performance of the system. The laser is follmv:ed by 

an electro-optical modulator which places a 10. 7 MHz ri subcarrier 

. , 

on the optical beam simulating the communications channel of the 

operational ground station. The 10. 7 MHz subcarriel' is FM modu-

lated with the up-link command information to excrci~\:! the AOCP 

. . 
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receiver system. A beam expander telescope (laX) expands the lase'r 

beam to fill t~1.e entrance pupil (0.48 inch diameter) of the output 

telescope. w..ost of the laser energy. reflects from the beam splitter, 

shown in the functional block diagram, and exits the system through 

the afocal tel~scope (8. 3X), rotating mirror and the adjustable folding 

mirror. The ~otating mirror is "included for the 'purpose of conically 

scanning the output beam directio~ th~ough'~n adjustable cone angle 

and at an adju stable angular rate. This is accomplished by a dual 

wedge mirror mounting assembly which can be differentially rotated 

tq provide deflection angle magnituder from zero to approximately 

10 degrees. The larger scan angles, which are beyond the field of 
• 

vilew of the AOCP, are used to exercise the coarse acquisition 

system and the gimballed mirror. The folding mirror permits the 

GCE exit beam to be directed up into the aircraft window from various 

directions sim.ulating different acquisition app.roach flight paths. 

Figure 6 -6 shows the orientation of the GCE beneath the RB57 ail'-

cr,aft for checkout in two different ground station approaches. In 

adidition to the beam coarse direction control, the adjustable folding 

.. 
mirror provides a fine adjustment of the beam direction for quanti~-

tive calibration of the AOCP acquisition field and error signal gains. 

This mirror ca.n also be positioned so as to autocollimate the GCE 

afoca! telescope in its self alignment and calibration mode. (The 
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~se .of the GeE in its variaus calibratian, a,lignmei1.t and test mades 

has been described in the 08tM manual pre vided previausly under 

this cantract.) / 

,/ 

A portian of the GCE 1asel" energy~passes through the 

adjustable beam splitte~ (coated to reflect 0.488 micrometer radia-

tion and transmit O~ 6328 micrometer 'radiation) and impinges on the 

carner reflector when the shutter is opened. The corner reflector 

returns the energy from the 0.488 micrometer laser to the beam 

splltter where it is reflected int" the rec.eiver portion of the optical 

unit for pointing direction reference and 10. 7 MI~z modulation index 

manito ring purposes. When the flip-mirror is in position, the GCE 

laser is deflected onto the photomultiplier detector and the 10.7 MHz 

subcarrier is detected and dc coupled through a wideband amplifier 

far. display en the centro1 consale oscilloscope. This per.mits 

manitaring and control .of the medulatian depth .of the laser subcarrier. 

Whe1~ the flip-mirrar (cantralled tram the cansale) is 

remaved from the optical path, the beam from the retro reflectar 

cantinues onto Jhe beam splitter element which reflects a partian .of 

the energy into the alignment teles cppe to .obtain a visual reference .of 

the beam positian and quality. The main part of the beam passes 

thraugh the beam spl~tter and is imaged on,a an X- Y position detector. 
" 
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The X- Y sensor provides an output in two orthagonal axes indicating 

the beam position on the detector. An adjustable folding mirror ic. 

us.ed to preciseLy center the 0.488 micrometer image on the X- Y 

sensor's null axis to establish the transmitted beam reference direction ,~ 

for later comparison with the received beams position from the AOCP. 

I This then determines·the magnitude and direction of any ~oresight \ 

t-. error within the AOCP system. AOCP boresight correction i.s 

accomplished b~r commanding an offset track to the image director 

tracker from the GCE while nulling the received AOCP beam on the 

GCE X- Y sensor. 

• In oper:ition, the collimated 4 'inch diameter 0.488 micro-• meter beam is directed into the AOCP and acquired and tracked. 

The AOCP then points its 0.632.8 micrometer beam back toward the 

GCE unit. The AOCP transmitted beam enters the GCE afocal tele-

scope after reflection from the folding and rotating mirrors and 

passes through the beamsplitter into the GCE receiver section. When 

the flip-mirror is in position, the incoming beam is folded onto the 

photomultiplier detector for AOCP modulation ind~ measurement. 

R~moval of the flip-mirror permits the AOCP laser beam to be imaged 

onto the X- Y position sensor. Since the X- Y position sensor has 

previously been nulled with the GCE laser, the position read from 

the X- Y sensor from the AOCP beam is a measure of boresight 

+, 
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error between the AOCP receiver and AOep transmitter. When the 

rotating mirror is operated, causing the GCE beam to be deflected 

.,' 
dynamically, the AOCP tracker will'detect the input angle change 

I , 

and correct for this deflection by closed loop pointing of the beam 

steerer mirrors. Consequently, the AO'CP transmitted beam direc-

tion exactly coz:npe~sates for the GCE rotating mirro~s deflection and 

the image on t?e X- Y sensor ren:-ain still. As the rotational rate of 

the GCE mirror is increased, the AOCP control system lag can be 

observed at the X- Y sensor output. The nulling sensitivity existing 

in the X- Y position sensor is better than one microradian. 

Figure 6 -7 Is the electrical block dlagram for the GeE. The , ' 

dashed line represents the interface between the optical unit and the 

control console. The interface cabling and optical unit operation and 

mode selection occurs at the GeE control pa.nel shown in Figure 6-8. 
. , 

"'. 

. 
·f 

/ 

.' . 

; 
,\ 

.lI 

~ '1 
5-~ I. 

1 ~ ,~ 

~ .! 

. ~ 

'. I 
I , 

j 
i 

.J 
! 

i 
J 

'I ! 



-, 

4 

0"­
I 

...... 
0"-

} 

0:;:0 ........... 

.-.: 
...... ..,; 
(f) ' 

~~ 
.-

~~ 

11.5 VAC 60HZ 

l 
IU CLOCK SYNC 0-
(f ROM RU ) . SCOPE 

(GFE) 

I OC 
VOLTMETER 

li S VAC 115 VAC 

1 ~ 
(IN/ OUT) MI RRO R 
SHUTTER CC'''ITROl 

CONT ROL (IN/ OUT) 

I- -------------- 1---- 1- --- ---

MODULATION SHUTlER 
D[lECTOR f--o 15 VOC SOl(NOID 

1 . 
'--

VID[O 
t15VOC 0-AMP LlFI£R X CHANNEl MIRROR 

DIFFf~EN1iAl I- SOLENOID 
AMP LIFIER 

+6 VOC 1 . f 6 VOC 
- 15 voc 0--. 

I I . 
X-V 

REGULArOR - IS VOC _ PO SIT ION 

I 
SENSOR 

I ~ 1 1 . ..., -IS VDC o-- Y CHANNEl 0 

~ ilSVOC - IS VOC DIFHRENTIAL f---

, IS VOCe-- AMP LIFIER 

--- ----

ELECTRONIC 
IIORE SITE 

ADJUSTMENT 
CONTROL 

-x TO 

MOTOR 
CONTROL 

ItS VAC 
( 

+ 15 VOC 
- 15 VOC 

PO WER 5UPPl Y 

VARIA8LE 
SPU D 

MO TOR 

115 
VAC 

x l MOTOR DRIVEN 
POlSON AOO 

INPUT 
(N ASA) 

lINe ---
MO DULATOR 

DRIVE ' 

I ' ~S<. M~~LATOR __ 

HIGH 
VOLTAG E 

POWE R SU PPLY 

* INTERFACE WI TH (CSD 

l-

F i gure 6 - 7 . El e ctri cal Block Diagra m o f G r ound- Checkout E qu i pment 

e .. Q ~ e 

e 

" ' VAC 

LASER 
PO WER 

SUPPLY 

- - --

LA SER 



4. 

\ .. 

C7' --J 

... 
-:> 
.... 
~ 
-' 

-0 
11"1 

I 
-0 
a 
$ 

~ 

" 

VO UM l lti 

"AlIII @IAllIS 

@+@ 
Y All" Z All" 

@-@ 
our CUT our 

@ @) @) 
y,DtO rt, MUY><C '" MON 

IlCII@ ~ar@) J~@) 
IN 'N 'N 

ADJ 
101U',,"T 

~ 

IHUnll MlHOI 

IN IN 

@. (@) 
OUT OUI 

liMOn 
COHllO~ lOll 

~ 
PO.... 't-I,o m ,ON MOIO' 

co,:!r~u 1''' \0 ' - CO .. l lOl LASII faWU 

@~GJG) 
Figure 6-8. GCE Control Panel 

----.... _- - --

MOIO' CONUOL 

:0' I / -:.. 

I \" 

..... , 

~·o~ -

' OWl l Olfn 
o .. ~ o o 

' 0 "'11 

MO tOI CONTlOl 

.S 

il 



i--

I 

i 

I 
I 

. ' 
r 

7. GROUND BASED ACQUISITION AID (GBAA) 

The GBAA portion of the High AIHtude Optical Communication 

Syst~m is a Laser Radar and Ranging, Sysh'm for acquisition and tracking 

ot high altitude aircraft. (See Figu~e 7 -1. ) 

Design, development and pre;linlinary testing of the complett::l 

system was accomplished in a time span of approximately two ye~rs. 

The majority of the system design was straightf~rward, utilizing ITT's 

vast knowledge, in the field of star an~ vehicle trackers. Portions of the 

system, due to uniqueness of application, employed the use of either 

state-of-the-art equipment, or required unique modification of standard 

~quipment. Final syste!ll performance dr~,matically demonstrated the 

worthiness of this exten"~'i~d design effort. .Figure 7-2 shows the GBAA 

hardware tree to be discussed in this sectivn. 

7.1 Overall System Description • 

The GBAA has the capability of acquiring a cooperate target 

consisting of a high flying aircraft carrying a cube corner retroreflector 

array. The target ''''ill be acquired at a slant range of from 30,000 feet 

to 100,000 fedt while tra\'eling at an angulc..r velocity sO. SO/second. 

Target acquisition will be accomplished by the interception of the 

.,ircraft's retroreflectors by the GBAA search scan. (See Figure 7-3.) 

The search or fence scan is one in which a 10
0 

x O. 09
0 

solid angle is 

scanned in the far field, simultaneously, by both transmitter and receiver. 

The 10
0 

fence is scanned in 128 overlapping steps. As the aircraft passes 

through the search scan, a transmitter beam r~flection from the cube 
. 

. corner! s retroreflectors will be sensed by the GBAA receiver sensor. The 

laser radar will then automatically switch to TRACK mode. A cruciform 

track scan wHI be generated, continuously centered about the target 

aircraft by the receiver tr.l.cker. Declination and hour angle error outputs 

',' 
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o will be available at the target tracker control unit to determine the target 

pO!Jition relative to the GBAA boresight axis, accurate to ± 20SeC'. Target 

RANGE will also be output in both digital. anc ,analog form with·an accuracy 

! • ! 

equal to or better than ± 100 meters. 
, t 

A star tracking mode has also been provided to affect an 

infinitely distant point source for mutual alignment of the GBAA laser 

radar and the o!'tical communications telescope. 

The GBAA operating parameters are listed in Table 7-1. 
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TABLE 7-1. GROUND BASED ACQUISITION AID 
SYSTEM PARAMETl~RS 

EQUIPMENT DESIGN SPEC. 

100 

1.1 

1.2 

2.0 

a.l 

2.2 

2.3 

2.4 

3.0 

3.1 

Receiver Optics Assembly 

Lens: De Old Delft, 65nun L 1., f/O. 75, 21 ~. O. V. 
I 

Band Pass Optical Filter: .', 
Maximum on-axis transmittancy wavelength .5145 microns .,' .t.: 
Operating field of view ±5° incidence .' 
Minimum transmittancy 60% at 0.5145 microns, on-axis 
Maximum bandwidth (3db) 0.002 microns, on-axis 
Blocking of 0.001 for S-20 photocathode 
Diameter 3.0" 

Receiver Sensor 

Tube: ITTL F-40l2, S-20 Photocathode, 4 mil square aperture,. 
nom. gain = 1 x 106• 

Deflection: Magnetic 

Focus: Magnetic 

Dynode-High Voltage Power Supply: DC to DC Converter. 

Transmitter Beam Deflector & Power Driver 

Deflector type - G.T. & E PBM-SG, Deflection angle = !40 min 
(Optical magnification to !SO squate field deflection) 

3.2 Power Dt,iver: 'h.sv input for full drive output. 

4·.0 Laser Transmitter 

·4.1 Type: Pulsed Argon Ion, nominal Qperating freq. = 1KHz, waveLmgth. 
at maximum output =.5145 micron, single color, multimode. 

5.0 Electronic Target Tracker and Ranging System 

·5.1, Angle tracker: 
F.O.V. = 100 elevation x 100 azimuth, LF.O.V. = .090 

!cquisition Scan = Single line, 128 ste'p, !So. 

S.2 

Track Scan = !16 step cruciform = tone I.F.O.V: 
Scan step rate = 1KHz. 
Line Scan time = 150 millisec. 
Tracking rate = .So/sec. 

Laser Trigger: 
P.R.F. = 1KHz 
Amp!.= 2.SV 
P. W.= 2 usec. Pulsewidth 
Rise time:: lSO n sec. 
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TABL]~ 7-1. GROUND BASED ACQUISITiON AID 
SYSTEM PARAMETERS (cont'd) 

5.3 Beam deflector drive 
!2.5V for full deflection output 

,. 

5.4 Angle error output: 
l.v/dg into 100 ohm load; source impedance 10 ohms max. 

5.5 Ranging system: 
. Range outputs - Analog, Digitul, Visual Display - > 33 KM . I.,,:. I 

'. 
6.0 Power Supply Panel 

6.1 Input l25VAC - 60 Hz 
Output - DC Volts ='+5, !15, +28, !500 

, ~ ..... 

7.0 Control & Display Panel ~ 

7.1 ,leadouts 
Elev. & Azim. Angle Error - Metered 
Target Presence - Indicator Lamp 

7.2 Control: 
Master Power on-off sw. 
Tracker Control sw. 
Laser transmitter power. sw. 
Calibration, & Test switching. 

• 

Input/Output Information 

1.0 

2.0 

2.1 

2.2 

3.0 

3.1 
4.0 

Input: l2SVAC, 50-60 H~t l5A 

Error Output: 

Angle Error output (elevation & Azimuth) 
~2.5V max into 100 load. 

Crossover Gradient = 0.5 t .05 Volt/deg 
Gradient to be contained within tttyO assymptotic boundaries 
with 10% slope differences. The boundaries shall inter~ept 
the origin of the gradient plot. The gradient curve shall 
be smooth & monotonic. 

Search-Track, Re Acq, Status Indicator 

Analogue or Visual (As Required) 
F:ange Output: 

kilometers /volt 
kilometers/volt 
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'1.1. 1 Modes of Operation. - To acquire and track a target, four basi,? modes .of 

operation are required. These are: SEA1;tCH, ACQUISITION, TRACK and 

MINISCAN. The SEARCH mode, as the term suggests, is used to scan the far 

field in the direction of the approaching target. The laser transmitter beam is 

deflect i.n small overlapping step increments to form a spatial "line of illumination" 

with which to int~rcept the approaching aircraft. In a similar iasbion, the receiver 
~ 

sensors instanta"leous field-of-view (IFOVjis scanned across the sensor 

photocathode in overlapping steps such as to be surroundsd. by the line being 

scanned by the transmitter in the far field. Once the transmitter beam has 

been intercepted by the aircraft, illumination of the retrorefiectqr is seen 

by the receiver sensor in 'the form of a return pulse. The first return pulse 

stops search scanning and advances the mode to ACQUISITION. The next 
- ~-. . .. 

pulse is transmitted in the same angular direction. The second pulse is 

used to verify that the return signal was indeed ener~ returned by the target 

as opposed to "Noise. rl If a second pulse is received the mode is advanced 

to the TRACK mode. If not, the mode is returned to search and the search 

scan is cootinued until two successive return pulses are detected by the 

receiver. Once the target has been acquired it is necessary to determine 

its exact position, velocity, and direction of travel. To accomplish this, a 

cruciform tracking scan is generated. Target positions which deviate from' 

the cent4~r of the tracking scan cause correction voltages to be generated 

which rE!sult in a repOSitioning of the track scan about the target. The 

absolute position of the track scan deflection is read out as an error v~ltage 
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representing the:!:. deviation from center of the receiver field. The center 

being referred to as Boresight. The error sig:lal is used by the telescope 

gimbal system to precisely align the telescope to the target. The tracking 

scan is continu~d so long as return pulses are being received by the receiver 

sensor. If re:urn pulses should terminate due to scintillation for example, 

the miniscan mode of operation is initiated. In MINIS8AN a small raster 

type field is scanned in order to relocate -the target~ It consists of a search 

pattern covering a field of approximately. 65° square. The first return 

pulse received while in miniscan resets the mode conh'ol to the track mode 

and target tracking continues. If no return is received within twelve 

minifield scans, the mode control is recycled to the search mode where the 
• 

field is once again searched in the original 10
0 

Hne scan, or a 100 x 100 

raster type scan, as selected by the operator. 

Search Mode. - In SEARCH mode, the transmitter and receiver searched the far 

field using a line scan consisting of 128 overlapping steps covering a 100 angle. 

The fence scan can be positioned anywhere in a 100 x 100 total field-of-view 

(FOV). 

.. 
The control unit provides selectable search scan oi)tionlJ that will: 

1. 
o 0 -

Search the total 10 x 10 FOV - Raster Scan. 

2. Se.arch a single 10
0 

line - Fence Scan. 

3. Search a specific 10
0 

line - Offset~ 

4. Search a 10
0 

fence at elevation boresight - Position Scan. 
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All scans - ACQUISITION, TRACK, and MINI SCAN are digitally gneerated 

using TTL logic components. The acquisition scan generator is a 7 bit binary up-on 

counter which counts from 0 to a maximum count of 128 and back to zero. This 
I 

produces a 128 step sawtooth waveform FENCE scan with a cycle rate of approxi-

mately 8 Hz. The fence scan searches the field from left to right at a stepping rate 

of 1 kHz. At the end of each search line the scan is rapid retraced at a rate of 

8 KHz. The fence scan is positioned at a zero'elevation angle by momentary 

d~pression of the POSITION SCAN button on the control unit. It may also be 

o 
positio~ed to an elevation angle of -3.75 by slection of OFFSET. These two con-

.... 
ditions are attained as the elevation acquisition counter is set to either logic #64 

or logic #16, respectively. When in the FENCE mode, the elevation acquisition 

counter is held static subs~quf'.lto position selection. 
~'V 
" Raster Scan. - When RASTER is selected, the azimuth counter continues generating 

the 128 step fence scan. At the end of each azimuth line the elevation 

acquisition counter is advanced one count resulting in an elevation deflection 

" 0 of .08. This gen'3rates a RASTER type scan which searches the total 

100 x 100 FOV. At the end of each field scan the elevation counter is rapidly 

down COUIlted to count #0. This produces an elevation sawtooth scan wave-

form of 128 steps which repeats at a rate of 16 seci -- (See Figure 7 -4. ) 
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Figu" ''; 7-4 . GBAA (Sheet 1 of 2) 
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Figure 7 -4 GBAA (Sheet 2 of 2) 
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U, at any time during the RASTER scan, the FENCE mode is 

selected, the elevation drive will cease and the scan will continue in azimuth 

at that point in the FOV. In this manner, the I"ENCE scan can be positioned 

anywhere in the 100 x 10° FOV by selection 3.t the control unit. 

ACquisition Mode. - When the fIrst target return pulse is detected, the operating 

mode switches frD1~ SEARCH to ACQUISITION. In a(~quisition ro.ode the clock 

pulse drive to all deflection scan generators is inhibited and a second pulse is 
, 

transmitted. If the initial pulse was a false alarm (noise pulse) the mode auto-

matically returns to search and the fence scan continues. When two successive 

return pulses are detected the mode switches from kCQUISITION to TRACK. 

Track Mode. - In the TRACK mode, elevation and azimuth sawtooth scans are 

generated as pictured in Figure 7-4 .. The instantaneous field-of-view is 

deflected about the target by a track scan consisting of ±I6 steps. Each step • 

equals 0.0050
• The track scan alternately deflects in elevation and azimuth 

. 0 to'Produce the ±. 08 . cruciform pattern. The track waveform initially positions 

the transmitter and receiver on the target and scans off the target. In this 
:to. 

manner. the on target time (above and below and to the right and left) is 

weighed to determine the actual target position. 

As previously mentioned, there are :1:13 track steps of 0.005
0 

each 

which results in a total deflection equivalent to ±.1 acquisition st~p .. This 

" t , 

\ . 



t: 

,',..' 

deflection is obtained by preceding each acquisitio'D counter with a 4 bit 

track counter. Sb-.1:een track step increments are therefore necessary to 

I 

advance the acquif;ition counters one step. The step rate remains at 1 kHz 

producing a complete cruciform scan at 15,......./sec. Subsequent to track 

scanning off the target the track scan is rapid retraced in 250 microseconds 

. as it is driven with a'·64 kHz retrace clock pulse. Track scanning continues 

providing the target remains in the FOV and appropriate signal-to-noise level 

is maintained. If the signal is interrupted for a period of two complete cruciform 

track scans, the mode switches from TRACK to MINISCAN. 

Minr'Sear~h Scan. - The MINI SEARCH SCAN generator produces the pattern shown 

in ~Figure' 7-4. It covers a far field area C?f 0.64
0 

x 0.64
0

• Typical elevation 

and azimuth miniscan wav~forms are also shown in Figure 7-4. Th.e azimuth 
. 

8 step scan and retrace sa'wtooth waveform has a cycle rate of 120 Hz. 

The elevation scan cycles at 15 Hz. The 8 x 8 acq. step miniscan is generated , . . 
as the 4 bit track counters are driven with 16 clock pulses per each acquisition 

step. Each acquiSition step, for both transmitter beam deflector 'and receiver, 

is generated in sixteen • 005
0 

increments. The finer stepping granularity 

reduces the beam deflector's tendency toward overshoot and ringing which 

might be encountered when using larger step increments. 
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Thp, elevation and azimuth step sequenuing is controlled by a flip 

flop with' control counter synchrClni7..ation as shown in the schematic diagram #4. 

The first target return pulse i'eceived when in the miniscan mode switches 
I 

the mode to track. If no target is sensed within 12 minifields the mode returns 

to SEARCH. When reverting to the SEARCH mode the scan is either FENCE 

Or' RASTER as determined by selection at the control unit. 

star Track l\Iode. - With slight modification the GBAA may be used for tracking 

stars. The change-over requires only two simple steps. First, the optical 

m,ter attached to the receiver sensor, must be removed. This is accomplished 

by loosening the three set screws in the periphery of the filter adapter. It is 

advisable to mark the filter adaptor alignment relative to the sensor housing for 

future registel." when re-installing the filter. 1he filter is then removed by a 

straight and constant pulling motion away from the sensor housing. A slight 

vacuum is created due to the close fit of the adaptor to the housing. This 

reluctance is to be expected <;luring filter removal. Care must be taken when 

re-installing the filter to attain the same orientation as that prior to removal. 

After removing the filter, caution should be used to protect the highly sensitive 

photo sensor from direct or excessive illumination. Step #2 is merely to actuate 

the Target Track - star Track selector switch which is located inside the 

electronics chassis. This is a small single pole double~throw switch mounted 

on an adaptor socket (Jl:4G) inside the tracker eleqtronics chassis and may be 

located by removal of the chassis top cover. This switch may be relocated at a 
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. 
more convenient poSition, such as the front panel, at the discrimination of the 

operator. After switching to star Track, the M. G. C. (Manual Gain Control) may 

.be zeroed, due to the absence of background illumination. All tracker systems 

will now operate in the conventional manner. ." , 

,.2 Transmitter Subsystem 

Figure 7-5 shows an overall block diagram of the GBAA syst~m with the 

transmitter subsystem indicated by the heavy block outlines. The transmitter 

subsystem comprines the following elements: 

• Laser System 

• Beamsteerers 

• Optics 

• 

~" ... 
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7.2.2 Laser Performance Test. - To best unders'::and the laser performance 

characteristics. ~ history of events which ,?overs in-house testing and final 

systems operation, will be described. 

In-house testing of the laser radar system required horizontal 

orientation of the transmitter test bed. A ground-based target was used for 

testing its pointing and tracking accuracy. The target consisted of a cube 

corner array positioned at a nominal range of 2 miles. The transmitter test 

bed was mounted atop a Leitz rotary table. The rotary table was used to vary 

the' elevation and azimuth altitude of the test bed for testing the acquisition . . 
and tracking of the laser radar throughout its 10° x 10

0 FOV. The pointing 

and tracking accuracy of, the GBAA eqUipment was therefore restricted to a 

nominal horizontal orientation until installation at the MSFC/Madkin Mountain 

facility. Subsequent to mounting the GBAA to the gimballed telescope mount, 

rigorous tests were made to determine the transmitt~'s absolute pointing 

accuracy while operating over 3600 
of angular fre~dom. 

-A target was affixed to the end of the GBAA test bed for determining 

the transmitter's pointing stability while the entire test bed was subjected 

to nominal 3600 
of angular rotation. DynamiC tes~,ng revealed two serious 

problems. Both beam motion and intensity variations occurred while equip-

ment attitude angle was varied. Laser transmittf'r power was observed to 

change from maximum rated power output to near extinction for certain 
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angular attitude orientations of the radar test bE:d. Test results including 

both beam motion and power changes were subn: itted to Britt Electronics, 

manufacturer of the Argon Laser. A subsequent Beam Motion Study was 

performed by Dr. Michael R. Smith of Britt Electronics 'Products Corp. 

The beam motion and power change study revea~ed thE-'. nec~;:.aity of a laser 

mirror cavity structure redesign. (See Appendix C, Beam Motion Study - Final 

Report PO #29407, November 1971, and Appendix D, Investigation of Electro-

optical Techniques for Controlling the Direction of a Laser Beam.) Following 

the redesign, two new laser tubes were fabricated, one of which was installed .... 
in the test bed laser. Laser ope,ration subsequently proved excellent although 

further testing revealed beam motion contribution from sources other than the 
,< 
! 

laser transmitter and are described in the Optics section. 

;. 

.j 
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'1.2.1 Laser Desc:L'iption. - A pulsed Argon Ion laser is used as the primary 

Ught source in the laser radar transmitter system., The Britt Model 2000 pulsed 

laser was selected on the basis of size, weight, and peak power output consistent 

with single unit packaging. The laser is internally cooled and therefore requires 

, no auxiliary plumbing. The Britt laser is pictured in Figure 7-6. 

Laser operating specifications are (also see Figure 7-7): 

, 

1. 

2. 

~. 

4. 

5. 

6. 

'1. 

Peak power output: 

Wavelength at maximum 
power output: 

TEM ,single color: 
00 

Pulse repetition rate: 

Pulse width: 

Trigger mode: 

Operating position: 
. ' .. ~ , .' : 

1. 7 w (nominal) 

• 5145 microns 

o 
(5145 A) 

1 kHz ,1" adjustable 

151-1 s 

Selectahle, Internal/External 

Any 

The laser used is a model 2000 AN. Slight modifications were initially 
. - ~ 

made ~ facilitate the specific requi~ements of the GBAA system. 

The output pulse width and trigger rate, was changed from 

50 microseconds @ 270 tlPs to 15 microseconds @ 1000 pps. A modification 

of the laser plasma tube was made to facilitate the vertical orientation 

operating reqUirement. A conical shaped particle tieflector was installed in 

the plasma tube to prevent contamination of the mirror reflectors. 
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MODEL 2000 
BURST ARGON LASEn 

Figure 7- 6 . 

THE MODEL 2000 ARGON LASER is a par t ic u· 

lar embod iment of the Burst ~aser concept wh ich is 

des igned specif icall y for applicat ions involving halo· 

graphy and other rela tivel y high ave rage power 

exposures . The Burst La;er concept is described in 

Bulletin N~ . 1. Other featu res which are common to 

all Britt ion lasers are described in Bull etin No . 2 . 

General Description 

The Model 2000 is a h igh-(ju ty (large percentage 

"on" t ime) repe tit ivel y pulsed io n lase r w~ich 

features unu iually high average power outpu t for a 

laser of its cost , size , and weight . Powe r specifica · 

tions, selling prrce and phYSical characteris t ics are 

shown on the reverse of th is shee t . Power supply and 

air cool ing are included withi n the laser head and it 

opera tes fr om 115 Vol t A~ power . Other con· 

verliences inr:lude in tern,11 lIlTing and shuttering of 

exposu res and interchangeable, permanently al i<}1ed 
mirror cells 

Functional Description 

The Model 2000 laser oHers two modes of 

operat ion . A cont in uous ou tpu t beam of h igh average 

power consis ts o f 50 m,cro~pcond pulses whose 

re petit ion rate can be varied from 20 to 270 pul ses 

per seconq . The Burs t mod e of operation produces 

timed bursts of pulses but a t repe tit ion ra tes over 

1000 PDS for .25 to 8 seconds, or over 1500 pps for 

.12 to 4 second s. The burst is initia ted by a hand-helj 

pushbutton" wh ich also d isables the cooling fan to 

el iminate vibration du ring the burst. The burst 

duration is internally timed and is selected in half · 

stop increments (.j2) by means of a rOTary selecto, 

switch on 'the con trol panel . 

Guarantee 

The Model 2000 laser carri es an unlim itp.d gas fill 

li fe guara n tee , See Bulletin No . 2 fo r de ta il ed 

descript ion . All other aspects of the lase r are wa r· 

ranted for the f irs! year again.s! failures d ue to defec ls 

in material or workmansh ip . 

.Accessories 

For holographic 

nd un 
jnte rnal e alan device fo r p ro':iding Increased co · 

herence . These accessor ies are descr ihed In Bull In 

No . 2 but priced on t he reverse of thiS shee t . 
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SUMMARY OF TENTATIV E SPECIF ICATIONS 

BRITT MODEL 2000 BURST ARGON LASER 

FUNCTlC N 

BURST DURATION 

Minimum Averlg' Power Output 
TEMoo-Etalon 15145 I 

with Ultrow Ind Etalon 

TEMOO. Singi. Color IS I4SN ' 
with Littrow I nd Aperture 

Mult imode. Singl. color 1514sAl
' with Ultrow only 

Multimod • • Mu lt icolor 
Stlndard Mirrors 

Detcriptlon of Operat ion 
Burst Dwetion 
Burst Du!y Cycl, 
Pulse Repet it ion Rill 
Pulse Width 
Pulse Ampli tude Rippl. 

Minimu m Peak POWlr 
TEMOO. S,"gl . Color 1 5 14~Al 
Multimode. Mult icolor 

Power Input 
Voltage Input 
Current ' nput 

OptiCliI Character is t ics. TEMOO 
Coherence length with ellion 
Bum Diameter 
B .. m Divergence luncorrected mirror blank) 

Sell i~g Pr ice 
Standard Mirro:'s 
Wavelength Selector 
Selector and Etalon 

Continuous 

Continuous 

1&mW 

2&mW 

30mW 

Bunt 

.25 to 8 sec 

50mW 

80mW 

l00mW 

Short Burst 

.12 sec to 4 sec 

90mW 

l20mW 

l50mW 

IOmW 250mW ~mw 

Co.".~", ~~~~.o. NO 

100% ~\' 25% 
»270 ~ . ~ 0 PP' ~ 650 PPI 
50~ 50" SIC SO" SIC 

<~ • < 10% <20% 

2.0W 
5.0W 

1.8W 
4.5W 

1.5W 
3.7W 

*t-------115 Volu AC 60Hz 
5lmp.,11 14 I mp,," 

> 1 mater I_ Bullet in No. 2) 
approx . 2 mm lit 1/. 2 poinu) 
.75 mrad IPpro x. 

S4.25O 
$04.600-
S4,9 5O-

20 Imp" .. 

"Th_ prices appl y when the _v.length selector Ind ."lon I r. l ubat ituted 10r Itlndard mirrors. Extr. nlnd.d mirror ca ll s Ira 
pric~ II $300 each . Prices subject to change Without not lca . 

lpower in other lines can be est imated by mul t iplying thl 514SA power by thl 101l0ll'l ing factor. : 

TEMoo 
Multimode 

W.ight : 62 pounds 

1"-l2 Thrucl 

-- 7 .. 

. 50nA 4965A 4880A 4765A 4579A 
~ 

.I 

.18 

.18 
.30 
.31 

.68 

.n 
.31 
.33 

.18 

.20 

n~ ________ --.-Jf 
~ l OOO~ 

l i S,., " -------------- -

Figure 7-7 . 

7-22 



ff' - . -;'" "~~-"'~'-"~.-- "'~:;'l'"""'--:--,!;:I"""::"",,'"!l'""'"'W~t_ "~" --_. 

,.. 

The laser was initially .equipped with an internal, closed loop, gas-

replenishing system which required liquid ~itrogen cooling during the refill 

" 
op~ration. An improved system as later installed which virtl!ally eliminated 

the nitroge.l cooling requirement. The new system, cailed BURP refi! ::;.. 

cycling, requires equipment down time in the order of minutes as opposed 

to the original hour •. 

The laser is equipped with a Littrow Prism wavelength selector. 

All principal visible Argon lines are selectable by knob control attached to 

the' Littrow Prism. One revolution of the knob encompasses selection of all 

of the visible lines. 

Total laser control is provided by the CONTROL UNIT. One 

power and two signal cables interconne.ct the laser to the conr.tol unit. One 

signal cable carries the 1 kHz laser triggering signal while the remaining 

si~dal cable contains the SENSED laser transmit pulse used by the ranging 

system. The 115 V AC laser primary power is supplied by the control unit 

through the remaining cable. 
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7.2.3 Beamsteert~rs. -TheG.T. E. modelPBM-5Gdualaxis j piezoelectric 

beamsteerers are tlackaged in a box structur,e. Six 1/4" plates form the four 
I 

sides and the top and bottom covers. The two beamsteerers are mounted on the 

top cover while the horizontal or x axis deflector is mounted on the side plate, 

opposite the input optic arm. The plate mounted opposite the output optic arm is 

th~ back cover plate and is removed during the initial optical alignment. Align-

ment of the dual axis beamsteerers was performed at ITT Gilfillan prior to system 

shipment and requires no further adjustment. Realignment of the beamsteering 

assembly should only be necessary if the deflector adjustments have been changed 

or if the beamsteerers have been removed for replacement. 

7. ~. 4 Electronic Control. - The two-axis. beamstee::oer 'control amplifier is shown 

in the photograph of Figure 7-8. The rear end of the GBAA main frame channel 

acts as an integr3;1 portion of the drive amplifier housing. The amplifier has been 

designed to be a portable, self-contained unit, capable of being removed from the 
, • # 

transmitter main frame and remotely mounted, if desired. All cable connection~ 

and controls are located at the amplifier front panel. -ConheX sub-miniature 

connectors are used for routing x and y deflection drive input signals, as well 

as the beam deflector's strain gauge and output drive cables. Deutsch connectors 
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carry the amplifier low voltage power and switching functions from the rack . 

. mounted CONTROL unit to the amplifier and beamsteerer units. 

Fine trim BORESIGHTING controls are safety mounted behind the 

front panel and are adjusted through front panel access holes. Deflection;):;! 

sensitivity controls are also provided on the amplifier chassis. Chassis 

removal is required for deflection gain control access. 

Dual axis beam deflection amplifier circuitry is mounted on a 
; r 
! 

single circuit board. The yaxis amplifier is mounted on the top of the board 

while the bottom of the board contains the x axis amplifier. Both amplifiers 
I' 

are electrically similar although not identical. The x axis amplifier has an 

additional unity gain phase inverter amplifier which corrects the beam-

steerer's x axis deflection phase to that 6f the receiver sensor" 

Major circuits contained in the beamsteerer drive amplifier are: 
• 

• Summing preamplifier 

t • Low pass filter 

• Power drive amplifier 
"" 

• Strain gauge sensor amplifier 

• Differential ampl.ifier 
j 

,t j 

J 

• Temperature compensation amplifier 

t , -

.~ 
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Signal processing amplifiers are TOo-5 can-type integrated circuit 

amplifiers. Beamsteerer signal amplification and drive is provided by 

. , 

i 'J 
transistor amplifiers. An operational doescriptlon of the beamsteering drive 

amplification is as follows: , " 

A beam steering deflection drive signal voltage, at a transfer ratio 

.' 

of ,')ne volt per degree, is applied to the summing preamplifier. The pre-

amplifier is driven by two sources, the input drive signal and the output of a 

summing differential amplifier. The differential amplifier's main function 

ls.to provide an additional transient drive voltage used to improve the 
.... 

aJllplifiers - step response - characteristics. Both input drive voltage and 

mi.rror pOSition strain gauge voltages are applied to the differential amplifier. 

The differential amplifier senses a difference batween the input drive voltage 

and the mirror pOSition as sensed by the strain gauges. During the period of 

imbalance between a change in input voltage and mirror position response, 

the differential. amplifier ad~s a voltage to the llreamplifier which augments the 

initial drive sIgnal. The combined effect is to increase the beamsteerer's 

transient or &tep function response. The band{.'ass characteristics of both the 

pfvamplifier and differential amplifier have been tailored to prevent overdriving 

the piezoelectric deflector at its resonant frequency. Voltage from the 

preamplifier is subsequently applied to the transistorized power amplifier. 

The high voltage power amplifier drives the piezoelectriC effective. 25 mfd 

load between v'oltage limits of ±..500 volts. The resulting mirror motion is 

It 
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sensed by attached strain gauges, amplified and applied to the differential 

amplifier as aforementioned. When the input drivo voltage is balanced by the 

strain gauge voltage (at the differential amplifier input), transient drive 

voltage diminishes to zero and the mirror position becomes static. 
, , 

Early testing of the beamsteering assembly revealed the existence of 

a beam position drift, ,which is related to temperature change. (See Figure 7-9.) 

Temperature changes which affected mirror position not sensed by the respective 
.. :\ 

strain gauge sensors were subsequently correcte1 for by the addition of 

temperature-compensation circuitry. Drive, f)~rain gauge, temperature com-

pensation, and beam positioning voltages are all summed at the differential 

amplifier's input terminals. Auxiliary beam positioning controls are also mounted 
" , I 

in the beamsteerer housing. . ' 
) 
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7. Z. 5 Transmitter Optics. - The transn:itter optical system ~s rigidly 
/' 

mounted to the' beamsteerer housing to' form :1 compact modular optical 

unit. The optical path is folded 180
0 

to facilitate p~ckaging compactness. 

Excellent mechanical rigidity is obtained by the use of cylindrical 

supporting arms used to attach the input and output optics to .the beam 

steerer housing. During system testing however, a transmitter beam 

motion was obs(~rved. As the GBAA was being operated in a static 

(non.;.tracking) boresighted mode, the transmitter beam was positioned 

on a:.' target fixed to the transmitter mainframe. T'4e gimballed tele· 

scope mount was then driven to impart a conical rotation of the °trans_ 

Cit mitter assembly of app'roximately 30° off vertic1e. A plot of the 

transmitter beam position was recorded on the 'afixed target, at 

various angular positions. A transmitter beam wander of approxi-

~ 

mate.ly two beam diameters (±O. 1°) was noted (see Figure 7 -10, Trans-

mitter Beam Stability test). A program was h~nceforth ip.itiated to 

rigidize the en.~;::t'f'; transmitter assembly consisting of the laser" 

beam steerer, receiver sensor and mounting plate mainframe. Sub-

sequent tests revealed a reduction in beam motion, however, the 

primary motion source was later found to be a,loose optics "Supporting 

cylinde:r within the input optics arm. The lc:)se assembly was that 

of a cylindricallens assembly, threaded for optical adjustment. 

e 
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fit ~ounted inside the optics support arm. The motion involved was 

. . 

I~ 

that of a cylinde:: rolling within a cylinder. A. single set screw had 

apparently been jarred loose or left loose from a previous lens 

'" 
adjustment. A s~cond set screw was installed at riglit angles to the:;; 

original and both screws tightened to preclude further mechanical 

shift. 

Future tests revealed excellent pointing and tracking 

~tability of the tl.'ansmitter and receiver sensor during actual air-

craft tracking operation. 

,. :the,.t.r~nsmitter ,bea~ steering and optics p.ac::kage is~,shown in 
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7.3 Receiver Subsystem 

.. The general system block diagram is again used to indi.cate 
.' t 

the relationship of the receiver subsys~em to the other elements in 

Figure 7-12. 
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'1.3.1 Receiver Bensor Optics. - The GBAA optical system consists of a high 

speed lens and spectral trimming filter. The lens is a De Old Delft, 65 mm f.1. , 

f/ 
0 ' . 

o. '15. The lens. 21 total field-of-view more than adequately covers the GBAA 
/ 

o 
10 FOV requirement. The image size produced at the image dissector tube photo .. 

• 
requirement. The image size produced at the image dissector tube photo-

cathode is determined by the angular field coverage and the lens focal length. 

With a lens focal length of 65 mm and a sensor fieltl.-of-view coverage of 

100 square, the maximum image size as projected onto the photocathode of 

the image dissector tube is 0.448" square, with a maximum diagonal 
, 

dimension of 0.634". This image size fits well within the image dissectors 

useful photocathode area diagonal dimension of O. 7". 
• 

The len's only mechanical constraint is that its back focal length 

is adequate to' provide clearance between the rear element support and 

the image dissector photo tube. This region is used to position the protective 

sun shutter blade. 

The lens resolving characteristics are such as to produce a 

target image that falls within the image dissector's instantaneous photocathode 

dimension of 0.004" square. A modulation transfer functioll plQt of the De 

Old Delft lens is shown in Figure 7-13. • 

Attached to the front of the lens is a 3.5" spectral trimming filter 

designed for maximum transmittance at the Argon Ion laser wavelength of 

. ' 
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.5145 microns. The on axis 3 db bandwidth is .002 microns. The maximum 

" 

transmittance of 55% peaks at 5148.94 Ang. as sht-wn in the spectral trans-
. ; 

IJlission curve of Figure 7-14. The filter is fabricated in the form of a 

r;laes sandwicl..~ Due to the cementing process, absolute flatness is no longer 

maintained. Local filter thiclaless variations restJt in minute optical 

abberations. This cond~tion requires that the filter rotation as mounted to the 
,...- .... '. 

lens
f 

be maintained consistent with that which occurred during sensor field 

mappJ.ng. Removal of the filter is made necessar~r due to the addition of a 1 

star ~ac.:king capability which is used to check the alignment and tracking 

of the GBAA to the communications telescope. 
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- 7.3.2 Detector-lmage Dissector. - The heart of the GBAA receiver sensor is the • 
pboto detector. ITT image dissector photo,sensoIs are used in a wide variety of 

tracking and camera applications. The photo sensor selected for use in the GBAA • 
aircraft tracking application is the ITTL F-4012 I'emote processed image dissector 

tube, containing an S-20 photocathode, a 4 mil square internal limiting 

I-- aperture and a nominal gain of 1 x 10
6

• 
of 

The'image dissector tube is used to 0 

analyze the total field-of-view (FOV) for the existence of 'a target, i. e., . ' 

, , 

Ulumination of sensor by light reflected from the aircraft's cube corners • 
. ,' 0 

The unique characteristic of the il?age dissector tube is its capability of 
<, · ~:}: .~ 

~ : 

J 
electro-optically sampling a very small area in its total FOV. Photon 

; , 
}, " 

e energy contained in the far field is optically focused onto the image dissector's 1/ 

J 

photocathode. Photo current leaving the photocathode is magnetically focused 
11-

and deflected past the dissector's internal limiting aperture. For any given 
· · , 

deflection angle, only those eleetrons leaving a specific' area of the photocathode 
• i OJ 

· ,1 · ; · will find their W&y through the limiting aperture. This area is defined by 

the projection of the limiting aperture onto the photocathode and is referred 
3, 

.' t 
l to as th,~ instantaneous photocathode dimension (IPD). The IPD as projected 

by the optical o,y"f::'Gem into the ft,~ field is referred to as the instantaneous 
l 

" 

field-of·-\"iew (IFOV). The IFOV, as produced by the 4 mil limiting aperture 0 
. """',, 

, - :' 0 

and the optical fystem. subtends a solid angle of ('J. 09 square. The IFOV is 

I 
~. 

I . 
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j 
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magnetically deflected by the receiver electronics in a fan or fence pattern 

to search the'lOo FOV. An overlapping step pattern is used to preclude 

missing the ta::get. When the target is detecte~, the IFOV is deflected about 

i 

the target in'very small increments. This deflection is in the form of a 

cruciform pattern and is called TRACK SCAN. Deflection coil currents 

required to keep the IFOV centered about the target are a measure of the 

target's angular position relative to the optical boresight axis' and are used to 

generate the Declination and Hour angle error output voltages. The error 

voltages are subsequently used to accurately align the communications 

telescope to the target aircr aft. 

Electrical and mechanical specifications of the image dissector used 

in the GBAA receiver sensor are shown in Appendix E, Vidissector-Image 

Dissector Test Data. 
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7 •. 3.3 Sun Shutter. - Direct viewing of the sun or any other extremely bright 

source within the angular field of the receiver will damage its image dissector 

photosensor. To prevent this, a sun sensor and shu~er system is described .. 
here. It is desirable in some applications to remcve the high voltage from 

the tube in addition to closing the sun shutter as is done in the GBAA. 

The thin metallic sun shutter is interposed when required between the lens 

and the tube face by the action of a small rotary so lenoid. 'The tube is shielded 

from magnetic effects of the solenoid. rthe syst(3m is designed to be fail-safe. 'The 

shutter is spring-loaded to be normally in the closed position when the solenoid is 

not energized. The shutter will open when the GBAA is turned on, provided the 

sun sensor indicates the sun is not in the field of view. 
, 

A simple and small sun sensor is mounted on the receiver with its optical 

axis near and parallel to the GBAA a.xis. This sensor consists of a small photo­

sensitive cell mounted within a short tube. Geometry of the assembly determines the 

angles through which the sun can illuminate the cell. As the output of the sun sensor 

rises above a present threshold, the associated circuitry triggers the clOSing of the 

. sun shutter. 

The sensor threshold level is set to trigger for sun positions within 

30° of the optical axis. 'The shutter activation is latching and must be manually 

reset at the control unit for resumption of normal operation. The mechanical 

construc:tion of the sun se11sor is shown in Figure 7-15. 
....... 
} 
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7.3.4 Ranging System. - The ranging system herein described is an add-on to 

.. the original contractual requirement of NAS8-2062'3. This inclusion of a ranging 

capability further enhances the versatility and usefulness of the GBAA as a data 

source. Both analog and digital range outputs provide aircraft position deter-

mlnation as a function of time, thereby aiding in the evaluatio~ and ~orrelation 

of atmospheric turhulance data. 

Ranging characteristics are as follows: 
l • 

1. Ranging granularity: 10 meters 

2. Ranging accuracy: Better than '100 meters 

3. Range: > 100,000 ft. 

4. P.R. F.: 1 kHz 

5. Transmit pulse width: 15 micr@seconds 

G. Range smoothing: 32 samples 

• 
7. Range averaging time: 

,. 
128 milliseconds 

8. Range output: Visual display in kilometers 
"'. 

9. Range output for recording: Analog and Digital/Binary (12 hits) 

The follOWing ranging system is one which functions synchronously 

With the GBAA TRACK mode. It is unaffected by transmit pulse width or 

jitter and is desensitized to return signal fades. Gating is also used to optimize 

return' Elignal characteristics. (See Figure 7-16. ) 
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Range is determined as a function of elapsed time between th~ center 

of the transmit l=ulse and the center (If the return pulse. The pulse centers 

(in time) are determined by digitally measuring the width of each pulse and (:.f 

halving the result. Range measurement is therefore unaffected by laser pulse 

starting time or width variation. It is' likewise unaffected by return pulse 

'. width variations due to scintillation but will be affected by pulse distortions. 

, If scintillation or noise should render the return pulse asymmetric, 

then the range readout will incur an error. To minimize this possibility, 

only those return pulses which occur when the GBAA track scan is closely 

centered on the target, are analyzed. • 

Maj~r system circuits are: 

1. Dual frequency clock 

2. Transmit pulse sensor 

3. Return signal discriminator/gate 

4. RRnge counter 

5. Range smoothing counte:;: 

6. Range accumulator 

7. Storage register 
I 

8. Sample counter ... 

9. R'lnge digital to analog converter 

10. Range readout 

. , 
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The dual frequency clock pulse generai;or drives the range counter 

e. A typical ranging sequence is as follo\'ls: 

, at a 15 mHz rate between the trailing edge of the transmit pulse and the lead-

lng edge of the return Signal. The 15 mHz clock produces the basic 10 meter 

range granularity. The 7.5 mHz clock drives the range counter during the 

transmit and return pulse durations. This restJts in a range equivalent of 
Ii 
~ .. ~! one-half the transmit pulse plus one-half t~e return pulse. The total clock 

"count is therefore the time equivalent of the range from the center of the 

transmit pulse to the center of the return pulse. in 10 meter increments. 

The Range Counter is a binary UP ION counter used to store individual 

range samples. It is driven by the aforementioned dual frequency clock for 

the period between transmit and return pulses. It is then DOWN counted " 

as the Range Accumulator is simultaneously driven to accumulate 1/32 of 

the individual sample. The 5 bit smoothing counter is driven ahead of the 

range accumulator counter to provide the 32 saUlple smoothing. After 32 

range sampies have been accumulated, the count in the range accumulator 

is parallel tra!lsferred to a storage register. 'J. he register stores the binary 

equivalent range for each 32 sample period. The register outputs are 

connected to a 12 bit digital to analog converter. The converter output 

provides the voltage drive to the range buffer amplifiers. Two outputs are 

available with voltage to range transfer functions of 10 kilometers per volt 

and 4 kilometers per volt. The outputs are ~s{;;d to input both the external 

! 

r , 
I 
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computer and the visual display panel meter mounted in the control unit. 

It is worth noting that only those range samples which occur during the first 

four steps of each cruciform scan lobe are used as range samples, and of 
I 

those four, only those exceeding the return pulse discriminator threshold 

level are processed • 

. The range counter is cycled up and down at each transmit pulse. 

In the absence of a return pulse the range smoothing counter is inhibited 

fo~ that range sample period. When a return pulse is sensed, the smoothing 

counter is enabled and drives the range accumulator as the range counter 

Is being down counted. 

;. : I 
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7.4 Control and Display 

The GBAA control unit consists of a panel and chassis type unit in 

which all functional controls are housed~ The unit is designed to mount 

In a standard 19" relay rack frame. All command centrols and status monitors 

are mounted on the 7" x 19" front panel. Considerable design effort was 

exercised in producing a unit having a high degree of operational and testing 

flexibility while maintaining a basic simplicity for avoidance of operational 

error. Red/Green. Go/no Go visual warning is incorporated in the control 

switching system to alert the operator of any control combination condition 

not required for normal operation. 

The illuminated Power AC switch indicates a red TEST condition 

- when the GBAA is initially energized and continuously thereafter until all 

control selectors have been set for normal operation. When the appropriate 

operating conditions have been selected, the Power AC indicator will switch 

to GPERA TE green. Should the GBAA sensor be djrected such as to intercept 

sun's rays, the sun shutter energizes and a red indicator will appear at the 
~ :o:~ 

SHUTTER CLOSED push button. Conditions which allow normal tracking and 

rangi:ng are as follows: 

1. Power AC on. 

2. Tracker, beamsteerer and sensor power switches ON. 

3. Shutter open. 

4. Mode selector to OPERATE 
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R.eadout Selector at RANGE 

6. S(lan selector - RASTER or FENCE, OFFSET or CENTER 
. , ..... -.. -_ .... " ," 

'1'. L'lser in OPERATE 
i 

Operating and test readout devices include: 

1. A digital volt meter which provides readout of Target Range -

in kilometers, elevation and azimuth errors - in degrees and 

. tracker/ranging threshold levels - hl volts. 

2. A laser running time meter. 

3. Declination and hour angle analog voltmeters 

The declination and hour angle voltmeters are particularly useful 

.. ~. f .• ~'. • 

during the" tr~smitter~receiver 'aligning phase. Automatic meter sensitivity 
," .. ~ ~:;~ .-

switching.provides full scale sensitivities ~f 50, 
o 0·, ,,I 

0.5 , O. 05 f~l scale with 

a minimum (low scale) resolution of .002
0 

per diviSion. The automatic 

Switching provides the operator with - hands off - monitoring during the critical 

alignment phase. 

The laser running time meter accumulates actual laser trigger time 

(as opposed to standby) and can be used as an aid in reference to a laser gas 

refill cycle schedule. 

Dynamic operating mode status is indicated by"three gallium phosphide 

light-emitting diodes positioned adjacent to the mode selector switch. Modes 

indicated are SEARCH, TRACK, and MINI SCAN. 
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Referring to the photograph of the G B .. \ A control unit, Figure 7-1 7. the 

° left hand row of push button switches are used to energize specific laser radar 
I 

$ubsystems. The POWER AC switch is first energized. This operation 

distributes AC power to the +5 volts and :8.5 VDC power supplies as well as the 

laser transmitter and the cooling fan. The upper TRACKER pushbutton is next 

energized to distribute the low voltage DC power to the TARGET TRACKER 

and RANGING electronics. Operation of the BEAMSTEERER pushbutton energizes 

the ±500 VDC supplies used to drive the piezoelectric beamsteerers. The SENSOR 

pushbutton applies high voltage (2 KV) to the receiver, sensor image dissector tube. 

The SHUTTER OPEN switch has a momentary closure action and is normally 

• energized when all other normal functions have been selected . 

The right hand row of switches are used to select the type and 

field position·of the required SEARCH scan. 
-

.' 
.• Two rotary selector switches are locate!} to the right and left of 

". ; 

the center panel digital volt meter. The left hand switch selects the normal 

,.. ~. 

dynamic mode of operation when in the OPERATE position. Static mode, 

scan pattern tests are generated when TRACK or MINISCAN are selected. 

The READOUT SEL. switch provides a visual il'dication of TARGET RANGE 
: 

(in kilometers) Elevation and Azimuth Angle Error outputs (in degrees) as 

well as sensor and ranging threshold voltages when in TEST. 
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The TARGET to BORESIGHT analog' meters readout tracking to 

boresight angle errors along the declination and hour angle axes. The meters 

ha.ve three sc~es of sensitivity - AUTOMATICALLY-switched between 

0' 0 0 , ±.5 • ±.. 5 and:!:.. 05' full scale. 

The LASER switch is operated in the red STANDBY mode awaiting 

approach of the target aircraft. En.ergizing the laser .switch results in a 

green OPERATE mode coincident with triggering o,f the laser transmitter. 

A small running time meter is located immediately below the digital volt 

meter and is ~tsed to record actual laser trigger time. 

Tracker and Ranging system threshold controls are located 

immediately above the power AC switch and can be adjusted by use of the 

adjacent visu:J. false alarm indicators. 
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e. 
7.4.1 Signal Processing. - All signals for target t racking and ranging are pro-

ceased within the control unit. All circuits are mounted in Augat type 8136-P 

, . integrated circuit chassis located at the bottom of the control unit. (See Figure 7-18.) 

Piano hinge mounting at the center of the control box provides accessibility to both 

wiring and component sides of the circuit boards. All socket interconnections are 

bard wired. Plug-in dual in line integrated circuit logic components are used 

throughout to facilitate ease of component test and replacement. Analog integrated 

circuit amplifiers and associated cpmponents are mounted on plug-in adapter 

sockets. Circuit board component and wiring sii..~es are shown in the accompanying 

_ photographs. 

~dditional cooling for supplies and chassis components is provided for by a 

Rotron fan. 

All signal and power connections are made at the control unit rear panel. 

. Signal carrying ccnnections are made with CONHEX subminiature connectors. 

D¢utsch DM960Q series connectors are used to carry the sensor and beam steerer 

deflection signals. Angle error and ranging signal outputs terminate in dual ELCO 

connectors. Pow~r connections are made in standard 3 prong polarized cannon 

re~eptacles. An indicating type master frse block is mounted immediately above 

the primary AC power connector. (See Figure 7-1:L) 
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Figu .. : e 7 -18. Tar get Tracker 
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7.5 GBAA Laser Radar Target Tracker 

7. 5.1 Start- Up and Operating Procedure. To operate the tracker . 
..... 

proceed as follows: 

1. Operate the A. C. POWER switch. This energizes all dc power sU'pplies 

and indicator lamps. 

2. Operate the T~ACKER switch. The TRACKER switch applies +5 V and 

.tI5 Vdc t:o tracker logic, ranging system and transmitter and recdver 

amplifier s. 

3. After a two to three minute warm-up period, the Britt Argon laser will 

automatically energize and be recognized audibly by the sound of H," 

cooling fans. This warm-up cycle will repeat any tJme the ac puwer 1S 

interrupted. "Caution" is advised any time the laser is in operation • 

"NEVER" look directly into the laser beam." Reier to the laser manual 

for proper laser operation an~ maintenance. 

4. All tracker functions should now be operable and individually selectable 

by the MODE SELECTOR switch. Cables may be tee connected to the ... 
beam deflector drivl~ outputs (rear of electronics chassis) and connected 

to the respective horizontal and vertical inputs of an X- Y oscilloscope • 

.. 
The scope display may be USed as visual verification of the pr?per 

operation of the mode selected. Proper operation of all drive modes 

'should be obtained prior to application of power to the BEAM DEFLECTOR 

amplifier. A "first time" precaution call be obtained by selecting 

I 
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'boresight track scan mode. This is obtau1ed by first selecting TRACK' 

MODE then beam position center by momE~ntarily depressing the CENTER 

pushbutton then th,.:: POSITION SCAN button (in and out). This set-up . 
I 

should produce a track scan centered at bo.resight. By attaching the , ~ •. , . 

removable metal target to the end of the lc1.ser bed, (mounted with a 

single 1/4 - 20 sc!ew) operation of the beam deflector may be observed. 

Attenuation of the laser beam, by insertioa of a 1.0 to 2.0 neutral 

density filter in the light path, may be dedred for viewing ease. 

5. Pr'essing the LASER OPERATE button ~pould produce a green spot on 

the target in the vicinity of the pencilled square. If laser spot is not 

visible, check laser per instruction manual, until normal output is 

obtained. If spot is visible, depressing the BEAM DEFLECTOR button 

should cause a discernable wobble to the spot - this is Track Scan. 

Selecting a centered minis can should produce a mini-field pattern 8 

steps wide by 9 steps high (~ .4" sq.). Selection of FENCE & SEARCH 

will produce a single line scan of 128 step increments. RASTER-SEARCH 

will cause the 128 step line to search a 10
0 

x 10
0 fie1d.(~ 6" sq.). 

6. After all modes and scan patterns have been obtained, mutual alignment 

of the transmitter and receiv'!'r can be checked. Beam position should be ~, 

observed on the portable target with the tracker at boresight (POSITION 

SCAN depressed). The tracker electronics 'should be stabilized in 

appr,:>ximately 15 minutes. The lasF.lr tr'3.nsrnitter and beam steering 
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I 
~-

system will have a slow migratory drift for a one to two hour 

period. The beam position error can be electrically compensated 

, 

for by adjustment of the bore sight controls on the front of the beam 

/ 
deflect.)r amplifier chassis. First, .;the Britt laser wavelength 

selector X- Y controls should be adjusted to yield the brightest 

spot. Then, the boresight controls should be adjusted to center 

.the beam in the target box. 

7. Following the beam centering, the target may -be removed. Ftill 

. " 

operation of the equipment may next be obtained by locating a 

passive target (such as a corner cube or group of cubes) at an 

approximate 2 mile range. Transmitter or receiver may require 

filter attenuation, at short ~ange, to prevent receiver sensor 

overdrive. With SENSOR depressed and SHUTTER GPEN, the 

receiver is readied for normal operation. By depressing the 

RASTER SCAN button and selecting OPERA TE, normal tracker 
, 

operating mode should be indicated by all red lights out. Any 

red push button indicator remaining would indicate the equipment 

in the test mode only. With all green lights indicating system ';'0, 

the mode should indicate SEARCH until the target is encountered 

at which time an automatic switch to trac~ will occur. If the 

tracke~ threshold (front panel rt. hand pot) is set too sensitive, 

acquisition on noise pulses may occur.. Normal adjustment is 
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9. 

made by cw rotation of theshold adjustment until acquisition just 

occurs on noise then backed off just slightly. 

For daylight tracking, compensation for high background br'ightness 
i 

~ay be desired. This is accomplished by, adjustment of the left 

hand, front panel threshold control. This control varies the 

receiver preamplifier attenuation (manual gain control). Its 

voltage level can be read on the DVM by positioning the operate 

8.elector in the straight down (6 o' clock) position. Attenuation 

a.tarts at about the 1 volt level. 1.25 volts produces a nominal 

ZO dB attenuation. This is usually adequate for horizon type 

daylight tracking. The DVM monitoring position one-step cw 

of the aforementioned position is 'used for all voltage test measure-

ments which can be facilitated by use of the Q baH probe attached 

to the underside of the electronics chassis • 

. T~st jacks have also been provided on the unrlerside of the 

electronis chassis for monitoring tracker video, scope sync 

~. 

(track lnode only) and discrimin~ted range return. 

· . · ., 
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7.6 Mecha!!.,ical Configuration 

The ground based acquisition aid is packaged in two separate 

units interc.onnected by power and control cables. Mounted as ::l. unit 

on the optical com.rn.unications telescope is the laser radar consisting 

of the, laser transmitter, optical beam deflector and'receiver sensor. 

The unmounted laser radar and control unit is pictured in Figure 7-20. 

The laser radar unit is cable connected to the control unit 

which is rack mounted at a location near the telescope computer 

control center. The control unit packaging is de scribed in the 

receiver subsystem section. 

A single BU" shaped channel mainframe is used as the main 

, . ' 
packaging platform. The receiver and beam "Steering as semblies are 

cantilever mounted to the side of the channel mainframe. 

It should be noted that the receiver has been relocated sub-

sequent to installation at the Madkin mountain site and is now located 

on the sarne side as the beam deflector assembly. The receiver 

modification was made to increase sensitivity by positioning it such 

as to intercept a more intense area of the reflected laser beam. 

7-61 
! 
" 

.! , 

, 
.: , 
.! 

" ! 

.. · · , 

l' 
,I · l · 

, 
; 

1 

I 
f 

* 
f 

~ 
.~ 

.A 
';. -~ 

i 

~ 

, 
1 

i 
.~ 

" -.- . 



-.J 
I 
C1' 
N 

:. -~ 

oJ 

[J 

... -",--r; 

'-'" r--":# 

';lO~ 
::'\ 

en 
N 

I 

-.0 
a 
0-
-.0 

~ ~ARROW BAN 0 
"OPTICAL FILTER 

'-
---

r~-

~\ 1 
: ( - . ~ 

\ 
~ 

RECEIVER 

BEAM STEERER 
ASSEMBLY 

EXIT OPTICS~. __ .... :r, '~~ .' f 

(\ . 
',r JiI" '\- \' ~ . J .. " , 

. " ::.,,''' I ' , ': 

v l 

LASER 

I 
I 

~ 
"i \:.~ 

. 

" 

~ .... 

" 
,.'..#' ....... 

--_ ..... __ . ~-.------. __ .J _. 
V ' L __ ..J :( 

o ~. 

c. __ :J 

CONTROL UNIT 

WAVELENGTH SELECTION CONTROL 

Figure "1-20. Ground Based Acquisition Aid (GBAA) 

o .... -0 ' 



" 

... _-,- .-.-.-~-,.,.....,- · .. ·'-·~I .... "~-.'~'-"" 
,. 

41 Modifications were made to the mainframe structure subsequent 

to prelimina.ry testing. Ea.rly testing revealed a beam positioning 

instability coincident with a change in te'st bed platform orientation. 

I 

To eliminate any possible contribution of be~m motion due to 

mechanical instability, the test bed mainframe was reinforced with 

a box type structure undergirding the entire U frame channel. 

Additional suppo'rting brackets were added to rigidize the transmitter 

input and output optics and the receiver sensor as sembly. A brief 

description of the structural modifications is as follows. 

7.6.1 .T.!~~!l1itter Test Bed - structural SUPEort Design. - The design approach 

was based on the fact that several units, laser beam~teerer, and receiver, were 

to be mounted individually on a mount system of sufficient rigidity to maintain 

inter-unit alignment in spite of overall system orientation throughout the tracking 

sequence. , ". 
Consequently, the structural mechanical mount was configured to 

provide r:gidity; overall system deflections in the. area of .0002 to .001 

maximum when inverting or reorientating the system in a worst case 

condition. This was accomplished with a base mount constructed as follows. 

The basic str1.1cture is a 9" wide, 6" deep by 53" long box beam containing 
., 

the baSic telescope mount hole pattern. The box beam is built of 1/4" and 
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3/8" plates with 1/4" shear panels as required with the top and bottom plates 

(3/8) machined fer flatness and parallelism. A second structural member, 

a 9" x 53" long channel machined flat is attached to the box beam and contains 

the appropriate attach bracketry for mounting and alignment of the laser 

UDlt. This channel is fastened to the box beam in suah. li manner as to obtain 

~ overall box beam - channel composite structure. Next, two angle bracket 

structural units ~re intertied to the box beam ~hartnel assembly at required 

locations to provide the necessary beamsteerer and receiver mount surfaces. 

Inter related alignment set screws and bracket-saddIe-strapping are provided 

to stabilize the beamsteerer telescopic tube structure and the receiver container 

for required alignment and overall unit stiffness. 
• 

The overall sb,uctural mechanical assembly is relatively simple in 

concept but is of sufficient size structv.rally and configured mechanically to 

achieve the r~quired mounting configuration and overall laser optical align-

ments. 
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7.6. Z Telescope Interface. - The GBAA transmitter/receiver package iff 

mounted to the Z4" communications telescope main barrel. The telescol>e . . 
mounting surface consists of three raised pads or bosses. The bosses 

are located in a triangular arrangement. The boss at the apex of the 

triangle formation acts as the pivot point, about which, hour angle 

adjustment is tnade. The adjustment is made by use of a slotted 

interface bracket which couples the GBAA to the two remaining bosse:s 

and declination adjustment is made by shimming the adjustable mounting 

bracket. Figure 7-Zl shows the laser radar telescope mounting interface 

prior to the addition of the box beam support. 
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7.7 System Alignment and Calibration Test 

The step-by-step proced'..1re.used to mutually align the GBAA 

transmitter and receiver is as follows: 

Tr'ansmitter-Receiver BORESIGHT alignment setup - GBAA ~ON, 

Positiol1 Scan, beam steerer ON. bel':l,m at BORESIGHT. 

1.' Attach the target plate ·to the GBAA test bed. This is 

used as a visual aid in aligning the transmitter beam to 
.. , 

the te st bed. 

~.r I 2. Mechanically position the: laser such that its output beam 
I 

·r 
enters the ,center of the beam steerer input optics • 

• 

. 3. Align laser to obtain beam at output optics. parallel to 

laser housing or to previously established target 

position if available. 

NOTE: Laser horizontal adjustment moves output 

beam vertically and vertical adjustment 

moves the output beam horizontally - due to 

inversion through the beam steerer. 

4. Release POSITION SCAN and select RASTER. Observe 

the 100 x 100 full field raster scan to assure clearance 

of test bed. 
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s. Disconne('! and terminate (100 ::l ) the beam steerer 

input' terminals. This' is needed to immobilize the 

. 
transInitter beam as posifioned on a far field target, 

/ 

while allowing the receiver sensor to ~earch. 

6. Position a reflective target, i. e., cube corner, at a 
.-1-!: ...... ' 

convenient range (2 to 5 miles) and manually position 

the undeflected transmitter beam to the target. 

NOTE: Night time alignment opeJ'ation vastly aids in 

the visual identification 'of the laser return beam. 

7. Allow the receiver sensor to ACQUIRE and TRACK 

the target. The Declination ant.! Hour Angle error out-

'puts now indicate the misalignment between transmitter 

and receiver. 

8. While tracking ·the target, adjust the receiver sensor in 

e~evation and azimuth to reduce to zero, the declination 

and hour angle error readouts. Accomplishing the above 

. , 

will result in the mutual, or boresight alignment of the 

transInitter and receiver. 

9. Reconnect the Beam Steerer input drives and lock the 

sensor adjusting screws. WhiJ e monitoring the track 

video output signal, adjust the beam steerer Fine 
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Centering adjustments to obtain a balanced, elevation 

and azimuth track scan outP'.1t. 

<' 

NOTE: During alignment procedure s the return 

signal amplitude should be attenuated such 

that signal peaks can be observed. 

,]jansmitter- Receiver ROLL Alignment. - Roll alignment is checked 

in the AUTO/TRACK mode. The return signal is attenuated such that 

the track video peaks can be monitored. 
. , 

1. Rotate the GBAA test bed along one axis (plus and minus 

froIn boresight), to produce an effective target motion 
• 

in declination or hour angle while monitoring the track 

video signal. A deg radation of the track video signal 

occurs when misalignment exists in either ROLL or 

deflection sensitivity qetween t·ransmitter and receiver. 

Roll alignment is most easily checked by nudging the 

transmitter output optic's in a directiqn to obtain a signal 

. improvement. 'When an improvement in signal return 

is observed the sensor 'i s then adjusted in roll to op~i-

mize the signal return. 

z. After each roll adjustment of the receiver sensor, 

alignment should be rechecked at bore sight. 
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7.7. 1 Deflect~.on Sensitivity Adjust. - The receh~'er deflection sensitivi.ty 

iq electronically set during fabrication and is therefore nonadjustable. 

The beam def1r~ctor sensitivity is there'fore adjusted to produce far field 

tracking between transmitter and receiver. 

" , 

. 1. Generate effective target motion above and below and/or 

~~ to the :tight and left ()f the target as described in the 

ROLL alignment. When video signal degradation is 

o":)served, vary the beam steerer gain of the appropriate 

axis. Increase or decrease the gain until signal ampli-

tude is restored. 

" 

z. Check opposi te angle from. bore sight and readjust. 

3. Repeat I and Z above to optimize transmitter and 

re~eiver alignment over the 100 x 100 field of view. 

Transmitter and receiver alignment is now complete. 

7.7. Z Calibration Test. - Declination and Hour angle outputs were 

, calibrated using a LIETZ rotary table with which to generate very 

precise target angles (t,1 arc sec.). Final deflection and readout 

sensitivities are adjusted to the corresponding LEITZ table angular 

. setting while target tracking in the AUTO TRACK m.ode. Both analog 

and digital angle error outputs are adjusted to a gradient of 1. a volt . 

per degree. 
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A range calibration adjustment is available in the Control 

Unit, however, due to the lack of a fixed target of known range, no 

absolute range calibration was made'prior to equipment delivery. 
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s. SYSTEM INTEGRATION AND TEST 

8.1 Introduction 

The purpose of this section is to describe the interface between 
.' 

rrTG-delivered equipment and other GFE items, and to discuss the ITTG 
, I 

participators in the flight operations. ITTG technical personnel have been 

closely associated with t~e flight and ground equipment oper ations throughout 

the program, incluc;ling equipment integration and test, field support of flight 

operation, and data review. 

8.2 Interface 

Detailed interface data (mechanical, electrical, cabling, etc.) 

and ~ight checkout operation procedures will not be i:ncorporated in this 

final report. The interface data appear.s in the previously submitted 

interface control document prepared jointly by ITTG and CCSD. However t 

the locations of the interface connector plate wi th identifying connector 

n~bers is shown in Figure 8-1. 

The AOCP may be operated without being connected to the other 

Aircraft Equipment (power supplies, ~omputer, etc.) by using a laboratory-

type 28 VDC power supply, and a 117 VAC source. A power cable is supplied 

with the AOCP for this purpose so that lab test evaluation can be carried out 

independent of other equipment. Additional test cables have been provided 

to permit measurement and display of tracking signals, status signals, etc. 

US~lally, for most tests, the ~round Checkout Equipment (GFE) is used with 

the AOCP. Operation of the GCE with the AOCP is described in th~ GCE 

OpE~ration and Maintenance Manual. 
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• For actual flight tests and preflight checks, the AOCP is inter­

connected with the CCSD Aircraft and 'Ground Support Equipment '(GSE), 

'ncluding the computer, data recorders, etc. . ' 

8.,2.1 ACCP Interface with CCSD Platform •. - The initial integration of the ACep 

integration contractor facility (NASA/Mischoud Facility, Louisiana). This initial 

integration went extreIl1:ely smooth bv virtue of a very detailed IDC. After initial static 

alignment and functional tests wer~ made on the integrated system with only 

minor adjustments in the control loop interface gains, etc., the dynamic 

t~sts began. The dynamic tests involved shaking of the AOCP and support 

frame containing the coarse steering mirror in an· attempt to simUlate 

(a yet undefined) aircraft environment. These dynamic tests uncovered 

• 
several pro~lems involving the tracking rate of the AOCP and various coarse 

gimballed .mirror and support frame resonances. At this point, the two • " 
contractors (ITTG and COSO) approached their equipment problems 

separately to improve performance in the dynamic environment. Detailed 

reports are available on this phase of the program and will not be repeated 

herein. Suffice it to say that substantial improvements were made in both 

,; 
I 

• I 
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; 
" ,l 
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lTTG and OCSD equipments and further quantitative ~.ests of the integrated 

system in a core accurately simulated flight environment resulted in 
,.. 

acc.~ptable dynamic performance. 
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8 .. 3 MSFC Field Tests 

This section presents some data taken on the integrated 

AVLOC system at NASA/MSFC with the Madkin Mountain Ground 

Station. Some extensive tests were made of the AOCP controls 

subsystem at MSFC to improve the "performance of the tracking and 

pointing required. as a result of expe~ie~cing 'scintillation effects in 

the real atmospheric el.i.vironment and obtaining a better knowledge 

of the aircraft platform vibration environment. 

The MSFC field test range, illustrated in ~igure 8-2, is 

bE.ltween t..h~ Artrionics Laboratory (Bl~g. 4487) and the Madkin 

e M()untain Ground Station complex. During early tests over this 

raILge, the AOCP unit had difficulty maintaining lock-on with the 

gro,und terminal beacon and particularly when the atmospheric 

scir.itiJlation induced signal modes were deep and high in frequency 

(50 db, 100 Hz). 

During initial field test between the Astrionics Laboratory 

and Madkin Mountain, apparent angular modula.tiun. was experi~nced 

which was excessive in both amplitude and frequency. Because of 

this effect it was difficult to close the beamsteerer loop and only 

intermittent tracking was possible with the ID tracker. This 

• apparent angular modulation was traced to amplitude scintillation 

8-4 

. .~ 

'" ~ __ ~ .... _ •• J;.'.'L __ ":'" .• L ._, ___ ~.J~':":.'_-=-,_:::~,: .. :-. 

• 

G'· 

, 

0. 
f 

,t , ., . 
, • ,;<, 

o 



; I 

~tiJ..IJ ..... ·~.,.\=:'fw*!rePnr..".,.... 

I· -

I 
i! 

! I 
I 

• 

I' 
I~ . 
I , 

" 
iI, 
, 

i 

.
.
.
.
 

I 

\ ~ • I \ \ 

8
-5

 

\ " 

• I 

f 

. . " . " r 

',I , 't >
 

· · ~! .1
 · r · I , " I I ! i 1 f~ 

t , , 

i .... ,~ 1 t ·1 

.. <
 

_
-
"
,
-
"
"
,
~
:
:
 ;,;.:;;,:::;-,,' ,,;:;,::~::-:_ ,-, ~:=""_:,~:.. "_A-_.~o_"_._,,,.~,.,,, ,'" 

~
~
~
~
"
'
"
 :::-

,',_"~," .'.a
. ", ~",~,~,~."', .• ~-';'-,' 

' ,~.,z ,;=,;-: :-":'-',;,.;:;';:~ ,':",""""...; •. ,~~~;;:, __ ,.~~,:,,:_,_:,.L, ~",~ 
"
.
~
 



,_0_"':14" ,0000, ",0" "--r--"- .~._ ~_"._ .- .. _ ~""""""'~'---:r."""-"'lM"~-.-' ,-.~--~ - ~" .. :r'~~- -"" -~ ..• ",,~-~~-~~"'"·-"~--·-~""'---'\~!.--'--'~f""" ~"_',_,,'4_'~'''--''-':~·~~~·_._ . " I 

in the atmosphere causing dynamic phase changes in the ID tracker 

video amplifier. 

/ 
l" 

Two separate problems existi~g in the ID tracker contri-

buted to the tracking difficulties experienced fn the initial field test. 

They were: 

1) Excessive phase shift in the'· video signal over the input 

signal Q.ynamic rarLge. 

, 
~ , 

2) Inadequate AGC bandwidth. .... 

A field modification in':orporated between '2./7/72 and 

2/10/72 corrected the problems lL,ted above. This modification 

resulted in successful operation of the AOCP with Madkin Mountain 

in a field test conducted 2/10/72. Data from this test was submitted 

to J. Randall. It is believed that further i~ •• provements are possible 

and a redesign is presently in process to replace, the modified video 

amplifier in the ID tracker. 

The phase shift problen1 existing in the video amplifier was 

a result 0f the gain contro11ing device working against the reactances 

o~the ID phutomultiplier tube and the input to the 10.7 MHz communi-

cation ampli.fier which is paralleled acros s the tube at this point. 

The resl1lting phase shift over 'the input dynamIc range was in 

exces s clf 70 0
• The design modification isolated the tube output 
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reactance frorn the gain control device. This isolation amplifier 

converted the current output from the 1D tuhe to a voltage. The gain 
, ' 

" 

controlling de'rice (field effect transistor) \'Vas then allowed to operate 
I . 

against a resistive source as a voltage controlled attenuator. The 

Jiesulting phase shift over the dynamic range was les s than 2. 50. 

Phase data taken wi~h an oscilloscope is difficult to determine 

,.' 
accurately to small 't>hase angles •. 

The AGC bandwidth was approximately 10 Hz which is below 

the normal frequency range of amplitude scintillation. The video 

amplifier low frequency cut off was approximately 100 Hz and limited 

the effective AGC bandwidth that could be incorporated. • By adding 

additional low frequency breaks in the video alUplifier the low fre-

quency cutoff was moved to 1.5 KHz. The AGe control cJ,rcuit was 

redesigned anc', the AGe bandwidth increased to 120 Hz. 

Tr.e above modifications resulted in redesign of the video 

'amplifier input stages, gain controllin~ circuits and the AGe ampli-

fier. The proposed new dp.sign will replace the complete video 

amplifier resulting in increased dynamic range, "AGe bandwidth, 

. with the addition of adjustable gain and threshold controls to facilitate 

optimizing the tracker dl.'iring field test between Madkin Mountain and 

the Astrionics Laboratory. 
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Figure 8-3 swnmarizes the before and after performance of 

the AGC amplifier. TheAGC bandwidth was increased and the video 
" 

bandwidth was narrowed to avoid overlap and central system 

instabilities. ~ome samples of the pointing performance are shown 

in Figures 8-4, 8- 5 and 8.:.6 which are strip chart recordings of the 

tracker outputs. Each of these data sho~ a region in time during 

which the beam stee,t'e!".:; are turned off. When the beam steerers 

are off, the tracker outputs, E and E , indicate the amount of 
x y 

angular fluctuation of the arriving beacon b:·ser. The angular 

fluctuations observed are partly due to atmospheric steering and 

partly due to system vibration (AOCP mount, gimballed mirror, etc.). 

The beam steerers are theJ. manually turned on and the input fluctua-

tions are steered out as indicated by the lower amplitude portions of 

the tracings in Figures 8-4, 8-5 and 8-6. The clo,sed loop point d 

precishm at this point can be seen to be between 1. 4 and 1. 8 arc recorder 

peak-t('-peak hi the presence of severe turbulence which corresponds 

. -6 
to an rms accuracy of slightly over lxlO radian. 

Figure 8-7 shows a correlation of the received power £luctu-

ations (lower trace), as determined from the linear baseband 

scintillCLtion monitor output, and the closed-loop pointing accuracy 

of the AOCP in the upper trace. 
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9.0 FLIGHT OPERATIONS 

The purpose of this section is to describe the flight system as 

it ls installed in the aircraft and to show the IClcations of the various equip-

ments as used in the preflight and postflight tests. ITTG personnel were .1: 

responsible for the operation of the AOCP and GCE in these tests, and 

participated in the oyerall flight readiness program. The tasks required 

in this field support were: a) routine maintenance of the hardware, including 

repair and cleaning, and b) incorporate systen: modifications resulting from 

night operation experience. Examples of thl;lse modifications are provisions 

for aircraft backseat operator to control the coarse gimbal steering, fine 

beam steering (on/off) control, and remote in-flight boresight adjust~ent. 

The initial AVLOC equipment interface with the RB57 aircraft 

took place at Kirtland Air Force Base in Albuquerque, New Mexico. 

Figure 9-1 shows a view of the RB57 belly in which the AVLOC eqUipment 

-
is located. In this view, the AOCP support frame and experiment enclosure 

with air-conditioning duct work can be seen. On the right side of this View, 

is the connector that houses the RER, computer, and power system. Several 

non-<Iperating test flights were conducted from Kirtland AFB to test the 

compatibility of the system with the aircraft environment. A number of 

problems were identified during this test'phase - the most major being the 

temperature control of the experiment enclosure at high altitudes. The 

temperature control problem continued to plague the program throughout 
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most of the night series. The basic problem was the inability to raise the 

enclosure te:'llperature which affected the AOCP performance and caused 

considerable moisture condensation throughout the system upon return to 

the higher temperature, high humidity ground environ'ment. The transmitter: , 

p()wer monit·'lr beam splitter was cracked during an early checkout flight, 

probably because uf e}..i:reme temperatures. Overall, the initial checkout 

phase went smoothly with only minor problemS occurring at the interface. 

The operational flight series was flown from Ellington Air Force 

BaSe, ~ouston, Texas. The preflight and pOEltflight test8 will be discussed 
.! 

., . 
f ! 

briefly below. Details of the ground support of the flight tests are given in 

the AVLOC Aircraft Operations Plan, dated June 1972. I '~ 

Preflight and postflight tests are conducted for each flight. 
.' ~ 
" 'J 

~ 

The purpose of these tests was to determine the flight readiness of the 

system and to perform last minute calibration and alignment checks, and i : 
• 

to set up any special test conditions that may be required. For these tests, 

the GCE is used to simulate the operational ground station. Figure 9-2 

shows the GCE in position beneath the aircraft and lifted off the spring 
~ " 

I 

wheels by the lifting jacks so that it becomes a stable platform. The GCE I 

Is capable of completely exercising and calibratil1g'the flight system, includ-

log the coarse acquisition and tracking subsystem. In operating sequence, 

thEl GCE illu'.ninates the flight system coarse gimballed mirror with a 

wide angle scanning beam. The coarse acquisition subsystem TV tracker 

It . 
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detects and a.cquires the scanning beacon and causes the COarHE! gimballed 

mirror to dyuamically slew to null the TV tracker outputs. Figur~ 9-3 . 

shows a display of the TV tracker output on a monitor located on the GCE 

control console. The bright spot in the center of the grey square is the , " .-:L 

. ' 
GeE beacon image. The TV tracker searches a field-of-view of approxi-

~-- ,. 
. . 

mately 5 degr~es by 7 degrees and upon acquiring the beacon, establishes 

tracking gates, (indicated by the grey rectangle) about the target thereby 

'r 
'\ marking the '3cene outside of the tracking gates from the signal processor. 

~his reduces the probability of track error produced by sun glints and other 
,! 
I 

input bea;m scan when the coarse pointing gimbal is deactivated. 

.: 

I 
J 

" 1 
! 

bright objects that migh appear in the scene af:.er be~con acquisition. The 

TV display is calibrated and serves as a measure of the magnitude of the 

Following coarse acquisition, the gimballed mirror automatically 

pulls the beacon into the search field of the AOCP fine tracker where fine 

) 
acquisition and auto tracking takes place. The b:ack sweep amplitude, 

tracker noise, and errors are recorded for the closed loop system at this 

point. Figure 9-4 shows the monitoririg and recording of dynamic tracking 

performance at test points during this test. The oscilloscope display is 

the cruciform track sweep indicating tracker noise and positional error . 

magnitudes. Figures 9- 5 and 9-6 show sample comparative data 

gr'aphs for a tracking/pointing dynamic test f01' preflight and postflight 
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on flight numbe:: 14. Appendix B of this report is a preflight checklist 

and data summary for flight number 14 as aD example of the type test 
.' I , 

performed. 

In addition to the tracking and poil;~ting tests, boresight align-

ment accuracy and modulation index are also set. The boresight alignment 

procedure is described in detail in the AV LOC Flight Operations Manual 

and will not be repeated here. Modulation index is monitored by the GCE 

sensor and displayed on the control console osciHoscope. Adjustments 

in the modulator operating point is made by adjusting the optical compensator 

on the AOCP. This requires' the opening of the equipment enclosure cover 

as shown in Figure 9-7. This photograph alse shows clearly the enclosure 

window and coarse mirror locations. 
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ABSTRACT AND SU\fi'.'iARY 
- . 

The statistics of optical'propagation between a Ground 
Based Acquisition Aid pulsed· laser transmitter-receiver and a 
corner reflector array on a high altitude'aircraft are analyzed 
to determine the effects of system performance. It is shown that 
angular resolution/beam spread phenomena are of no significance 
for this system w A significant loss is predicted due to scintil­
lation of the C0rner reflector array. It is shown that by sepa­
rating the elements of the array by about 1.5·m between corner 
reflectors, this loss, which \'/ould approximat ely double the 
required power, can be reduced to the point where less than 25% 
more power is required. The magnitude of atmospheric turbulence 
induced scintillation is evaluated. It is found that without 
~perture averaging almost a factor of 4.0 power would be required 
for a 45 0 zenith angle, a 30 km altitude and nominal nighttime 
strength of turbulence. With aperture aVeraging, this factor of 
4.0 reduces to 1.6 if the compact corner reflector array is con­
sidered, and only 1.35 if the dispersed array is used. For day­
time conditions, with its stronger normal tur,bulence, the factor 
of 1.35 increases to 1.75. This, together with the factor of 
1.25 for scintillation of the dispersed array, jus~ pushes the 
combined loss to 2.2. Since this corresponds to a rather extreme 
condition, a design factor of 2.0 will probably yield acceptable 
performance. It does, however, use up some of the design con­
servatism contained in the rest of the design. 
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1. INTRODUC!JJlli 

: As part of a much larger program under Contract 

-:-"~'NASS-20629, \'10 are concerned vlith the performance of a Qround 

Based Acquisition Aid CGBAA) which will function as a ground 

cased pulsed laser=radar to detect a corner reflector array ,~. 

mounted on the underside of a high altitude aircraft. The 

basic laser pO"v'ler, detector sensitivity, timing and scan geo­

metry of the pointing have been worked out to assure an accept­

ably high probability of target detection, assuming that there 

are no prop'agation' losses other than simple attenuation for 

whi~h a worst case (round trip) factor' of 10 has been allowed 

and some sort of atmospheric turbulence induced loss, for \'lhich' 

a (round trip) factor of 2 has been allm'led. It is the objective 

of this paper to more accurately evaluat,e the propagation loss, 

factors other than the simple attenuation. 
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1 _ 2. EQUIP1<1ENT DESCRIPTI.Q!! 

• 

For the purposes of this anal::rsis, the critical 
features of the equipment are the follO\v.lng. The GBAA utilizes 
a pulsed ionized Argon laser operating at 0.5145 microns. The 
pulses have a duration of 1.5 x 10-) se;onds. The laser beam 
is transmitted with a beam spread half-angle 1.74 x 10-j radians. 
The targ et

4
aircraft will be flying at an alt itude of bet\'Ieen 104., 

and 3 x 10 met ers. It carries, on it s underside, an array of : 
g (3 ft

) 0.075 m 'aperture corner reflectors. The corner reflectors 
,are nearly diffraction-limited with a half-angle return beam 
spread of 10-5 radians inherent in each of the units. The re­
ceiver is. in immediate proximity to the transmitter •. It has as 
(3") 0.075 m diameter aperture and q field-of-view half-angle of 
8.7 x 10-4 radians. ' 

~ 

• ,The desicn objectives for the GBAA are a false alarm 
probability of 10-5 per pulse and a ta~~et detection probability, 
\-/hen the target is in the GBAA field-of.-view, of 0.9, for a 
single 'laser pulse. ,,'. 
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3., TYPES OF LOSS FACTORS 

\tIe are concerned with three distinct mechanisms by 
which propagc\tion loss factors could be generated. The first of 
t,hese has to do \'/i th angular resolution and beam spread. The 
second derives from the variability of the effective cross-section 
of the cornel' reflector array. The third loss factor originates 
in atmospheriC turbulence induced scintillation on both the up 
link and the down link. . . 

ANGULAR RE50LUTION/BEAM SPREAD -- Angular resolutfon and 
beam spread are opposite sides of the same coin, deriving from the 
same mec~anism and having th~ same value oyer equivalent paths, as 
is shown in refer~nce (1). If the atmDspheric turbulence induced 
beam spread is greater than the desiGned. transmitter beam spread, 
the transmitted beam will have a larger spread than intended and 
less of the laser radiation will reach the target. On the return 
path, if atmospheric turbulence makes the image of the received 
signal appear to be blurred to a size greater than the recei VE:r 
field-of-view, then not all of the radiation collected will pass 
through the field-stop and be detected. This too will result in 
a loss factor. 

We shall see in subsequent analysis, for the GBAA as 
presently contemplated, neither aspect of effect of angular reso­
lution/beam spread will introduce any loss factor worth noting. 

CORNER REFLECTOR ARRAY SCINTILLATION -- The variability 
of the corner reflector array cross-section is due to the fact 
that from different aspect angles the various corner reflectors 
in the array will send out return beams \.,.hich will interfere with 
each other differently -- for each aspect, the interference pattern 
being differeut. The existence of this variable interference pat­
'tern is due to the fact that \'lhen the a~ray is assembled, phase/ 
position coherence between the corner reflectors is not obtained. 
The net effect is that examined at one time, the array may manifest 
a. larger than normal cross-section. due to a favorable set of 
interferences, and return an extra strong signal. Examined at 
another time, with a sliGhtly different viewing geometry. an un­
favorable pattern of interferences can yield a very weak return. 
In fact, even a zero strength return is possible. Observed on a 
cont inuous bas is with slo,'/ly changinG vie .... ling geometry. the eros s­
section of th6 array appears to scintillate. Considered from the 
point of view of a single sample (one pulse), we find that we can 
no longer count on some nominal return signal strength, as cal­
culated from the average cross-section of the array. Instead, we, 
must make allm .. ance for the possibility that when. \I/e take the 
sample, the cI'oss-section will be belo# average value. To counter­
act thi::l, we bave to send out more laser pO\'ler in each pulse than 
the.no~inal case would seem to require,' in order to maintain the 
d~s1red detection probability. This increase in required ~rans­
m1tter power corresponds to a loss factor associated with scintil­
lation of the cross-section of the corner reflector array. 
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In the analysis to follow, we :lhall present the 
statistics of this fluctuation and show that the scintillation 
can have a very substantial effect. 1:1e uhall then show how, by 
changing the array from the initially cor!templated compact pattern 
to a fairly widely spaced configuration, the effect of array scin­
tillation can be suppressed for th~ GB~A. 

TURBULENCE SCINTILLATlm~ -- It" is \'Iell known that atmos­
pheric turbulence will introduce intensity variations into a laser 
beam so that \'lhat otherwise \'lould appear to be a uniform intensity 
beam \'/ould be caused to become non-uniform and fluctuate at a rate 
of several to several tens of hertz. This manifests itself as 
scintillation. Scintillation is introduced on both the up-link, 
as a result of which the total amoun~ of laser enerey reachine 
the corner reflector array \'/ill vary, ancl on the down-link, as a 
result of which the fraction of the energy retrodirected by the 
array t~at reaches a point on the ground will vary -- quite in­
dependently of the corner reflector array scintillation referred 
to befo~e. The atmospherically induced scintillation on both the 
up- and. down-links has the same general- effect as corner reflector 
array scintillation, as far as a loss factor is concerned. Be­
cause the more than average strength signal you get back sometimes 
isn't noticeably more useful than a just-above-threshold amount, 
while a less than average strength signal which we may receive. is 
quite useless if it is below threshold; then to insure a useful 
signal at nearly all times, the average signal return has to be 
significantly above the threshold level. This extra power re­
qUirement, \vhich is more than conventional phot oele ctric noise 
would require, corresponds to a propagation loss factor. 

In subsequent detailed analysis, we shall see that 
although the basic atmospheric scintillation phenomena would 
seem capable of introducing- a substantial loss factor in the 
GBA~, in fact there will be enough scintillation averaging due 
to extended aperture size so that the loss factor will be tolerably 
small. 
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4. ANGULAR RESOLUTION/BEAM SPREAD 

, To evaluate the effects of angular resolution and 
--beam spread en the loss factor, we shall make the simplifying 

assumption that the target aircraft is well above the atmosphere, 
: sufficiently so that it is valid to uue angular resolution data 

·'··'''associated with stellar observation. Our justification for making 
this assumption is that on the one harid, the angular resolution 
'for an object well out of the atmosphere will be poorer than for 
the object at a lower altitude, while on the other hand we shall 
see that even with this pessimistic estimate of atmospheric limits 
on resolu~ion, the effect on transmitter or receiver performance 
will be negligible. 

In order to see that placing the object well above the 
atmosphere instead of just above or well inside the atmosphere 
will yield smaller atmospheric turbulence induced beam spread, 
we consider the expression' i 

V2/ s 9 e ('111) fa...., 

where $ B is a measure of the 'beam spread, R is the optical 
wave-number (i.e., 21f" /,.. ), and ro is a measure of the coherence 
distance for an optical '\'/avefront after propagation over the path 
in question. The value of ro is giverl.by the expression 

• 
z -'Is 

r.. :: 1.615 k"'/S'.s~e31S'(J r J dh.C! (h) J .. 
o • 

(2) 

H~re, .3 is the zenith angle of the line-of-sight between the 
GBAA and the ~arget object, .a. is the altitude of the target 
object, and eN (h) is a quantity called the refractive-index 
structure constant, vJhich measures the' optical strenr;th of tur­
bulence at an altitude h • A graph givirig average values of 
taken f.rom reference (2), is presented in Fig. 1. 

The point that we want to make is that obviously the 
lareer the value of the inteGral in Eq. ,(2), the ·smaller r will 
be and the lareer $ f} \'lill be. By considering the target ~ltitude 
to be.at an infinite altitude, instead of at the finite altitude 

2 ,we are making the value of the inteeral latger and so 
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making our es timate of ~ 6 (slightly) more pessimistic than 

necessary. (A quick examination of Fig. 1 indicates that the 

principal part of the value of the integral is contributed by 

values of h in the vicinity of 1 km, and that we are not add­

ing very much to the value of the integral by extending the 

upper limit from 30 km to infinity, OI' even from 10 km to in­

finity. Obviously, the degree of pessimism in the value of sa 
we \ii11 come up \-lith is not very sig,ni,f.icant'.) .. , 

In order to evaluate S (3 , we could use Eq. 's (1) 

and (2) and the data of Fig. 1. However, nOli that we are con­

sidering the integral with its limit atinf~nity, we can get 

equivalent results. by using astronomical observations of stars 

to give us SB • Good quantitative data has been obtained 

by Hoag) and 0y Mine14 , \'Jho measured the angular \'Jidth of a 

pair of slits required to pass 68?b of the available energy of 

a star's image. In Fig. 2, we show a cumulative probability 

distribution for Boag t s results. Minel' s results are in sub­

~tantial agreement. (The fact that the distribution is log­

normal is interesting, but of no particular concern to us here.) 

The median value, at 50%, of about 1.6 arc seconds is in fair ' 

agreement with result s calculated from Fig. 1. ~le, however, 

shall concern ourselves with the 99;~ value 'of about 4.0 arc 

seconds, \-lith the assurance that almost never will the seeing 

be worse than this.. Assuming a gaussian shape for the atmos­

pherically spread image spot, the slit width for 68% trans­

mission corresponds to plus and minus one standard deviation. 

Since the data of Fig. 2 is for near zenith, to correct for the 

worst case situation in which the line-of-sight has a 45 0 zenith 

angle, in accordance wi5h5Eq.'s (l) and (2), we introduce a 

factor of [sec (45 0 ) J / = 1.23. This gives us, as a very 

conser.vat i ve upper (pessimistic) bound on I a (the 2-standard 

deviatiog \'1idth of the atmospheric blur), 4.9 arc seconds, i.e.', 

24 x 10- radians. 

• The effect of this spread on the s~ape of the trans-

ml.tted beam shape \dll be to smear out the edges of what other­

wise would be a perfectly sharply defined beam. Nominally, if 

the target is anywhere in the 1.74 x 10-3 radian half-angle cone, 

it will receive full illumination. Because of the smear induced 

by turbulence, this half-angle should be J:educed to about 

1.72 x 10-j radians for assurance that the t'arget receives nearly 

fq1l t11umination. This is a sufficiently small correction that 

it can be ignored. 

~ Similarly, in considering the'receiver half-angle 

fl.eld-of-vie.'/ of '6.7 x 10-4 radians, it is only if the image 

gets w:lthin t"IO standard deviations of the edge of the nominal 

field-of-vie\-I that there will be as much as a fe\'1 percent loss 

in r~cl:!ive~ sic;nal ~ue to spill-over.. This reduces the ~ffective 

re~e1ver f1eld-of-v1ew to a half-angle of about 8.5 x 10 4 radians, 

wh1ch is obviously a negliGible correction. 
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• Within these slightly reduced fields-of-view, the 
intensity of the transmitted beam and the efficiency of the 
receiver may be considered to be unchenged by the existence 
ot atmospheri,:: turbUlence induced blur. There is then no loss 

-. factor correc~ion required for this effect • 
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5. CORNER REFLECTOR ARRAY SCINTILLATIOli 

\'Ihen the corner reflector array is assembled, it is 
impossible to position the corner reflectors so that they have 
any common refer-ence surface. As a consequence, the path length 
to any corner reflector will differ from the path length to any 
other corner reflector by some amount. The leneth \'/ill be small,. 
i.e., probubly less than a millimeter, but many wavelengths. Thi!l 
means that the return from the elements in the array will have a 
random phase relation to each other. As a consequence, the return 
sig~al will be of random amplitude due to the random nature of the 
interference between the returns. If there are N elements in the 
array and' each produces a return of unit amplitude with a random 
phase cI>..t (.t = 1,2, ••• ,N), then the ob~erved wave will be . 

~ , 
• . ' 

N 1 i 

U. It I: ex p (, + .. > , 
,i-I 

(1) 

and the intensity will be 
• 

X= (2·) 

The average intensity will be 
, 

; 
) is 

Since (exp r. t ( t J. - ~..I.' )] ') = 0 , unless q> ... : 4> .... ' , 

unless ...e : J2.' , (because the random phase <Il (and PoL' 

i. e." 

distributed morE or less un';formly over 27T ) ';t folIo th + ~ , ~ ws av· 

<x) II tN. 
... 
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This is just the average we would expect from a simplistic 
energy calculation and is what was considered in earlier siGnal­
to-noise ratio calculations for dete~0ion. However, this aVerace 
value is not the value we expect to ohserve at any instant. The 
instantaneous il.ltensity \'till fluctUate due to the\ chant3j,nr; val:;es 
ot the \'# .:,c The normalized variance of the intensity ,·,rill be 

i 

and 

tr.'= % 

<%.> -' (r'/' 
<%)~, 

I 
I 

--

• 
The averae;e of the exponential \dll vanish unless either A.' =.P. 
and ..t.': jl." ,or.ll' .", .£ but,e": .£.' and.,t·':t Jl. • Thus 

w. 

(5) 

I ., 

" 

(6) 

(7) 

*The i~terrela~ionship of the ~~~;-W:ill change as the anele batvleen 
the ll.ne ofsl.ght to the a::ray and the nominal surface normal of 
the array change. For the kinds of ge'ometrics and aircraft speeds 
we are considering, this chance will be very rapid • 
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.. Combining this with Eq. (5), we get 

/. (8) / 
I 

Apparently then, there is nearly 100% modulation associated ,·lith 
the corner reflector array sci.ntillation. This raises a serious 
concern that at the instant a detection pulse ~ample is taken, 
the corner reflector array return may be substantially belo\'/ the 

'nominal average and the target may be missed. 

To calculate exactly how serious the effect of this 
scintillation ,'.d.~_l be on target detection, 'w'le shall calculate 
target detection probabilities given this scintillation. We 
note that the sum of a large number of random phase components 
yields a mean square (int ensity) which is distributed accortjing 
to a Rayleigh distribution. (In this regard, see Middleton

J ~ ) 
The Rayleigh probability density (for intensity rather than 
amplitude) is . 

• , 

P (X) d 1: - ~"P (-~ Ii) cI % Ii - , .. ,. - 0 - 1:<0 

The mean value of I is 

CIO 

:: f 1: P«-.. (J:) d I '=II 

-1: 
(10) 

• 

and the second moment is 

co 

< X1. > -::; f];:'t. p ... , (x) d 1: :: 
R .. , 0 

(11) 
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This yield.:s a normalieed variance of 

.--e '. 
"".,., .c. " ; 

/ 

(12) 
~ I 

which, when compared with the results in Eq. (8), indicate that 
even with as. few as eibht corner reflectors in the array, the 
central limit theorem required to develop the Rayleigh distri­
but'j.on is quite accurate, yielding no more than a 12.5~& error in 
the variance. 

With the'Rayleigh distribution in hand, we are in a 
position to calculate the target detection probability, consider­
ing the signal-to-noise ratio aspects of the problem. Although 

'we shall be interested in the area under the tail of the gaussian 
distribution, 

• 
eo 

~(x) -- ·"z (~1T) f e)( p (- ~ )(1 ) Jx 
X 

-x 
-VI J ~) - (~n) ~Xp(--i)c <Ix - , , (13) 
-~ 

we shall make use of the error-func;tion 

(14) 

in our 6t:::alculations. \'[e note that accoz:.ding to Abramowitz and 
Stegun , 

t (x) : t [I + e ... .f (-x/.J2) J , 
A-13 

(15) 
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. . 
and that to a very good approximation (error" 1.5 x 10-7) 
tor )( ~ 0 

where 

.~. 

(16) 

,,' 

, " 

(17) 

and .• t r .... 

p = .3275911, a1 = .254829592, a2 =-.284496736, 

a3 c 1.421413741, a4 =-1.453152027, a5 = 1.061405429. (18) 

Since 

e .. f (-x) :. - e.-of ex) ) (19) 

tor JC~ 0 , it is a very good approximation (error ~ 1.5 x 10-~) 
to write 

where 

; . 

so 
e .. f(x)::; -l + exp(-)(~) L 

-'I 
&4 : (1- px) I 

"" ., I (16' ) 

(17' ) 

and the values cf p, a1' a2' • • .J a5 are as given in·Eq. (18). 
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In order to achieve a false alarm probability of 
:10-5 per pulse, the detection threshold will have to be set at 
about r (1"", ,where T = 4.26, and c:r"", denotes the rms 
noise in the system. If the signal rE-turn is I, then the 
probability dae to noise of missing the target when there is 
a retum is /,' 

/ 
I 

~ . (~.). 
'If ,..,., , 

To achieve a 90% 
(r<',.. -r )/ dOl 

. means that if I 
probability. 

(20) 

detection probabilit.y, '\'Ie require that 
= -1.28, since {; (-1~2B) = 0.1. This 

= 5.540-" , we will have 6ur 90~~ detection 

However, because of the scintillation of the corner 
reflector, I is itself a random variable, and rather than 
discuss performance for a particular value of I, we should 
average over the expected values of 1.° Thus the target miss 
probability, given that I £0110\'/5 a Rayleigh distribution 
with'mean value I ,is 

# , ~ 

PM - f PI'f ".;It ( r) ~,,(r) J 1: - o ' 
"'. 

eD 

- f cI{Y-) t)Cf'(- ~i) f (r ~,,-:r: ) • - (21) 

" 
Substituting in Eq. (15), \;,e get 

co 

f r) / r/.) ; [i .f (E-ro-".)] 
cI (Vz ~ ~p (' .. / I z 1+ e,. fi a"", 
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(22) '. 
We note' that in the first integral, i.e., the one whose bounds 
are 0 to T c-'p\ , the argument of the error function is negative, 
so that \'Ie can replace the error function by its approximation 
in Eq. (16'). For the second inteGral, where the argument of 
the error function is/positive, we Use Eq. (16). We get 

, 
" 

e. 

-
"'--/ 

.,. J 0' (z/r) t!",p (. z/x) 
x- r"ft 

ec:> 

f cI (Xli:) e~p (- x/,%') 
rcr~ 

(23 ), 
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where 

/ 
/ , 

and 

' ..... ' 

\,le note that 

, GO f d(x/f) t)( p ( .. r/f.) = -
:r.r~ .. I 

To dvaluate the t\'10 integrals in Eq. (23) inside the curly 

brackets, owe note that the depen~ence on [ 
(X-TCT .. )"] exp - __ ~-

2 tr." 

1.c!om1nant. To & good approximatiOD, ~'l-F(-r.I:t) oan bo conddored to 

'e constant. with tho n.luo e)l.p (-Ta-"/f) • It we write, 

,then we see that 
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r.rc;.. 
= exp r- ra;,. II.) +-1: ( f d(.r/£) ex/, (- ra;./r) 

o 

(27) 

Because ''ie will consider only values for I for which 

t {r- TO-~ )"1.]--
exp - « 1, for I < 0 , we can extend the lo\'/er 

z. c:r. z. 
- '" 

limit of the first integral from 0 to - 00 • Doing this, it 

.is now apparent that since the two integrands are identical and 

symmetric about I = T 0-", , the two integrals cancel, and 

. . • 

"'. (28) 

This is a very discouraeing result, since it says that to 
achieve a 9Q;~ detection probability, \'ie re'quire that 
exp (-T cr~ /1) = .1 , which Cleans that \'le ',10uld require that 
I &:: 2.)0 T 0",., ~ 9.81 c::r'~ • If our approxir:lation in evaluating 

P",. had considered the variation in expl-I/I} instead of hold­
ing it constant, the t\W integrals "/Quld not have exactly can­
celled and there would have been an additi'onal term in the anS\'1er 

~ 

: 
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which would rHquire about angther 0.1 cr~ in the value of I *, 
giving a requ.i.red value of I -::: 9.9 0"". Compared \'/i th the value 
of 5.54 0"" that vie \'Iould need if there vlere no corner reflector 
array scintil:Lation, \'1e see that there is a loss factor of 1.79:1. 
This uses up almost all of the allowed design factor of 2:1 in­
tended for turbulence losses, Hithout leaving any thine for the 
turbulence effects themselves. . 

I 

To avoid the effects of this corner reflector array 
scintillation, \'Ie can modify the design of the array froC'!l the 
compact pattern originally intended to an extended pattern with 
Wide spacing LetltJeen the element s.. This will result in a very 
tine grained Lorner reflector array scintillation pattern at the 
GBAA collector, and in a reasonable amount of averagint;. In fact, 
aince the interference pattern between any two corner reflectors 
will vary sinusoidally, by makine the aperture diameter several 
times the sinusoidal period, the averaging will be certain rather 
than statistical. If the diameter to sinusoidal period ratio is 
. P " then the variance \,lill be dovm by pJ. • The fact that 
there \'1i1l be many interfering pairs of corner reflectors will 
confuse the pattern, but will not affect the averaging. 

To compute e , we need to know the period of the 
,interference pattern. In Fig. 3, we show a. very simplified (and 
d~storted scale) version of the geometry associated with the gen­
~~ation of the interference pattern. We conside~ the two corner 
~eflectors.denoted CRl and CR2 located at position 7(, and ;r2. 
1n the nom1nal plane of the corner reflector array, w1ch pos1t10n­
ing errors 6, and ~~ normal to the plane. The corner reflec-

. tors are located a height H above the GBAA, whose collector 
aperture plane contains the measurement points at Xl and x2 • 
The line of sight bet\veen the GBAA and the array makes an angle 

B with the normal to the nominal plsne of the array. (In our 

3& The missing term iit the r.fi.s. of Eq. ·128) is approximately 

'.0 • 
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analysis, l'le shall use A, and .b~ to d~mote not only the 
geometric positioning error of the corner reflector, but also 
a path len~th correction from the laser illuminator to the 
corner reflector, rather than to the center of the array. This, 
then, permits us to treat the corner reflectors. as sources with 
the '~l'7r ~/.,. treated as the phasing of the source.) The path 
length bet\'leen :-'<:i and y j is' ' 

... -

-.1. 

,The phase difference observed' between the return from the two 
COrner reflectors, observed at xl is 

( HI. I +..0 I ) ( R '" ~ .,. .0 z. ) = ZTf" ...:.....:.:~~---:..----~------

, . 
" 

). (30a) 

and at x2' it is 

(30b) 

:: (!.!!:) ( c.os, 9) A~. - ~<Pt. ~ H 3u6 (-x,Y, +X,Yi, +)(z'!. -)(aY,) 

= (_z ... Tr) (c~~e) ( ( ) ~ IT x.-)(I.) y,.-y •• 

,I 
I 

i , 

J 

f 

Q. 

o 
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The period of the sinusoidal interference pattern will be the 
value of (xl - x2) for which .e. q, -Act»z = 2lT. This occurs 
when (xl - x2) equals 

Under worst case con~itions, H = 3 x 104 m and Q = 45 0 • Since 
A = 5.145 x 10- m, we see ~hat the period, A is always 

less than'or equal to 3.0 x 10- /(Y2 - Yl)·meters. If we choose 
a 1.5 m separation' between corner reflectors, theh the period of 
the interference pattern will be 2 cm or less. \'lith a 7.6 cm 
diameter collector for the GBAA, \'le eet . P = 3. $ and a scin- . 
tillation variance reduction of about 16.* The important pOint 
is that fades in intensity that are deeper than about 25% of 
average inten3ity are now impossible. We need only a negligible 
loss factor in the detection equation for the scintillation of the 
corner reflector array. The sort of corner reflector array pattern 
.that would achieve this averaging is shown in Fig. 4. 

, 

~, S~nce there are many interference patterns, (one for each of the 
N - N pairs of corn'er reflectors), we would expect

2
a further 

reduction cf the variance by not just 16, but l6(N _ N). 
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6. TURBULEt\CE SCINTILLATION 

Just as scintillation of the corner reflector array 
could cause the tart!'et to be missed beca'.lse a:t the instant 
when a strong rE';tur~ oueht to have been observed, it was in a 
scint illation fade condit ion, like\'lise scintillation induced by 
atmospheric turbulence can cause a target to be missed. It, too,. 
can result in an increase in the required transmitter pO .... ler to 
assure target detection. This increase in the power requirement 
corresponds to a propagation loss factor. To determine the mag­
nitude of this loss factor, we note that the statistics of the 
scintillation "r.Lll be lOy-normal and that loss factor has been 
calculated in reference ~7). It should be noted that the fact 
that the statistics are log-normal is a ~onsequence not only of 
the log-normal nature o~ the basic propagation process, as firs~ 
pointed' out by Tatarski , but also depends on 1,litchell f s result 
that the sum of log-normals is log-normal. We require this last 
fact sipce there is a substantial amount of aperture averaging, 
i.e .. , ~ummation in makiq; up the received signal. 

Our first task is to evaluate the log-amplitude vari­
ances a;.'1. for the up-link and for the down-lInk. It can be 
shown10 that for a point source, such as '\'Ie can consider eith er 
the GBAA transmitter or the individual corner reflectors to be, 

(1) 

Here Z is the length
2

0f the propagation path, s is position 
along the path, and Crds) is the refractive-index structure 
constant at s. The first important thing to note ab~ut Eq. (1) 
is that. \-lhen \1e consider the altitude dependence of CN , as 
shown in Fig. 1, and match it to the behavior of [(~ .~) 5/ 'i! 'J ~/' , 
we see that the value of the integral is almost independent of 

Z for values of .: ~ 30 km, and is apparently only sliGhtly 
dependent on Z for values between 10 km and 30 km. This means 
that we can consider the value of 0"'..2, '& for ~ approaching 
infinity. This justifies our intended use of measured stellar 
scintillation values. 

The second important thine to note about Eq. (1) is 
that because of the symmetry of [(i!-$) $ /"1: J $'" we get the 
same result \1hether we take the ground level to correspond to 
s = 0 or to s = Z • This means that a"'..t. t is the same for 
the up-link and the do ... m-link. A e;ood measur.ed value for ~ 't. 
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1s provided by Burkell , who obtained ~ value 07/g.05ll at 0.55 
microns, measured near the ze~l~g. Using a k correction ~or 
wavelength and notine the sec I g dependence on zenith anele , 
we got as the nominal value we shall use 

/ 
'( 

/ 
H/, = D. OS',$'I S~C: 8. ': 

(2) 

If' this \'Iere the scintillation on a one-way path1lt,hen in the 
round trip we Woul~ expect a value of 0.1108 sec 109. Referring 
to the results of reference (7), eyen at the zenith we would ex­
perience a loss factor of about 8 dB, ~r a laser po\ver require­
ment increase of 2.5, while at g = 45, the log-amplitude variance 
would De 0.209 and the loss factor would be about 12 dB, or a 
~aser pO\';er factor of 4.0, certainly more than \,laS allowed for .. 

Fortunately, these calculated scintillation values-do 
not a'pply because of averaging. First, the total amount of energy 
collected by the corner reflector array represents an average. 
Accordine to whether we consider a compact 'array, or a widely 
spaced array as sho'"m in Fig. 4, we may expect different averag­
ing factors. For the )0 km altitude at the 45 0 zenith angle, 
which constitutes the worst case, the scintillati9n correlation 
distance for illumination on the array is (4 =/k)~ -- 12 Cr.1. 
If we are dealin~ with the compact array, then from the results 
of reference tl?), considering that the pattern of 8 corner reflec­
tors, each about 7.5 cm in diameter, will have a diameter of about 
22.5 cm, we see that the averaging factor will be 

(J) 

while if the a::'ray is dispersed, \'le get a factor of 0.60 for the ~. 
indiVidual corner reflector, and factor of 0.125 for the eiBht 
separate units. This gives an aperture averaging factor of 

A-23 

! ~ 
" . 
i , 

J' 
r 
, r 

, 
, ! 

"'I. ___ ,z:;.~,"~I:cL=~~b~~{u.=~_'~~,-,~~~.&_.l,.~,. ___ t _____ . __ ¥ .-=~i.;-:r~~:ii:;-Y~"':::;~;;:=:'~"'-=~..=;:;..·£:kbf~ .. c-.,:'i.;~...a:.-.;:.!.:·l~~"'\'..i':~~~~~~ia.i.:~~VI.l!~"O;,~L~. __ Ji. __ .4 



~""':"'!!'I'-r~'I"""_"""'~"'T'"'' ~_~' ___ ~T"_:""""""<""."",,,_ '~'-~-.,.- ~""""'-"~-"~-;':'""'''--'--'-'"-~-~'''-~~''l!'"-:,",".-.""",~~-""~,~_,~""",,.~,_".~_7 ..... ~...-..-.-~':'~.~""---~": •. -?-~ ... .....,....'.~~f,;;;; __ 
. ~ 

,r f .. ..oI-oit=====.:...=..-
(. , 

41 
lW 

WI 
~~ , 
.f! 

:; 
; 

e 

The loe-amplitude variance after averaeing can be written as 

Accordine to whether or not the array is dispersed, we get 
for the worst case up-,link (i. e. , z = 30 km, 9 = 45 0

), 

(a: 'I) = a 0 '12 S , 
'.I!. .. ,·c~ c , . 

,. 

.. ,. 
(5) 

(5') 

On the do\·m-link, to determine the aperture averaging 
factor, we have to consider two separate fadtors. The first has 
to do with the aneular range over which scintillation from sepa­
rate sources may be considered to be coherent. The co~relation 
anele ha~ been -found in reference (13) to be (4/ z k}2 , which 
in terms of the source plane corresponds~to the up-~in~ scintil­
lation correla~ion distance z(4/ z k)2 = (4z /k}2. This 
suggests that \-Je can use the same aperture averaging factors on 
the down-link to account for the· extended nature of the source. 

There is also aperture averaging for the GBAA collector 
optics which is 7.5 cm in diameter. The correlation length for 
scintillation on the ground is ( 4 ho sec Q/k )2. Here ho 
corresponds to the nominal scale height of turbulence and is 
about 3 x 103 m. Taking '" = 45 0 , \-Ie get for the correlation 
dist~nce, 3.7 cm. The aperture averaging factor is found to be 

(6) 
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tor the ground receiver. Combining this with the results in 
Eq. 's (3) or (.3'), we get for the down·-link in the case of 
compact or dispersed corner reflectors 

i 

..... 

• 

We ge~ for the total up-link plus down-link scintillation 

J " 

This gives rise to loss factors of 

(L)cII. C 
,. .y.O tiS a I. '0 J 

(L)CII"° = 2.' C/B !; I . .3$ , 

('t) 

(7' ) 

. , 
f , 

(8) 

t,9) 

... 

(j') 

These are equivalent to requirements fJr additional laser power 
ot 60% or .35%, depending on the corner reflector array pattern. 
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_ 7. CONCLUSIONS 

It we plan to use the compact a~ray, the array scin­
tillation requirement is for almost an additional 100% more 
~ower, meaning a total power increase of nearly (1 + .6)(1 + 1) = 3.2, 
i.e., an additio~al 220%. If we utilize the dispersed array pattern, 
then the array scintillation will require no more than about 25~b 
additional laser power, for a total additional laser power require­
ment of about 705~. This falls well within the factor of t\'lO allO\.,.-

• ance made in the preliminary systems analysis. It is worth noting 
that estimates for daytime strength of turbulence, compared to the 
nighttime data which we have used may run a factor of two higher, 
which will result in almost a 5 dB loss,' corresponding to a re­
quired 75% increase i~ required power for the dispersed corner 
reflector array. This, with the array scintillation requirement 
of about 25%, starts to push things just to the values which we 
have allowed for. If this is coupled \"tith a further factor of two 
increase in the ~:trength of turbulence foT' ldhat is referred to in 
reference (2) as the worst 10% conditions, we have a 7.5 dB loss 
factor, or about a 2.4 increase required, so that it is apparent 
that eve~n with the dispersed array, \"le have not allo\'led a suffi­
cient safety factor in laser power. 

We conclude that (1) a dispersed corner reflector array 
pattern of the type shown in Fig. 4 is required in place of a 
compact array; and (2) the factor of 0.5 allbwance for propaga­
tion effects other than absorption is apparently adequate for all 
except the most extreme case, corresponding to 30 km altitude, 45 0 

zenith angle and worst 10% strength of turbplence for daytime 
conditions. 

• 
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6.2 Uplink Commands 
Command 

Master Tone Code Prefl1sht r08ttl!.ght 

e Track Mode Detea'; 12 (V) ( v,) 

IDcreaGe/Decreas,~ Aperture 13 (v) ( :r) 
' ' . 

Increase RCVR At+. / 14 ( ........ ) ( ~/ ) 
/ 

J)ecreaao RCVR At*-
, 

15 (v0 ( ./) 

Increase rM Div 23 (V) ( /) 
i.' 

Decrease EM Div 24 (v1 (v') 
. 

Remove/Install TV Filt, 25 - (V) ( 1/) 
~"'"""" ... 

,.34 (y ) (y) Laser Shutter Open Over ide 

Select Video tor Downlink 35 (vi ( "/) 

Select 'I'M for Downlink. 45 ( a/) ( v") 

Select Rev. Mon. Downlink 21 ( .v') ( v ) 
.! . , 

Select Bit-Error Downlink 31 . ( "., ) ( /) 

Enable/Disable Beam Detlector 41 ~...-') ( V) " 

~- 6.3 AOCP Modulation 
,'.remp ( ) Preflisht Postflight 

Record DC Max. J.-q J{.d, 
'! 

S 3 
r 

Record DC Min. · .., 

Record. Calculated Mod. Index ·11 MAX-MIN .\ • MA1.+M.IlI · ~ · 

.. 
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APPENDIX C 

SECTION I: INTRODUCTION /' 

/ 

nis report summarizes the results of an experimental study of the 

angular and translational beam motion which occurs in the Britt M0del 

2000 laser, relative to the laser housing, when the laser is placed in 

an, attitude similar to the extremes which are encountered in the NASA 

GBAA System. 

T~is report contains a proposal for a program to design and construCt 

a laser mirrc)r cavity structure which will not be subject to any ap­

preciable beam motion or cause any appreciable power output variation 

a$ a result of any particular orientation of the laser, such as is en­

countered in the NASA GBAA System. The proposal proposes the 

design and construction of two complete mirror ~avity structures, one 

each for the original ITT laser and for the ITT spare discharge tube. 

SECTION II: BEAM MOTION STUDY , 

The purpose f)f the beam motion study was to determine the amount 

and the cause of angular and translational :notion which occurs in 

" 

the Britt Model 2000 laser when the laser is placed in an attitude similar 

to that encountered in the NASA GBAA System. 

A. Angular Deviation 

A Britt Model 2000 lasel· ( in house demo) was used to experimenatlly 

determine a maximum angular deviation of approximately. 8 mrad, 

whi(:h is approximately equal to one beam diameter. The angula~ 

. deviation was measured with the laser axif' 'in a horizontal plane, while 

the laser was being subjected to a roll of :60 degrees about its axis. 

Thill was considered to be the worst case measure:n;lent. 
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, 
'l'he experimental apparatus which was used js described in figure 1. 
It consisted of a rigid optical rail to which WI!re rigidly mounted a 
laser, a focussing lens ( lens 1), an imaging lens ( lens 2) and a 
viewing screen. Figure 2. illustrates that the displacement of the 
focussed spot at the focal plane of lens 1 is due only to angular 
d,eviation of the incident beam. A linear displacement of the incident 
beam does not result in a motion of the focussed spot. The angular 
deviation of"the incid~nt beam is related to the displacement of the 
focussed spot and the focal length of the lens. 

" d . e:: e ~ F"" 

The imaging lens provides a magnification so that the displacement 
can be measured more readily. . ... 

B. Lateral Displacement. 

"I'he lateral displacement of the laser beam exiting from the laser 
was not measured directly. The lateral displacement of the las er 
mode selecting aperture ( which determines the beam position) was 
measured. It is assumed that the displacement of the aperture is 
coincident with the displacement of the laser beam. A maximum dis­
placement of .030 inches was. measured for all laser orientations. 
Figure 3. shows the apparatus which was used to measure lateral 
displacement. The aperture inside the laser cavity was imaged onto 
a viewing screen by a lens. The displacement of the image is pro­
portional to the .motion of the apertur_~. 

where M is the magnification of the imaging system. 

C. Power Variation 

The laser power was meaSured simultaneously with the beam de­
flection measurements. The power varied from 100% with the 
laser upright along the horizontal axis, to approximately 0% with 
the laser rotated 180 degrees about the horizontal axis. 
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. Figure 1. 
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LINEAR DISPLACEMENT OF BEAM 

IMAGE OF LASER MODE SELECTING APERTURE ON 
VIEWING SCREEN 

I. 

L= Ml M = MAGNIFICATION 

Figure 3. 
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D. Analysis c)f Results 

The observed angular deviation of the. laser beam can adequately be 
accounted for by-assuming that the laser mirror' cavity structure is 
subject to ben:iihg under its own weight. A calculation of the magnitude 
of the bending adequately 'accounts for the amount of power variation 
which is observed. The lateral displacement of the beam is apparently­
caused by a w:'.de tolerance in the gimble structure which allows the 
mirror yoke til rotate slightly as a function of roll orientation about 
the horizontal axis. 

Figure 4. illuRtrates how the existing mirror cavity structure could 
cause the angular beam deflection and power detuning. The existing 
structure is supported near the ends so that a bending of the structure 
under its own weight will cause the mirror yoke to be oriented at an 
angle to the horizontal plane. In practice, the mirrors are adjusted 
to compensate for the angle «. However, when the structure is 
rotated 180 degrees, the bending is reversed resulting in a tilt of 
each mirror of twice 0(. in the wrong directi,on. 

The proposed mirror structure would have the support points located 
in such a position so that the bending angle is zero at the mirror 
plane. The penalty which must be paid is a displacement of the beam 
by a small amount. This displacement is in practice extremely small 
and can be made smaller by decreasing the weight of the entire 
structure. A rotation of th'e proposed structure will not cause an 
angular misaEgnment of the mirrors. 

III PROPOSED MIRROR CAVI'J.'Y STRUCTURE DESIGN 

The results of the study indicate that a satisfactory mirror cavity' 
, struc ture would designed. It would consist of a considerably 
iight:e~ed structure, with the gimbles positioned in such a way to 
provide a zerc. tilt angle at the mirror plan\~. and with a close tolerance 
gimble structure which will not be subject to rotation of the mirror 
yokes about the mirror support tube due to loose tolerances. 

The proposed mirror cavity structure will be subject to the following 
specifications: 

1. "'+ power variation due to orientation changes will be les s than - 10% 
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for al~ orientations 

.. 
2. the ar..gular deviation of the output Learn with respect to the 

laser housing will be less than. 3 rnrad for all orientations 

3. the linear displacement of the laser beam relative to the 
laser housing at the output mirror will be less than. 2 mm 

It is estimated that the price for designing the mirror cavity structure 
to meet the spe'cific~tions described above, ~or constructing two 
structures, anu for adapting the stl'uctures to the ITT laser and the 
ITT spare discharge tube is $3, 335 FOB Santa Monica, CA. The 
estimated com?letion date is 30 days after receipt of order. , • 
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APPENDIX D 

INVESTIGATION OF ELECTRO-OPTICAL TECHNIQUES 

FOR 

CONTROLLING THE DIRECTION OF A LASER BEAM 
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INVESTYGATIOK OF ELECTHO-OPTrCAL TECH~n:QC'ES FOR 

·COXTHOLLI~G THE DmECTION OF A LASER BEA~r 

The development of the piezoelectric-bender-mirror (PBl\1) deflector1 has 

made available a lighhveight, compact, }ow-:-power device for ang;u.1ar positioning of 

a laser beam. This report describes the design of such a deflector to meet the n~eds 

of a particular optical system and the incorporQtiQn of a strain gage sensing element 

and related circuitry in the deflector for precise monitoring of deflection. A com­

plimentary solid-:=, tate high-voltage deflector dri ve amplifier has also been developed 

which will hold a static <;icflection with :i minimum of stanQby power. 

The objectives of this program called for the development of a two-dimen­

sional optical deflector, deflection sensor and drive amplifier to be used in all opti­

cal radar acquisit:.on and tracking system. Deflector performance specifications 

w~re gener~ted in discussions with International Telephone & Telegraph Federal 

Laooratories, who were contracted by NASA to design and construct the optical radar 

system and attendant electronics. From these specificat~ons the deflector design 

was evolved. 

In the following sections an approach to the design of deflectors to meet 

specific performance requirements will be outlined. Implementation of strain g;:'..ges 

for deflection sensing will be discussed, including techniq\.les for applying gages to 

minimize hysteresis and nonlinearity effects. The circuit design and theory of opera­

tion of the deflcct{)r drive amplifier will be detailed and performance characteristi\!s 

for each of the items will be given. 

In previous programs l ,2 the PBM deflector was analyzed in detail. Ex­

pressions were derived for mirror deflection, mechanical resonance frequency, 

~rror distortion and electrical equivalent circuit in te~m.s of the material constants 

and deflector geometrical configuration. These expressions are used here to obtain 

a set of design curves for a particular deflector geometry. The curves permit a 

1. 

2. 

"Investigation of Electro-Optical Techniques for Controlling the Direction of a 
Laser Beam, II Interim Report, Contract NAS8-U·!59, GT&E Dlboratories Inc., 
May 12, 1867. 

"Investigation of Electro-Optical Techniques for Controlling the Direction of a 
Laser Beam," Interim Report, Contract NAS8-11459, GT&E lAboratories Inc. , 
February 28. 1968. L, 
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'rapid determination of the deflector performance bound~.ries and what parameter 

tradeoffs m'ay be made in integr.ating the deflector with ':he rest of the system. 

Development of Design Curves 
i 

In choosing a deflector design the parameters normally specified are: 

• Beam deflection angle 

• Pupil size 

• Resolution 
., Useful bandwidth ,.' 

• Maximum voltage requirements 

" 

Other secondary but important considerations are capacitance, mechanical strength, 

n,irror flatI}es:?, and size. The formulas which define each of these quantities show 

that they are interrelated and that specifying certain ones also fixes the others. 

" These formulas have been derived previOusly1, 2 and are repeated here (see Fig. 1): 

'. 

Peak-to- peak beam deflection: 

"Number of resolvable spot positions peak-to-peak at wavelength A: 

= fPpp D 
1.27>.. 

Mechanical resonance frequency: 

fr - 21.9 (10)3 t/~2 
/1+1.46 (M'/m) (L/q2 

Maximum drive voltage: 

Et = 2" 

(1) 

(2) 

(3) " 

(4) 

., 
" 

• ... 

,~ 
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Fig. 1. Bender-driven-mirror deflector showing critical dimensions. 
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Pupil size for .light beam incident at 45°: 

D= L 
h 

, I 
------ .. -, Capacitance of PZT-4 transducer: 

c = 586 tw [PFJ 
t 

where (dimensions in inches) 

... ~ 

\' 

E = depoling field of piezoelectric material 

= 2.54 (10)4 voltS/inch for PZT-4* 

d
31 

= pertinent electromechanical couP1i~.~ factor 

= 47 (10)-10 inch/volt for PZT-4 

b = factor varying with bender construction techruque, determined 

empirically = 1.44 for p'resent deflectors 

t = active length of transducer 

t = thickness of transducer 

w = width of transducer 

m = mass of active portion of transducer 

L = length of mirror 

W = widtt of mirror '.-
T = thickness of mirror 

M = mass of mirror 

MY = effective inertial mass of mirror 

. h = distance of mirror c. g. from mirror rotation axis 

-

(5) 

(6)' 

'fct simplifyL'1e design procedure, a basic de~lE~ctor geometry has been 

chosen in l,,'hich additional relationships betWeen the de.flector dimensions have been 

assumed. Some of these choices are based on practical experience as wei~ as 

theoretical consideratiollD. 

* A piezoelectric ceramic material made by Clevite Corp. 
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The mirror thickness has been taken to be 1/8 its length and supported at 

a point about o. G of the distance from the center to its edge. Prior analysis
2 

has 

shown that this thickness and support point will maintain the mirror flatness tb 

better than )../10 under all operating condit~ons. Consistent with this, the active 

transducer length will be approximately one-half th~ mirror length. . . 
, ;,; 

An important factor governing the mechanical resonance frequency is the 

ratio of mirrot' mass to transducer mass. This ratio may be adjusted to improve 

the resonance frequency, without affecting the other parameters by making the trans­

ducer wider than the mirror. Beyond a factor of 2 difference'in Widths, however, 

this approach becomes ineffective because the transducer ends are weakly coupled 

to the center and begin to deflect independently. 

SUmmarizing these assumed geometrical relations: 

.,. = L/S 

.f, = L/2 

w = 2W 

and as a practical nominal value the height of the mirror above the transducer is 

taken as: 

h = 0.5T + 0.04 L. 

, Using these relations and the expressions fOJ;; deflection angle', resolution, 

, resonance frequency, maximum drive voltage, and pupil size a set of curves has 

been generated relating the different quantities. These are given in Figs. 2 and 3. 
~ '" 

The range of frequency e}.-tends only to 10 kHz because beyond this the equati::m for 

frequency becomes inaccurate. The curves are correct for a mirror substrate of 

fused silica and resolution is given for light of o. 5-micron wavelength • 

',' . 

'. , 

. Figures 2 and 3 contain the same informaCion presented in different formats. 

Selecting any two of the variables automatically determines the others. One pro­

cedure for using the curves would be to select the resonance frequency and resolution 

thereby determini'lg deflection angle, dri V~ volta~:e and pupil size. If a square pUJ:il 

.,ls desired, then the mirror width and transducer capacitance are also determined. 

The mechanical strength of a deflector tends to be proportional to its 

resonance irequency. De~igns with a higher resonance will be less susceptible to 

, . 
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Peak-to-peak beam deflection is plotted against bender active length 
or deflector aperture with resonance frequency and peak drive voltage 
as parameters. • ' 
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. fa mechanical shock, vihratfon, and electri~al transients. Designing for resonance 

frequencies below a few hundred cycles is not reeommen:led unless the structure 

incorporates a means for mechanical damping of the mifJ."or vi' ',tion. 

1 . 
Deflector Dcsh-:n Meeting System Requirements 

It was determined in a liaison meeting with ITT personnel that a two-dimen- / 

sional deflector set was required which would deflect an f/lO cone of O. 9-micron 

laser light through at least 250 spot diameters in each di mens ion. The resonance 

frequency should be above 1000 Hz, since the deflector drive signal would have 

appreciable components at this frequency. An all-sDlid-state deflector drive ampli­

fier was specified in keeping with the aim of eventual space qualifications of all of 

the system components. This sd a limit of ± 500 volts on the maximum drive voltage 

which could be pro\'ided to the deflector with currently available high-voltage tra11-

sistors. 
. ... 

With these restrictions the values f = 1300, V::.: 500 were used with Fig. 2 

to determine a pupil size and deflection angle of 0.7 inch and 1. 53 degrees respec­

tively. If two deflectors such as this are arranged in an f/lO cone of 0.9 micl'on 

light, as in Fig. 4, the deflection resolution in each axis may be calculated by di~ 

viding the spot size at. the focus, d, into, the peak-to-peak deflection, S, at that point. 

~ _ r s.i,n <Opp _ = -x __ (6 '2.54) (0. 02G6) = 
d - 1.27 A f-no. - (1. 27) (0. 9xlO-'l) (10) 

344 spot dia. 

300 spot dia. 

where r is the distance from the mirror to the focal plane~ 

Figure 5 shows a complet,~d one-dimem:ional deflector mounted on abase 

which also houses the strain gage preamplifier. Below are listed typical charac­

teristics for this deflector (Model PBM-5): 

PBM-5 Deflector Characteristics. 

. Maximum dri\'e voltage 

Beam deflection 

Mechanical resonance frequency 

Input pupil size at 45° incidence 

:I: 500 vel ts peak 

:1:0.8 de6 

.1300 Hz 

0..1 x 0.7 inch 
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. Fig. 4 •• Optical arrangement of two deflectors in an f/10 cone of light to give 
two-dimensional deflection. 
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pj.ezoele(.~trically driven mirror deflector PBM-5G w,:~th strain gage 
deflection sensors and strain gage pream:;>lifier (und~r base). 
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• Capacitance O~ ~2 f-LF 

Loss factor <0.006 
• -"Q" at resonance 10 

Mirror distortion / <).110 
/ 

Mirror refl~cti vi ty at O. 9 f-L 
I 

99% 
. Overall size I; 9-X 1. 25 x 1.187 inches ... "'" ~ .. 

Weight with amplifier 4.6 oz. 

Figure 6 shows beam. deflection versus voltage for a typical PBM-5 deflector 

illustrating the inherent nonlinearity of the piezoelectric transducer material. 

O.E;FLECTIOX SE!\SING WITH STRAIN GAGES 

The invescigation of various techniques for monitoring the angular position 

of the light beam from an optical beam deflector during previous phases of this con-. ,,', 

tract has led to the consideration of strain gage sensors fe',~ use >vith PBM-type 

deflectors. The cantile\'ered piezoelectric bender which qrives the mirror lends 

itself naturally to the lise of strain gages for sensing the amount of bending which 

takes place with the application of deflection signals, These strain gages are l<esis­

th'e elements whose resistance is a function of str,ain. Since the angle made by the 

end of the cantilevered beam is proportional to the integral of the strain along either 

of its surfaces, a strain sensing element placed along this surface gives a direct 

reading of angular deflection. This teclmique offer'S the possibility of a simple, com­

pact, reliable deflection sensing system \'lith resolutions exceeding one part in 103• 

A typical installation uses two gages on each transducer, one for the upper 

surface and another on the lower ~urface of the bemler, with the sensing Signal de­

rived from a bridge circuit, as shown in Fig. 7. As the transducer bends, the 

resistallce of one gage increases while the other decreases, resulting in an output 

twice that of a single gage. An additional advantage in this type of circuit is that it 

may be manipulated somewhat to compensate for nonlinearity and temperature sen­

sitivity in the gages. 

Two basic types of strain gages exist, the \vire or foil gage and the semi­

conductor gage. 'Che greatest distinction between t he two is that the semiconductor 

gage caD bve from 25 to 85 times the sensitivity of the metallic gage. When takell 

in relation to the strain sensitivity, ..nonlinearity and temperature coefficients for 

D-Il 

./ " ., . 

. 
: ' 
\ 

.' 
I 

·r 



" 

fa 

-., u -:t c: 
E 
u .. 
D 

Z 
0 
.... 
o 

so 

40 

30 

20 

10 

0 

~ -10 
tL 
w 
o 

-20 
~ 
ct 
w 
m -30 

-40 

-soL---~~--~~----~----~~-----4------~----~.~--~------~--~ 
-500 -400 -300 -200 -100 0 100 200 300 400 500 

VOLTAGE (volts) 

F'ig. 6. Beam deflection as a function of drive voltage to show linearity. Hysteresis 
effects in the piezoelectric material have not been shown. 
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Fig. 7 • Strain gages for sensing bender deflection (a) are located on two sides of 
the transducer and (b) ~se a bridge circuit to detect resistance .changes. 
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both gages are comparable ... This makes it advantageous to use the semiconductor 

gage for small strains where maximum resolution is dcsjred, since its larger 

output yields a better siGnal-to-noise ratio. For this reason exclusive use of the 

semiconductor gage has been assumed in the following sections. 

Certain problems exist, in attempting to use the strain gage as a precision 

strain transducer, whIch :'Ire associated .vith the basic characteristics of the gage 

itself and its relation to the substrate. The following may lead to inaccuracies in 

the strain measurement: 

• Difference in the zero-strain resistance between gages 

• Difference in the gage factor between gages 

• Variation in gal.~e resistance with temperature 

• Var,iation in gage factor with temperature 

• Prestressing gages during bonding operation 

'. Difference in thermal expansion coefficient between gage and substrate 

e_ Nonlinearity in gage resistance as a function of strain 

• Hysteresis and/or creep in the bonding material 

, The following sections outline some techniques for minimizing these prob­

lems to obtain the best possible accuracy and resolution from a strain gage installa-

lion of this type. 

AnalYSis of Basic Strain Gage Circuit 

It is useful to have a complete expression for the strain gage bridge output 

in which the int.errelationship and function dependence of the various parameters is 

'made exp~icit, The derivation of the output, ~ ::;; El - E2, due to variations in the 

gage resistances.R
a 

and ~ is a straightforyvard circuit calculation; it will, how­

ever., be complicated slightly here by taking into account the imperfect matching of 

the two gages in the'mounted condition. After the gages are mounted, it is likely 

,that there will be a residual strain or strain offset in ~nC'h gage due to shrinkage in 

tbt: bonding agent and to the difference in contraction ber,\"ccn gage and the substrate 

upon cooling from the epoxy eure temperature. If the residual strain in each gage 

Is not identical, the gage characteristics are no longer matched point for point. It 
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will be shown that the bridge output then contains metra nonlinear terms, which are 
a function of residual straiQ and non-matching gagu factors, that must be kept small 
by careful mating and mounting of the gages~ 

The gage resistance Ra as a function o~ !;train, (, is approximated quite, 
well by 

. R = R (1 + F ( + C (2), a oa aa aa (7) 

where Fa is normally given as the gage factor, Ca is the nonlinearity coefficient, 
and R is the zero strain resistance. oa 

The gages which are being used in this application have been chosen such 
that their temperature coefficient of gage factor is zero. This occurs in germanium 
gages 'at an impurity level of about 1020• At this point, although the gage factor is 
down to 45, the nonlinearity of resistance with str31n ov~r a range of ( = ::10-3 has 
been decreased to 0.01 percent. Gages of this material with a resistance of 50 ohms 
h~ve been acquired from Kulite Semiconquctor Products, Inc. 

Over the range of strain E = :::10-4 which the gage will operate, this 
nonlinearity is at least an order of magnitude smaller and may be neglected in sub­

,. sequent calcu1ation~. The resistance-strain relationship reduces to 

(8) 

The total strain seen by each gage is the ~um of the bender induced strain: 
(0' and the residual strains (1 and (2' i.e., 

, . 

'(9) 

From tbis the resistance of each gage may be written as 

" 
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(10) 

where r 1 and r 2 are factors which imJ()rporate the effects of residual strain. 

If the bridge circuit is to be balanced -such that E1 = E2 for zero induced 

strain, Rl and R2 must be a~jUsted such t,hat 

(11) 

Referring to Fig. 7, '.:he expressjon for the voltage across Ra may be written as 

• . 
Since Fa (' o/r 1 « 1, tile express ion for El may be expanded in terms of (0' -

neglecting terms beyond second order: 

k ] {It +1)2 • 

Similarly for E2 

,[ F fk 2(F f)2 
E2 = ,1 - (0 r: (k + 1) - (0 r: ] . 

where the difference in the hvo gage factors Fa and F b due to manufacturing 

tolerances has been represented as 

F = ofF 
b a' 

The bridge output, ~E. may now b(~ computed from 
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AE = (16) 

. . . 
Nonlineadty in the output versus strain dl;e to the last term in the brackets. 

results when either r
1

, r 2 or f is not unity. In tle present application the variations 

in gage factor lnd base resistance are set by mnnufactUl'i11g tolerances and the strain 

offset is a function of the gage bonding technique. .Using the following values as typi-

cal, the percent nonlinearity may be calculated: 

Fa = 45' r
l = 1.02 (0 = :!: 10-4 

f =. 1.01 r 2 - 0.98 k = 1 
; . 
I . i 

±1.12(10)-4 = 
- I .,' I :' 

± O. 0112C(S. 
.... 

This error is an order of magnitude less than the accuracy called for in this applica­

tion. Therefore if reasonable tolerances on the gage factor and strain offset are 

maintained, thes€.' factors will contribute negligibly to strain gage readout error. . 
• J 

In Eq. (16) the temperature dependency of R appears in the factor con- \ : oa . 
taining k. In terms of Roa this factor becomes 

.. 
, -

with a temperatm-e dependency of the form 

(17) 

As can be seen when Rl = R the temperature coefficient is zero. oa . . 

. Typically Rl :;, R :::: 2.. Rl = 50, ClR laT = O. 1'17' ohms/oC and ",:., oa oa 

tr [-~] = 11.7 (10r
6

,<>C. 
(k + 1) . .. 
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Although the gage temperature coefficient of resistance is quite large, the effect 

. on bridge sensitivity is small. However, due to this large temperature coefficient, 
i 

care must be taken to maintain the gages at the same temperature. A temperature 

difference of O. 002°C between the gages causes a bridge output equivalent to a strain 

difference of 10-
7• If th~ maximum strain is 10-4, thi.s is an error of one part in 

103• The minimizing of differential temperature betw.een the gages is a problem 

which must be considered mor~ thoroughly in subsequent work with strain gage 

sensors. 

Practical Aspects of Deflector Strain Gage Instrumentation 

One of the most important factors governing the ultimate performance of a 

strain gage transducer system is the quality of the gage installation on the stressed 

substrate. 'This is especially true for semiconductor gages. Since they are, ideally, 

monocrystalline filaments, the isolated gages behave in a perfectly elastic manner 

under stress, with no plastic region at temperatures l?elow 500°C. Thus, any hys­

tereses or creep in strain gage installation is generally a function of the gage bonding 

material or the stressed structure and is exhibited as a phase shift between the gage 

output and the ~rror motion. 

To minimize these effects, it is necessary to have the strain gage in as 

intimate contact as possible with the bender surface, whii.e still maintaining good 

electrical insulation "from the surface electrode. Use of gage types without (the 

sometimes incorporated) inert backing material is advisable for this reason as well , . 
as for the purpose of introducing the least amount of restraint on the piezoelectric 

bender. IsolatioIl between the gage and the bender electrode may be obtained by 

Initially coating the bender with a thin layer of the bonllng agent or with an evaporated 

dielectric material. The gage is then attached over this layer .and may be held as. 

close as a few microns from the substrate. I .. 

The. choice of bonding cements for 'the gage, as well as for the bender as­

sembly, must be carefully considered in the light of the foregoing requirements. 
. '" 

The cement should have low viscosity at room temperature to promote. the formation 

of thin. films and allow ma."timum squeeze-out under pressure. If filled, the particle 

size should be less than a few microns.. A thermo-sdting cement of the epoxy family 

Is preferred, where nearly complete polymerization can' be obtained. It is then that 

the most ste.ble reaction products are formed and maintained over the working tem-.. 
perature range of the bond. A cement has been ~ound which appears to meet these 

requirements, and with it acceptable gage ~nstallations have been made. 
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Experiments have shown that the strain along the entire length of the bender 

element must be sensed with gar~') to obtain a true measure of deflection. In some 

experimental mojels driven at below-resonance frequencies commensurate with the 

first mechanical resonance of the bender, ~ehections of the mirror were taking place 

which were not being registered by strain gages covering only 30 percent of the 

bender length. Evidently a small component of deflection at the. resonance frequency 

was being excited by harmonics of the drive signal. At natural resonance the curva­

~e of the deflected bender is slightly different from that of an electrically driven 

b.ender below resonanc~. This change'in curvature is only partially registered by 

the less-than-fuli-Iength strain gage, and this results. in anomalous behavior of the 

s'ensor output compared with actual deflection. When the gage runs the full length 

of the bender, the inactive ends of the gage (wherp. the leads are attached) fallon 

inactive (unelecn'oded) portions of the bender. With this arrangement, full strain 

is transferred to the gage, end effects are minimized, and the bender experiences 

. a uniform load along its length. The gages used on the PBM-5G deflector are 25 

percent longer than the electroded portion of the transducer. 

• 
Anyangt'lar motion of the mirror'not directly associated with bending of 

the piezoelectric transducer will cause a deflection of the light beam which is not 

registered by the strain gages. This can occur if the mirror is not rigidly attached 

to the bender or if the bender anchoring structure either is too compliant or has 
, . 

structural resonances below the deflector resonance frequency. It was found 

necessary to cement the end I,)f the transducer in a slot in the mirror to obtain rigid 

coupling between the mirror and transducer to eliminate this source of deflection 

~eadout error in 4-he PBM-5G design. 

Gage installation on the PBM-5G deflector has evolved to the following 

procedu.re: The piezoelectric transducer is prepared by lapping the surfaces with 

a 0.9 micron abrasive before evaporating on nickel ele9trodes. Two stripes of 

sapphire 2 microns thick are evaporated, one on each Side, down the cm ter, of the 

transducer perpendicular to the deflection axis. These isolate the gage from the 

nickel electrode. A gage is then cemented to each side of the transducer, on the 

sapphire stripe, with BR610* cement under a press'ure of 15Ib/in2• following the 

cure recommendations of the manufacturer • 

*w. T. Bean, Inc., Detroit, Mich. 
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Strain Gage Performance Characteristics' 

, 

The foregoing procedure has led to successful gage installations in which 

creep and hyst,~resis phase shift error were les,s than :Jne part in 10
3 to beyond 300 

Hz. This is illustrated in Fig. 8~ where phase shift e:..~ror is shown in conjunction 

with the deflector resonance curve. A small anomalous resonance appears at 411 Hz.,.~· 

However t' many gage assemblies were found to have leakage paths between the gage 

. and nickel ground electrode beneath. Although the leakage path,does not affect the 

hysteresis, it causes a shif~ in the gage resistance which aff~cts the balance of the 

strain gage bridge. Introduction of 700 kilohms leakage resistance between the gage 

and ground shifts the bridge balance py about one resolution element. This is impor-
, 

i <. 

tant because the leakage varies with time, temperatur'3 and operating conditions, 

leading to ;l continual shift of the bridge balance. Sev(;raI new techniques are now 

being pursued for mounting the gages which should maintain the low hysteresis al­

ready achieved and eliminate leakage. ' 
1 

Because of problems encountered initially in obtaining hysteresis-free I 
·1 

deflection sensing ane then in maintaining a balanced bridge with gage leakage, no !: 
I 

detailed measurements were made on strain gage linearity Qr temperature sensitivity.i 

There is good reason to expect quite linear operation due to the inherent linear:ity of \ : 

the gages themselves and the small range of strains encountered. Maximum strain 

. . 
. -6 

generated in the gage by the transducer was measured at :: 100 (10) inch/inch. 

Strain Gage Preamplifier 

'The strain gage preamplifier is a general-purpose operational amplifier 

designed for low quiescent power and low noise. A functional schematic diagram is 

shown in Fig. 9. The differential input to the amplifier is developed across the 

bridge cirCuit made up of Rl R2 and the two strain gages. Resistors R3, R4 and RS 

provide an adjustment to obtain a balanced bridge since the gage zero strain resis-

. . 
.. 

ta~ce can'vary by as much as =2 percent. The bridge circuit is designed to operate 

with 20 rnA current in each gage. Resistors R" and R2 are larger than the gage 

balancing resis~.ors tl,nd thus would be most sensitive to temperature effects. These 
. . 

'':'' J,"esistors are ultra ctable cerrnat types matched to O. 'i ppm/oC over a wide tempera-

"ture range. Gage currents in the range of 20 rnA are used to minimize heating of 

the strain gages. For the 50-ohm gages used~ this current is developed fol" 2.2 

Volts on the bridge circuit, resulting in a di~s.ipation of abotj.t 1 .. ~ watts per square 

incb of gage surface. 
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Phase shift between strain gage output and mirror deflection is plotted 
against drive frequency. Relative deflection is also shown. 
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. .. The :1mplWer has :1 nominal gain of 137.5 and a nominal bandwidth of 

38 kHz. Under no-load conditions, it can deliver 3. (j volts, p-p or 2.8 volts, p-p, 

\\'lth fJ. lO-kilohm load provided the amplifier is biasl.?d with a I-volt common mode 

v()lt.age. For a peal:' strain in the order of 10-.1 inch/inch, the output of the ampU-
I .... 

tJ;l!r will not exceed 1 volt so that a load of somewhat. less than 10 kilohm5 could 
" 

'-~'probably be used. Since the output swing is small, ~J:1c power supply voltage can be 

kept low (:i: 5 volts) to improve sbbility and maintain low dissipation. Although eac.h " 

amplifier and strain gage readqut must be calibrated as a unit, ,the nominal output 

per resoh'able spot for the system at 0.9 micron is 11.5 mv. 
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CONC LUSIONS 

Enough is t10W known theoretically and practically about the PBM-type 

d.cfiector to allow a 1eflector to be designed on papt~r with a fair degree of confidence 

ihat the predicted cl.aracteristics can bE: aChie'ved. This is especially true for 

resonance frequencies no greater than a few thousand hertz, . above which the approxi~ • 

. mations made in the mathematical model become increasingly crude. 

The concept of using strain gages to accurately measure th induced strain 
. . 

in a bender transducer and thus monitor mirror deflection has been shown feasible. 

S~nsing of deflection to an accuracy of one part' in 10
3, up.to 300 Hz' without hystereSiS 

h~s been accomplished with a PBM-5G deflector. With its integral preamplifier. the 

strain gage sensor tfO\;jdes a simple and rugged means for deriving a signal propor­

tional to ~eam deflection. Certain problems related to the gage bonding technique 

have made it difficult to produce conSistently good gage installations, free of leakage 

to the underlying elec.trode. It is expected that these will be remedied in"the near 

future. 
• 

With the pruper choice of peak deflector drive voltage it has been possible 

to design a completely transistorized direct coupled deflector drive amplifier. A 

unique circuit approach to the problem of driving a capacitive load has reduced 

the quiescent power consumption of the amplifier without sacrificing frequency re­

sponse or maximum power'output. These features wUl be most important in space-

borne applications of this unit. 

Combined with strain gage deflection senSing the PBM-type deflector system 

appears to be the most compact, versatile and efficient way of deflecting a laser beam 

at frequencies within the audio-frequency range.' 
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APPENDIX F 

ANALYSIS OF WINDOW, SAG EFFECTS 
~., 

/ 
I 

This section presents a brief analysis for the optical tolerance 

requirements on components external to thE' AOCP. 

The effects of external windows and mirrors on the resolution of 

the aircraft carried AOCP system will 'be discussed here. The present . 
. . 

plan is to include two windows and a mirror in the optical train between ',. t. . \' 
~ , i' 

the AOCP and the atmosphere, as illustrated in Figure F-l. The first 
.... 

window is 5 ,Ln.r::les in diamete,r. This component is used as a pressure 

seal for the experinLent enclosure containing the AOCP. The mirror 

(about 10" x 4.5") is mounted in a gimbal, and is used to direct the 

" . 

field-of-view of the AOCP. The second window (27" diameter) serves as 

an aperture and wind seal in the aircraft skin. An optical tolerance budget 

must be shared by all three' of thes e components. 

Tolerance Budget. - ITT intends that the AOCP system have be~ter than 

2 arc second resolution, and consequently, the upper limit on the optical 

tolerance budget is quite small. It is unreasonable to expect that this 

budget be shared equally by all three components. The fine-inch window 

. can and should be constructed to more exacting tolerances so as to relieve 

the perfot'mance requirements on the mirrcr and larger wind seal window. 
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Figure, F-l. AOCP, Windows, and Mirror 
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.We establish here a total tolerance budget, e
t

, based on the 

deviation from a plane that a lightwave (4 inch diameter, 0.5 micron) will 
/ 

suffer in passfl'.g through the three elements. This tolerance (peak-to-peak) 

Is set at 

_A_ = 
2 

0.25 mic.rons. 

Smce tolerance errors are of a statistical naturA, we will accept here a 

vector sum for establishing the error budget. Consequently, 

(1) 

Each of the terms above represents peak-to-peak wavefront distortion i. e. 

deviatlcn~~ fl.'um a. plane wave. 

-- e 1 is the distortion caused by the 5 inc~ window, 

e
2 

is the distortiC?n c,aused by the gimballed mirror, 

-- e., is the distortion caused by the wind seal window in the 
&I aircraft skin. 

Distortion in a wavefront is of course caused by both inhomogeneitiP(1 in refractive 

Index and non planar surfaces. 

If we consider the 5 inch pressure seal window to induce a. wavefront 

distortioll no greater than ,./5 (no mean assumption considering its stress and 

envirolWlent), the remai.ning ~rror budget must be shared by the gjmbaUed mirror 

lind L"lTge window;. S}l .. ,uing these tr.r;Pl'ances equall:" e = e = e, we see 
. • 2 3 

2 2 2 2 ' 
2e = et - e 1 = >.. (1/4'- 1/25) J (2), 

resulting in e lid 0.325 I\. • 
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Mirror Flatness 

This tolerance value of 0.325 A is, for the gim'JaUed mirror, a fairly tight 

Hmit as we might expect for a high resolution system. For an example we can 

calculate the specified mirror flatness. Since amirrol induces a wavefront distortion 

of twice its surface figure, the portion of the mirror reflecting the 4 inch wide beam 

IJiU6tLe i1it t6=e/2, or 0.1625 A. In addition, if the mirror is used at an incident' angle 

of e, this tolerance must be decreased by cos 9. Hence, for an average incident angle 

of 450
, the minor should be fut to O. 1625 A over a 4.f2 incb diameter area. This 

. ' 

. surface tolerance does not include any allowance for mirror bending caused by its rotation 

and the effects of its own weight. . ' 
__ .~..." •• :·,~.,.~.~ .. "'<Ut ___ ... Ot""!?iIIII'rl<io.i*l .. ·, ... t ""_U _~ ____ ....... 

. ~ ... ' ... 'r .............. ' .. --......... ' - " ........ n .. '-.• - ___ ..... -N ........ ,.. __ .... ...J 

., . 
i 

• 

Wind Sea t Window Sag .;'. 

The large window in the aircraft skin bas not only two possible surface 

irregularity tolerances but a homogeneity and a sag tolerance. These must add 

up to less than 0.325\. We can consider first how muclt of this tolerance is used 

up by the sag of the ~1ndow under its own weight. 

window is given by the equation (see Fig. 2~ 

The sagitta of the circular 

. 4 3-1 
Y =kw r (Et) 

, , (3) 

which describes an unconstrained plate with uniform loadtng. In the last equation 

• Y is thE; center sag inches, 

• k is an empirical constant ) 

• w = factor describing weight of window (psi) 
, , 

• E = modulus (psi) , 

• t = win~ow thickness (inches) . 

For the fused silica window being considered in our appi!cation,' 

. . , 
r = 27/2 = 13.5 inches J 

t = 1.75 inches, 
,., 0"- 'f'r.:-\m'<'! ITY OF THE 

E = 1.05 x 10 I pSi, RF.PR ,!J,,·1.;i--" .' \' . 
. ,': 'f; '\ ..' 1"' "L~ 'P0n't') 

k = 0.690) f U 

W - .08 x 1.75 = .J.,~4-P_II_1-,--"......,. _____ ._.,dl""'.:____~_ .. P--_. ____ -_J 
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Hence: 
. 4 7 3 . 1 

Y F (.69C) (.14) (13.5; (1.07 x 10 x 1.75 j 

-4 
Y :: 0.575 x 10 inches. 

I ..-fl.r., ... _. 
111e radills of curvature R caused by·this I:lag y is given by the sagitta 

,.. 
formula 

~ 

2 . 2 -1 2 
R = (y + r ) (2 y) ~ r 12 Y .: (4) 

.. 
We assume here (with less than 50% error) that both sides of the window 11ave the 

same curvature. The fo~allel'.gth f of a thick lens with eciual radii R is given by 

. 
. f =~2 (11-1,-2 C~ 

.. ';': ,'~ 

-.' 
(5) 

~ . 
. ~ ~: . / 

lhls focal length f is also the radius of curvature of the wavefi"ont after passing 

through the window. For a beam of diameter D, the peak-to-peak wave de\iation 

from 'a plane is given by 
• 

e e sag!tta 
= D

2
/af s p-p 2 (6) 

c:: 
n2 !!!_I~2t 

~ 
8 nn2 

= il'(n-1~2 ty 
= 
~_1)2kw 

4 
2 nEt

2 , 
2 nr 

('1) 

. TIle last equation relates peak-to-peak wavefront distortion to window sag y, 

., 
" • 

window thickness t, refractive index n, beam diameter D, and window semidiameter 

r. For our particular case, D :.: 4 inches and n = 1. 46. 

Hence: 
?, 

e &: 16 (.4~ (1. 75) Y __ 
P-P . 4 

2 (1.46) (13.5) 

-4 
0.612 x 10 Y 

• 

-1 .. 8 
For y = O. 575 x 10 inches, e = O. 35 x 10 inch.es ~ A 16000, a negligible p-p 
amount. Hence we may place all the optical tolerance on the window surface quaUty. 
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__ ' Tile o. 325 :J.. tolerance must be shared by both window surfaccs. 

'j' • 'l'he tolerance may be specified in two different ways according as to how the window 

will be tested. If eacil surface is to be tested independently we may specify the 111axirtLum 
.. 

allO\'.'ablc deviations cf each surface from a ilat plane. This method however indicate:; 

a J:norc stringent requirement than necessary (by about 40%). In this case we hope for 

random errors of the two surfaces so that we have the cOlldition 

2 . 2 
(. 325 ~) > 2 e ; e, < . 23 A 

.s s 

The allowable surface deformation is e /(11-1), which for a refractive index 11 of 
s 

1.45 amounts to >.../2 over the beamwidi.lL As \vas mentioned hefore, if the wi:1dow 

fiatness test is mide 'With Haldinger's fringes instead (,f Fizeau fringes, a more 
" .. I, • 

lenient tolerance can be observed. 

This section investigated the first order effects of wind seal 

window sag on the AOCP system!s resolution. Wavefrout distortion caused by 

the window sag under its own weight was found to be negligible. A few surface 

optical tolerances were also calculated. However, these tolerances should be 

considered. only suggestions, since the error budget must pe shared by a number 

, of components. 
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